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Preface 

On behalf of the Organizing Committee, it was our greatest pleasure to welcome and host you 

during the 6th International Conference on Contemporary Problems of Thermal Engineering – 

CPOTE 2020. This year we met online due to the global pandemic situation; however, we 

hope you have enjoyed our conference nonetheless.  

This year’s CPOTE conference was devoted to the topic of challenges and opportunities for 

the energy systems development beyond the year 2020. Despite the global pandemic situation, 

CPOTE 2020 continues the tradition of bringing together distinguished scientists, engineers 

and professionals as an outstanding international community of experts in the domain of 

energy systems, energy and exergy analysis, as well as other research areas.  

We are very grateful to all the participants who have decided to continuously support the 

CPOTE conference series by submitting and presenting 124 original scientific papers. We 

hope that despite the online form of the CPOTE conference all our participants had the 

possibility to disseminate their work, to share and exchange opinions and knowledge within 

the conference sessions. The conference would not have been possible without all the 

excellent papers contributed by the authors, as well as without the outstanding invited 

lecturers. We would like to thank all the authors for their contributions and their participation 

in CPOTE 2020 conference.  

During the conference, 145 scientific presentations were scheduled, of which 70 have been 

presented in online live oral sessions, and 75 have been presented and discussed within a 

conference online forum. Some of the articles are related to the special sessions that took 

place during the conference. Finally, we are pleased to present the Proceedings of the 

6th International Conference on Contemporary Problems of Thermal Engineering containing 

124 scientific articles.  
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Special session on thermal engineering in advanced electrical devices 

cooled with biodegradable fluids 

The special session aimed at presenting the BIOTRAFO project that has 

received financial support from European Commission – Horizon 2020 

Program. This project analyses the effect of temperature on the designs of 

power transformers that use biodegradable esters as coolant, the environmental and fire 

performance of these liquids being also evaluated. These machines are very common in the 

power distribution systems. Since electricity is generated until it reaches households, it passes 

through an average of four transformers. Currently the liquid used in most of these machines 

is a petroleum derivative, since its good performance is well known. However, the 

environmental awareness of many companies is demanding new transformers that are cooled 

by esters of natural origin. More information about the project: biotrafo.unican.es 

 

Special session on the thermal engineering in solid oxide fuel cells' 

stack design 

The special session was devoted to the progress in the EAST project that was realized 

between 2017 and 2020 year under the FIRST TEAM program by the Foundation for Polish 

Science and co-financed by the European Union under the European Regional Development 

Fund. The project's primary focus was to design a novel - easy-to-assemble and easy-to-seal 

stack configuration of the solid oxide fuel cells. Solid oxide fuel cells are electrochemical 

devices that directly convert the chemical energy of fuel and oxidant into electricity. A single 

cell consists of an ion-conducting solid electrolyte that separates two electrodes: an anode and 

a cathode. Fuel, which typically is hydrogen, is fed into the anode, whereas air is fed into the 

cathode. When the fuel and the oxidant encounter a catalyst, they exchange electrons. Because 

this process is faster at the cathode side, an electric potential difference arises. This potential 

difference can be converted into useful work by directing electrons throughout an external 

circuit. To achieve high electric potential the cells must be connected in series creating a 

stack. The design of such devices is a genuinely multidisciplinary and fast-changing field. The 

significance of microscale electrochemistry, together with the necessity of accounting for 

macroscopic flows of fuel and oxidants, makes simulation and design process of fuel cell 

stacks a challenging task. More information about the project: http://www.east.agh.edu.pl 

 

Special session on advanced computational methods for designing a 

new generation of small vertical axis wind turbines 

This special session was devoted to the OptiROM project that has 

received financial support from National Science Centre. The project aims 

at increasing the efficiency of simulating and introducing new innovative 

ideas into vertical axis wind turbine designs. Airflow around an operating 

wind turbine is highly turbulent and unstable in its nature. Therefore, the high quality and 

valid simulation of such flow can become very costly, especially when the simulated wind 

turbine dimensions goes up. This becomes a significant problem when considering the design 

optimisation requiring high numbers of repeated simulated performance evaluations. The 

OptiROM project goal is to reduce the cost of the wind turbine shape optimisation process by 

combining the Computational Fluid Dynamics modelling approach with the Reduced Order 

Methods and Heuristic Optimisation Algorithms. 
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Time Presenter Title of the presentation Action
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17:00

Luiz Fernando
Ferreira

CPOTE-1118-A Energetic and exergetic assessment of a cogeneration system in an oil
refinery – a case study

 

09:00 -
17:00

Risto Filkoski CPOTE-1188-A Exergy-based assessment of shaft kiln efficiency  

09:00 -
17:00

Volodymyr
Voloshchuk

CPOTE-1032-A Evaluation of component interactions in heat pumps on the base of
advanced exergetic analysis

 

09:00 -
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Pablo Silva Ortiz CPOTE-1184-A Exergy assessment of renewable electricity from sugarcane straw for
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Volodymyr
Voloshchuk

CPOTE-1193-A Advanced exergy analysis of heat pumps with different eco-friendly working
fluids

 

09:00 -
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Eunice Dogbe CPOTE-1244-A Exergoeconomic comparison and selection of a cost-effective technology to
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09:00 -
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Pablo Silva Ortiz CPOTE-1286-A Exergy analysis of microalgae biodiesel production integrated with a
sugarcane ethanol plant

 

09:00 -
17:00

Sobhy Khedr CPOTE-1061-A A critical review of exergy based cost accounting approaches  
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Zineb Fergani CPOTE-1045-A Determination of optimal exergetic performances for an organic Rankine
cycle with zeotropic mixtures using multi-objective approach

 

09:00 -
17:00

Enrico Sciubba CPOTE-1264-A Exergy cost/benefit analysis of natural and engineered bifurcated structures  
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Time Presenter Title of the presentation Action

09:00 -
17:00

Błażej Tomiczek CPOTE-1276-A The sythesis of palladium/nickel nanocatalyst supported by ultrasounds for
low-temperature carbon dioxide methanation

 

09:00 -
17:00

Tomasz Bury CPOTE-1278-A Radioactive waste production in selected nuclear reactors of generation III,
III+ and IV

 

09:00 -
17:00

Miroslaw Syta CPOTE-1289-A High temperature reactor in cooperation with a traditional coal boiler  
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Oliwia
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Krol

CPOTE-1197-A Development of the multifluid approach for modelling of heat and mass
transfer in a tissue
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testing
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17:00
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09:00 -
17:00

Ricardo
Magdalena

CPOTE-1031-A Mining energy consumption as a function of ore grade decline. The case of
lead and zinc
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CPOTE-1088-A Experimental research and CFD analysis of selective catalytic reduction of
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09:00 -
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09:00 -
17:00

Agata Mlonka-
Mędrala

CPOTE-1173-A High-temperature corrosion of boiler steel under ash deposits and
aggresive gas atmosphere
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CPOTE-1257-A Technical and economic assessment of ORC and cogeneration including a
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Miguel Mussati CPOTE-1115-A Cost optimization of integrated absorption refrigeration and thermal
desalination systems

 

09:00 -
17:00

Paride Gullo CPOTE-1266-A New capacity control technique for two-phase ejectors in transcritical CO2
condensing units: Preliminary experimental outcomes
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CPOTE-1176-A Techno-economic evaluation of Combined Cycle Gas Turbine (CCGT)
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(ACAES) integration
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CPOTE-1027-A Natural gas liquefaction coupled with pressure reduction in the natural gas
transmission system
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Ahmed Alharbi CPOTE-1033-A Effect of operation under lean conditions on NOx emissions and fuel
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CPOTE-1066-A Performance analysis based on experimental data of backpressure steam
turbine for cogeneration in saturated steam applications
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Dominika
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CPOTE-1243-A Concept of hybrid technology for mercury capture in exhaust gases  
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17:00

chairman Zbigniew Bulinski, Silesian University of Technology
co-chairman Chih-Yung Wu, National Cheng Kung University
co-chairman Paweł Bargiel, Silesian University of Technology
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CPOTE-1073-A Cavitating flow over the hydrofoil in the presence of air  
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Michał
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CPOTE-1062-A Flow boiling in minigaps and minichannel multiports - visualizational studies  
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Roksana
Bochniak

CPOTE-1186-A A new construction of shell-and-tube heat exchanger with impinging jets
and minichannels technologies for heat recovery from gases – experimental analysis

 

09:00 -
17:00

Stanisław Głuch CPOTE-1212-A On design and analysis of flow characteristics of the last stage of gas-steam
turbine

 

chairman Ireneusz Szczygieł, Silesian University of Technology
co-chairman Barbara Mendecka, University of Florence
co-chairman Anna Staszczuk, University of Zielona Gora
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09:00 -
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Anna Staszczuk CPOTE-1046-A The impact of wall and roof material on the summer thermal performance of
building in a temperate climate

 

09:00 -
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Izabela Sarna CPOTE-1166-A Assessment of energy demand and thermal comfort in a single-family
building in different climate conditions

 

09:00 -
17:00

Tadeusz Kruczek CPOTE-1189-A Measurement of thermal radiation of non-isothermal sky using infrared
camera

 

09:00 -
17:00

Anna Bulińska CPOTE-1199-A CFD based analysis of indoor environment and energy consumption in
office room with personalized ventilation
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chairman Cristian Dinca, University Politehnica of Bucharest
co-chairman Janusz Lasek, Institute for Chemical Processing of Coal
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09:00 -
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Chih-Yung Wu CPOTE-1139-A Characterizations of spray and combustion of methanol: Effect of Water
Content
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Agata Mlonka-
Mędrala

CPOTE-1174-A Fly ash composition and properties from co-firing refuse-derived fuel (RDF)
and hard coal in a multifuel unit

 

09:00 -
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Maciej Śliz CPOTE-1044-A Hydrothermal co-carbonization of sewage sludge and fuel additives:
combustion performance of hydrochar

 

09:00 -
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Artur Bieniek CPOTE-1052-A Numerical investigation of biomass fast pyrolysis in a free fall reactor  
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17:00

Mariusz
Wądrzyk

CPOTE-1060-A On mechanism of lignin decomposition – investigation using microscale
techniques: Py-GC-MS, Py-FT-IR and TGA
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Katarzyna
Janusz-
Szymańska

CPOTE-1232-A Reduction of carbon footprint from spark ignition power facilities: the hybrid
approach

 

09:00 -
17:00

Łukasz
Niedźwiecki

CPOTE-1064-A Separation of water from liquid by-products of the agricultural digestate
HTC

 

chairman Sebastian Rulik, Silesian University of Technology
co-chairman Dominika Bandoła, SBB Energy S. A.

Time Presenter Title of the presentation Action

09:00 -
17:00

Tomasz
Kowalczyk

CPOTE-1142-A Thermodynamic analysis of a compressed-air energy storage based on a gas
turbine set coupled with a turboexpander in a hierarchical gas-gas system

 

09:00 -
17:00

Paweł
Ziółkowski

CPOTE-1150-A A concept of zero-dimensional and three-dimensional thermodynamic
modelling of steam storage in a steam cycle

 

09:00 -
17:00

Michał Guzek CPOTE-1288-A Advanced operational optimization of the district heating network  

09:00 -
17:00

Paweł Gładysz CPOTE-1282-A Beyond Thermo-Ecological Cost – the Thermo-Climatic Cost impact
assessment method

 

09:00 -
17:00

Paola
Ammendola

CPOTE-1053-A SrO-Al2O3 composites for thermochemical energy storage: carbonation
kinetics
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chairman Małgorzata Wilk, AGH University of Science and Technology
co-chairman Paola Ammendola, Consiglio Nazionale delle Ricerche (CNR)
co-chairman Sebastian Werle, Silesian University of Technology

Time Presenter Title of the presentation Action

09:00 -
17:00

Sarah Hamdy CPOTE-1075-A Potential business cases for CSP in the MENA region: Egypt as a case study  

09:00 -
17:00

Panayiotis Ktistis CPOTE-1122-A Performance analysis of the first parabolic trough collector system for
industrial process heating in Cyprus’ biggest soft drinks factory

 

09:00 -
17:00

Aleksandra
Drygała

CPOTE-1250-A Influence of TiO2 blocking layer on the photovoltaic properties of dye-
sensitized solar cells

 

09:00 -
17:00

Marek Szindler CPOTE-1271-A Bulding integrated dye sensitized solar cells with ceramic counter electrode  

09:00 -
17:00

Magdalena
Szindler

CPOTE-1272-A Structure and conductivity of the polyelectrolyte based on Poly(vinylidene
fluoride-co-hexafluoropropylene) for dye sensitized solar cells

 

09:00 -
17:00

Guilherme Rissi CPOTE-1211-A Inserting a storage system in multiple configurations to support wind
generation

 

09:00 -
17:00

Barbara
Mendecka

CPOTE-1155-A Photovoltaic and unitized regenerative fuel cell plant fed with biogas from
food waste in a commercial building

 

chairman Lidia Lombardi, Niccolo Cusano University
co-chairman Tomasz Bury, Silesian University of Technology
co-chairman Markus Reinmoeller, TU Bergakademie Freiberg

Time Presenter Title of the presentation Action

09:00 -
17:00

Małgorzata
Sieradzka

CPOTE-1047-A Multiphase analysis of hydrochars from anaerobic digestion of municipal
solid waste organic fraction

 

09:00 -
17:00

Janusz Lasek CPOTE-1144-A The co-combustion of torrefied municipal solid waste and coal in bubbling
fluidized bed combustor under atmospheric and elevated pressure

 

09:00 -
17:00

Wojciech Jerzak CPOTE-1089-A A multifaceted analysis of intermediate co-pyrolysis of biomass with tetra
pak waste

 

09:00 -
17:00

Mariusz
Wądrzyk

CPOTE-1092-A A two-stage processing of cherry pomace via hydrothermal treatment
followed by biochar gasification

 

09:00 -
17:00

Miqad Albishi CPOTE-1034-A Characterization and treatment of solid wastes by thermal plasma  

09:00 -
17:00

Małgorzata Wilk CPOTE-1029-A The effects of hydrothermal carbonization operating parameters on the
high-value hydrochar derived from beet pulp
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chairman Adam Smolinski, Central Mining Institute
co-chairman Sebastian Lepszy, Silesian University of Technology
co-chairman Tomasz Kowalczyk, Institute of Fluid-Flow Machinery Polish Academy of Sciences

Time Presenter Title of the presentation Action

09:00 -
17:00

Mateusz
Wnukowski

CPOTE-1124-A The role of hydrogen in microwave plasma valorization of producer gas  

09:00 -
17:00

Mateusz
Brzęczek

CPOTE-1200-A Methods of increasing the efficiency of production and purification
installation of "renewable" methanol

 

09:00 -
17:00

Wojciech
Koncewicz

CPOTE-1254-A An analysis of carbon deposition during the reforming of heavy
hydrocarbons using Gaussian process regression

 

09:00 -
17:00

Rafael Nogueira
Nakashima

CPOTE-1135-A Multi-objective optimization of hydrogen and electricity cogeneration using
solid oxide fuel cells and biogas
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Abstract 

Using polygeneration systems is one of the most cost-effective ways for energy efficiency improvement, 
which secures a sustainable energy development and reduces environmental impacts. This paper 
investigates a polygeneration system powered by low to medium-grade waste heat and using CO2 as a 
working fluid to simultaneously produce electric power, as well as refrigeration and heating capacities. 
The system is simulated in Aspen HYSYS® and evaluated by applying advanced exergy-based methods. 
With the split of exergy destruction and investment cost into avoidable and unavoidable parts, the 
avoidable part reveals the real improvement potential and priority of each component. Subsequently, an 
exergoeconomic graphical optimization is implemented at the component level for further improving 
the system performance. Optimization results and an engineering solution considering technical 
limitations are proposed. Compared to the base case, the system exergetic efficiency was improved by 
15.4% and the average product cost was reduced by 7.1%; while the engineering solution shows an 
increase of 11.3% in system exergetic efficiency and a decline of 8.5% in the average product cost. 

1 Introduction 

According to the World Energy Outlook 2019 published by the International Energy Agency (IEA) [1], 
energy efficiency improvement is one of the most important elements for achieving sustainable 
development. Polygeneration systems, which simultaneously generate three or more energy products in 
a single integrated process, can effectively increase the system efficiency and have a large potential for 
decreasing the cost of the products. Therefore, increased attention is paid to the design and optimization 
of polygeneration systems [2,3].  
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In this paper, a polygeneration system using CO2 as the working fluid is investigated and optimized. The 
system can produce simultaneously electricity, heating, and refrigeration capacities, and it is designed 
to be powered by low to medium-grade waste heat. By utilizing the unique thermophysical properties 
of CO2 near its critical point [4], the system is expected to be compact and thermodynamically very 
efficient, while having a low product cost. 

Figure 1 shows a simplified process flow diagram and its corresponding pressure-enthalpy diagram of 
the proposed polygeneration system. The initial idea of this system design was inspired by a heat-driven 
compression refrigeration machine, which couples a close power cycle with a vapor-compression 
refrigeration cycle via a mutual heat exchanger. 
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Figure 1: Process flow diagram (a), and pressure-enthalpy diagram (b) of the proposed polygeneration 
system. 

2 Methodology 

In this paper, the advanced exergy-based methods reported in [5 - 8] are applied and slightly modified 
for evaluating and optimizing the proposed polygeneration system. Compared to a conventional 
exergetic analysis, an advanced exergy-based analysis reveals the real improvement potential of each 
component as well as the interdependencies among components.  

2.1 Advanced exergy-based analysis 

Eqs. (1) and (2) present the basic idea of an advanced exergy-based analysis by dividing both the exergy 
destruction rate �̇� ,  and the associated investment cost �̇� ,  of the kth component into unavoidable 
(UN) and avoidable (AV) parts:  

 

�̇� , = �̇� , + �̇� ,  (1) 

�̇� , = �̇� + �̇�  (2) 
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In Table 1, the definitions of fuel and product for each component and for the overall system are given. 
The advanced exergy-based analysis is initially conducted for a workable design called “base case”. 
Then a “best case” as well as a “worst case” are assumed for the kth component to compute its 
unavoidable exergy destruction �̇� ,  and the unavoidable investment cost �̇� , respectively. The 
parameters selected for these three cases are listed in Table 2. Moreover, the “overall-system approach” 
[9] is applied for calculating the unavoidable parts of each component by simulating the entire system 
with all selected parameter values for that corresponding case only once, which has the advantage of 
less computation time compared to the “component approach” [9] that needs to simulate each component 
separately for the “best” and “worst” cases. 

Table 1: Definition of the exergetic fuel and product for each component and the overall system. 

Table 2: Values of parameters assumed for the splitting of exergy destructions and investment costs 
into avoidable/unavoidable parts. 

Component Parameter[unit] “Best” case Base case “Worst” case 

HE 𝛥𝑇 [𝐾] 5 20 40 

EX 𝜂 [−] 0.98 0.9 0.7 

GC 𝛥𝑇 [𝐾] 1 5 10 

CM_P 𝜂 _ [−] 0.95 0.85 0.7 

EVAP 𝛥𝑇 [𝐾] 1 5 10 

CM_R 𝜂 _ [−] 0.95 0.85 0.7 

 𝑓 [−] 1.3 1 0.7 

In addition, a modified exergetic efficiency 𝜀 and a modified exergoeconomic factor 𝑓  are 
computed by Eqs. (3) and (4), respectively. These indicators provide design engineers with more 
information for the further evaluation and improvement of the system at the component level [5, 8, 10]. 

 

𝜀 =
�̇� ,

�̇� , − �̇� ,

= 1 −
�̇� ,

�̇� , − �̇� ,

 (3) 

𝑓 =
�̇�

�̇� + �̇� ,

=
�̇�

�̇� + 𝑐 , �̇� ,

 (4) 

2.2 Advanced exergy-based graphical optimization 

As discussed in Refs [5, 8], the relation of  
̇

̇ ,
 and 

̇ ,

̇ ,
 of the kth component could be presented by a 

curve having a horizontal and a vertical asymptote (see Figure 2). The horizontal asymptote indicates 

Component �̇�  �̇�  
HE �̇� − �̇�  �̇� − �̇�  
EX �̇� − �̇� _  �̇�  
GC �̇� − �̇�  �̇� − �̇�  
CM_P �̇� _  �̇� − �̇� _  
CM_R �̇� _ + �̇�  �̇� _ − �̇� + �̇� _  
EVAP �̇� − �̇�  �̇� − �̇�  
TV �̇� _ − �̇� + �̇� _  �̇�  
MIX Dissipative Component: �̇� = �̇� _ + �̇� _ − �̇�  
SPLIT - - 
Overall System �̇� − �̇�  (�̇� − �̇� ) + �̇� + (�̇� − �̇� ) 
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the unavoidable investment cost rate per unit of product exergy 
̇

̇ ,
calculated with the parameters 

of the component corresponding to the “worst case”, while the vertical asymptote represents the cost 
rate associated with the unavoidable exergy destruction within the component per unit of product exergy 

̇ ,

̇ ,
calculated with the parameters given for the “best case”. The optimal design point of the 

component can be found at the point where the derivative of the curve y=f(x) shown in Fig.2 equals to 

-1,   = -1. 

  

 

Figure 2: Advanced exergy-based graphical optimization by minimizing the sum of the associated 
investment cost rate and the exergy destruction cost rate for the kth component adapted from [8]. 

In this work, the aforementioned optimization is slightly modified by calculating the intersection point 

AUN of two asymptotes, then this is set as the new zero point of a modified x-y diagram of  
̇ ,

̇ ,
to 

̇

̇ ,
, as shown in Figure 3(a). In this newly modified diagram, the fitted function can be expressed 

as y = axb with b < 0. In Figure 3(b), the fitted function is linearized and simplified by taking the 
logarithms of both sides. The easier the function is, the simpler the process of curve fitting is. Now with 
the linear function 𝑙𝑛 𝑦 = 𝑏 𝑙𝑛 𝑥 + 𝑙𝑛 𝑎, the problem can be defined as a linear regression problem, and 
the goodness-of-fit could be shown by the coefficient of determination R2 of the regression line [11]. 
An R2 of 1 indicates the regression predictions fit the data perfectly. After the values of a and b are 

obtained from the linear curve fitting process, the optimal point 𝐴 of the new curve with the 

consideration of only avoidable parts, similarly, can be found by the point with  = -1, and the 

unavoidable part needs to be added to the avoidable optimal results to compute the final 𝐴 .  
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(a)                                                                             (b) 

Figure 3: Modified graphical optimization: (a) minimizing the cost objective with the newly set zero 
point; (b) linearization of the fitted curve along with the least squares regression line. 

3 Results and discussions 

In this section, the advanced exergy-based results of the proposed polygeneration system are given and 
discussed in detail, which includes the results of advanced exergetic and exergoeconomic analyses for 
evaluating the component potential improvement, and the optimization results based on the advanced 
exergy-based graphical optimization. 

3.1 Results of advanced exergy-based analyses 

In Table 3, the results obtained from the advanced exergy-based analyses are presented. The absolute 
value of the avoidable exergy destruction �̇� , , which reveals the real potential of improvement within 
each component, is in descending order of magnitude: TV, GC, HE, EX, CM_R, MIX, CM_P, and 
EVAP. If we compare the unavoidable to the avoidable part of the components, the heat exchangers 
show generally the tendency of �̇� , ≫ �̇� , ; while for the turbomachinery, �̇� , ≪ �̇� , . However, 
regarding the 𝜀 , the turbomachinery shows its high efficiency (94.4% for the EX, 90.5% for the CM_P 
and 90.3% for the CM_R), which indicates that the space available for technical modifications of the 
turbomachinery is rather small. The avoidable exergy destruction within the turbomachines may be 
caused more by the irreversibility occurring in the other components, an assumption which could be 
further proved by an advanced exergy-based method for splitting the exergy destruction into endogenous 
and exogenous parts. The endogenous and exogenous parts will be discussed in a future publication. 
Moreover, as the TV and MIX cannot be improved by themselves, one can conclude that the GC has the 
highest potential for improvement with the highest �̇� ,  value and the HE with second-highest �̇� ,  
comes next. To further improve the performance of TV and MIX as well as of the overall system, a 
structural optimization needs to be carried out for determining the best topology for the proposed 
polygeneration system. 
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Table 3: Results of advanced exergetic and exergoeconomic analyses for the base case. 

Component Advanced exergetic and exergoeconomic analyses  

�̇� , [𝑘𝑊] �̇� , [𝑘𝑊] 𝜀 [%] �̇� [$/ℎ] 𝑓 [%] 

HE 62.21 5.27 95.5  0.044 62.3  
EX 1.02 4.49 94.4  6.967 95.0  
GC 20.60 6.31 77.9  0.394 38.3  
CM_P 1.12 2.56 90.5  2.333 87.7  
EVAP 2.78 1.06 86.8  0.075 39.5  
CM_R 1.93 4.45 90.3  0.851 60.1  
TV 13.93 8.73 61.5  0.002 0.5  
MIX 9.58 2.87 - 0.000 0.0  

3.2 Results of advanced exergy-based graphical optimization 

The curve fitting of the avoidable parts ( 
̇ ,

̇ ,
to 

̇

̇ ,
) for each component with its fitted function 

(y = axb with b < 0) is illustrated in Figure 4. In addition, the coefficient of determination R2 is also 
calculated for each curve to show how well the curve fits the original simulation data. The curves for 
the  components HE, GC, and CM_R are all fitted well with their R2 values being above 0.9, while the 
curves for the CM_P and EVAP have rather relatively poor values of R2, which may to some extent 
affect the finding of their optimal points.  

 

(a)                                                     (b)                                                    (c) 

 

                          (d)                                                      (e)                                                    (f) 

Figure 4: Exergoeconomic graphical component optimization based on the avoidable parts for the 
components of the polygeneration system: (a) Heater (HE); (b) Expander (EX); (c) Gas Cooler (GC); 

(d) Compressor for the Power cycle (CM_P); (e) Evaporator (EVAP); and (f) Compressor for the 
Refrigeration cycle (CM_R). 
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Table 4 summarizes the optimal results obtained for each component based on the graphical optimization. 
The GC requires an improvement of its pinch point temperature difference from 5 K to 2 K, and the 
pinch point temperature difference for HE, similarly, needs to be reduced to 15 K from its initial setting 
of 20 K in the base case. For the EX, the optimal value of 𝜂  remains the same, which can be confirmed 
by the limited capabilities for improving this component with its high value for the exergetic efficiency 
based on avoidable values: 𝜀 = 94.4%. The components CM_P and CM_R require an improvement 
in their isentropic efficiencies: from 85% in the base case to  𝜂 _ = 90%  and 𝜂 _ = 92% 
respectively.  

However, all optimal parametric values calculated for each component could only be considered by 
design engineers as theoretical optimization results. Engineers should also consider the current technical 
development and the additional costs of implementing the combination of these optimal values in the 
real design. Thus, an engineering solution for this system is also presented in Table 4 based on the 
current economic and technical background. In the engineering solution scenario, no modifications are 
required for the two compressors based on their current high values of 𝜀  over 90%, otherwise a further 
improvement will result in a high penalty associated with the purchased equipment cost. On the contrary, 
modifications of the minimum temperature differences in heat exchangers are relatively less costly and 
easier to be achieved. However, we should mention that it may be difficult to operate the GC with a 
𝛥𝑇  = 2 K, which requires special materials and techniques.  

Compared to the base case, the exergetic efficiency for the overall system (𝜀 ) increases by 15.4% 
and 11.3% for the cases with optimization results and with the engineering solution, respectively. 
Simultaneously, the overall average product cost decreases by 7.1% for the optimization results case 
and by 8.5% for the engineering solution case.  Thus, a “cost optimum” is obtained by the so-called 
engineering solution. From these results we conclude that optimizing single components in isolation 
does not in general lead to the system optimal design and that the results of any theoretical optimization 
must be critically reviewed by the design engineers before implementation. 

 

Table 4: Results for the overall system in the base case, optimal case, and engineering solution case. 

 Base case Optimization results Engineering solution 
Operating parameters for each component   
HE ΔT=20 K ΔT=15 K ΔT=15 K 
EX η=0.9 η=0.9 η=0.9 
GC ΔT=5 K ΔT=2 K ΔT=2 K 
CM_P η=0.85 η=0.90 η=0.85 
EVAP ΔT=5 K ΔT=4 K ΔT=4 K 
CM_R η=0.85 η=0.92 η=0.85 
Exergetic and exergoeconomic analysis 
 𝜀 (%) 16.5 19.1 18.4 
�̇� [𝑘𝑊] 0.00 0.00 0.00 

�̇� [𝑘𝑊] 6.95 7.14 7.14 

�̇� [𝑘𝑊] 22.21 17.21 18.21 

𝑐 , [$/𝑘𝑊ℎ] 0.47 0.31 0.31 
𝑐 , [$/𝑘𝑊ℎ] 0.82 0.57 0.58 
𝑐 , [$/𝐺𝐽] 0.84 0.86 0.84 
𝑐 , [$/𝐺𝐽] 0.83 0.78 0.76 
Relative change to the base case 
Overall exergetic efficiency 15.4% 11.3% 
Overall average product cost -7.1% -8.5% 
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4 Conclusions 

In this work, advanced exergy-based analyses and optimizations are conducted for the proposed 
polygeneration system using CO2 as the working fluid. By applying advanced exergy-based analyses, 
the real avoidable inefficiencies within the system components are identified. This information assists 
designers in further improving the system performance from the thermodynamic and cost viewpoints. 
In addition, an exergoeconomic graphical optimization focusing only on avoidable parts of components 
is carried out. The optimization results reveal an improvement in terms of system exergetic efficiency 
by more than 15%, with a reduction of more than 7% in the average product cost. However, no 
interactions among components were included in the advanced exergoeconomic analysis. Thus, these 
“optimization” results can be further improved. This fact is demonstrated by the results of the 
engineering solution presented here. It should be noted, however, that the single component optimization 
is an easy-implemented and practical approach for improving the system performance with less 
computation time; especially, it is very user-friendly for non-programmers. Therefore, it can be used 
particularly for systems that exhibit weak interactions among their components. 

Nomenclature 

𝑐 ,   fuel cost per unit of exergy of kth component, $/kWh 
𝑐 ,   product cost per unit of exergy of kth component, $/kWh 
�̇� ,   destruction cost rate associated with kth component, $/h 
�̇�   mechanical exergy rate of ith stream, kW 
�̇�   thermal exergy rate of ith stream, kW 
�̇� ,   fuel exergy rate of kth component, kW 
�̇� ,   product exergy rate of kth component, kW, 
�̇� ,   exergy destruction rate of kth component, kW 

�̇� ,              avoidable exergy destruction rate of kth component, kW 

�̇� ,    unavoidable exergy destruction rate of kth component, kW 
𝑓                 material factor for the calculation of purchased equipment cost, - 
𝑓   exergoeconomic factor of kth component, % 
𝑓   modified exergoeconomic factor of kth component, % 
THS thermodynamic average temperature of the stream of matter providing the low to 

medium-grade heat, K 
�̇�   capital investment cost rate of kth component, $/h 
�̇�    avoidable capital investment cost rate of kth component, $/h 
�̇�    unavoidable capital investment cost rate of kth component, $/h 
𝛥𝑇  pinch point temperature difference, K 
𝜀   exergetic efficiency of kth component, % 
𝜀   modified exergetic efficiency of kth component, % 
𝜂  isentropic efficiency, - 
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Abstract 

This paper deals with the optimization of a multi-generation system (integrating a dual-purpose 
desalination plant and a low-scale absorption refrigeration system). A nonlinear mathematical 
programming (NLP) optimization model that integrates a natural gas combined-cycle (NGCC) plant, a 
multi-effect distillation (MED) desalination plant, a series flow double-effect water-lithium bromide 
absorption refrigeration system (H2O-LiBr ARS), and a water heater, is developed based on first-
principle models of the system components. The model is implemented in the General Algebraic 
Modelling System (GAMS) platform. Given design target specifications for electricity generation, 
freshwater production, refrigeration capacity, and thermal load for heating, the integrated system is 
optimized by minimizing the total heat transfer area of the integrated system. The influence of the total 
number of effects in the MED subsystem on the total heat transfer area are analyzed in terms of the 
variations in the heat transfer areas, heat loads, driving forces, as well as the operating conditions of all 
components of the system. As a result, a minimum value of 43184 m2 is required to generate 36971 
kW, 100 kg/s of freshwater, 2000 kW refrigeration effect, and 761.9 kW hot water when four MED 
evaporation effects are considered. For the same specified outputs of the multi-generation system, if an 
additional effect is considered in the MED system (5 effects in total), the total heat transfer area is 
reduced by around 9.5%. While adding a sixth effect, the total heat transfer area decreases by 3.2% 
with respect to a 5-effect MED system and 12.4% with respect to a 4-effect system. This paper 
provides optimal solutions for the proposed multi-generation system allowing for better energy 
utilization at minimum total heat transfer area requirements. 
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1 Introduction 

Trigeneration is the simultaneous production of electricity, heating, and refrigeration from 
nonrenewable or renewable energy sources by integration of a power cycle with a refrigeration cycle 
and a heat recovery system [1]. In multi-generation systems, part of the electricity or refrigeration or 
heating is used to produce one or more additional products/outputs/services such as hydrogen or 
drying or hot water [2] and hot water and hydrogen [3,4] i.e. more than there outputs. These systems 
constitute alternatives that help the community to satisfy global energy needs while lowering 
environmental impacts and costs. Reductions in fuel use and emissions of CO2 and wastes and 
improved efficiencies are potential benefits of multi-generation over single-generation [2]. 

In a typical trigeneration system, high-thermal level heat is used to operate a gas or steam turbine, 
recovering the residual heat or waste heat for both heating and refrigeration. A trigeneration system 
based on a gas turbine (GT) including a single-effect H2O-LiBr absorption refrigeration system (ARS) 
and a heat recovery steam generator (HRSG), using the Brayton refrigeration cycle for compressor 
inlet air cooling, was proposed by Khaliq et al. [5]. They evaluated the system performance by energy 
and exergy efficiencies and analyzed critical parameters such as the extraction pressure ratio and mass 
rate, turbine inlet temperature, process heat pressure, and ambient relative humidity on the cycle 
performance. A trigeneration system consisting of a GT prime mover, a steam turbine (ST), and a 
single-effect H2O-LiBr ARS, for heating (including hot water), refrigeration, and electrical power 
generation was studied by Ahmadi et al. [6]. They performed energy and exergy analyses, 
environmental impact assessments, and a sensitivity analysis of selected design parameters on the 
overall exergy and energy efficiencies, using a simulation code developed in the MATLAB software. 
A trigeneration system consisting of a solid oxide fuel cell (SOFC), an n-octane-based organic 
Rankine cycle (ORC), a single-effect H2O-LiBr ARS, and heat exchanger for heating was studied by 
Al-Sulaiman et al. [7]. In this system, the waste heat rejected by the SOFC powers the ORC working 
fluid and the waste heat rejected by the ORC is used for producing steam using a heat exchanger and 
for refrigeration using the absorption machine. They performed an energy analysis based on a model 
implemented in the Engineering Equation Solver (EES) software. Sadeghi et al. [8] performed a 
thermoeconomic analysis and multi-objective optimization of a SOFC-driven trigeneration system, 
using a genetic algorithm (GA) in the MATLAB software optimization toolbox. In this case, the 
system basically includes a GT, a NH3-H2O-based generator-absorber heat exchange (GAX) 
absorption refrigeration system, and a supplemental heat exchanger for heating. They determined the 
Pareto optimal solution front considering the overall exergy efficiency and the total product unit cost 
as the conflicting objective functions to be maximized and minimized, respectively. Yao et al. [9] 
proposed combined refrigeration, heating, and power generation using a natural gas-fueled turbine, an 
R245fa-based ejector refrigeration system (ERS), and heat exchangers (for heating purposes), 
including small-scale compressed air energy storage (CAES) and a natural gas-fueled engine to boost 
the power output. They investigated the trade-off between the thermodynamic performance – exergy 
efficiency – and the economic performance – total investment cost per output power – by a Pareto-
based evolutionary multi-objective algorithm based on the non-dominated sorting GA (NSGA-II). 
They used a simulation model coded in the MATLAB software and estimated the working fluid 
thermodynamic properties using the NIST REFPROP 9.0 tool. 

Ahmadi et al. [3] studied a multi-generation system to produce power, heating, refrigeration, hot 
water, and hydrogen considering a pine sawdust biomass combustor, an n-octane-based ORC to 
generate electrical power, a single-effect H2O-LiBr ARS, a heat exchanger for heating, and a proton 
exchange membrane (PEM) electrolyzer to produce hydrogen. They conducted energy, exergy, and 
environmental analyses of the system and evaluated the effects of varying chosen design parameters 
on the overall exergy and energy efficiencies. Ahmadi et al. [4] proposed a multi-generation system to 
produce the same outputs as in [3] but considering a natural gas-fueled micro GT, a double-pressure 
HRSG, a single-effect H2O-LiBr ARS, a heat recovery vapor generator (HRVG) to produce vapor in 
an ORC, an ejector refrigeration system, a domestic water heater, and a PEM electrolyzer for 
hydrogen production. They performed energy and exergy analyses and an environmental impact 
assessment using a Pareto-based multi-objective optimization (MOO) method based on a fast and 
elitist NSGA-II. Two objective functions were optimized: the total cost rate (minimized) and the cycle 
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exergy efficiency (maximized) using an evolutionary algorithm programmed in the MATLAB 
software. Recently, Dincer and Bicer [10] collected several case studies of integration of conventional 
energy systems for trigeneration and multi-generation such as: (1) natural gas-fueled GT, CAES, 
single-effect H2O-LiBr ARS, and water heater [11]. Thermodynamic analyses were carried out using 
the EES software; (2) coal-based pressurized entrained-flow integrated gasification combined cycle 
(IGCC), water gas shift membrane reactor (WGS-MR) for hydrogen production, cryogenic air 
separation unit (CASU), and a combined cycle (CC) with a Brayton-cycle GT, HRSG, and single 
reheat supercritical pressure ST [12]. The integrated system was simulated using Aspen Plus software; 
(3) integrated system for dimethyl-ether (DME), electrical power, and freshwater production using 
waste heat, including a multi-effect distillation (MED) desalination system, HRSG, DME and 
methanol synthesis pants, four-step Cu-Cl thermochemical cycle for hydrogen production used in the 
methanol production, and a carbon capture system [13]. The chemical processes of the integrated 
system were simulated using the Aspen Plus software and the nonchemical subsystems using the EES 
software; (4) integrated underground coal gasification (UCG) and steam assisted gravity drainage 
(SAGD) with SOFC system to produce syngas, extracted bitumen, hydrogen, and electrical power 
[14,15]. In this case, a gasification system, Brayton and Rankine cycles, a SOFC system, a 
electrolyzer, a steam and air injection system, a burner, and cleaning and treatment plants are involved 
in the integrated process. Energy and exergy analyses were performed to determine overall energy and 
exergy efficiencies of the system and its subsystems. They used the EES software to calculate the 
thermodynamic property values. 

In this context, in view of the variety of individual processes being integrated, scale of the integrated 
processes, energy prime movers, among other key aspects, tri and multi-generation systems should be 
designed taking into consideration whether the extra investment for producing outputs – in addition to 
power – is justified in terms of revenue, payback period, levelized electricity cost, or environmental 
impact [1]. Thereby, different criteria should be defined to assess and compare the benefits of multi-
generation systems from multiple perspectives. Different computational, methodological, and 
resolution approaches and tools, such as multi-objective optimization (MOO) and multivariable or 
simultaneous optimization techniques as well as advanced process simulation software are definitely 
needed. In this sense, this paper is focused on the optimization of multi-generation energy systems to 
produce electrical power, refrigeration, freshwater by seawater desalination, and heating water, by 
applying mathematical modeling and optimization using nonlinear programming (NLP) mathematical 
techniques and generalized reduced gradient-based optimization algorithms. 

2 Process description 

Figure 1 shows the considered multi-generation energy system for producing electrical power, 
freshwater, refrigeration, and heating (hot water) by integration of a power generation (PG) system, a 
multi-effect distillation (MED) desalination system, a series flow double-effect H2O-LiBr absorption 
refrigeration system (ARS), and a water heater (WH). As shown, the PG, MED, and ARS subsystems 
are directly coupled through the HRSG, which operates at two pressure levels. The PG system 
basically consists of a compressor (COMP), an air preheater (APH), a combustion chamber (CC), and 
a gas turbine (GT). The combustion gases are expanded in the GT to generate power. A fraction of the 
generated power is used to run the COMP to compress the air required for combustion and the rest is 
provided as output electrical power. After expanded, the exhaust gases are conducted to the HRSG to 
produce saturated steam at two pressure levels. Each pressure level includes an economizer (ECON) 
and an evaporator (EVAP). The saturated high-pressure (HP) steam (S1) is sent to the first effect of 
the MED system after passing through an ejector, where it is mixed with a fraction of the vapour 
generated in the last effect of the MED system, and it is then returned back to the HP zone of the 
HRSG. The saturated low-pressure (LP) steam (S2) is used to power the ARS by transferring latent 
heat of condensation in the high-temperature generator (HTG) to vaporize the refrigerant (H2O) from 
the weak LiBr solution. The condensate (saturated liquid) is passed through the water heater WH to 
provide hot water as heating output, and then, it is returned back to LP zone of the HRSG. In the ARS, 
the refrigerant vaporized in the HTG goes through the low-temperature generator (LTG) where it 
condenses transferring latent heat of condensation to the strong LiBr solution – coming from the high-
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temperature solution heat exchanger (HTSHE) through an expansion valve – for vaporizing an 
additional amount of refrigerant. Both fractions of refrigerant are mixed and passed through the low-
temperature condenser (LTC) and an expansion value to the evaporator EVAP, where the refrigeration 
output is provided. The output freshwater is provided by the MED desalination system that basically 
consists of in-series evaporation effects (Ei) with the corresponding preheaters (PreHi), a condenser 
(COND), and an ejector. Freshwater is produced by recovering the vapour of the boiling brine in the 
effects, which are operated at decreasing pressure levels. Since the boiling point elevation (BPE) of 
water decreases with decreasing pressure levels, the vapour produced in one effect is used to heat the 
next one, except for the first (hottest) effect, which is heated by the HP steam (S1) produced in the 
HRSG after passing through the ejector, as mentioned. The integrated process presents several trade-
offs that result from the combinations of the trade-offs associated with each subsystem. These trade-
offs involve, for instance, the fuel consumption and air supply rates, flow rate, pressure, temperature, 
and composition values of all process streams (seawater, freshwater, strong and weak LiBr solutions, 
steam, cooling water), and the heat loads in the system components with their corresponding heat 
transfer areas and driving forces. 

 

Figure 1: Multi-generation system for producing electricity, refrigeration, freshwater, and heating 

3 Mathematical model 

A comprehensive first-principle-based mathematical model of the integrated system was derived and 
implemented using mathematical models of subsystems that have already been verified and validated 
in previous works and mathematical models developed, verified and validated in this work. The model 
corresponding to the gas turbine and boiler (GT/HRSG) cycle is that used in Mussati [16] and reported 
elsewhere [17–19]. The model corresponding to the series flow double-effect H2O-LiBr ARS system 
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is that reported in Mussati et al. [20]. The model of the MED system has not been previously reported. 
Therefore, only the main MED model equations are presented next. 

3.1 Multi-effect distillation desalination system 

Figure 2 shows a schematic of the MED system to derive the mathematical model presented next. 

 

Figure 2: Schematic of the multi-effect distillation (MED) desalination system  

Mass and energy balances in the evaporation effects Ei: 

𝐹 = 𝑉 + 𝐵                                                                                                 𝑖 = 1 (1) 

𝐹  𝑥  = 𝐵   𝑥                                                                                            𝑖 = 1 (2) 

𝐹  ℎ +  𝑆  𝜆 = 𝐵   ℎ + 𝑉  ℎ ,
                                                              𝑖 = 1 (3) 

𝐹 + 𝐵 = 𝑉 +  𝐵                                                                                    𝑖 = 2, … , 𝑁 − 1 (4) 

𝐹  𝑥 + 𝐵  𝑥 = 𝐵   𝑥                                                                     𝑖 = 2, … , 𝑁 − 1 (5) 

𝐹  ℎ +  𝐵  ℎ + (𝑉 + 𝑉 ) 𝜆 = 𝐵   ℎ + 𝑉  ℎ ,
             𝑖 = 2, … , 𝑁 − 1 (6) 

Mass and energy balances in the distillate flashing chambers DPi: 

𝑉 + 𝑉 + 𝐿 =  𝑉 + 𝐿                                                                  𝑖 = 2, … , 𝑁 − 1 (7) 

𝑉 + 𝑉 + 𝐿  ℎ ,
  

= 𝑉  ℎ ,
 

+ 𝐿  ℎ ,
 

                                   𝑖 = 2, … , 𝑁 − 1 (8) 

Energy balances in the pre-heaters PreHi and condenser COND: 

𝑉  ℎ ,
 − ℎ , ,

 =  𝐹  ℎ , −  ℎ ,                         𝑖 = 1, … , 𝑁 (9) 

(𝑉 + 𝑉 ) 𝜆 = 𝑆𝑊  ℎ , − ℎ                                                   𝑖 = 𝑁  (10) 

𝑆𝑊 = 𝐹 + 𝑀                                                                                             𝑖 = 𝑁  (11) 
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Heat transfer areas: 

𝑆 𝜆 = 𝑈 ,  𝐴 ,  𝑇 − 𝑇                                                                          𝑖 = 1 (12) 

(𝑉 + 𝑉 ) 𝜆 = 𝑈 ,  𝐴 ,  𝑇 − 𝑇                                            𝑖 = 2, … , 𝑁 (13) 

𝑉  ℎ ,
 − ℎ , , = 𝑈 ,  𝐴 ,  𝐷𝐹 ,                                      𝑖 = 1, … , 𝑁 (14) 

(𝑉 + 𝑉 ) 𝜆 = 𝑈  𝐴  𝐷𝐹                                                    𝑖 = 𝑁 (15) 

where DFPreH,i and DFCOND refer to the driving force in the preheater PreHi and condenser COND, 
respectively, which are calculated by the Chen approximation [21], while UE,i, UPreH,i, and UCOND are 
the overall heat transfer coefficients, which are calculated by correlations reported in [22]. Finally, the 
model includes the constraints associated to the steam ejector [22]: 

𝑅𝑎 = 0.296 𝑃 . 𝑃 .⁄ (𝑃 𝑃⁄ ) . 𝑃𝐶𝐹 𝑇𝐶𝐹⁄  (16) 

𝑃𝐶𝐹 = 3x10  𝑃 − 0.0009 𝑃 + 1.6101  (17) 

𝑇𝐶𝐹 = 2x10  𝑇 − 0.0006 𝑇 + 1.0047 (18) 

Ra is the entrainment ratio; PM, PS and PEV are the pressures of the motive steam (equal to Psat,HP-EVAP 
of HRSG), discharge mixture and entrained vapor (equal to PN of MED last effect N), respectively. 

4 Problem statement 

Given the required levels of electrical power generation, freshwater production, refrigeration, and 
heating, the problem is to simultaneously determine the optimal operating conditions and sizes of all 
subsystem components that minimize the total heat transfer area of the integrated multi-generation 
system (THTAMGS). The proposed problem is formally expressed as follows (Eq. (19)): 

 

𝑀𝑖𝑛 𝑓(𝒙)
𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜:                                     

– 𝒈(𝒙) = 0                                             

– 𝒉(𝒙) ≤ 0                                            
– 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑑𝑒𝑠𝑖𝑔𝑛 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑎𝑐𝑖𝑜𝑛𝑠
– 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑑𝑎𝑡𝑎                                  
– 𝑁                                                       

 

 (19) 

where x is the vector of the model optimization variables; f(x) is the objective function being 
minimized i.e. the total heat transfer area of the multi-generation system (THTAMGS); g(x) refers to the 
set of the equality constraints i.e. mass and energy balances, design and sizing equations, equations to 
calculate the physicochemical and thermodynamic properties, among others; h(x) refers to the set of 
the inequality constraints, which are included, for instance, for avoiding temperature crosses between 
process streams in a heat exchanger. The ‘process design specifications’ represent the model 
parameters associated with the multi-generation system outputs i.e. net electrical power generation, 
freshwater production, and refrigeration and heating capacities. The ‘process data’ represent the set of 
all type of data necessary to describe the subsystems. The symbol NE indicates the number of 
evaporation effects in the MED system, which is a model parameter that is parametrically from 4 to 6. 

5 Results 

5.1 Optimization results 

Table 1 lists the considered design specifications and process data. For these values, the optimization 
problem formulated in Eq. (19) is solved by varying parametrically the number of evaporation effects 
in the MED system (NE) from 4 to 6 effects. The main variable values obtained for the three studied 
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cases are presented and compared in Tables 2–6.  

The results in Table 2 indicate that the minimum total heat transfer area of the multi-generation system 
(THTAMGS) required for 4 effects is 43204 m2, of which 29058 m2 correspond to the MED subsystem 
and 12580 m2 to the PG/HRSG subsystem. The ARS and WH require only 1543.5 m2 and 21.4 m2, 
respectively. 

Table 1: Process design specifications and data 

Process design specifications Value 
      Net electrical power generation (kW) 36971  
      Fresh water production (kg/s) 100  
      Refrigeration capacity (kW) 2000  
      Evaporator temperature (ºC) 6.0  
      Heating water (kW) 761.9  
Process data  
      Seawater temperature (ºC) 25.0 
      Seawater salinity (ppm) 30000 
      Fuel temperature (ºC) 25.0  
      Fuel lower heating value (kJ/kg) 50000 
      Air composition (mole fraction) 79% N2, 21% O2 
      Cooling water temperature (ºC)  25.0 

It can be seen in Table 2 that the addition of a fifth evaporation effect reduces the THTAMGS value by 
9.5% with respect to a four-effect MED system (39092 m2 vs. 43204 m2) as a consequence of a 
reduction in the HTAMED by 10.2% (26108 m2 vs. 29058 m2) and in the HTAHRSG by 9.2% (9401.7 m2 
vs. 10563 m2). No variation in the HTAPG, HTAARS, and HTAWH values is observed. The optimal 
values of all the decision variables corresponding to the PG, ARS, and WH systems are shown in 
Figure 3, which are the same for the three analyzed cases (NE = 4, 5, 6). 

Table 2: Optimal heat transfer areas of the systems for different number of effects in the MED system 

  Heat transfer area, HTA (m2) 
Systems  4 effects 5 effects 6 effects 

Multi-generation system, THTAMGS   43204 39092 37856 
MED system, HTAMED  29058 26108 25509 
PG system, HTAPG  2017.5 2017.5 2017.5 
HRSG system, HTAHRSG  10563 9401.7 8764.5 
ARS, HTAARS   1543.5 1543.5 1543.5 
WH system, HTAWH  21.4 21.4 21.4 

Table 3: Heat transfer area, heat load, and driving force values in the MED system for different 
number of distillation effects 

    Number of evaporation effects, NE 
Variable  Effect Ei  4  5  6  

Heat transfer area, HTA (m2)  E1  5964.5  4044.1 3002.9 
 E2  6233.0  4452.6 3588.9 
 E3  6450.8  4519.8 3585.9 
 E4  6917.9  4750.5 3700.7 
 E5  – 5151.7 3938.7 
 E6  – – 4306.0 

  Total  25566.3 22918.6 22123.2 
Heat load, Q (kW)  E1  64137  53800 47125 

 E2  60203  49467  42690  
 E3  58273  46846  39642  
 E4  58628  46188  38237  
 E5  – 47443  38432  
 E6  – – 40162  
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Driving force, DF (K) 
 
 
 
 
 

 E1  4.3  5.4  6.3  
 E2  3.9 4.5  4.8  
 E3  3.7 4.3  4.5  
 E4  3.5 4.0  4.3  
 E5  – 3.9  4.1  
 E6  – – 4.0 

According to Table 5, compared to a four-effect MED system, one main advantage of adding a fifth 
effect is that the last one operates at a lower temperature (49.0 ºC vs. 55.8 ºC) leading to a more 
convenient profile of temperature along the evaporation effects, resulting in a lower heating steam 
demand in the first effect (23.175 kg/s vs. 27.597 kg/s) and, consequently, a lower associated heat 
transfer area (4044.1 m2 vs. 5964.5 m2, Table 3).  

Table 4: Optimal values heat transfer area, heat load, and driving force in MED preheaters and 
condenser for different number of distillation effects (effects Ei in Table 3) 

  Number of evaporation effects, NE 
MED components  4 5 6 

– Preheaters     
Total heat load, QT,PreH (kW)  3650 3753 3908 
Total heat transfer area, THTAPreH (m2)   26.4 19.2 15.3 
– Condenser     
Heat load, QCOND (kW)  34402 31943 32600 
Heat transfer area, HTACOND, (m2)  3465.5 3170.0 3370.1 
Driving force, DFCOND (K)   9.1 8.3 7.4 

Table 5: Optimal values of mass flowrate, pressure, and temperature of main streams and total heat 
recovered in HRSG for different number of distillation effects 

  Number of evaporation effects, NE 
Systems  4 5 6 

– HRSG     
Total recovered heat (kW)  42380 41578 41116 
Gas inlet temperature (ºC)  456.6 456.6 456.6 
Gas outlet temperature (ºC)  178.5 183.8 186.8 
– ARS     
LP-level steam to HTG 
    Mass flow rate (kg/s) 
    Pressure (kPa) 

  
1.379 
800.0 

 
1.379 
800.0 

 
1.379 
800.0 

– Steam ejector     
CR ejector  2.4 3.5 5.1 
Motive steam (from HRSG) 
    Mass flow rate (kg/s) 
    Pressure (kPa) 

  
15.662 
1357.4 

 
15.379 
1278.4 

 
15.239 
1157.4 

Entrained steam (from MED last effect) 
    Mass flow rate (kg/s) 
    Pressure (kPa) 

  
11.935 
15.60 

 
7.796 
11.17 

 
5.081 
7.98 

– MED system     
Feed flow rate to each effect (kg/s)  70.552 53.054 41.609 
Steam entering first effect (from ejector)  
    Mass flow rate (kg/s) 
    Pressure (kPa) 
    Temperature (ºC) 

  
27.597 
37.46 
74.3 

 
23.175 
39.10 
75.4 

 
20.320 
40.70 
76.3 

Brine temperature (ºC)      
    First effect (E1)   70.0 70.0 70.0 
    Last effect  55.8 48.9 42.4 
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Figure 3: Optimal operating conditions and sizes obtained for the PG, ARS, and WH systems by 
minimization of the total heat transfer area of the multi-generation system (THTAMGS) 

This lower heating steam requirement can be achieved in several ways, in which the ejector plays a 
key role. One possibility is to extract less amount of steam from the HRSG without significantly 
varying its pressure maintaining the amount of entrained vapor in the ejector. Another possibility is to 
maintain a similar heating steam flowrate and extraction pressure in the HRSG and extract less amount 
of vapor from the last effect. In this case, the best possibility is one that allows reducing the HTAHRSG 
value. According to Table 5, the heating steam extracted from the HRSG for 5 effects is slightly lesser 
than that extracted for 4 effects (15.379 kg/s vs. 15.662 kg/s) but at a lower pressure (1278.4 kPa vs. 
1357.4 kPa), while the entrained vapor flowrate entering the ejector decreases from 11.935 kg/s to 
7.796 kg/s and the vapor compression ratio increases from 2.4 to 3.5. According to Table 6, these 
reductions not only allow the heat loads in the HP-EVAP and HP-ECON to decrease with respect to 4 
effects (30440 kW vs. 30846 kW in HP-EVAP, and 7554 kW vs. 7950 kW in HP-ECON) but to 
increase the driving forces (142.9 °C vs. 137.2 °C in HP-EVAP, and 95.2 °C vs. 90.0 °C in HP-
ECON), both variations positively affecting the reduction in the heat transfer areas of both 
components (4734.7 m2 vs. 4995.2 m2 in HP-EVAP, and 1983.3 m2 vs. 2207.6 m2). Since the heat load 
required in the first effect of the 5-effect system is lesser than that required in the 4-effect system, the 
heat to be recovered in the HRSG is lesser (41578 kW vs. 42380 kW) and the temperature of the gases 
leaving the HRSG is 5.3 ºC higher (183.8 ºC vs. 178.5 ºC) due to the conditions at the GT exit are the 
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same for all cases. As mentioned above, the optimal variable values obtained for the PG, ARS, and 
WH subsystems are the same for the three NE values (Figure 3). Regarding the PG system, the 
generation of 36971 kW for any number of MED effects NE requires 128.141 kg/s and 2.097 kg/s of 
air and fuel, respectively, and 2017.5 m2 in the air preheater APH to transfer 22296 kW with a driving 
force of 110.5 ºC. For all NE values, the heat available in the HRSG is the same since the hot gas flow 
rate and temperature entering the HRSG are the same (130.238 kg/s and 456.6 ºC, respectively) but the 
heat recovered depends on the heating steam requirement in the MED first effect, which in turn 
depends on the number of effects. The greater the number of effects, the less amount of heat and heat 
transfer area requirements in the MED system, resulting in less heat recovered in the HRSG and, 
consequently, less HRSG area. Despite the fact that the objective function consists in minimizing the 
THTAMGS, the solution allocates 2017.5 m2 in the APH of the PG system to achieve the optimal flow 
rate and temperature values of the hot gases entering HRSG to produce the steam required in the other 
subsystems. However, these optimal values depend only on the power generation (results not shown) 
but not on the number of MED effects since the greatest reduction in the heat transfer area is achieved 
in the HRSG – by modifying the temperature of the gases and the conditions of the generated steam – 
as well as in the MED itself – by modifying the flowrate, pressure, and temperature of the seawater, 
distillate, and brine streams –. Regarding the ARS, its behavior is similar to that observed for the PG 
system in that the optimal variable values of this subsystem (heat loads, heat transfer areas, and 
driving forces) are the same for all number of effects (Figure 3). 

Table 6: Heat transfer area, heat load, and driving force values in the PG/HRSG system for different 
numbers of distillation effects  

    Number of evaporation effects, NE 
Variable  Component  4  5  6  

Heat transfer area, HTA (m2)  APH in PG  2017.5 idem idem 
 HP-EVAP  4995.2 4734.7 4554.9 
 HP-ECON  2207.6 1983.3 1798.6 
 LP-EVAP  2990.9 2365.1 2114.0 
 LP-ECON  369.3  318.6  297.0 

  Total  12580.5 11419.2 10782.0 
Heat load, Q (kW)  APH in PG  22297 idem Idem 

 HP-EVAP  30847 30440 30407 
 HP-ECON  7950 7554 7125 
 LP-EVAP  2822 idem Idem 
 LP-ECON  761.9 idem Idem 

Driving force, DF (K)  APH in PG  110.5 idem idem 
  HP-EVAP  137.2 142.8 148.3 
  HP-ECON  90.0 95.2 99.0 
  LP-EVAP  20.9 26.5 29.6 
  LP-ECON  51.6 59.8 64.1 

According to Figure 3, the HTG heat load is 2822 kW, which is satisfied by the steam generated in the 
LP-EVAP in the HRSG coldest zone (Figure 1). The LP-steam closed circuit connected to the ARS is 
physically independent of the HP-steam closed circuit connected to the MED system. However, the 
temperature of the gases that heat the LP closed circuit depend on the temperature of the gases that 
heat the HP closed circuit, which vary with the number of MED effects. For this reason, although the 
heat loads in the LP-EVAP and LP-ECON are the same for any number of effects, the heat transfer 
areas are different – due to the variation of the driving forces that depend on the gas temperature. For 
example, according to Table 6, the heat load in the LP-EVAP is 2822 kW in all cases, while the LP-
EVAP area required for 4 effects is by 26.5% larger than that for 5 effects and the LP-EVAP driving 
force is by 21.1% lower. Interestingly, the optimal ARS configuration includes the HTSHE but 
eliminates the LTSHE, as shown in Figure 3 (in gray color). From the energy integration point of 
view, it would not be convenient, a priori, to eliminate the LTSHE since it would require increasing 
the heating utility demand in the HTG. Since the minimization of the total heat transfer area 
(THTAMGS) is considered in this study, the optimal trade-off between the required energy and the 
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associated heat transfer areas indicates that, in order to reduce the objective function value, it is 
preferable to eliminate the LTSHE (at the cost of an increase in the HTG area as a consequence of a 
slight increase in the HTG heat load) and maintain the HTSHE with an area of 6.71 m2 – to exchange 
496.5 kW with an associated driving force of 73.9 K –. In case that the HTSHE is also eliminated (by 
forcing in the model the HTSHE effectiveness factor ηHTSHE to zero), the increase in the HTG area 
would directly increase the THTAMGS value. Analyzing the values in Tables 2–6, it can be concluded 
that the variable behaviors obtained by adding a sixth evaporation effect to a 5-effect MED system are 
qualitatively the same but with an impact on the heat transfer area values significantly smaller than 
those obtained by adding a fifth effect to a 4-effect system. The presented results show that the 
addition of an evaporation effect does not imply an increase in the total heat transfer area of the multi-
generation system THTAMGS but, on the contrary, it implies a decrease, since the heat loads, heat 
transfer areas, and driving forces are distributed more conveniently along the MED effects. This can 
be clearly seen when comparing the distributions of these variables for the three values of number of 
effects studied. This tendency can be confirmed if a seventh effect is added to a 6-effect system i.e. the 
THTAMGS is reduced but the decrease is not significant in percentage (results not shown). If so, the 
pressure level of the steam generated in the HRSG to power the MED system decreases, tending to the 
pressure level of the steam generated for the ARS. Then, the HRSG heat exchanger configuration may 
change and even lead to the unification of the two steam circuits – the two pressure levels – thus 
requiring only one economizer-evaporator pair. 

6 Conclusions 

This paper focused on the optimization of a multi-generation system by integrating a dual-purpose 
desalination plant (DPDP) and a low-scale absorption refrigeration system (ARS). The DPDP 
consisted of a gas turbine (GT) cycle – to produce electricity –, a heat recovery stream generator 
(HRSG) operating with two closed steam cycles coupled with a multi-effect distillation (MED) 
desalination plant – to produce freshwater – and a double-effect series flow H2O-LiBr ARS – for 
refrigeration –. Also, a water heater (WH) recovering energy from the heating stream leaving the ARS 
was included for heating purpose.  

For this study, a nonlinear mathematical programming (NLP) optimization model was derived. Mass 
and energy balances and equations for design and sizing of the system components were included. 
Given design target specifications (36971 kW of electrical power generation, 100 kg/s of freshwater 
production, 2000 kW of refrigeration capacity, and 761.9 kW of thermal load for heating supplied by 
hot water), the integrated system was optimized by minimizing its total heat transfer area (THTAMGS) 
for different numbers of evaporation effects in the MED (4–6 effects). For 4 effects, the minimum 
THTAMGS required was 43204 m2, of which 67.3% corresponded to the MED system and 29.1% to the 
PG/HRSG subsystem. For 5 effects, the THTAMGS value was significantly reduced by 9.5% with 
respect to the 4-effect MED system, maintaining similar percentage distribution. For 6 effects, the 
THTAMGS value was reduced by 3.2% with respect to the 5-effect system. For the examined numbers 
off effects, the obtained heat transfer area values of the electricity generation system – more precisely, 
the air pre-heater APH – and all ARS components were the same. In addition, it was observed that, in 
all cases, the optimal solution did not include the low-temperature solution heat exchanger (LTSHE) 
of the ARS but selected the solution heat exchanger operating at the high-temperature zone (HTSHE).  

From the Process System Engineering perspective, this work contributes with a mathematical 
optimization model for the optimal design and operation of multi-generation systems consisting of 
GT-based PG, HRSG, MED, double-effect ARS, and WH. 
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Abstract 

The recent boost of the hydrogen economy has the potential to strongly contribute to a resilient energy 
future. Political awareness and willingness to act in order to reduce the CO2 emissions target hydrogen 
as an excellent and well-known energy carrier. Green hydrogen is produced when renewable energy 
production power plants are generating excess energy. Hydrogen storage is one of the most challenging 
steps of the hydrogen economy since all available options have significant drawbacks. Liquefaction of 
hydrogen has the main advantage that the liquid has greater density than the gas phase, and it can be 
stored at ambient pressure and transported over long distances using cryogenic temperatures. Many 
hydrogen production methods are available, but the most common ones are not environmentally 
friendly. Water electrolysis is seen at present as the most cost-efficient alternative to produce green 
hydrogen. One possible Power-to-X system using hydrogen consists of charging the system with excess 
electricity from renewable sources to produce hydrogen via electrolysis, then liquefy it to be stored at 
ambient pressure and cryogenic temperatures and transported or stored in insulated tanks. This paper 
compares two green liquid hydrogen production systems: Case 1A: PEM electrolyser + liquefaction 
according to Quack, and Case 2B: AWE electrolyser + liquefaction according to Valenti and Macchi. 
100 MW of green hydrogen produced via electrolysis from the largest plant to be built in Hamburg is 
used as a reference. Liquefaction of hydrogen is simulated in Aspen Plus®. Energy, exergy and 
economic analyses are conducted. The electrolysers followed by the hydrogen compressors were 
identified as the components with the highest exergy destruction. The analysis suggests a better 
performance from an economic and exergetic point of view for Case 2B. 
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1 Introduction 

The hydrogen economy has become a popular topic again in the last couple of years. Many countries 
are now finding a way to implement an efficient hydrogen production that will enable them to meet their 
political agreements and goals related to climate change. The hydrogen industry accounted in 2018 for 
the production of over 500 megatons of CO2. Therefore, increasing the uses of hydrogen and switching 
to a green hydrogen production will highly contribute to the decarbonization of today's industry [1]. 

In the year 2019 the European Union (EU) launched a sustainable pathway for the European energy 
transition [2]. According to this report, hydrogen is expected to play a major role in this transition due 
to its flexibility. This characteristic makes hydrogen an excellent energy carrier that would assist in 
achieving the goals of the EU settled on the Paris Agreement in 2015. Hydrogen represents a very 
attractive fuel from an energy density point of view (around 100 MJ/kg, a higher energy content than 
most of the conventional fossil fuels) [3]. 

Sector coupling plays an important role in the EU's energy transition roadmap toward decarbonization. 
Electricity can be stored and used for different purposes in sectors that usually run with carbon-based 
energy carriers [2]. Since decarbonization is the goal, hydrogen needs to be obtained without producing 
CO2. Electrolysis is today the most attractive technology from this point of view. This process has been 
available since the 1800s. However, steam reforming using natural gas still accounts for three-quarters 
of the annual hydrogen produced worldwide of around 70 million tonnes [4]. Electrolysis represents 
around 8 GW of electrolysis capacity installed worldwide [4]. The two main challenges for increasing 
this amount are reducing the costs and optimizing the storage/transportation of the hydrogen. Water 
electrolysis can be accomplished using different methods: alkaline water electrolysis (AWE), proton 
exchange membrane (PEM), solid oxide electrolysis (SOE), and microbial electrolysis cells [3]. The 
first two of these methods are considered in this analysis due to their maturity.  

The world's largest electrolyser will be built in the port of Hamburg [5]. The plant will have a capacity 
of 100 MW and will run on surplus electricity generated from wind turbines in the northern part of the 
country [6]. Hamburg is supposed to become an innovation hub with this electrolyser enabling start-ups 
and industry to develop new applications and new conversion processes [7]. This paper proposes and 
examines two different paths for the conversion of the 100 % green hydrogen generated by Hamburg's 
future plant in liquid hydrogen to be transported to other regions of the country or the world. 

At present, many developed countries established a hydrogen economy roadmap that adjusts for the 
specific needs of each region. These countries want to reduce their CO2 emissions, but simultaneously 
profit from the flexibility that hydrogen provides for their economies, especially in the power, chemical, 
metallurgical and agricultural sectors. The cost of all technologies associated with the production of 
green hydrogen need to be reduced. The investment costs of alkaline electrolysers fell up to 40 % in the 
last six years in Europe [8]. Therefore, it should be possible to produce green hydrogen for $0.8 to 
$1.6/kg in countries like Brazil, China, India, Germany, and Scandinavia before 2050. This price would 
be competitive (on an energy-equivalent basis) with actual natural gas prices [8]. 

In 2017, Japan presented the first "Basic Hydrogen Strategy," and many countries followed in the next 
three years. The main goal of launching this strategy was to set a pathway to reduce the retail price of 
hydrogen from 100 yen/Nm3 to 30 yen/Nm3 [9]. Last year a new path to achieve this goal was launched, 
and Japan is planning to have 500,000 hydrogen-powered cars by 2025. A cooperation Japan-Australia 
Brown Coal to Hydrogen project is set to boost the production and trade of liquid hydrogen between the 
two countries in the pacific region. The liquefaction efficiency is expected to improve due to the scale-
up of the project from 13.6 kWh/kg to 6 kWh/kg, as well as the energy consumption for electrolysis is 
expected to decrease from 5 kWh/Nm3 to 4.3 kWh/Nm3 in 2030 [10]. 

The Netherlands Hydrogen Roadmap contemplates a total investment for the development of a green 
hydrogen economy estimated to be 17.5 to 25 billion Euros by 2025. The roadmap considers the 
opportunity for the northern part of the country where the continued gas extraction has led to seismic 
activity, and many houses have been damaged. This gas can be replaced with hydrogen produced 
employing 4 GW of offshore wind capacity that will be connected to the Eemshaven onshore grid [11]. 
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Many more countries such as the United States, Australia, India, Canada, the United Kingdom, China, 
and Korea also introduced their National Hydrogen Strategies last year. According to a recent study, the 
hydrogen industry scale-up requires an investment worldwide of $ 70 billion to build the infrastructure 
needed and bring down the costs of the technology [4].  

The German Ministry of Economic Affairs and Energy released the National Hydrogen Strategy in June 
[12]. Germany plans to invest €7 billion in new businesses and research to raise green hydrogen 
production capacity to 5 GW by 2030 (14 TWh) and 10 GW by 2040. Thus, the use of green hydrogen 
becomes a central point of the German Energy Transition strategy. To achieve this, a plan of thirty-eight 
measures including the implementation of blue hydrogen while transitioning to green hydrogen is 
considered. The Ministry of Education and Research estimated the country would use more than 300 
Million euros until 2023 from the Climate German fond [13]. By 2030 20 % of all hydrogen consumed 
in Germany should come from green hydrogen produced from solar and wind power plants. To achieve 
this, the government plans to install at least 3 GW of electrolysis capacity [13]. The specific investment 
cost of green hydrogen technology needs to be reduced to 500 EUR/kW to become competitive with 
other technologies [14]. 

This work presents an economic and exergetic comparison of two possible scenarios within the H2 
economy for Germany´s future electrolysis plant in Hamburg. The scenarios for green H2 production 
include further liquefaction of the gas for further transportation.  

2 Methodology 

2.1 Literature review electrolysers 

The operational principle of a water electrolyser is the flow of current through two electrodes inside an 
electrolyte that increases the ionic conductivity. Water is split into hydrogen and oxygen. The electrodes 
should be resistant and have a good catalytic profile. An electrolyser is an electrochemical device 
designed to convert electric and thermal energy into chemical energy that can be stored [15]. Table 1 
shows the results of a literature review regarding some important parameters of both electrolytic 
processes that are considered here.  

Table 1: Electrolysis process comparison 

Electrolyser Specific 
energy 
consumption 
(kWh/Nm3) 

Efficiency 
(LHV) 
(%) 

Exergetic 
efficiency 
(%) 

Temperature 
(⁰C) 

Specific 
production 
cost of 
green H2 
($/kg H2) 

Investment 
cost 
($/kWel) 

PEM 
 (Case 1A) 

4.4 – 5 [16] 80-90 [3] 
57C [17], 
56-60 [18] 

62 [19]F 

62 [20]F 

67 [21]G 

72.5 [22] 

I62.18 
[23] 56.34 
[24] 

50 – 80 [16] 4.91A [25] 
4.5 C [17] 
2.6D [4] 

10E [26] 

900 [27], 
1200C [17], 
1100 [18], 
1400-2100 

Alkaline 
(Case 2B) 

4.2 – 4.8 [16] 70-80 [3] 
63—70 
[18],65C 
[17] 

68 [28]H 

63 [29] 
60 – 100 
[30] 

3.8 [8], 3.5 

C [17], 
3.53B [31] 
2 [4], 3 
[18] 

650 [27], 
750 C [17], 
500 [18], 
800-1500  

 A Delivered at medium pressure forecast 2020 
B According to quantified H2 cost at relatively low prices and using wind power 

 C price for 2017 

 D Forecast 2030 for high demand 20 MW PEM electrolyser connected to offshore wind excludes 
storage and compression- Germany 
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 E Under the prevailing market conditions in Germany, hydrogen from water electrolysis 
assuming an operational profile linked to wind and photovoltaics that would yield 2,000 to 3,000 
full load hours, with no exemptions from levies and taxes on the electricity price at 15.4 ct/kWh  

 F At a current density of 6000 A/m2 

 G at 80 °C 

 H at a concentration from 20 % to 70 % KOH  

 IAt 85 °C 

 

The following hydrogen-economy cases were studied: 

● Case 1A 

The first case consists of a PEM electrolyser coupled with a liquefaction process adapted from Berstad 
et al. [32]. 

● Case 2B 

The second case consists of an AWE electrolyser linked with a liquefaction process adapted from 
Valenti and Macchi [33] 

 

Table 2: Assumptions for the main process parameters for both cases  

Parameter Case 1A Case 2B 
Electrolyser   PEM AWE 
Electrolyser exergetic 
efficiency 

62 65 

H2 production (kg/h) 2000 2000 
Liquefaction process “Case A” (Adapted from 

Berstad et al [32]) 
“Case B” (Adapted from 
Valenti and Macchi [33]) 

H2 feed 
     Pressure [bar] 
     Temperature [K] 

 
21 
300 

 
21 
300 

LH2 product 
     Pressure [bar] 
     Temperature [K] 
     Para fraction [%] 

 
1 

20.32 
> 98.5 

 
1.3 

19.31 
> 98.5 

Turbomachinery 
     𝜂  compressors [%] 
     𝜂 expanders [%] 
     Electro-mechanical      
efficiency [%] 

 
85 
90 
96 

 
85 
90 
96 

Ortho-para conversion continuous continuous 
Heat exchangers 
     Δ 𝑇  hydrogen H.X. [K] 
     Δ 𝑇  recuperators [K] 
     Δ 𝑇  inter-coolers [K] 
     Pressure drop [%] 

 
2 
2 
2 
1 

 
2 
2 
2 
1 

 

2.2 Simulation 

The simulation of the evaluated processes was conducted with Aspen Plus®. All simulations were 
performed at steady-state conditions. A detailed flowsheet of the simulations of both Cases 1A and 2B 
is given in Figure 9 and Figure 10 in Annex B.  For all hydrogen streams, the REFPROP equation of 
state was used. In contrast, for all other working fluids, the Peng-Robinson equation of state was chosen. 
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The exergy-based analyses were conducted using the software EES® (Engineering Equation Solver). 
EES is a general equation-solving software with integrated thermodynamic databases of numerous 
substances [34]. 

2.2.1 Hydrogen liquefaction Case A 

Case A is based on the work of Berstad et al. [32], which again is based on the conceptual hydrogen 
liquefier by Quack [35]. A detailed discussion and analysis of the system design can be found in [32] 
and [35]. Some minor structural changes compared to [32] and [35] have been implemented. Berstad et 
al. implemented a single-stage ethane (C2) pre-cooling cycle in cascade with a two-stage inter-cooled 
propane (C3) cycle. The cryogenic cooling is achieved in a reversed helium-neon (HENE) Brayton cycle 
with a neon mass fraction of 25 %. For simplicity reasons, the 15-stage inter-cooled compressor train of 
the HENE mixed refrigerant (MR) [32] was replaced by a two-stage inter-cooled compression. 
Furthermore, the low-temperature hydrogen expander was replaced by a simple throttling valve. This 
reduces the net power generation of the process and aims for more conservative process assumptions. 
Additionally, a wet expansion in the turbine expander can be eluded. The inter-cooling is performed 
with water (288.15 K, 1.1 bar). All stream parameters of system case A are given in Table 4 in Appendix 
A. The complete overview of the assumptions for the main process parameters of process cases A and 
B is given in Table 2. 

2.2.2 Hydrogen liquefaction Case B 

Case B is based on the work by Valenti and Macchi [33]. Likewise, minor structural changes have been 
made. The four-stage (low-pressure stage) and the three-stage (intermediate pressure stage) helium 
compressors have been substituted by one inter-cooled compression stage, respectively, and the eight-
stage (high-pressure stage) helium compressor was substituted by a two-stage inter-cooled compression 
process. The inter-cooling temperatures of the hydrogen compression and the helium compression are 
300 K, 298.15 K, respectively. The minimum temperature differences for all system heat exchangers 
and the isentropic efficiencies of all system compressors and all turbine expanders are given in Table 2. 
All stream parameters of liquefaction system Case B are given in Table 5 in Appendix A. 

2.3 Exergy-based analysis 

The conducted analysis is based on the fuel and product approach [36] [37]. The exergy of fuel �̇� , , 
exergy of product �̇� ,  and exergy destruction �̇� ,  are evaluated at the component level and for the 
overall system. The exergy losses �̇� ,  are computed for the overall system. For the present work, the 
thermodynamic environment has been defined at a temperature T0 = 298.15 K and a pressure p0 = 
1.01325 bar. The analysed system works partially below the environmental temperature. In this case, 
the physical part of the i-th exergy stream �̇� , is further split into its mechanical part �̇�  and thermal 
part �̇�  according to equation (1). 

 

�̇� =  �̇� + �̇� + �̇�  =  �̇� ∙ (𝑒 + 𝑒 + 𝑒 ) (1) 

 

The required work for the ortho to para conversion is added as a penalty factor of 0.59 𝑘𝑊ℎ 𝑘𝑔⁄  [38], 
[39]. The exergy balance for the overall system is: 

 

�̇� , = �̇� , + �̇� , + �̇� ,  (2) 

 

The mechanical and thermal exergies were calculated directly from Aspen Plus data by employing 
FORTRAN-based user property subroutines developed at the Institute of Energy Engineering at the 
Technische Universität Berlin. The definitions of the exergy of fuel and product for every component 
group of all cases are given in Table 6 and Table 7 in Annex A. 
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The exergetic efficiencies of the electrolysers were estimated according to Ref. [21]. 

2.4 Economic analysis 

For the economic analysis, the Total Revenue Requirement (TRR) method was applied according to 
[40] as shown in Equation (3). 

 

𝑇𝑅𝑅 = 𝐶𝐶 + 𝐹𝐶 + 𝑂𝑀𝐶  (3) 

  

𝑇𝑅𝑅   levelized total revenue requirement, € 

𝐶𝐶    levelized carrying charges, € 

𝐹𝐶    levelized fuel costs, € 

𝑂𝑀𝐶   levelized operation and maintenance costs, € 

 

The carrying charges were calculated based on the total capital investment costs. The bare module costs 
(BMC) of the system components were determined using cost estimating charts [41] [42], cost 
estimating equations [43] and past purchase orders [44] [45], where pressure and temperature levels 
were taken into account. The costs were adjusted to US$2019 with the chemical engineering cost indexes 
of the reference years (CEPCI2019 = 607.5 [46]). The assumptions made in the economic analyses are 
summarized in Table 3. The operation and maintenance costs (OMC) were assumed as a percentage of 
the fixed capital investment (FCI).  

Table 3: Assumptions for the economic analysis 

Parameter Value 
Effective interest rate 10 % 
Hydrogen price feed from PEM 4.91 ($/kg) 
Hydrogen price feed from AWE 4.2 ($/kg) 
Plant economic life 20 years 
Full-load operational hours 8322 
Base electricity price 23.62 $/MWh 
Average general inflation rate 2.5 % 
Average electricity escalation rate 3.5 % 
Contingencies 15 % of BMC 
Engineering and Supervision 15 % of BMC 
Construction 15 % of BMC 
Annual OMC 4 % of FCI 

3 Results 

Two different configurations (Cases 1A and 2B) for the charging process of two large-scale hydrogen 
storage systems were compared. 100 MW of green hydrogen produced via electrolysis from the largest 
plant to be built in Hamburg is used as a reference. No matter the configuration, both cases produce the 
same amount of liquid hydrogen, 2000 kg H2/h. The exergetic efficiency and the specific energy 
consumption (SEC) of the overall system are indicators for the thermodynamic performance of the 
process. The exergetic efficiency and the SEC for liquefaction Cases 1A and 2B are 30.61%, 11.41 
𝑘𝑊ℎ 𝑘𝑔 ( )⁄  and 42.06 %, 8.06 𝑘𝑊ℎ 𝑘𝑔 ( )⁄  with a total electricity consumption of 22.8 MW and 15 
MW, respectively. Figure 1 compares the results for both liquefaction processes simulated in this work 
with literature values. It can be concluded that the results for both cases match the overall trend of 
increasing SEC with decreasing exergy efficiency [32], [35], [47] - [48]. For both Cases 1A and 2B, 
lower exergy efficiency and respectively a larger SEC than the processes from which they were derived 
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from is found. (Case 1A was derived from [32] with 45%, 6.48 𝑘𝑊ℎ 𝑘𝑔 ( )⁄ ; Case 2B was derived 
from [33] with 47.73%, 5.04𝑘𝑊ℎ 𝑘𝑔 ( )⁄ ). For Case 1A, these deviations are due (a) to the fact, that 
the low-temperature hydrogen expander was replaced by a simple throttling valve, and (b) to the 
downscaling of the liquefaction process. In Case 2B, the minor deviations are due to the downscaling of 
the liquefaction process.  

 
 

Figure 1: Exergetic efficiency of different liquefaction processes in relation to the specific energy 
consumption of each system 

Figure 2 shows the distribution of the total exergy destruction of the respective component groups of 
the liquefaction plants and both electrolysers. The total exergy destruction for each liquefier case 
amounts to 16.3 MW and 9.3 MW, respectively. The exergy destruction for the PEM electrolyser 
amounts to 40.5 MW while for the AWE electrolyser 34.2 MW. The high exergy destruction in the 
electrolysers is due to the chemical reactions taken place in the cathode and anode of the electrolysers.  

Confirming the exergetic efficiency and the SEC, the total exergy destruction of Case 1A is significantly 
larger than the one in Case 2B. One evident reason for this is the more complex system design with a 
larger number of components in Case 1A. Furthermore, in Case 1A the replacement of the low-
temperature hydrogen expander has a significant impact on the overall exergy destruction 

The exergy destruction of the compressors is larger in Case 1A. One reason is the larger compression 
ratio of the hydrogen compressors in this case (compare 68.3 bar of stream 32 in Case 1A with 40.5 bar 
of stream 20 in Case 2B). This, too, yields a significantly larger compression power for Case 1A. The 
intercoolers are considered as dissipative components. The exergy destruction of the intercoolers in Case 
1A is significantly larger than the one in Case 2B.  

Based on the thermodynamic limitations, both temperatures of the hot HENE streams and the cooling 
water inlet temperatures of the liquefier of Case 1A are fixed. Therefore, the minimum temperature 
difference of the HENE intercoolers is around 20 K. This leads to large irreversibilities due to the heat 
transfer. Coupled with large heat duties of the components, this leads to large exergy destruction rates 
of the intercoolers in Case 1A. The exergy destruction of the expanders in both liquefaction cases is 
nearly the same. Since all expanders operate at the same isentropic efficiency 𝜂 and the expansion power 
is similar. 

The exergy destruction of the hydrogen heat exchangers is significantly larger for Case 1A. The 
irreversibilities in Case 2B are comparably low since the minimum temperature differences in the 
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hydrogen heat exchangers are smaller. The exergy destruction of the recuperators is significantly larger 
in Case 2B. One evident reason is that there are three recuperators in Case 2B, whereas Case 1A only 
employs two recuperators. Furthermore, the total heat duty of the recuperators in Case 2B (7.3 MW) is 
exceptionally larger than the one of the recuperators in Case 1A (3.1 MW). This is because the 
recuperators in Case 2B cool the working fluid from ambient temperature to cryogenic temperatures. 
The category of 'other components' is composed of throttling valves, separators, mixers, and splitters. 
The main source of exergy destruction of the ‘other components’ are the throttling valves. Since Case 
1A uses five throttling valves, and Case 2B does not employ any throttling valves, the exergy destruction 
of these components is significantly larger for Case 1A. 

The total exergy loss for Cases 1A and 2B amounts to 4047 kW and 2359 kW, respectively. This is 
because the exergy loss is associated with the intermediate cooling during compression, and the required 
compression power of Case 1A is considerably larger than the one of Case 2B. 

 

 

Figure 2: Exergy destruction of respective component groups and overall system 

Figure 3 shows the BMC and the total capital investment (TCI) of both cases. The BMC of Case 1A is 
considerably larger than the one of Case 2B. The liquefaction in Case 1A is more complex and comprises 
more components than the liquefaction of Case 2B. For instance, Case 2B does not contain any 
separators. The compressors of Case 1A are significantly more expensive than the ones of Case 2B. 
Also, the specific investments costs based on literature values and presented in Table 1 for the PEM 
electrolyser in Case 1A are more expensive than the costs of AWE assumed for Case 2B. According to 
the maximum hydrogen production per electrolyser stack (for PEM 36 kg/h H2 and AWE 126 kg/h) [49] 
and the 2000 kg/h of green hydrogen production, the PEM electrolyser consists of 56 stacks, while the 
AWE contains 16 electrolysers. The analysis does not include the extra compression of the produced 
hydrogen to deliver the gas at 21 bar for the liquefaction plant.  

As previously analysed, the required total compression power, as well as the pressure levels themselves, 
are considerably higher in Case 1A. This has a distinct effect on the investment cost of the affected 
components. Thus, not only the compressors of Case 1A but also the hydrogen heat exchangers are more 
expensive than the ones of Case 2B, because they are affected by the elevated hydrogen pressure levels. 
The recuperators of Case 2B are somewhat more expensive than the ones of Case 1A. The heat duties 
of the recuperators of Case 2B are significantly larger than the ones of Case 1A, resulting in a larger 
heat transfer area for these components, which again results in higher investment values. 
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The BMC for both liquefaction systems is dominated by the compressors (their share on total BMC is 
approximately 65 % for both cases). Both systems require large compressors and hydrogen is a highly 
volatile element that requires compressors manufactured from high strength alloys [47].  The TCI of the 
PEM electrolyser in Case 1A is almost as expensive as the entire liquefaction system. In Case 2B the 
electrolyser causes approximately 43.5 % of the total capital investment.  

 

Figure 3: Bare Module Cost of the components of the liquefier and Total Capital Investment costs of 
Cases 1A and 2B 

Figure 4 shows the TCI of liquefiers as a function of the system liquefaction capacity. The results of this 
work are set into the perspective of several literature values.  

 

Figure 4: Total investment cost in relation to liquefaction capacity 

Figure 5 shows the specific hydrogen liquefaction cost of both cases and compares the results with 
literature values. The specific liquefaction cost of Cases 1A and 2B amount to 10.68 $ 𝑘𝑔 ( )⁄  and 7.46 
$ 𝑘𝑔 ( )⁄  respectively. These are significantly higher than the reference values because the H2 is 
produced via electrolysis. The levelized carrying charges, electricity consumption, and operation and 
maintenance costs of Case 1A are significantly larger than the ones of Case 2B. 

The specific liquefaction cost of DOE 2019 [50] is given at 2.75 $ 𝑘𝑔 ( )⁄  with a hydrogen feed price 
of 2.24 $/kg from steam methane reforming. However, the specific liquefaction costs of [50] also 
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account for the distribution costs associated with a filling terminal and tankers to distribute the liquid 
hydrogen. Hence, the actual cost of liquefaction will be lower. The specific liquefaction cost of 
IDEALHY 2013 [51] is given for a H2 feed price of 1.72 € 𝑘𝑔 ( )⁄ . At an exchange rate of 1.18 $/€ 
[52] this amounts to 2.03 $ 𝑘𝑔 ( )⁄ . These differences are due to contrasting process assumptions. 

In IDEALHY 2013 [51]  the electricity price and the cost for the hydrogen feed are assumed to be 50 
€/MWh (59 $/MWh) and 2 €/kg (2.36 $/kg), whereas the electricity price and the cost for the hydrogen 
feed in this work are assumed to be 23.62 $/MWh, and 4.91 $/kg (4.2 €/kg), respectively because the 
liquefied hydrogen is green. Due to the high electricity demand of the liquefaction process, the specific 
liquefaction costs are highly sensitive to the electricity price and the hydrogen feed costs. 
BloombergNEF 2020 [8] gives the liquefaction costs with 4.57 $/kg. 

 

Figure 5: Specific hydrogen liquefaction cost   

Figure 6, compares the specific liquefaction cost of green hydrogen for both cases with the electricity 
price. Case 1A is considerably more affected by the electricity price than Case 2B. because the PEM 
electrolyser has a higher specific electricity consumption than the AWE (see Table 1), and the 
liquefaction in Case 1A requires a higher compression power, making the results more sensitive to 
changes in the electricity price. The cost for Case 1A changes from 10.38 $/kg H2 to 11.60 $/kg H2 when 
the price of electricity changes from 20 $/MWh to 34 $/MWh. 

 

Figure 6: Specific green hydrogen liquefaction cost as a function of the electricity price  

Figure 7 shows the specific liquefaction cost of green hydrogen for both cases as a function of the green 
hydrogen price. The liquefaction costs vary linearly with the green hydrogen price. Achieving specific 
hydrogen production costs of 3 $/kg would result in a specific liquefaction cost for Case 1A of 8.16 $/kg 
and 5.87 $/kg for Case 2B.  
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Figure 7: Sensitivity analysis of the specific green hydrogen liquefaction cost vs. green hydrogen price 
from the electrolyser 

Figure 8 evaluates the specific liquefaction cost of green hydrogen for both cases with the amount of 
operation hours in the year. For both cases, the liquefaction cost significantly decreases if the system 
operates the entire year. The price drops from 13.16 $/kg H2 to 10.58 $/kg H2 for Case 1A and from 9.28 
$/kg H2 to 7.46 $/kg H2 for Case 2B if the system operates full time (8760 h/year) instead of half time 
(4380 h/year).  

 
 

Figure 8: Specific green hydrogen liquefaction cost as a function of the annual operating hours 

4 Conclusions and recommendations 

With the aid of an exergy analysis and an economic analysis it was possible to identify the main sources 
of exergy destruction as well as leading contributors to the overall cost of the product for both cases. In 
Case 1A, the compressors have a dominating share on the total exergy destruction, whereas in Case 2B 
the total exergy destruction is more equally distributed among the component groups. Both electrolysers 
represent the biggest source of exergy destruction and total capital investment in both systems, followed 
by the hydrogen compressors. Economic and exergetic analyses show that the overall performance of 
Case 2B (AWE electrolyser + Valenti and Macchi liquefaction configuration) is much better than the 
one of Case 1A (PEM electrolyser + Quack liquefaction configuration). Case 2B could make the 100 
MW green hydrogen electrolysis plant to be built in Hamburg economic and technically competitive. 
The electrolysis and liquefaction plants could become competitive if they would operate the entire year 
(not only dependent on surplus renewable energy) and at specific H2 production costs of 3 $/kg or lower. 
Therefore, there is a need to significantly reduce the electrolysis costs to make the system profitable. 
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Case 2B is less dependent on the electricity price. A final word of caution: The required reductions in 
costs can be realised only through a significant improvement of the thermodynamic efficiency of the 
electrolysers and a large reduction of their investment costs. It is questionable, whether such changes 
can be achieved in the foreseeable future.  

Appendix A 

Table 4: Stream values of liquefaction process Case A 

Stream 
No. 

Material �̇� [kg/s] T [K] p [bar] h [kJ/kg] 𝒆𝑴 
[kJ/kg] 

𝒆𝑻 [kJ/kg] 

1 hydrogen 0.5556 300 21 35.72 3742 0.1 
2 hydrogen 0.5556 374.7 41 1127 4579 122 
3 hydrogen 0.5556 300 40.3 44.53 4558 0.1 
4 hydrogen 0.5556 379.2 81.5 1218 5454 136 
5 hydrogen 0.5556 300 80 63.68 5430 0.1 
6 hydrogen 0.5556 266 78.7 -428.6 5409 27.0 
7 hydrogen 0.5556 232.7 77.5 -906.2 5389 121 
8 hydrogen 0.5556 219 76.2 -1101 5367 183 
9 hydrogen 0.5556 43 75 -3588 5347 4799 

10 hydrogen 0.5556 18.5 73.8 -3872 5326 7289 
11 hydrogen 0.5556 20.3 1 -3872 -16 11192 
12 hydrogen 0.0727 20.3 1 -3483 -16 5868 
13 hydrogen 0.0727 79.5 13 -2880 3147 2170 
14 hydrogen 0.0727 18.5 12.8 -3937 3127 9180 
15 hydrogen 0.0727 19.8 1 -3937 -16 12071 
16 hydrogen 0.5556 20.3 1 -3932 -16 12004 
17 propane 2.94 310 13.3 -2706 118 0.7 
18 propane 2.94 263.6 3.5 -2706 67 38 
19 propane 2.94 262.7 3.4 -2613 66 27 
20 propane 1.651 262.7 3.4 -2442 66 4 
21 propane 1.289 262.7 3.4 -2832 66 56 
22 propane 1.289 230.7 1 -2832 -0.7 116 
23 propane 1.289 230.7 1 -2626 -0.7 56 
24 propane 1.289 230.7 1 -2531 -0.7 28 
25 propane 1.289 262.7 3.4 -2475 66 8 
26 propane 2.94 262.7 3.4 -2456 66 6 
27 propane 2.94 314.8 13.5 -2384 118 15 
28 propane 0.294 217 4.4 -2959 119 32 
29 ethane 0.294 239.1 8.4 -2910 169 12 
30 ethane 0.294 234.7 8.2 -3327 167 124 
31 ethane 0.294 217 4.4 -3327 119 169 
32 HENE 7.81 310 68.3 47.05 2087 1 
33 HENE 7.81 219 67 -333.4 2078 53.8 
34 HENE 4.72 219 67 -333.4 2078 53 
35 HENE 4.72 43 65.9 -1086 2069 1401 
36 HENE 4.72 24.1 12.5 -1153 1245 2065 
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37 HENE 4.72 16.6 2.4 -1196 427 2753 
38 HENE 4.72 22.9 2.4 -1146 427 2051 
39 HENE 3.09 219 67 -333.4 2078 54 
40 HENE 3.09 122.3 12.5 -732.7 1245 374 
41 HENE 3.09 69 2.4 -952.5 427 862 
42 HENE 7.81 41 2.4 -1069 427 1393 
43 HENE 7.81 192.8 2.3 -437.7 406 102 
44 HENE 7.81 284.4 2.3 -57.23 406 1 
45 HENE 7.81 608.4 12.5 1289 1245 405 
46 HENE 7.81 310 12 48.66 1224 1 
47 HENE 7.81 679.8 69 1587 2092 566 
48 water 1.65 288.2 1.1 -15931 0 1 
49 water 1.65 372.3 1 -15566 0 34.4 
50 water 1.62 288.2 1.1 -15931 0 1 
51 water 1.62 372.7 1 -15535 0 41 
52 water 8.92 288.2 1.1 -15931 0 1 
53 water 8.92 312.8 1 -15825 0 1 
54 water 5.62 288.2 1.1 -15931 0 1 
55 water 5.62 372.7 1 -14208 0 306 
56 water 5.64 288.2 1.1 -15931 0 1 
57 water 5.64 372.7 1 -13799 0 388 

Table 5: Stream values of liquefaction process Case B 

Stream No. Material �̇� [kg/s] T [K] p [bar] h [kJ/kg] 𝒆𝑴 [kJ/kg] 𝒆𝑻 [kJ/kg] 
1 hydrogen 0.5556 300 21 35.72 3742 0.1 
2 hydrogen 0.5556 357.5 35.5 873.4 4398 755 
3 hydrogen 0.5556 300 35.1 42.13 4384 0.1 
4 hydrogen 0.5556 359.8 60.5 922.5 5072 82 
5 hydrogen 0.5556 300 60 53.86 5062 0.1 
6 hydrogen 0.5556 105 58.8 -2635 5036 1576 
7 hydrogen 0.5556 45.16 57.62 -3539 5010 4623 
8 hydrogen 0.5556 29.05 56.47 -3791 4984 6396 
9 hydrogen 0.5556 20.5 55.34 -3876 4959 7345 

10 hydrogen 0.5556 19.31 1.3 -3941 306.7 11819 
11 helium 1.53 290.9 1.52 -37.53 251.2 0.4 
12 helium 1.53 444 3.83 757.5 823.6 141 
13 helium 1.53 298.2 3.79 -0.2671 817 0 
14 helium 3.8 294.3 3.79 -20.08 817 0.1 
15 helium 3.8 403.1 7.5 544.5 1240 78 
16 helium 3.8 298.2 7.42 -0.5138 1233 0 
17 helium 7.4 294.7 7.42 -18.23 1233 0.1 
18 helium 7.4 433.4 17.2 701.9 1754 123 
19 helium 7.4 298.2 17 -1.122 1747 0 
20 helium 7.4 483 40.5 959.7 2285 213 
21 helium 7.4 298.2 40 -2.336 2277 0 
22 helium 1.53 298.2 40 -2.336 2277 0 
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23 helium 1.53 103 1.56 -1014 267.3 633 
24 helium 5.87 298.2 40 -2.336 2277 0 
25 helium 2.27 298.2 40 -2.336 2277 0 
26 helium 2.27 91.92 39.2 -1081 2265 760 
27 helium 2.27 41.85 3.95 -1334 842.7 1716 
28 helium 2.27 84.18 3.87 -1113 830 848 
29 helium 2.27 291.8 3.79 -33.43 817 0.4 
30 helium 3.6 298.2 40 -2.336 2277 0 
31 helium 2.292 298.2 40 -2.336 2277 0 
32 helium 2.292 48.7 39.2 -1313 2265 1548 
33 helium 2.292 27.32 7.73 -1414 1259 2326 
34 helium 2.292 38.7 7.73 -1353 1259 1830 
35 helium 2.292 290.2 7.42 -41.65 1233 0.6 
36 helium 1.308 298.2 40 -2.336 2277 0 
37 helium 1.308 32.97 39.2 -1401 2265 2111 
38 helium 1.308 18.37 7.73 -1464 1259 2937 
39 helium 1.308 24.81 7.57 -1427 1246 2469 
40 helium 1.308 292.7 7.42 -28.67 1233 0.3 
41 helium 3.6 291.1 7.42 -36.93 1233 0.4 
42 water 1.59 288.2 1.1 -15931 0 0.7 
43 water 1.59 355.3 1 -15641 0 21 
44 water 1.61 288.2 1.1 -15931 0 0.7 
45 water 1.61 357.4 1 -15631 0 23 
46 water 1.63 288.2 1.1 -15931 0 0.7 
47 water 1.63 372.7 1 -15220 0 104 
48 water 4.04 288.2 1.1 -15931 0 0.7 
49 water 4.04 372.7 1 -15418 0 64 
50 water 7.86 288.2 1.1 -15931 0 0.7 
51 water 7.86 372.7 1 -15269 0 94 
52 water 7.87 288.2 1.1 -15931 0 0.7 
53 water 7.87 372.7 1 -15026 0 142 

 

Table 6: Balances applied in exergetic analysis for selected system components of Case 1A; the 
stream numbers are with reference to the flowsheet given in Figure 9 

Component Exergetic Analysis 
H-CPR1 �̇� , = �̇�  

�̇� , = �̇�  −  �̇�  
 

HX1 �̇� , = (�̇�  −  �̇� ) + (�̇�  −  �̇� ) + �̇�  
�̇� , =  �̇�  

HX2 �̇� , = (�̇�  −  �̇� ) +  (�̇�  −  �̇� ) 
�̇� , =  �̇�  − �̇�  

HX4 �̇� , = (�̇�  −  �̇� ) +  (�̇�  −  �̇� ) + (�̇�  −  �̇� ) 
�̇� , =  (�̇�  − �̇� ) + (�̇�  − �̇� ) 

V4 �̇� , = (�̇�  −  �̇� ) 
�̇� , =  (�̇�  −  �̇� ) 
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H-S �̇� , = �̇�  −  �̇�  
�̇� , = �̇�  − �̇�  

HENE-T1 �̇� , = (�̇�  −  �̇� ) 
�̇� , =  (�̇�  −  �̇� ) +  �̇�  

Electrolyser �̇� , = �̇�  
�̇� , =  �̇� + �̇� −  �̇�  

Liquefier system �̇� , = �̇� + �̇�  

�̇� , =  �̇�  +   ∑ �̇�   

Table 7: Balances applied in exergetic analysis for selected system components of Case 2B; the 
stream numbers are with reference to the flowsheet given in Figure 10Figure 10: Process flowsheet of 

Case 2B; the AWE electrolyser and Liquefaction Case B were adapted from 

Component Exergetic Analysis 
H-CPR1 �̇� , = �̇�  

�̇� , = �̇�  −  �̇�  
 

HX1 �̇� , = (�̇�  −  �̇� ) + (�̇�  −  �̇� ) + �̇�  
�̇� , =  �̇�  

HX2 �̇� , = (�̇�  −  �̇� ) +  (�̇�  −  �̇� ) 
�̇� , =  �̇�  − �̇�  

V1 �̇� , = (�̇�  −  �̇� ) 
�̇� , =  (�̇�  −  �̇� ) 

T1 �̇� , = (�̇�  −  �̇� ) 
�̇� , =  (�̇�  −  �̇� ) +  �̇�  

Electrolyser �̇� , = �̇�  
�̇� , =  �̇� + �̇� − �̇�  

Liquefier system �̇� , = �̇� + �̇�  

�̇� , =  �̇�  +   ∑ �̇�   
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Appendix B 

 

Figure 9: Process flowsheet of Case 1A; the PEM electrolyser and Liquefaction Case A were adapted 
from [16] 
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Figure 10: Process flowsheet of Case 2B; the AWE electrolyser and Liquefaction Case B were 
adapted from [17] 

Nomenclature 

�̇�  exergy rate, kW 
𝑇  temperature, K 
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Abbreviations 
𝐴𝑊𝐸  alkaline water electrolysis 
𝐶𝐶  carrying charges, € 
𝐹𝐶  fuel costs, € 
𝑂𝑀𝐶  operation and maintenance cost, € 
𝑃𝐸𝑀  polymer electrolysers membrane  
𝑇𝑅𝐿  technology readiness level 
𝑇𝑅𝑅  total revenue requirement, € 
Greek symbols 
ɛ  exergetic efficiency, % 
η  isentropic efficiency, % 
∆  difference, - 
Subscripts  
D  destruction 
𝐹  fuel 
i  refers to a stream 
k  relative to a component 
L  losses 
Lev  levelized 
P  product 
tot  total 
Superscripts 
𝐶𝐼  capital investment 
M  mechanical  
𝑃ℎ  physical 
Th  thermal 

References 
 
[1]  M. Nagashima, “Japan´s Hydrogen Strategy and Its Economic and Geopolitical Implications,” 

Ifri, Paris, 2018. 

[2]  F. C. a. H. 2. Joint, “Hydrogen Roadmap Europe,” Publications Office of the European Union, 
Belgium, 2019. 

[3]  S. Shiva Kumar and V. Himabindu, “Hydrogen production by PEM water electrolysis – A 
review,” Materials Science for Energy Technologies, vol. 2, pp. 442-454, 2019.  

[4]  Hydrogen Council, “Path to hydrogen competitiveness: A cost perspective,” Hydrogen Council, 
European Union, 2020. 

[5]  N. Martin, “Germany and hydrogen — €9 billion to spend as strategy is revealed,” Deutsche 
Welle (dw), 10 06 2020. [Online]. Available: https://www.dw.com/en/germany-and-hydrogen-
9-billion-to-spend-as-strategy-is-revealed/a-53719746. [Accessed 18 06 2020]. 

[6]  R. Freist, “Hannover Messe,” 29 09 2019. [Online]. Available: 
https://www.hannovermesse.de/en/news/news-articles/hamburg-to-build-worlds-largest-
hydrogen-electrolysis-plant. [Accessed 18 06 2020]. 

[7]  “Hamburg's goal of becoming hydrogen centre taking shape,” Hamburgs News, 16 06 2020. 
[Online]. Available: https://www.hamburg-news.hamburg/en/location/hamburgs-goal-
becoming-hydrogen-centre-taking-shape. [Accessed 18 06 2020]. 

[8]  BloombergNEF, “Hydrogen Economy Outlook, Key messages,” Bloomberg Finance L.P., 2020. 

[9]  Ministerial Council on Renewable Energy Hydrogen, “Basic Hydrogen Strategy,” Ministry of 
Economy, Trade and Industry, Japan, 2017. 

[10]  Hydrogen and Fuel Cell Strategy Council, “The Strategic Road Map for Hydrogen and Fuel Cells 
- Industry-academia-government action plan to realize a “Hydrogen Society” -,” Japan, 2019. 

74



[11]  A. Van Wijk, “The Green Hydrogen Economy in the Northern Netherlands,” Northern 
Netherlands Innovation Board, Groningen, The Netherlands, 2017. 

[12]  BMWi, “Die Nationale Wasserstoffstrategie,” Bundesministerium für Wirtschaft und Energie , 
München, 2020. 

[13]  Bundesministerium für Bildung und Forschung, “Nationale Wasserstoffstrategie,” 
Bundesministerium für Bildung und Forschung, 2019. [Online]. Available: 
https://www.bmbf.de/de/nationale-wasserstoffstrategie-9916.html. [Accessed 20 March 2020]. 

[14]  Fraunhofer Institute, “A Hydrogen Roadmap for Germany,” Fraunhofer Institute, Karlsruhe and 
Freiburg, 2019. 

[15]  A. Ursua, L. Gandia and P. Sanchis, “Hydrogen Production From Water Electrolysis: Current 
Status and Future Trends,” Proceedings of the IEEE, vol. 100, no. 2, p. 410–426, 2012.  

[16]  F. Calise, M. D’Accadia, M. Santarelli, A. Lanzini and D. Ferrero, “Electrochemical hydrogen 
generation,” in Solar hydrogen production: Processes, Systems and Technologies, Naples, Italy, 
Academic Press, 2019, p. 299315. 

[17]  IRENA, “Hydrogen from renewable power: Technology outlook for the energy transition,” 
International Renewable Energy Agency, Abu Dhabi, 2018. 

[18]  International Energy Agency, “The Future of Hydrogen,” International Energy Agency, 2019. 

[19]  J. Nieminen, I. Dincer and G. Naterer, “Comparative performance analysis of PEM and solid 
oxide steam electrolysers,” International Journal of Hydrogen Energy, vol. 35, pp. 10842-10850, 
2010.  

[20]  M. Ni, M. Leung and D. Leung, “Energy and exergy analysis of hydrogen production by a proton 
exchange membeanr PEM electrolyser plant,” Energy Conversion and Management, vol. 49, pp. 
2748-2756, 2008.  

[21]  A. Kazim, “Exergetic efficiency of a PEM electrolyser at various operating temperatures and 
presures,” Int. J. Exergy, vol. 1, no. 1, pp. 47-59, 2004.  

[22]  E. Nanaki and C. Koroneos, “Exergetic Aspects of Hydrogen Energy Systems - The Case Study 
of a Fuel Cell Bus,” Sustainability, vol. 9, p. 276, 2017.  

[23]  I. Ertesvag, “Sensitivity of chemical exergy for atmospheric gases and gaseous fuels to variations 
in ambient conditions,” Energy Conversion and Management, vol. 47, no. 7, pp. 1983-1995, 
2007.  

[24]  P. Ahmadi, I. Dincer and M. Rosen, “Energy and exergy analyses of hydrogen production via 
solar-boosted ocean thermal energy conversion and PEM electrolysis,” International Journal of 
Hydrogen Energy, vol. 38, pp. 1795-1805, 2013.  

[25]  L. Bertuccioli, A. Chan, D. Hart, F. Lehner, B. Madden and E. Standen, “Development of Water 
Electrolysis in the European Union,” Fuel Cells and Hydrogen Joint Undertaking, Lausanne, 
2014. 

[26]  National Organisation Hydrogen and Fuel Cell , Fraunhofer Institute for Solar Energy Systems, 
T. Smolinka, N. Wiebe, P. Sterchele and A. Palzer, “Study IndWEDe – Brief Overview 
Industrialisation of water electrolysis in Germany: Opportunities and challenges for sustainable 
hydrogen for transport, electricity and heat,” Federal Ministry of Transport and Digital 
Infrastructure (BMVI), Berlin, 2018. 

[27]  M. Thema, F. Bauer and M. Sterner, “Power-to-Gas: Electrolysis and methanation status 
review,” Renewable and Sustainable Energy Reviews, vol. 112, pp. 775-787, 2019.  

[28]  K. Zouhri and S.-y. Lee, “Evaluation and optimization of the alkaline water electrolyses ohmic 
polaritzation: exergy study,” International Jounal of Hydrogen, vol. 41, pp. 7253-7263, 2016.  

[29]  A. Jalalzadeh-Azar, “Potential role of exergy in analysis of hydrogen infrstructure,” Sacramento, 
California, 2008.  

[30]  C. Coutanceau, S. Baranton and T. Audichon, “Hydrogen Production From Water Electrolysis,” 
in Hydrogen Electrochemical Production, Paris, Elsevier, 2017, pp. 17-62. 

75



[31]  IRENA, “Hydrogen: A Renewable Energy Perspective,” International Renewable Energy 
Agency, Aby Dhabi, 2019. 

[32]  D. O. Berstadt, J. H. Stang and P. Neska, “Large-scale hydrogen liquefier utilising mixed-
refrigerant,” International Journal of Hydrogen Energy, no. 35, pp. 4512 - 4523, 2010.  

[33]  G. Valenti and E. Macchi, “Proposal of an innovative, high-efficiency, large-scale hydrogen 
liquefier,” International Journal of Hydrogen Energy, no. 33, pp. 3116-3121, 2008.  

[34]  F-Chart Software, “Engineering equiation Solver (EES),” F-Chart Software, LLC, 2020. 
[Online]. Available: http://www.fchartsoftware.com/ees/. [Accessed 09 07 2020]. 

[35]  H. Quack, “Conceptual design of a high efficiency large capacity hydrogen liquefier,” AIP 
Conference Proceedings , pp. 255-263, 2002.  

[36]  A. Bejan, G. Tsatsaronis and M. Moran, Thermal Design and Optimization,, New York, United 
States: Wiley, 1996.  

[37]  G. Tsatsaronis, “Combination of Exergetic and Economic Analysis in Energy-Conversion 
Processes,” Pergamon Press, Oxford, England, April 2-5, 1984.  

[38]  D. O. Berstad, J. H. Stang and P. Neska, “Comparison criteria for large-scale hydrogen 
liquefaction processes,” International Jounal of Hydrogen Energy, no. 34, pp. 1560-1568, 2009. 

[39]  G. Valenti, “Hydrogen liquefaction and liquid hydrogen storage,” in Compendium of Hydrogen 
Energy, Milan, Elsevier, 2016, pp. 27-51. 

[40]  G. Tsatsaronis and F. Cziesla, “Thermoeconomics,” Encyclopedia of Physical Science and 
Technology, vol. 16, no. Third Edition, pp. 659-680, Academic Press, 2002.  

[41]  G. D. Ulrich and P. T. Vasudeva, Chemical Engineering ProcessDesign and Economics: A 
Practical Guide, Durham: Process Pub, 2004.  

[42]  M. S. Peters, K. D. Timmerhaus and R. E. West, .Plant Design and Economics forChemical 
Engineers, New York: McGraw-Hil, 2003.  

[43]  H. Ansarinasab, M. Mehrpooya and A. Mohammadi, “Advanced Exergy and Exergoeconomic 
Analyses of a Hydrogen Liquefaction Plant Equipped with Mixed Refrigerant System,” Journal 
of Cleaner Production, no. 144, pp. 248-259, 2017.  

[44]  R. Smith, Chemical Process Design and Integration, Chichester, West Sussex: John Wiley & 
Sons, 2016.  

[45]  S. Tesch, Exergy-Based Methods Applied to the Processes of LNG Regasification Integratedinto 
Air Separation Unit, Berlin: Dissertation TU Berlin, 2019.  

[46]  Chemical Engineering, “Chemical Engineering,” 2019. [Online]. Available: 
https://www.chemengonline.com/2020-cepci-updates-february-prelim-and-january-final/. 
[Accessed 18 4 2020]. 

[47]  J. Essler, C. Haberstroh, H. Quack, H. T. Walnum, D. Berstad, P. Neska, J. Stang, M. Börsch, F. 
Holdner , L. Decker and P. Treite, “Report on technology overview and barriers to energy- and 
cost-efficient large-scale hydrogen liquefaction,” 2012. 

[48]  C. Yilmaz and O. Kaska, “Performance analysis and optimization of a hydrogen liquefaction 
system assisted by geothermal absorption precooling refrigeration cycle,” International Journal 
of Hydrogen Energy, pp. 20203-20213, 11 2018.  

[49]  M. David, C. Ocampo-Martínez and R. Sánchez-Peña, “Advances in Alkaline water electrolyser: 
A review,” Journal of Energy Storage, vol. 23, pp. 392-403, 2019.  

[50]  E. Conelly, M. Penev, A. Elgowainy and C. Hunter, “Current Status of Hydrogen Liquefaction 
Costs,” US Department of Energy, 2019. 

[51]  C. Haberstroh, H. Quack, H. T. Walnum, D. Berstad, P. Neska, L. Decker, K. Stolzenburg, A. 
Elliot, C. Hatto, M. Klaus, M. Mortimer, R. Mubbala, O. Mwabonje, J. Rix and I. Seemann, 
“Efficient Liquefaction of Hydrogen: Results of the IDEALHY Project,” in XXth energie – 
symposium, Stralsund, 2013.  

[52]  Deutsche Bundesbank, “Wechselkursstatistik - Euro-Referenzkurse der Europäischen 
Zentralbank, Jahresendstände und-durchschnitte,” Deutsche Bundesbank, 3 Feb 2020. [Online]. 

76



Available: 
https://www.bundesbank.de/resource/blob/649638/9e4894ec55a50e596d53beb9859d2760/mL/
stat- eurorefj-data.pdf. [Accessed 19 Feb 2020]. 

[53]  S. Hamdy, T. Morosuk and G. Tsatsaronis, “Exergetic and economic assessment of integrated 
cryogenic energy storage systems,” Cryogenics journal, vol. 99, pp. 39-50, April 2019.  

[54]  S. Hamdy, Cryogenic energy storage systems : an exergy-based evaluation and optimization, 
Berlin: Dissertation TU Berlin, 2019.  

[55]  R. Smith, Chemical Process Design and Integration, Manchester: John Wiley & Sons, Ltd, 2014. 

[56]  K. Zeng and D. Zhang, “Recent progress in alkaline water electrolysis for hydrogen production,” 
Progress in Energy and Combustion Science, vol. 36, pp. 307-326, 2010.  

[57]  L. Larminie and A. Dicks, Fuel Cell systems explained, Chichester, UK.: Wiley, 2003.  

[58]  S. Thomas, “Relevant technologies for the energy transition in Germany, with potential 
relevance for Japan,” Wuppertal Institute for Climate, Environment and Energy, Wuppertal , 
Germany, 2018. 

[59]  D. Parigi, E. Giglio, A. Soto and M. Santarelli, “Power-to-fuels through carbon dioxide Re-
Utilization and high-temperature electrolysis: A technical and economical comparison between 
synthetic methanol and methane,” Journal of Cleaner Production, vol. 226, pp. 679-691, 2019.  

[60]  Institute of Energy Engineering Technische Universität Berlin, Berlin, 2019.  

[61]  G. Tsatsaronis and T. Morozyuk, “Understanding and improving energy conversion systems with 
the aid of exergy-based methods,” Int. J. Exergy, vol. 11, no. 4, pp. 518-542, 2012.  

[62]  D. R. Simbeck and E. Chang, “Hydrogen Supply: Cost Estimate for Hydrogen Pathways – 
Scoping Analysis,” National Renewable Energy Laboratory, Colorado, 2002. 

[63]  NEXANT, Liquefaction and Pipeline Costs, Columbia, Maryland: Hydrogen Delivery Analysis 
Meeting, 2007.  

[64]  S. Krasae-in, “Optimal operation of a large-scale liquid hydrogen plant utilizing mixed fluid 
refrigeration system,” International Journal of Hydrogen Energy, pp. 7015-7029, 04 2014.  

[65]  S. Krasae-in, J. H. Stang and P. Neska, “Simulation on a proposed large-scale liquid hydrogen 
plant using a multi-component refrigerant refrigeration system,” International Journal of 
Hydrogen Energy, pp. 12531-12544, 11 2010.  

[66]  M. Asadnia and M. Mehrpooya, “A novel hydrogen liquefaction process configuration with 
combined mixed refrigerant systems,” International Journal of Hydrogen Energy, pp. 15564-
15585, 06 2017.  

[67]  U. Cardella, L. Decker, J. Sundberg and H. Klein, “Process optimization for large-scale hydrogen 
liquefaction,” International Journal of Hydrogen Energy, pp. 12339-12354, 04 2017.  

[68]  C. Yilmaz, “A case study: Exergoeconomic analysis and genetic algorithm optimization of 
performance of a hydrogen liquefaction cycle assisted by geothermal absorption precooling 
cycle,” Renewable Energy, pp. 68-80, 12 2018.  

[69]  M. Asadnia and M. Mehrpooya, “Conceptual design and analysis of a novel process for hydrogen 
liquefaction assisted by absorption precooling system,” Journal of Cleaner Production, pp. 565-
588, 12 2018.  

[70]  M. Buck, A. Graf and P. Graichen, “European Energy Transition 2030: The Big Picture,” Agora 
Energiewende, Berlin, 2019. 

[71]  IRENA, “Global Renewables Outlook: Energy transformation 2050,” International Renewable 
Energy Agency, Abu Dhabi, 2020. 

[72]  A. Kazim, “Exergetic efficiency of a PEM electrolyser at various operating temperatures and 
pressures,” Int. J. Exergy, vol. 1, no. 1, pp. 47-59, 2004.  

 

77



78



6th International Conference on Contemporary Problems of Thermal Engineering 
CPOTE 2020, 21-24 September 2020, Poland 

Thermal exergy storages: 
a comparative analysis 

Sarah Hamdy1*, Guido F. Frate², Elisabeth Thiele1, Lorenzo Ferrari², 
Tatiana Morosuk1, George Tsatsaronis1 

1 Technische Universität Berlin, Institute for Energy Engineering 
2 University of Pisa, Department of Energy Systems 

*e-mail: sarah.hamdy@tu-berlin.de 

Keywords: Thermal Exergy Storage Systems, Exergy-based Methods, Pumped Thermal Electricity 
Storage, Liquid Air 

Abstract 

Inexpensive site-independent electricity storage is widely believed to be the solution to the global 
problem of economically storing large amounts of electricity generated from renewable energy sources. 
In particular, high exergy densities, scalability, long duration, and small environmental impact are 
desired. Thermal exergy storages (TEXS) is a new term introduced here for the characterization of 
energy storage systems, in which electricity is stored in the form of thermal exergy in low-cost storage 
media. A large number of TEXS concepts exist under various names. In this paper, a preliminary 
classification is elaborated. Parameters of importance to these properties are identified and varied in a 
sensitivity analysis. Potential key performance indicators, challenges, and limitations of the technologies 
are conducted from the analysis. Four TEXS systems are simulated and further evaluated with exergy-
based methods: two Brayton-based pumped thermal ES systems with solid and liquid storage materials, 
one liquid air energy storage system, and one Lamm-Honigmann energy storage system were studied. 
The systems are simulated using the software AspenPlus, Modelica, Matlab, and EbsilonProfessional. 
The exergy density and the separate consideration of the exergetic efficiencies of the charging and 
discharging process were shown to be valuable for a comprehensive comparison. The sensitivity of the 
identified key performance indicators gave a first impression on the performance of the systems during 
part-load operation. An economic assessment of the proposed systems was is crucial for further 
assessment. The analyses and comparisons of different TEXS concepts facilitate the further 
development and commercialization of low-cost, large-scale electricity storage technologies. 

1 Introduction 

Wind and solar power have recently faced a significant boost globally, the share of renewable energy 
sources in the global electricity production is 25 % and rising [1]. The drawback of these technologies 
lies in the strong intermittency of the generated electricity. Therefore, these technologies demand larger 
flexibility and, hence, investments in the electricity network or lead to unwanted dispatches [2]. 
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Electricity storage (ES) is widely believed to be the bottleneck for a shift to a large share of renewable 
electricity (RE) generation. 

Especially mid and long-term electricity storage (ES) are able to time-shift the RE generation so that 
demand and supply can be leveled out, making full use of the installed RE capacity. Higher power 
quality of RE can be achieved by capacity firming [3]. Another field of application for mid- and long-
term ES lies on the demand-side. ESs enables peak shaving and load following for large residential and 
industrial customers [3] and therefore reduce necessary reserve capacities. ESs are required to be cost-
efficient, which can be achieved by a reasonable roundtrip efficiency (RTE) at low investment cost and 
a large scale. Thermal storage media (e.g. water or ice, molten salts, liquid gases, stones) are of low 
costs, which makes them especially suitable for large-scale storage applications. Thermal energy storage 
systems may offer more promising characteristics for bulk storage of electricity such as site 
independence, an economic-life of 20 to 30 years, as well as abundant and environmentally friendly 
materials [4]. Based on these ongoing development goals of thermal energy storage systems, and the 
potential low capacity-specific costs, the concepts of TEXS were developed. 

1.1 Thermal Exergy Storages 

The term Thermal Exergy Storages refers to storage technologies that convert electrical power to thermal 
energy (heat or cold) and store it in a thermal reservoir (latent and/or sensible heat storage). 
Subsequently, a thermodynamic cycle is operated to convert the thermal energy back to electricity [4], 
Figure 1. Under the term TEXS several technologies may be considered, that are currently known by 
other names such as Thermal Energy Storage (TES) [6], Pumped Heat Electricity Storage (PHES) [7], 
Electrothermal Energy Storage (ETES) [8], Thermo-electrical Energy Storage (TEES) [9], Pumped 
Thermal Energy Storage (PTES) [4, 10, 11], Compressed Heat Energy Storage (CHEST) [4], Pumped 
Heat/Cold Electricity Storage (PHES, PCES) [12], Liquid Air Energy Storage (LAES) [13], and 
Cryogenic Energy Storage (CES) [14]. Few systems have already been referred to as “Carnot Batteries” 
in more recent literature [4, 15, 16]; however, the term Thermal Exergy Storages, which is introduced 
in this paper, is a preferred one. Despite crucial differences, all the listed technologies are based on the 
same principle of operation to store electrical energy and compete for similar applications. When 
electricity is obtained in the discharge process, the amount of exergy (not energy) stored is of 
importance. In the applications considered here, mainly thermal exergy is stored. 

 

(a) (b) 

Figure 1: Principle of operation of Thermal Exergy Storages (a) without and (b) with additional 
thermal exergy provided to the system (“waste heat” or “waste cold”). 

 

TEXS offer the possibility of retrofitting existing and fully developed components of existing thermal 
power plants and supply chains. This reduces the development efforts necessary for the widespread 
implementation of such a technology. These characteristics suggest that grid-scale TEXS may represent 
a potential alternative to PHS and battery-based bulk ES and could provide the needed flexibility to 
electricity grids. 
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1.2 State of the art 

Diverse ES concepts could be considered as TEXS, their aimed capacities and applications vary. 
Recently, in the frame of the Technology Collaboration Program of the International Energy Agency an 
annex and collaborative action titled - Annex 36 “Carnot Batteries” - was established. We consider this 
term not to be particularly fortunate because the storages do not contain batteries or operate according 
to the Carnot cycle. Therefore, we use here for precisely the same purpose the term “Thermal Exergy 
Storages”. Annex 36 aims to map the primary TEXS technologies, benefits, potentials, and applications, 
develop Key Performance Indicators (KPIs), critically assess the competitiveness and R&D demand, 
aid market entry and reach, identify services, build the basis for policies and proper regulatory 
framework to assist in the deployment of TEXS. 

The first attempts to classify TEXS differentiate between Rankine-based TEXS, Brayton-based TEXS 
as well as other TEXS concepts and combinations. In literature, Brayton-based charging and discharging 
processes in combination with sensible heat storage are commonly proposed concepts [6]. Subcritical 
organic-Rankine cycles (ORC) in combination with latent heat storage [7, 15, 17] or transcritical CO2-
cycles [8, 9] in combination with both sensible and latent heat storages are presented. Rankine-based 
concepts with storage at cryogenic temperatures, e.g., in the form of liquefied air, are also discussed 
[13].  During the charging or discharging process, other thermal exergy sources and sinks, e.g. “waste 
heat” or “waste cold” can be used to increase the efficiency of the respective systems and potentially 
reduce costs [10, 11, 18, 19, 20]. Several other ES concepts use a physi- or chemisorption process for 
heat storage and apply Rankine-like cycles for charging and discharging [16]. Conceptually, these 
sorption-based storage systems also use a cycle to store or retrieve electricity, but the major part of the 
stored energy is in the form of chemical or mechanical exergy. 

The main components used in TEXS are compression- and expansion machines, heat exchangers, and 
pressure vessels with well-known operation characteristics and commercial availability by the power 
and process industry [13].  Due to the capacity-specific cost of the majority of the components, TEXS 
follow the economy of scale. The component lifetime ranges between 20-30 years. As components 
consist of recyclable materials and non-hazardous working fluids are employed, the systems are widely 
believed environmentally friendly. 

An overview of basic concepts, various implementations, and their characteristics is given in [4]. Not 
only is the classification still vague but also, no operating facilities of this technology exist thus far [4]. 
Yet, the scientific community investigating associated technologies agree upon the advantageous 
potential characteristics. The increased research efforts also led to several demonstrators being built in 
recent years, showing the feasibility of these concepts [21, 22, 23]. A 5 MWh ETES pilot plant 
implemented in 2014 and 130MWh ETES demonstrator plant commissioned in 2019 Hamburg [22]. 
The 5 MW/15 MWh LAES demonstration plant started operation in 2018 in Greater Manchester [14, 
21]. Maltas molten salt-based high-temperature energy storage is still in the design phase of their 10 
MW demonstrator. A 150 kW/600 kWh pilot of a PHES system utilizing argon as the working fluid (12 
bar, 500°C [23]). Despite, the theoretical similarity between the technologies, not all of them can reach 
the same size scale for the practical application. This paper focuses on TEXS concepts suitable for a 
large scale. 

Despite TEXS representing electricity storage technologies that offer characteristics greatly needed in 
future energy systems, the literature on TEXS, intended as a comprehensive group of technologies, is 
still very scarce, especially the literature referring to the comparison of different technologies. 
Definitions and classifications are vague. Hence, the technologies are hardly accessed and compared in 
their entirety. 

This paper aims to assess potential key performance indicators (KPI) for energy storage technologies 
potentially classified as “Thermal Exergy Storages”. The analysis focused on the technologies that can 
operate at the utility-scale storage applications (hundreds of MW and MWh of nominal charge/discharge 
power and available energy capacity). 
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2 Methodology 

This theoretical study focuses on the steady-state simulation of the charging and discharging processes 
from which Key Performance Indicators (KPI) based on exergetic methods are assessed. The detailed 
analysis of the systems’ dynamic behavior to retrieve response times and part load KPI’s to characterize 
the potential flexibility of ES is still work in progress. 

2.1 Key performance indicators 

Based on the literature reviewed and the author’s experience, some key performance indicators (KPIs) 
were identified for the evaluation of the thermodynamic and economic performance of TEXS. With the 
help of exergy-based methods, the following KPIs were defined: the roundtrip efficiency (𝑅𝑇𝐸), the 
exergetic efficiencies for the charge and the discharge process (𝜀 , 𝜀 ), and the volumetric exergy 
density (𝜌 ). It should be mentioned that only for the RTE the efficiency values based on energy or 
exergy are the same. 

Electricity storage technologies are commonly evaluated with the roundtrip efficiency (RTE). The RTE 
is determined by the ratio of the electricity discharged by the system (Ẇ ∙ 𝜏 ) to the electricity 
charged to the system (Ẇ ∙ 𝜏 ): 

𝑅𝑇𝐸 =
�̇� ∙ 𝜏

�̇� ∙ 𝜏
 (1)

The charging and the discharge duration (𝜏  and 𝜏 ) commonly differ in length and the capacity of 
the charging and discharging system (Ẇ  and �̇� ) may diverge. The RTE is useful to compare the 
TEXS to other ES technologies. Yet, the RTE does not differentiate between the efficiency of the charge 
and the discharge process, which may be of great importance to the economic viability of the system 
and enables a better comparability amongst different TEXS concepts as well as identification of the 
process with the larger thermodynamic inefficiencies and possibilities for improvement. 

 
Energetic and exergetic analysis 

When comparing systems operating at different temperatures and integrating different energy sources 
(e.g. electricity, fuel, heat, or low-temperature energy), exergy is the best “currency” that can be used 
for comparison purposes. Exergy accounts for the quality or the “true thermodynamic value” of energy. 
The exergetic analysis applied in this paper is based on  [24], follows the “fuel and product” 
approach[25], and the splitting of physical exergy into thermal and mechanical parts [26]  [25].  

Table 1: Exergetic and energetic efficiencies for the investigated adiabatic Thermal Exergy Storage 
systems 

 
System Charging process, 𝜀  Discharging process, 𝜀  

LAES 
 

∫ �̇�  + �̇� , 𝑑𝜏

∫ �̇� + �̇� ,  𝑑𝜏
 

∫ �̇� + �̇� ,  𝑑𝜏

∫ �̇�  + �̇� , 𝑑𝜏
 

PTES 
∫ �̇� , + �̇� , 𝑑𝜏

∫ �̇� 𝑑𝜏
 

∫ �̇� 𝑑𝜏

 ∫ �̇� , + �̇� , 𝑑𝜏
 

Lamm-Honigmann 
∫ �̇� , + �̇� + �̇� 𝑑𝜏

∫ �̇� 𝑑𝜏
 

∫ �̇� 𝑑𝜏

∫ �̇� , + �̇� + �̇� 𝑑𝜏 
 

 

The exergetic efficiency 𝜀 of a given process or system is defined as the “exergy of the product” �̇� , the 
desired effect, over the “exergy of the fuel” �̇� , the expended resources. When TEXS are operated 
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without the integration of an external heat source or heat sink, the definition of the exergetic efficiency 
of the overall system 𝜀  is the same as for the RTE, Eq. (1). For the three systems analyzed in this 
paper: pumped thermal energy storage (System 1), liquid air energy storage (System 2), and Lamm-
Honigmann process (System 3) the definition of the exergetic efficiency of the charging process 𝜀  
and the exergetic efficiency of the discharging process 𝜀 vary, Table 1. 

The exergy density 𝜌  is defined as the electricity discharged at rated capacity and discharge duration 
(�̇� ∙ 𝜏 ) divided by the volume of the storage (𝑉).  

𝜌 =
∫ �̇� 𝑑𝜏

𝑉 [𝑘𝑊ℎ /𝑚 ] 
(2) 

 

The exergy transfer associated with heat transfer is defined as �̇� , = ∫ 1 − 𝑇 𝑇⁄ 𝑑�̇�. 

Table 2: Assumptions made in the simulation 

Parameter PTES LAES Lamm- Honigmann 
Isentropic efficiencies of turbomachinery 0.9 0.8 - 0.9 0.9 
Electro-mechanical efficiency 0.95 0.95 0.95 
Regenerators pinch point, ΔTpinch, reg 5 K 3-5 K - 
Main heat exchangers pinch point, ΔTpinch, MHE 5 K 1-3 K 1-7 K 
Max compressor discharge pmax,CM and Tmax,CM 9.5 bar, 

500 °C 
180 bar, 
200 °C 

2.96 bar, 
279 °C 

Min turbine discharge temperature, Tmax,T -100 °C – -80 °C 72 °C 57 °C 
Min operating pressures, pmin 1 bar – 1.5 bar 1.3 bar 163 mbar 
Ambient conditions T0 = 15 °C, p0 = 1 bar 

3 Design and Simulation 

In this paper, the simulation and evaluation of selected TEXS concepts are presented. The systems are 
described in greater detail in the following sections. Four system configurations were simulated under 
steady-state conditions and similar assumptions:  

 System 1: Pumped Thermal Energy Storage (PTES) 
(a) with solid storage material 
(b) with liquid storage materials 

 System 2: adiabatic Liquid Air Energy Storage (LAES) 
 System 3: based on the Lamm-Honigmann process. 

3.1 Simulation 1a and b: Pumped Thermal Energy Storage system(s) 

Two concepts based on Brayton PTES technology are analyzed. The first (Figure 3a and 3b) uses liquid 
thermal storage materials, whereas the second (Figure 3c and 3d ) uses solid thermal storage material. 
In both concepts, the Brayton cycle operating fluid is argon, whose properties are calculated with Peng-
Robinson EOS, implemented in Coolprop. 

For fixed thermal storage temperatures, the maximum roundtrip efficiency configurations are found 
through an optimization routine. The details of the optimization problem are omitted for the sake of 
brevity. However, the general idea is that the roundtrip efficiency is maximized by varying the cycle 
temperatures and pressures. The adopted configurations observe optimization constraints, such as 
minimum pinch points in the heat exchangers. 

As for the PTES with solid materials, Figures 2 (a) and 2 (b) illustrate the charge and discharge phases, 
respectively. In the charge, a Brayton heat pump is operated. The compressor compresses and heats the 
argon. In the high-temperature thermal storage the gas is cooled. The turbine expands and cools the 
argon at a temperature lower than that of the environment. Finally, the argon is heated in the low-
temperature thermal storage by charging it with thermal exergy (at temperatures lower than the 
temperature of the environment, exergy and heat flow have an opposite sign). In the discharge process, 
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a Brayton heat engine is operated. Therefore, the high-temperature and low-temperature thermal 
storages provide the stored thermal exergy to a Brayton heat engine which provides an electrical output. 
The storage material is Basalt rocks for both the high-temperature and the low-temperature thermal 
energy storage. In such a configuration, direct contact between argon and storage material is assumed. 
Therefore, no heat exchangers are needed. 

 
 

  

Figure 2: Brayton PTES system with solid storage materials: charge (a) and discharge (b). Brayton 
PTES system with liquid storage materials: charge (c) and discharge (d). 

 

The PTES with liquid materials (Figures 2 (c) and 2 (d) for the charge and discharge processes, 
respectively) operates similarly. However, direct contact between argon and the storage materials is not 
possible. Therefore, four heat exchangers are needed (two for the charge and two for the discharge). The 
finite heat exchange area and the requirement for the material to remain liquid limit the temperature 
differences in the thermal storage. Therefore, internal regeneration is used in both charge and discharge 
to close the cycles, thus introducing two additional heat exchangers. The storage materials are molten 
salts for the high-temperature storage (a mixture of NaNO3 and KNO3) and Hexane for the low-
temperature storage. 

In PTES, an auxiliary cooler is used to dissipate into the environment the heat in excess produced by 
cycle irreversibilities [4], thus allowing for cyclic operation. Even though in literature Brayton PTES 
systems with reversible machines can be found, here four different machines are used, two for the charge 
phase and two for the discharge. Such an assumption is dictated by the nominal system power input (100 
MW), such that axial machines must be used. Therefore, a reversible configuration is not feasible. 

3.2 System 2: Liquid Air Energy Storage 

The proposed 100 MW/400 MWh LAES was simulated with the aid of the software Aspen Plus®. The 
configuration is the result of an exergoeconomic optimization presented in [14]. The flowsheet of the 
system configuration is shown in Figure 3. During the charging process of the LAES system: pre-treated 
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ambient air (�̇� = 186 kg/s, 15 °C, 1 bar) enters the three-stage compression process with inter-stage 
cooling – the first step of an air liquefaction process (a,b). The high-pressure air (180 bar, 20 °C) is 
subsequently cooled, expanded, and liquefied according to the Heylandt process  (c), liquefaction block. 
The liquid air is stored in an insulated storage vessel at 1.3 bar and -194 °C (0.2 %vol losses). During 
the discharging process, the liquid air is pumped to a supercritical pressure (150 bar) and evaporated 
and heated by heat transfer from the cold storage media (d). The high-pressure air is superheated with 
the aid of the heat of compression that was stored in the high-temperature storage (f) – heat recovery 
and storage. 

 

 

Figure 3: Flowsheet of the Liquid Air Energy Storage (LAES) system. 

 

The heat transfer and storage media of the high-temperature storage is water (at 25 bar) with associated 
heat losses of approximately 5 K/cycle. The air enters the four-stage expansion process with reheat at 
208 °C and 150 bar (e).  The cold released during evaporation of the liquid air in the main heat exchanger 
2 (MHE2) is recovered in the low-temperature storage (g) – cold recovery and storage. The low-
temperature storage uses methanol (CH3OH) and perfluoropropane (R218, C3F8), to recover the low-
temperature (- 59 to - 19 °C) and cryogenic temperature thermal exergy grade (- 180 to - 61°C), 
respectively at a heat leakage of 4 K/cycle.  

3.3 System 3: Lamm-Honigmann process 

The storage system contains an absorber/desorber (AD) with aqueous LiBr as working fluid (WF) and 
an evaporator/condenser (EC) with water as WF and is based on the effect of boiling point elevation of 
the pure wf (water) compared to the aqueous salt solution. A heated expansion device (Discharging) or 
a cooled compression device (Charging) connects the two heat exchangers. Additionally, the 
components are connected thermally by a heat transfer circuit containing liquid water as a transfer 
medium circulating at a mass flow rate of 25 t/s. During charging, water vapor is desorbed out of the 
liquid salt solution in the AD, compressed by means of electrical energy input, and condensed in the 
condenser. The heat of condensation and compression is transferred to the desorber to drive the 
desorption process and concentrate the aqueous salt solution. During discharging, water is evaporated 
in the EC, expanded, and absorbed by the salt solution that is diluted during the process. The heat of 
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absorption is used to evaporate the water and to heat the expansion device. The flow diagram of the 
processes is depicted in Figure 4. The process was simulated using Modelica. The model for the AD and 
EC is from [26]. The process is non-steady-state by design. However, constant power output is achieved 
by controlling the mass flow rate through the expansion/compression device by means of speed control. 

The simulation starts for both charging and discharging processes at a uniform temperature of 130°C in 
all components. The charged state is achieved when the salt mass fraction in the AD reaches 70%, the 
discharged state corresponds to a salt mass fraction of 55%. A linear ramp-up is implemented and 
required as the driving temperature difference for the internal heat transfer needs to be built-up. Based 
on experimental experience from the lab prototype [26] the ramp-up time is set to 300 sec. Furthermore, 
the following assumptions are made:(a) consumptions by the pumps are neglected, (b) the 
expansion/compression devices are lumped models from the ThermpCycle library that are adapted to 
allow direct heating and cooling, (c) AD and EC have constant heat resistances; the heat resistance to 
the expansion/compression device is zero at the start, rises linearly with ramp-up and stays constant 
afterwards. The actual storage consists of the AD being at low pressure whereas the EC is at high 
pressure.  

 

 

Figure 4: Flowsheet of the Lamm-Honigmann process for electricity storage. 

4 Results and discussion 

Figure 5 (a)-(d) shows the thermodynamic cycles for the four TEXS systems. The simulation results, 
together with the design parameters of the systems, are given in Table 3. The related roundtrip 
efficiencies, exergetic efficiencies, and exergy densities of the base cases of the proposed systems are 
reported in Table 4. Despite the cost not being addressed, all the proposed TEXS systems are designed 
and simulated under consideration of currently available components and technology alongside 
reasonable assumptions for system parameters, Table 3.  

The PTES with solid storage materials outperforms the one with liquid materials and also the LAES and 
Lamm-Honigmann systems with respect to both roundtrip efficiency and exergy density. 

Despite the performance gap, the use of liquid storage materials, such as in the remaining systems (1b, 
2, and 3) allows for much easier control and state-of-charge estimation. Such characteristics are not 
secondary for ES systems, which may often operate in part load. Studies have shown that the dynamic 
behavior of the packed bed in the PTES with solid material may significantly impact the system 
performance for the duration of multiple charge/discharge cycles. On the contrary, with liquid materials, 
the heat exchanger mass flow rates may be more easily controlled on the thermal storage side. 
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Facilitating the decoupling of the charge and discharge process through near-constant temperatures of 
the thermal storage at the end of the charge/discharge process.  

The exergy density is a crucial parameter to reduce the thermal losses and the cost associated with the 
capacity. Apart from the PTEs with solid materials, the highest exergy density is featured by LAES, 
followed by Lamm-Honigmann and liquid PTES, see Table 4. The LAES employs thermal oil as a heat 
storage medium to enable turbine inlet temperatures (TIT) higher than 200 °C, which becomes necessary 
at isentropic efficiencies of the compressor lower than 85 %. With pressurized water as heat transfer and 
storage medium, LAES can reach an exergy density of 27 kWh/m³, under the given assumptions.  

The lower values of the RTE for the Lamm-Honigmann system and the LAES  can be explained by the 
exergy destruction during storage accounted for in the analysis, the exergetic efficiencies of the storage 
processes are 0.73 and 0.89, respectively. For the PTES the storage losses were neglected, whereas for 
the LAES system thermal losses and boil-off losses were considered. For the Lamm-Honigmann 
process, the exergy losses for conditioning the system to meet the start temperatures (130°C) for the 
subsequent charging process were considered. 

In Figure 7 (a)-(d), the sensitivity analysis results can be found. The exergetic efficiency of the charging 
and discharging  process (𝜀  and 𝜀 ), the roundtrip efficiency as well as the exergy density 𝜌 , , 
are reported for several values of compressors and turbine isentropic efficiencies (𝜂 ,  and 𝜂 , ). The 
results of such sensitivity analyses show whether the technology requires high-efficiency machinery, 
and how much technological improvements may benefit the respective technology. Furthermore, as the 
machine efficiencies vary during off-design operating, the sensitivity analysis also quantifies the impact 
that part-load may have on the storage performance. 

 

 

Figure 5: Thermodynamic cycles. (a): Brayton PTES solid thermal storage materials. (b): Brayton 
PTES liquid storage materials (c) adiabatic LAES (d) Lamm-Honigmann process. 
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Table 3: Simulation results of the studied Thermal Exergy Storage systems. 

System 
1a 1b 2 3 

PTES solid PTES liquid LAES Lamm- Honigmann 
Capacity (char/dis) [MW] 100 / 200 100 / 200 120 /100 50 /50 

Duration (char/dis) [h/day] 5 /2.75 5 /2.5 8 /4 4.6 /1.97 

storage medium  Basalt rock 
Molten salts / 

hexane 
thermal oil / 

Methanol, R218 
LiBr/ 
water 

VHT  [m3] 5449 4493 17477 - 
VLT  [m3] 15506 22867 5358 - 
Vtot  [m3] 20955 27360 26185 9156 

      
working fluid  argon argon air water 

�̇�   [kg/s] 731 1190 186 71-136 kg/s 
 �̇�  [kg/s] 2714 3747 204 143-461 kg/s 
PRch  [-] 4.39 2.04 180 4.1-17.6 
PRdis  [-] 6.30 2.46 150 2.1-15.2 

 
 

Table 4: Exergy analysis results for the simulated Thermal Exergy Storage systems. 

System RTE  
[-] 

𝜀   
[-] 

𝜀   
[-] 

𝜌 ,  
[kWh/m3] 

1a PTES solid 0.55 0.82 0.67 23.9 
1b PTES liquid 0.50 0.71 0.70 9.14 
2 adiabatic LAES 0.41 0.72 0.81 14.83 
3 Lamm- Honigmann 0.42 0.81 0.72 10.5 

 
 

 

Figure 6: Sensitivity analysis results. When constant, the 𝜂 , = 90 %, and 𝜂 , = 85 % for the LAES 
and PTES systems and 𝜂 , = 90 % for the Lamm-Honigmann system. 
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The PTES with solid materials is shown to be the most sensitive to machine efficiency variation. 
Therefore, its feasibility is highly dependent on the availability of high-efficiency machines, which may 
also have a negative impact on the costs of the technology. With isentropic efficiencies around 0.85, the 
PTES with solid materials is the least efficient technology, whereas it is the most efficient one at 
efficiencies equal or above 0.9. When the isentropic efficiencies decrease, the PTES with liquid 
materials become the most efficient technology. At very low isentropic efficiencies, LAES is the most 
efficient TEXS system, since it is the technology which experiences the lowest performance degradation 
as the machine performance decreases. The LAES and Lamm-Honigmann show a very similar 
performance behavior when varying 𝜂 . 

Due to the absence of compressors in the discharge process of both System 2 and 3, changes in the 
isentropic efficiency of the compressors 𝜂 ,  do not affect the exergetic efficiencies of the discharging 
process 𝜀 , flat trends in (b). The same applies to the efficiency of the turbines 𝜂 ,  and the 
performance of the charging system, (a). The exergetic efficiencies 𝜀  and 𝜀  of the PTES systems 
1a and 1b, in contrast, are very sensitive to both isentropic efficiencies 𝜂 ,  and 𝜂 , , as they utilize 
compressors and turbines in the charging and discharging process. 

Finally, for the exergy density 𝜌 , , different behaviors are observed. For the Lamm-Honigmann and 
the LAES system 𝜌 ,  increases with increasing 𝜂 , , as 𝜀  improves. When the isentropic 
efficiency of the compressor (s) 𝜂 ,  increases, the 𝜌 ,  stays constant for Lamm-Honigmann, while 
𝜌 ,  decreases for the LAES and PTES systems. For the LAES, the pressure at the outlet of the 
compression process is fixed.  As the compression process improves, the outlet temperature of the 
compressor(s) is reduced, which results in a lower temperature level of the energy that is stored in the 
high-temperature storage and hence a lower exergy density. Moreover, the turbine inlet temperature is 
reduced and the performance of the discharge process is additionally reduced leading to a more 
significant reduction of the exergy density 𝜌 ,  with increasing 𝜂 , . As the increase in 𝜀  and 
𝜀  is more significant than the reduction in 𝜀 , the RTE increases with increasing 𝜂 , . 

The PTES follows a different approach, the temperatures are constant and the pressures are determined 
in the optimization routine. As the performance of the PTES charging process improves, a higher amount 
of thermal exergy is stored for the same amount of charged electric energy. Therefore, even though the 
discharge efficiency is improved, the storage volume is increased, which results in the trend of Figure 6 
(d). However, in PTES, the charge exergy efficiency improves with both compressor and turbines 
isentropic performance and reduces the 𝜌 , . Instead, in LAES only the compressor efficiency can 
decrease the 𝜌 , , whereas a better turbine performance has a positive impact on both RTE and 𝜌 , . 

5 Conclusion 

In this paper, potential key performance indicators (KPI) for bulk electricity storage (ES) technologies 
potentially classified as TEXS are studied. Two Brayton-based pumped thermal ES systems (PTES) 
with solid and liquid storage materials, one liquid air energy storage (LAES) system and one Lamm-
Honigmann ES system were simulated and evaluated with the aid of exergy-based methods. The 
exergetic efficiencies of the charging and discharging process (𝜀  and 𝜀 ) were considered 
separately and were contrasted to the roundtrip efficiency (RTE) as well as the exergy density 𝜌 ,  
for different values of isentropic efficiencies for the compressors and turbines (𝜂 ,  and 𝜂 , ). 

The PTES system with solid storage material reached the highest RTE and 𝜌 ,  values. Yet, the PTES 
systems showed a strong sensitivity to the turbomachinery efficiencies, indicating a worse performance 
at part-load operation. PTES with solid material is moreover expected to have higher costs and to be 
more difficult to be controlled than the other TEXS technologies based on liquid storage material. 
Hence. further assessment of the latter is suggested. The LAES and Lamm-Honigman systems were 
shown to be less sensitive to 𝜂 ,  and 𝜂 , . LAES, in particular, was shown to reach the second largest 
exergy density and competitive RTE at low 𝜂 , .  

Despite being based on the same physical principle, the analysis showed, that the considered TEXS 
systems show different operation behaviors and necessitate the development of different components 
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for prospective commercialization. The comparability of the analyzed systems is limited by their 
different modeling depths and boundary conditions for the sensitivity analysis. However, each system 
has its special requirements. Therefore, the unification of the boundary conditions is not adequate. If the 
chosen exergetic performance indicators are useful for comparison, they should deliver similar results 
when minor changes in the boundary conditions occur. Finally, it should be stated that the complexity 
of the systems differs. To compare the potential for grid-scale electricity storage, economic analysis will 
follow. 
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Abstract 

It is a fact that electricity is the key factor for modern economies and its demand will keep growing.  
Increased harmful emissions impel exploring more sustainable energy conversion systems. 
Concentrated solar power is one of the preeminent solutions. However, one of the barriers is its location 
dependency and high capital investment which did not significantly decrease as it was forecasted. 
Integrated solar combined-cycle power plants might be one of the keys for facilitating the transition 
towards higher concentrated solar power shares. This paper provides an exergy-based and economic 
comparative analysis for the three most promising solar thermal technologies being implemented in 
integrated solar combined-cycle systems. Namely, direct steam generation linear Fresnel collectors and 
solar power tower as well as oil parabolic trough collectors. All systems are designed based on the 
power-boosting operation mode for adding 50MWe during day operation. The integration of solar heat 
is in parallel to either the evaporator or evaporator and superheater of the high pressure level heat 
recovery steam generator. The exergetic analysis shows that configurations utilizing Fresnel collectors 
results the highest exergetic efficiencies while the configuration utilizing the solar tower results the least 
efficiency. Integrating the solar field into the high pressure level results in higher efficiencies for day 
operation. However, limits the steam cycle to benefit from higher pressures levels, especially during 
night operation as the cycle has to operate on the same design pressure level for avoiding possible part-
load losses. Findings of the economic analysis show that sharing the same power block of the combined-
cycle plant results in a significantly lower incremental specific investment cost for concentrated solar 
power that helps new installations at moderate investments and thus leading to steeper learning curves 
of the technology. Configurations utilizing solar collectors with direct steam generation produce 
electricity at a lower price. Parabolic trough collectors require experimental validation for reaching 
increased temperatures. The configuration utilizing oil parabolic trough produces electricity at the 
highest price whereas the configuration utilizing solar power tower produces the cheapest electricity 
with 1.77 $MWh difference.   
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1 Introduction 

Energy demand worldwide has been increasing rapidly in recent years due to factors such as population 
growth and industrialization. For the years 2015-20 the population growth rate stood at 1.1 % per year 
[1]. In 2019 the world’s population reached 7.7 billion and it is expected to reach 9.7 billion in 2050 [1]. 
Electricity is the key factor for modern economies which its demand will keep on increasing as its share 
in energy demanding services will continue to increase. Electricity demand is expected to grow at a rate 
of 2.1 % until 2040 [2]. This emphasize the importance of energy efficiency, and impose pressure on 
exploring new renewable and sustainable energy conversion techniques as well as optimizing the current 
technologies. 

Renewable energy (RE) systems such as Photovoltaics and wind energy can help in providing cleaner 
electricity and reduce the harmful emission but until now they are not feasible to provide dispatchable 
power. Having thermal energy conversion nature, concentrated solar power (CSP) offers the great 
advantage of dispatching power on demand throughout and increasing the system capacity factor when 
integrated with either thermal energy storage (TES) or conventional fuels [3,4]. CSP can also contribute 
to grid balancing, spinning reserve, and ancillary services [5]. However, one of CSP barriers limiting its 
expansion is its location dependency. CSP development is only limited to certain locations with high 
amount of direct normal irradiance (DNI) such as the MENA region (2500 kWh/m2 a). The MENA 
region is one of the places that would have a great influence over the CSP growth [6].  Other barriers 
hindering the technology’s expansion are lack of regulatory frame work, access to finance and uncertain 
and retroactive policies which can cut CSP remuneration as what happened in Spain [5]. The barriers 
negatively affected the technology’s main driver which is the economy of scale. Only a small number 
of new installations took place in the recent years. The learning curve of CSP did not progress as 
expected and took longer time to materialize. Consequently, the technology’s investment cost as well as 
its levelized cost of electricity (LCOE) are still expensive compared to conventional plants and other 
RE technologies [5,7]. 

Spain and the united states are currently having the largest installed CSP capacities [5,8,9]. However, 
they are not expected to commission projects in the near future and CSP growth is expected to come 
mostly from emerging economies [10]. China as well as most of countries in the MENA region come 
on top of the potential market players who can have a huge impact of learning curve of the technology 
[10]. Literature indicates that cost reduction of CSP will result from its increased capacity installation 
rather than research and development [5]. One possibility for gradually increasing the CSP shares 
without bearing its very high investment would be its integration with the high efficient natural gas 
combined-cycle power plants (NG-CCPP) with a relatively moderate investment if compared to solar 
thermal systems. The integration of both technologies into the so called integrated solar combined cycle 
(ISCC) is attracting much interest and has been under study in the recent years. ISCC effectively 
integrate solar power to the grid which increasing the dispatchability of the CSP. ISCC has a great 
potential for increasing the CSP installations, leading to investment reductions and acting as a 
transitional phase solution towards a higher penetration of RE systems through integration with the 
cleanest fossil fuel technology. Pramanik et al. [11] compared the ISCC to other CSP hybridization 
options with different technologies such as wind, biomass, geothermal, coal, CSP with natural gas NG 
(solar share 70-98 %) and solar Brayton cycles. The authors concluded that integrating CSP with NG-
CCPP offers many advantages. The system offers high capacity factors and relatively large capacities. 
ISCC can also reach the highest net thermal and exergetic efficiencies while ensuring the second lowest 
specific investment cost and LCOE among other hybrid technologies.  

2 State of the art 

Different CSP technologies with differing heat transfer fluids are commercially available. The location 
and purpose assigned to the solar field inside the ISCC could however differ from one design to the 
other. Each CSP technology comes along its advantages and limitations as well as compatibility with 
working fluids. Parabolic trough collectors (PTC) technology is the most mature CSP technology and is 
the most widely used technology in the integration with CCPP to mitigate the financial risks [12]. 
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However, there is a great interest in investigating the integration of other CSP technologies for avoiding 
the thermodynamic shortcomings of the PTC and integrating higher temperature levels into the power 
cycle. PTC is mature with using oil as a heat transfer fluid (HTF) where its typical operation pressure is 
15 bar [13].  Some studies considered the use of direct steam generation (DSG) and molten salt with the 
PTC for reaching higher temperature. However, a certain degree of complexity is present when 
combining DSG or molten salt with PTC due to the constant motion of the whole collector (mirrors and 
receiver) and the high operating temperatures and pressures, so such design is considered to be complex 
and still requires experimental validation [14]. Solar power tower (SPT) as being a central receiver 
technology is capable of achieving higher steam temperatures and thus better match for fossil plant 
steam cycles and enabling high efficiency [15]. System performance projections suggest that SPT can 
produce power at a reduced cost than that of the existing oil PTC systems [16]. However, there are no 
SPT-ISCC in operation today despite the concept being investigated [17]. Linear Fresnel technology 
(LFC) is a more recent line focusing technology with a lower overall optical efficiency than that of the 
PTC and SPT. Heat losses in the collector are also larger than in PTC. However, the technology offers 
a simpler design with lower costs [18,19]. As a result of the flat mirrors used, LFC requires the least 
cleaning water owing to the possibility of autonomic robotic cleaning of the mirrors [19]. LFC offers a 
great maturity with DSG. According to a study conducted by NREL, there is a growing interest for LFC 
using DSG to US utilities as a candidate for integration with CCPP [20]. Behar et al. [21] conducted a 
review study on ISCC and also concluded that there is a great interest in the DSG-ISCC that offers better 
performance than the state of the art oil-based PTC-ISCC. The DSG used in the LFC as well as the SPT 
can operate at 110 bar [15,22]. 

The most common heat transfer fluids are thermal oils, water/steam and molten salt. Water/steam can 
be used directly as HTF in the solar field as well as working fluid in the steam cycle (DSG). However, 
synthetic-oils and molten salts require additional heat exchanger for transferring the solar heat to the 
steam cycle. DSG offers cost reductions and higher efficiency through reaching higher temperatures. A 
suitable storage system for the technology is still under research. In case of ISCC the presence of storage 
systems is not required. DSG and molten salt reach higher temperatures than oils which is limited to 
393 °C. DSG can reach temperatures of 500 °C or 565 °C in LFC or SPT, respectively [23,24]. Another 
advantage of molten salt is its direct use in the storage system. However, this feature is not of a great 
benefit in case of ISCC. Compared with oil, DSG technology also does not have environmental hazards 
of either fire or leakage. The technology is receiving much attention in the research community [8]. The 
technology is also identified as cheaper alternative for electricity and heat production [11]. It is stated 
that DSG can decrease the costs of energy by about 15 % if compared with oil based plants [25]. 

All ISCC currently in operation are integrating the solar collectors in the bottoming cycle [11]. 
Integrating the solar field to the topping cycle promise high efficiency on the solar field side as a result 
of operation at higher temperatures and pressures. No plants with solar integration in the topping cycle 
have been realized yet [26]. Comparing the integration in both cycles, the integration to the bottoming 
cycle is technologically more mature, offers reliability as well as lower financial risk [11,27]. Two 
operation modes are available for ISCC systems, the first is the “power-boosting” mode where the gas 
turbine operates at full-load all the time and the steam produced from the solar field is being added to 
the steam cycle to produce additional power from the system. The second mode is known as “fuel saver” 
mode, where the ISCC capacity is maintained constant and the heat from the solar field replaces part of 
the heat provided by the gas turbine operating at part-load to reduce its fuel consumption and emissions 
[28].  

Through a techno-economic assessment Nezammahalleh et al. [26] compared the performance of two 
ISCC configurations. The study was conducted for a location in Iran with a DNI value of 2500 kWh/ m2a 
as an example for the Middle East. The study exclusively included the use of parabolic trough collectors, 
once utilizing DSG and another using oil-based trough. In both configurations, the solar field is used to 
preheat, evaporate and produce superheated steam for the high pressure steam turbine. The Rankine 
cycle consists of two pressure level steam turbine with one reheat stage. The solar component in both 
cases provided 67 MWe with nominal power of 451 MWe and 445 MWe for the DSG and the oil based 
respectively. The study concluded that DSG-ISCC offers a better alternative through an improved 
performance, reduced fuel consumption as well as having lower LCOE. The authors concluded that the 
technology is a very suitable option for using solar energy in arid areas rich in natural gas resources. 
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Peterseim et al. [29] conducted a study aimed at identifying the most suitable solar thermal technology 
for hybridization with the Rankine cycle of 200 MW NG-CCPP. Different solar thermal technologies 
were compared with respect to technical feasibility, technological risk, environmental impact and 
LCOE. The key findings of the study are that the preferred option for integrating 565 °C steam into the 
HP Rankine cycle is the DSG solar tower. For superheated steam temperatures of 450 °C, DSG linear 
Fresnel is the best option followed by the DSG solar tower then molten salt solar towers. The linear 
Fresnel is also the best option for water preheating and cold reheat steam. For steam temperatures lower 
than 380 °C also the DSG linear Fresnel comes in the first place followed by the oil-based parabolic 
trough in the second place. 

Libby et al. [15] conducted a study on a large number of different NG-CCPP all over the united states. 
The study included solar thermal technologies providing higher temperatures which were not considered 
in previous studies. For all analysed plants, the integration of thermal oil based PTC and the molten salt 
solar tower were evaluated. For some of the plants, integrating DSG through the use of PTC, LFC and 
solar tower were considered. The integration of the oil based molten salt PTC was considered for 
evaporation while the rest of the technologies were used to superheating the steam. The aim of the study 
was to compare the performance of different ISCC plant configurations through hybridizing them with 
solar thermal technologies producing high temperatures with others producing relatively lower 
temperatures. The study was conducted based on energy analysis. The study reconfirmed that both 
greater performance and higher solar shares will be achieved by using higher temperatures solar thermal 
technologies. It was also concluded that the best ISCC performance is possible by the integration of 
solar heat at both the highest possible temperature as well as pressure in the Rankine cycle. The highest 
achievable ISCC performance was recorded for configurations utilizing DSG for superheating in solar 
tower followed by configurations utilizing DSG for superheating as well but in either PTC or LFC. 

The annual performance and economic feasibility of three different ISCC configurations have been 
assessed by Rovira et al. [30] and compared to a reference CCPP. The design is based on a dual pressure 
level heat recovery steam generator (HRSG). The three ISCC configurations included the use of DSG 
in both PTC and LFC. Two layouts represented evaporating part of the steam in parallel to the high 
pressure (HP) level HRSG using both technologies. The third layout represented the use of parabolic 
trough for preheating and evaporating steam at the same pressure level. Energetic and economic analysis 
were applied to the different layouts. Results of the study showed that the annual production of the 
proposed PTC used for evaporation is the highest. The authors also concluded that, although the annual 
production using the linear Fresnel is lower due to the not yet optimized linear Fresnel geometry for 
integration in ISCC systems but the system’s economic results are promising. In another study on ISCC, 
Rovira et al. [31] conduced an analysis using PTC as the selected solar thermal technology working with 
either HTF or DSG integrated to the HP HRSG of the ISCC. The HRSG consists of two pressure level 
without reheating. Four configurations were studied for each working fluid including only evaporating, 
economizing and evaporating, evaporating and superheating as well as the three processes combined 
together. The analysis was conducted with the help of exergy analysis aiming to identify the best 
performance system layout. The study penalized the use of HTF as they require steam generator and the 
results showed that the DSG used for evaporation is the best choice as it benefit from the high thermal 
efficiency of the solar field and the low irreversibility in the HRSG. The study also concluded that the 
DSG configurations improve the system performance even by including superheating. 

Manente et al. [32] conducted an analysis on an ISCC using three different solar thermal technologies 
for determining the optimum integration into the system. A total of six different configurations were 
designed. The ISCC is designed with a three pressure level HRSG with reheating. The solar heat 
integration was always considered for the HP steam. PTC was used in three configurations, firstly by 
using thermal oil as HTF only for evaporating a fraction of the steam, secondly by using molten salt in 
other two configurations for evaporating and superheating a fraction of the steam as well as preheating, 
evaporating and superheating. Solar power tower was deployed in one configuration using molten salt 
to evaporate and superheat part of the steam. LFC was used in two configurations utilizing DSG, once 
for economizing and evaporating a fraction of the steam and another configuration including 
superheating as well. The study was conducted using exergy analysis. A brief economic analysis was 
conducted on the system level for estimating the specific investment cost of the different configurations 
using each solar technology specific investment cost as well as a common specific investment cost for 
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the power block. Results of the study showed that the ISCC utilizing oil-PTC being used only for 
evaporating a fraction of the HP steam reaches the highest solar thermal to electrical efficiency at the 
design point solar irradiance. The authors concluded that the best strategies for the integration the solar 
field is not necessarily associated with the highest temperature of the solar heat but the most adequate 
approach of integration into the HRSG. When accounting for the results of the preliminary economic 
analysis the ISCC configurations with LFC provide an economic edge over the other configuration. 

Out of the many possible integration ways for solar thermal energy in CCPP, it was observed in the 
review literature that certain configurations offering the best performance have been proposed and 
analysed. Above all the integration in the HP level of the bottoming cycle through either evaporation or 
evaporation and superheating. All conducted analysis methods focused mainly on the thermodynamic 
analysis including energy and exergy with a brief economic analysis provided in [32] and only two 
economic analysis estimating the LCOE conducted in [26] and [30]. This paper offers an exergy-based 
and a detailed economic comparative analysis estimating the LCOE for all the best performance 
configurations extracted form literature. 

3 Methodology 

3.1 Design and Simulation   

For all configurations, dual pressure with reheat ISCC systems were designed based on the power-
boosting mode to avoid the gas turbine working on part-load to avoid any part-load losses. The 
configurations were modelled and simulated using EBSILON®Professional. During night operation the 
power plants operate as a normal combined-cycle power plants and has an installed capacity of 475 MW 
being the reference case. During day operation at the design point, the solar fields are designed to add 
50 MWe to have an overall plant capacities of 525 MW. For the analysis purposes, the five 
configurations are classified based on the solar thermal technology used. System A is used for the ISCC 
configurations working with LFC technology, system B is used for the configuration working with PTC 
technology and system C is used for the configuration working with SPT technology. 

Three configurations are using the LFC, namely system A1, A2 and A3. The three systems are utilizing 
the DSG technology. System A1 is the only system that uses the solar field for preheating, evaporation 
and superheating (the so called once-through system) and is using a separate steam turbine only for 
serving the solar field. Part of the low pressure (LP) water (�̇� = 48.8 kg/s) after being preheated, is 
pumped to enter the solar field for the three mentioned processes reaching a superheated steam 
temperature of 500 °C. After expansion the back pressure steam of solar steam turbine is fed to the LP 
turbine to avoid part-load losses in the HP and IP turbines. Such design has been proposed in [33]. The 
authors want to compare such design with the configurations proposed in literature. The pressure drop 
considered for all LFC systems utilizing DSG is 10 bar. The LFC in system A1 is operating at a pressure 
of 50 bar while the HP HRSG is operating at 170 bar as it is not limited by the maximum operating 
pressure of the solar field. For such design the fuel consumption is 15.555 kg/s which increases in all 
other designs to 15.651 kg/s. 

System A2 uses the solar field only for evaporating part of the HP water (�̇� = 84.1 kg/s) at temperature 
318 °C (after being preheated) in parallel to the HP evaporator then the saturated steam together with 
the evaporated steam in the HP HRSG having �̇� = 149.8 kg/s are mixed and fed to the HP superheater 
to be expanded in the turbine. The HP steam in both the HRSG and the LFC operates at a pressure of 
110 bar.  

System A3 uses the solar field for both evaporating and superheating part of the water/steam 
(�̇� = 56.1 kg/s) reaching 500 °C in parallel to the HP evaporator and superheater with �̇� = 90.3 kg/s 
reaching 552 °C. Both mass flow rates are being mixed again before entering the HP steam turbine. The 
HP steam in both the HRSG and the LFC operates at a pressure of 110 bar.  

System B uses the PTC utilizing thermal oil operating in a separate closed circuit reaching a temperature 
of 393 °C only for the evaporation of the HP water with �̇� = 85.7 kg/s in parallel with the HP evaporator. 
The 318 °C saturated steam produced by the heat of the solar field is then mixed with the steam produced 
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in the HP HRSG with �̇� = 65.2 kg/s then superheated before entering the HP steam turbine. A pressure 
drop of 7 bar is considered for thermal oil. The PTC is operating at a pressure of 8 bar. 

System C is operating with the SPT utilizing the direct steam generation technology for evaporating and 
superheating part of the HP water with �̇� = 51.1 kg/s reaching temperature of 565 °C. The superheated 
steam is mixed with the superheated steam of the HP HRSG with �̇� = 92.2 kg/s and reaching 
temperature 559 °C before being fed to the HP steam turbine. The pressure drop considered in the tower 
is 10 bar. The steam is being evaporated and superheated at a pressure of 110 bar. 

3.2 Exergy Analysis 

An exergy analysis is conducted for day and night operations for all five ISCC systems. The physical 
exergies for the streams were extracted from EBSILON®Professional, and the model of Ahrendts [34] 
is used for the chemical exergy calculations. For the calculation of the total exergy, the kinetic and 
potential exergies were neglected. The exergy of fuel (𝐸̇ ) and exergy of product (𝐸̇ ) concept is used 
for the analysis in conformity with Bejan et al [35], and the exergy destruction for components and total 
systems was calculated as well as the systems’ exergy losses. The input to the solar field is solar 
radiation, however only a part of this radiation is useful, which is why only the exergy of solar thermal 
radiation should be used in the analysis. For calculating the exergy of heat coming from the solar field, 
equation (1) presented by Ahrendts in [36] is used. Where �̇�  is the solar thermal energy and 𝑇  is 
surface temperature of the sun that is having a value of 5679 K. 

Ė = �̇� 1 −
4

3

𝑇

𝑇
 (1) 

3.3 Economic Analysis 

A comparative economic analysis for the five ISCC systems was conducted using the total revenue 
required method for calculating the LCOE. Components’ costs are obtained using the estimating charts 
presented by Ulrich et al. [37]. For the calculation of the investment cost of the solar field technologies, 
a specific investment cost was used for each of them. The specific investment cost includes the site 
improvement, the solar field along with all its supporting systems and foundation as well as the HTF 
system which includes the fluid with all its piping and supporting systems. 223 $/m2 and 270 $/m2 are 
the specific investment costs (per aperture area) used for calculating of the investment cost of the LFC 
and PTC [38]. For the calculation of the investment cost of the SPT, 186 $/m2 is used as the specific 
investment only for the heliostat [38]. Collado et al. [39] extensively reviewed the literature for 
investigating a certain specific investment cost or driving a correlation for the investment cost of both 
the tower and the receiver. The authors concluded that there is great uncertainty for both components 
costs if compared to the heliostat’s cost. The authors drove two correlations for estimating the receiver 
investment cost (𝐶 ) based on the previous studies but the cost estimation showed a large difference. 
Using both equations for this analysis, resulted in 16 million dollars difference only for the receiver. For 
this model equation (2) is used which yields lower investment cost as the working fluid is water/steam 
however the correlations were based on the molten salt. For water/steam receiver the materials would 
not be that expensive if compared with molten slats which should be corrosive resistant. 𝐴  is the 
receiver area. 

𝐶 ($𝑀) = 13.09 
𝐴

1133

.

 (2) 

Equation (3) is used for estimating the investment cost of the tower (𝐶 ) that is present in the 
National Renewable Energy Laboratory report [40]. The equation was also suggested to be used by 
Collado et al. as the correlation is driven from the results of the economic model of the company 
WorleyParsons’ which has experience in the civil work of renewable energy projects as well as 
comparing the results with other scattered results present in many sources [39]. 𝑇𝐻𝑇 is the tower optical 
height. 

𝐶 ($𝑀) = 0.0018357 𝑇𝐻𝑇 − 0.285868 𝑇𝐻𝑇 + 30 (3) 
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From the total components’ cost, the total capital investment (TCI) could be calculated including the 
offsite costs, contingencies, allowance for funds used during construction, start-up costs and working 
capital. The most important economic assumptions and parameters are shown in Table 1. Other than the 
specific investment cost, the incremental specific investment cost is a very important parameter for the 
economic evaluation of the CSP technology used in the ISCC systems. As shown in equation (4), it 
calculates the specific investment cost for each MWe addition of only the solar field. The 𝑐  and 𝑐  
are the specific investment costs of the solar field and the CCPP, respectively. 𝐴  is the aperture area 
of the collectors and ∆�̇�  and ∆�̇�  are the additional work produced by the steam turbine and the 
ISCC. The levelized cost of electricity is calculated as shown in equation (5) through the levelized 
carrying charges (𝐶𝐶 ), levelized operation and maintenance cost (𝑂𝑀𝐶 ), levelized fuel cost (𝐹𝐶 ), 
installed capacity (𝑃 ) and full load hours (FLH). 

Table 1: Economic assumptions and parameters 

Parameter/Assumption Value 
Plant economic life 20 years 
Interest rate 8 % 
Inflation rate  1.56 % 
Capacity factor 80 % 
Natural gas price (current in Egypt) 3 $/MMBtu 
Natural gas escalation rate 3 % 

 

𝐼𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡𝑎𝑙 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡 =
𝑐 ∙  𝐴 + 𝑐 ∙  ∆�̇�

∆�̇�
 (4) 

𝐿𝐶𝑂𝐸 =
𝐶𝐶 + 𝑂𝑀𝐶 + 𝐹𝐶

𝑃 ∙ 𝐹𝐿𝐻
 (5) 

4 Results 

4.1 Exergetic Analysis 

Conducting the exergy analysis on the components level resulted in the exergy destruction of 
components. The exergy destruction is almost similar for all components throughout the different 
configurations except for the solar field. Components having the highest destruction value arranged in 
descending order as the combustion chamber, solar field, gas turbine expander, compressor, air-cooled 
condenser, LP steam turbine 2 then water preheater. Values of exergy destruction within the solar field 
differs according to the used collector technology and its operating parameters. The exergy destruction 
values for the different solar collectors are compared with their corresponding exergetic efficiencies in 
Figure 1. The value of the exergy destruction includes the solar field subsystems such as pumps, motors 
and evaporator in case of the thermal oil PTC (System B) as well as the separate turbine and generator 
in case of the system A1. The contribution of the subsystems in the destruction values are nearly 
negligible in case of systems A2, A3 and C. However, it accounts to 1.2 MW for system A1 and 4 MW 
for systems C. In spite of having the highest optical efficiency, the SPT in system C shows the largest 
destruction value and lowest efficiency (owing to reaching the highest temperature among other 
collectors). The PTC in system B has the second highest destruction values. The LFC used in systems 
A1, A2 and A3 shows the lowest destruction values among the five configurations. 

The exergy of fuel into the different systems are mostly provided by the natural gas as can be seen in 
Figure 2 to provide a base exergy of product of 475 MWex during day and night operations. Additional 
exergy of fuel supplied by the different solar collectors at the design point varies for each system to 
ensure the addition of 50 MWex during day operation. System C provides the largest value of the exergy 
of fuel form a solar field followed by system B. System A2 and A3 provide the least solar field exergy 
of fuel and the difference between them is only 1 MWex. For system A1 the amount of exergy of fuel 
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needed from the solar field is higher than that of systems A2 and A3 as the LFC in this case is operating 
at a lower pressure of 50 bar instead of 110 bar. Comparing the exergy of NG of all systems, a reduced 
value in system A1 of 807 MWex can be observed. The reduced value is attributed to the higher operating 
pressure of 170 bar in the HP steam turbine that is not restricted by the solar field highest operating 
pressure limitation of 110 bar. The exergy destruction values of the different systems follow the same 
pattern as exergy added by the solar field by each system. The systems with higher exergy of fuel from 
the solar field have higher exergy destruction. The exergy loss is 13 MW and is the same for all systems. 
The systems’ exergy of product at the design point is constant throughout all different systems 
(525 MW). 

 

Figure 1: Exergy destruction and exergetic efficiency of the different solar fields 

 

Figure 2: Exergy of fuel and product for the different overall systems during day operation 

System A2 and A3 show the highest total system exergetic efficiencies for day operations at the design 
point among all systems as seen in Figure 3, while system C shows the least exergetic efficiency. During 
night operation all systems have higher exergetic efficiencies than day operation owing to the absence 
of the large exergy destruction of the solar field. All systems have the same exergetic efficiencies for 
the conventional CCPP except system A1 which has an efficiency of 59 % as shown in Figure 4. The 
CCPP during night operation benefits from the increased operation pressure of the HP steam of 170 bar 
as the LFC in this case is operating at another pressure level and the back pressure steam in being fed to 
the LP stage. 
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Figure 3: Total system exergetic efficiency of 
the ISCC systems during day operation 

Figure 4: Total System exergetic efficiency for the 
ISCC systems during Night Operation 

4.2 Economic Analysis 

The components’ cost in all the systems is the same except for the cost of the different solar fields. The 
cost of the solar field in the different configurations is highly dependent on the aperture area needed for 
providing the 50 MWex. A comparison between the system’s aperture areas and their corresponding 
investment costs can be seen in Figure 5. The LFC used in system A1 requires a larger aperture area 
than that of what is used in systems A2 and A3 owing to the operation at lower pressure, consequently 
having a higher investment cost. The PTC used in system B has the highest investment cost among all 
technologies used in other systems. In comparison with the LFC used in all type A systems, the PTC 
has higher investment owing to its larger aperture area needed as the HTF reaches lower temperature as 
well as the higher specific investment cost of 270 $/m2 compared to 223 $/m2. In comparison with the 
SPT, the PTC has higher investment as a result of the relatively low optical efficiency and consequently 
an increased aperture area. Owing to the higher superheated steam temperature that can be reached by 
the SPT and the high optical efficiency, the needed aperture area is nearly half of what is needed for 
other technologies for the same exergy contribution to the product. However, its investment cost is 
nearly the same as of the LFC systems due to the very high specific investment cost of the solar power 
tower totalling to 428 $/m2 after including the tower and receiver to the heliostats. 

 

Figure 5: Aperture area of solar collectors and their corresponding investment costs 

Figure 6 shows the shares of different components or set of components in the total components’ cost. 
The largest percentage of the total components’ costs is always dominated by the solar field along with 
its corresponding components then the gas turbine system. The air-cooled condenser (ACC) only 
dominates a large percentage due to its large size and high material consumption. The steam turbine and 
HRSG have nearly the same share among all systems. The pumps, motors and deaerator have the least 
share. The PTC with its corresponding components in system B represents the highest share (43.5 %) 
among other solar fields used in ISCCs. Such very high share represents almost the same value of all 
other components together. The SPT in system C represents the least cost share of a solar field among 
the systems. 
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Figure 6: Share of components in the total components cost 

 

 

Figure 7: Cost of different components of the 
parabolic trough collectors 

Figure 8: Cost of different components of the 
solar power tower 

A cost breakdown for the different components of the PTC is shown in Figure 7. The investment cost is 
dominated by the collectors, representing $125 million, whereas the thermal oil-powered economizer 
costs $8 million totalling to $133 million. A total cost of $95 million is the investment for the SPT. A 
cost breakdown for the tower with its different components is illustrated in Figure 8. It is shown in the 
illustration that the heliostats represent the biggest investment followed by the receiver then the tower.  

The total capital investment costs of the different ISCC systems, as well as the specific investment costs, 
are shown in Table 2. The incremental specific investment costs range between 2545-3182 $/kW2019 for 
the different CSP technologies. The values show a great reduction in the specific investment cost of the 
pure CSP used in the ISCCs compared with the values of 2960-3700 $/kW2019 [41], 6430-9820 $/kW2019 
[42] and 5840-7050 $/kW2019 [42] for LFC, PTC and SPT, respectively. Such great reduction is 
attributed to the use of the power block components of the CCPP, thus reaching lower specific 
investment costs through the economies of scale and consequently inducing more CSP installation. 

Table 2: Total capital investment and specific investment costs 

 System A1 System A2 System A3 System B System C 
Total capital investment 
[million $] 

451 432 431 489 426 

Specific investment cost 
of CCPP [$/kW] 

637 628 627 645 625 

Specific investment cost 
of ISCC [$/kW] 

860 823 822 931 812 

Incremental specific 
investment cost [$/kW] 

2770 2606 2607 3182 2545 
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The economic evaluation showed that for all ISCCs, the 𝐹𝐶  represent the largest share of the levelized 
total revenue required ranging between 62-65 %. The 𝐶𝐶  represents the second largest share amounting 
to 34-37 % then the 𝑂𝑀𝐶  ranging between 0.7-0.8 %. The analysis also revealed the weighted average 
LCOE that is considered the most important decision parameter of the analysis. The results in Figure 9 
show the different LCOE of all systems. System C produces electricity at the cheapest cost while 
system B produces electricity at the most expensive value with 1.77 $/MWh difference between both. 
Such LCOE variation is attributed to the difference between both ISCC systems’ investment cost as a 
result of the utilized solar technology with its integration purpose in the ISCC. 

 

Figure 9: LCOE for the different ISCC systems 

5 Conclusion 

Five different integrated solar combined-cycle plants were designed and analysed based on the power-
boosting operation mode for adding 50 MWe. The analysis included linear Fresnel and parabolic trough 
collectors as well as solar tower. Direct steam generation was considered for the linear Fresnel and solar 
tower systems however oil was used for the trough system. The solar integration was considered in 
parallel to the high pressure level except for the once-through Fresnel system which uses a separate 
steam turbine where the back pressure steam is being fed to the low pressure steam turbine. The solar 
heat is used only for evaporation in one system working with Fresnel and another working with parabolic 
trough. However, the solar heat is used for evaporation and superheating in another Fresnel system as 
well as the solar tower system to evaluate the effect of the high temperature superheated steam on the 
system. 

Exergy and economic analysis were conducted on the systems and the following results are driven:  

 Exergetic efficiency of the solar tower is the least and that of the Fresnel is the highest.  

 It is reconfirmed that integrating the solar field into the high pressure level results in higher 
overall exergetic efficiencies during day however the integration to the low pressure level results 
in higher overall exergetic efficiencies during night operation owing to the absence of the 
pressure limitations of the solar collectors, consequently the steam cycle being able to benefit 
from the increased pressures in the high pressure level.  

 Technologies utilizing direct steam generation result in lower levelized cost of electricity. 

 Owing to reaching the highest temperature, a smaller heliostats aperture area is required and 
despite of the higher specific cost per square meter. The system utilizing the power tower results 
in the lowest electricity cost. While the system utilizing the parabolic trough collectors results 
in the highest electricity cost. 

 Reaching lower incremental specific investment due to benefiting from sharing the costs with 
the power block of the combined-cycle, helps installing new CSP capacities at a way reduced 
cost compared to pure CSP systems and paves the way for more CSP installations, thus enabling 
the economies of scale to take place.  
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Abstract 

This paper uses an exergy approach first to identify the most critical components in a car, understood as 
those car parts that contain valuable and scarce materials. The approach is based on the thermodynamic 
rarity methodology, which assesses minerals in exergy terms according to their relative scarcity in the 
crust and the energy required to extract and refine them. As a result, the 10 most critical car parts are 
selected and a detailed recyclability analysis is undertaken. To that end, a physical dismantling of the 
car parts into three main fractions is performed. Each part is divided into steel, aluminum and non-
ferrous flows. With a dedicated software called HSC Chemistry, a metallurgical process is simulated for 
each flow, including all required equipment to extract most of the minor metals for each fraction. An 
exergy assessment is then undertaken to assess the resources associated to recover each of the metals 
contained in the analyzed car parts. Valuable conclusions were obtained from the analysis, validating 
the thermodynamic methodology in assessing the resource efficiency of vehicles and helping to provide 
guidelines to improve their eco-design.  

1 Introduction 

Renewable energies, ICT technologies, efficient lighting or vehicles all have in common the use of an 
increasing amount of raw materials. As a result, society is using today almost the whole periodic table 
to satisfy their needs. Many of such elements that are essential to connect, make more efficient or 
“green” the economy are scarce in Nature or their production is located in a few spots in the world 
creating potential supply risks. This is why many institutions such as the European Union [1] have 
established lists of critical raw materials, identifying elements whose supply may put at risk the very 
development of their respective economies. Such lists include rare earths, indium, cobalt, gallium, 
tungsten, among others. The reduction of supply risks, which is of vital importance for many importing 
regions such as Europe, entails either to bet on exploration and exploitation of new mines in the own 
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territory or to move towards a circular economy to keep the materials in the technosphere as longer as 
possible. Especially in developed countries, there is strong opposition to open new mines. Here, the 
motto “Not in my backyard”, also called the Nimby effect, prevails. The second option, closing material 
loops, seems to be easier to achieve, yet it comes up with serious physical restrictions. Not surprisingly, 
almost all scarce and critical raw materials have extremely low recycling rates (most of them below 1% 
according to UNEP [2]). This is because of a lacking dedicated recycling infrastructure, but also because 
of the technical impossibility to recover minor metals from a mixture.  

Thermodynamicists know well that one of the most entropic processes that exist is mixing. And the 
entropy increases with the number of species involved in the mixture. The effort required to purify a 
given element increases exponentially with the grade to be attained. Achieving copper at 99,9% purity 
requires exponentially more energy and reactants than staying at a 99% grade. In the same way, 
recovering an element from a mixture that is at a concentration of 0.1% is much harder than if it were at 
1%, for instance. Moreover, not only the concentration, but also the chemical form in which it is found 
and the other chemical substances that accompany it in the mixture will affect in the final recyclability 
of elements in products.  

The Second Law of Thermodynamics tells us that complete recycling is impossible, there will always 
be losses. In other words, the circular economy is a nice myth, but in reality we can only strive towards 
a “spiral economy” [3]. Yet by accepting this, one can design processes and products to make them long 
lasting, efficient and much more recyclable. In this respect, a deep understanding of Thermodynamics 
is key to move closer to a spiral economy. 

This paper applies thermodynamic insights to analyze the criticality and recyclability of vehicles. The 
automobile sector is one of the most demanding in critical raw materials. This becomes even more 
important considering that, by 2030, up to 1.85 billion vehicles are expected to be added to the current 
fleet [4]. Moreover, with electrification, the quantity and variety of critical and strategic raw materials 
will surely increase in the next decades. 

Our object of study is a  SEAT LEON Generation III Diesel, for which a thermodynamic criticality 
analysis [5] is first performed to identify its most valuable car parts. The methodology is based on an 
exergy-based indicator called thermodynamic rarity, which has been successfully applied before to 
vehicles [6]–[9]. Subsequently, a recyclability analysis is performed with a Product Centric Approach 
(PCA). Contrarily to a Material Centric Approach (MCA), in a PCA the complexity of the products in 
terms of chemical composition and concentration of the substances contained in it are considered. Only 
by doing this, can recycling processes be design for an effective recovery of valuable metals. To do so, 
we make use of the simulation software HSC Chemistry (Outotec, http://www.hsc-chemistry.com/), 
which incorporates an extensive database with the thermodynamic properties of more than 28,000 
species connected to a process simulation module. HSC Chemistry has been already successfully used 
to assess the recyclability of different end-of-life products, such as mobile phones [10] or LED lamps 
[11]. As was shown in the so-called metal wheel [12], it is very important to analyze the inputs 
introduced to the different recycling processes, since selecting the wrong recycling process for a given 
product (in our case car parts), may induce to dramatic material losses. This is why it is so important to 
understand the metallurgy and thermodynamics behind the processes. 

2 Methodology 

The material composition of the vehicle under analysis (SEAT LEON Generation III Diesel) was 
obtained from MISS database (Material Information Sheet System), an IT system from VW Group that 
obtains the information from IMDS, a system where all automotive providers incorporate the material 
information sheets. In order to select the most critical parts of the vehicle the thermodynamic rarity 
indicator was applied to each of its car parts. This indicator allows us to assess which specific car parts 
contain the most valuable metals from a physical point of view. 

The thermodynamic rarity approach is based on the recognition that the physical value of minerals is 
mainly due to their chemical properties and their degree of scarcity in the crust [13], [14]. The scarcer a 
resource, the greater its extraction costs and these, in turn, increase exponentially as ore grades become 
depleted. It is important to remark that this methodology, that owns some similar aspects to LCA 
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methodologies, doesn’t take into account all the steps from-cradle-to-grave (considering all the 
operations for assembling, using and disposal after use), but only considers the scarcity and the energy 
intensity to extract and refine the materials contained in a given device.  

Thermodynamic rarity incorporates two aspects. The first is the embodied exergy cost (kJ), i.e. the useful 
energy required to extract and process a given mineral from the cradle to the gate (i.e., until it becomes 
a raw material for the manufacturing industry). The second is in fact an avoided cost for having minerals 
concentrated in mines and not dispersed throughout the crust (i.e. it can be seen as a natural bonus). As 
mines become depleted, it becomes exponentially harder to obtain commodities (embodied costs 
increase), whereas the bonus reduces. This bonus is calculated as a hypothetical exergy cost required if 
the given mineral would be restored to its initial conditions of composition and concentration in the 
original mines from a completely dispersed state. This is the exergy replacement cost (kJ) and can be 
seen as a grave-to-cradle-approach [15], [16].  

To proceed with the exergy replacement cost assessment it is necessary to identify the reference state 
from which every material will be assessed. This reference has been called “Thanatia” and represents a 
theoretical state where all materials become dispersed throughout the crust. The model of Thanatia is 
composed by the 300 most abundant minerals found in the crust, with their corresponding composition 
and crustal concentrations [17]. From that baseline, which represents the “bare rock”, any material can 
then be concentrated until the state currently found in nature. Such amount of exergy is what we call 
exergy replacement cost. Through this methodology, Valero and Valero [16] assessed the rarity of 
different elements, as shown in Table 1. 

 Table 1: Rarity values for different elements analysed [16] 

Rarity Ag Al Au Cr Cu Fe In Mg 
kJ/g 8,937 661 654,683 41 348 32 363,918 146 
Rarity Mn Ni Pb Pd Sb Sn Ti Zn 
kJ/g 73 758 41 2,870,013 488 732 203 197 

 
In this way, to calculate the thermodynamic rarity R of a specific car part, Eq. 1 is used, once the 
composition in terms of elements contained (mi) in car part (A) are known: 
 

                𝑅(𝐴) = ∑ 𝑚 𝑅                                    (1) 
 
This indicator is complemented with the rarity density, as calculated with Eq. 2 where mi is the weight 
of all metals in the given car part: 

𝑅𝑎𝑟𝑖𝑡𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝐴) =
( )

∑
          (2) 

With the rarity density, we consider small parts that contain valuable metals but with a small relative 
weight. Such parts would be otherwise omitted if only Eq. 1 were used. 

After the most critical car parts have been identified, the next step is to undertake a recyclability analysis. 
Before this happens, each car part needs to be manually disassembled into the smallest fraction possible, 
to ensure that most of the materials can be properly recovered, by sending them to the appropriate 
recycling route: ferrous, non-ferrous or aluminium metallurgy.  

Each recycling route is then simulated through HSC Sim 9. To that end, a detailed flow chart needs to 
be created, defining all process inputs with the composition, mass flow, temperature and pressure of the 
recycling subparts. The software then calculates all the properties of each flow, including its exergy. 
The outflows of each unit need to be then specified, for which all elements defined in the inflows need 
to be distributed among the units and with the specific composition, so that the mass balance is closed.  
The energy balance needs to be closed as well through different parameters such as heat losses, chemical 
reactions, etc., depending on the simulating process. Once all the balances haven been closed, the 
simulation is completed and the chemical composition and thermochemical properties of all flows are 
calculated. This way, the behaviour of all metals throughout the recycling process can be analysed, as 
well as the total quantity of the recovered/lost metals. Moreover, HSC Sim is connected through 
software Gabi, so that Life Cycle Assessments can be easily carried out. 

109



3 Simulation models 

The recycling infrastructure simulated is based on the base-metal metallurgies of copper, lead and zinc. 
Additionally, recycling flowsheets for steel and aluminium have been performed. Accordingly, a large 
simulation model composed of 132 unit operations, 631 streams and over 50 chemical elements along 
with their associated compounds was developed. This flowsheet is explained in detail in the following 
sections. 

3.1.1 Non-ferrous flowsheet 

The non-ferrous fraction, excluding aluminium, was treated in a non-ferrous flowsheet which is depicted 
in Figure 1.  
 

 

Figure 1:  Smelting, Reduction and copper refining stages of the non-ferrous recycling flowsheet. 

 
This smelting process generates three phases: 

 Metal phase: It is composed of metallic copper, which acts as a collector of the precious metals 
contained in the feed. This metal phase can follow two routes: (i) copper electrorefining, where 
copper cathodes are produced and the precious metals are collected as anode slimes, and (ii) 
copper leaching and electrowinning. In this route, copper is dissolved and electrowon to produce 
copper cathodes, while the precious metals are collected as leaching residue. Precious metals 
are further refined in the “Precious Metals Recovery” process, which is explained later. 

 Slag phase: Metals that oxidize more easily than copper are collected in the slag generated in 
this reactor. These elements include lead, iron, aluminium, tantalum or rare-earth elements 
(REE). This slag is reduced further on so that the collected elements can be recovered. 

 Gaseous phase: Several metals volatilize to some extent under these smelting conditions, e.g. 
lead, tin or cadmium. These elements are recovered as dust in the filters and further treated to 
be recovered. 
 

Once the copper and precious metals have been separated from the non-ferrous fraction, the slag is 
treated under reducing conditions in the “TSL – Reduction Furnace” unit operation. Three phases are 
again generated: 

 Lead bullion: The lead in the slag is reduced and a lead bullion is generated. This phase also 
collects other metals that are reduced under the operating conditions, e.g. copper or cobalt, 
nickel or bismuth to some extent. Therefore, lead acts as a collector of minor metals, which will 
be recovered along the refining process of the lead bullion. 
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 Slag phase: This slag collects the metals that have very stable oxides, e.g. iron, aluminium, 
REEs, tantalum or some cobalt and nickel. This slag may be discarded because of the large cost 
of recovering the remaining metals. However, a slag reduction furnace was included in this 
example to recover the cobalt and nickel entrained in the slag and show how the resource 
consumption of the recycling plant increases. This process will be explained later. 

 Gas phase: The reducing conditions of this furnace volatilize some of the metals of the slag. For 
instance, zinc and cadmium are volatilized to a large extent and collected as dust. 

The lead bullion refining is a key step in the recycling flowsheet since many metals are recovered as by-
products throughout it. The first step is the removal of the copper contained in the bullion [18]. This is 
performed by reducing the temperature of the lead bullion, which reduces the solubility of copper. 
Therefore, the copper, along with cobalt and nickel, can be removed as copper dross, which is further 
treated to recover the metals that contains. 
Once the copper is removed from the bullion, a caustic extraction is performed to extract the antimony, 
arsenic, tin, tellurium and indium in the bullion. This is conducted in a two-stage Harris process. 
Additionally, the caustic slags generated are treated to recover all these metals.  
The main impurities remaining in the lead bullion at this point are silver and bismuth. If silver has been 
collected in the lead bullion, it will be recovered in the Parkes process, where a high melting point silver-
zinc alloy is generated and separated from the bullion as a crust. This crust is further treated to recover 
the zinc and silver, which is sent to the “Precious Metals Recovery” flowsheet to produce silver 
cathodes. Then, bismuth is obtained through the Kroll Betterton process as dross. 
As explained before, the precious metals are collected as leaching residue during the copper leaching or 
as anode slime if the copper is electrorefined. These precious metals are treated in a precious metals 
refinery. The first stages of this flowsheet remove the impurities of the precious metals feed. Once they 
are removed, a silver anode is produced. During the electrorefining process of the silver anode, silver 
cathodes are produced, while the rest of precious metals are collected as anode slimes. These slimes 
from the electrorefining of silver are treated and cast in gold anodes. Then, gold is electrorefined to 
generate pure gold, while the rest of precious metals are collected again as anode slimes. 
The dust collected along the pyrometallurgical reactors of the recycling flowsheet has a considerable 
amount of metals that can be recovered, e.g. zinc, lead or tin. For this reason, a dust treatment was 
included in the non-ferrous flowsheet. In this flowsheet, tin-containing dust is treated in a reduction 
furnace to produce a tin-lead alloy. Furthermore, zinc-containing dust is leached and electrowon to 
produce zinc cathodes. 
Depending on the cobalt and nickel content of the slag generated in the reduction stage, where the lead 
bullion is generated, a further treatment to recover these metals can be interesting. This treatment would 
consist of a reduction of the slag where cobalt and nickel would reduce to metal along with some iron 
[19]. The alloy produced in the reduction furnace can be refined to eliminate some iron before being 
leached. In this leaching process, an electrolyte containing cobalt and nickel is produced, which is further 
purified through a solvent extraction process. 
The cobalt and nickel coming from the copper drossing in the lead bullion refining can be leached to 
produce another electrolyte containing cobalt and nickel. Therefore, this electrolyte can be purified 
together with the one produced in the reduction furnace flowsheet so that cobalt and nickel are produced 
in pure form. The first step to purify these electrolytes is to remove the dissolved copper through solvent 
extraction. Then, iron and zinc are removed from the solution through precipitation and solvent 
extraction. Once the impurities of the electrolyte have been reduced to acceptable levels, cobalt is 
separated from nickel through solvent extraction so that both metals can be electrowon. 

3.1.2 Ferrous flowsheet 

The steel fraction is recycled in a generic steel recycling flowsheet, depicted in Figure 2  [20]. The steel 
scrap is melted in an electric arc furnace (EAF), where the impurities that have more stable oxides than 
iron are collected in the slag. Therefore, impurities as aluminium, magnesium or calcium are removed 
to a large extent. Furthermore, the melted steel is further refined through ladle metallurgy to remove 
impurities such as oxygen, sulfur or carbon. However, impurities such as copper or nickel cannot be 
removed because they are stable in the metallic form under the operating conditions of the EAF. 
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Accordingly, high-quality alloys may need to be diluted with high-quality scrap or pure iron to match 
the specific composition of the alloy. For this reason, an iron dilution stream along with the alloying 
elements in the alloying ladles is included. In this study, the impurity dilution is performed with pure 
iron (instead of using high-quality scrap) so that the dependence on primary resources is evaluated. 
 

 

Figure 2: Steel recycling flowsheet composed by an electric furnace and ladle metallurgy. 

Three different final alloys were defined to show how the demand of alloying elements and pure iron 
changes with the quality of the alloy: 

 Average steel alloy: an average steel alloy was selected as a low-quality alloy. This steel alloy 
has an iron content of 96,4%. 

 Front floor: the steel alloy required to manufacture the front floor of the vehicle has been 
selected as a medium-quality alloy because of its importance in mass within the vehicle. This 
steel alloy has an iron content of 97,4%. 

 Cylinder block: this part of the vehicle engine has a considerable weight and it requires a high-
quality steel alloy. The iron content of this alloy is 99,2%. 

A dilution with pure iron is not required for the low-quality alloy. However, the medium and high-
quality alloys requires a dilution. For this reason, a blast furnace flowsheet for the production of iron 
was created so that the consumption of primary resources depending on the alloy produced is evaluated.  

3.1.3 Aluminium flowsheet 

The aluminium recycling flowsheet is composed by the re-melting and refining stages, as shown in 
Figure 3 [21]. In the re-melting, the aluminium scrap is melted along with a drossing flux that protects 
the molten aluminium to be oxidized. The high reactivity of aluminium makes very important that the 
impurities of the feed are controlled since they can react with aluminium and generate material losses, 
e.g. aluminium reacting with the plastics in the feed to form aluminium carbides. These factors have 
been considered in the model so that they can be evaluated. Furthermore, an aluminium refining stage 
is considered as well to decrease the magnesium impurities in the molten aluminium. 

 

Figure 3: Aluminium and magnesium recycling flowsheets. 
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As the iron recycling flowsheet, three aluminium alloys have been defined so that the alloying elements 
and virgin aluminium required can be calculated depending on the quality of the alloy: 

 Average aluminium alloy: an average aluminium alloy with an aluminium content of 96,5% is 
defined as a low-quality alloy. 

 Aluminium wheel: the aluminium alloy used for the wheels of the vehicle is defined as a 
medium quality alloy because of its considerable weight in the vehicle. Its aluminium content 
is 99,4%. 

 Cylinder head: the cylinder head uses a high-quality aluminium alloy with a purity around 
100%. Additionally, it is a significant part of the vehicle, thus, it is selected as a high-quality 
aluminium alloy. 

As the dilution of all aluminium alloys is required to match their specifications, a primary aluminium 
flowsheet has been also created. Firstly, alumina is produced through the Bayer process from bauxite, 
once the alumina is produced, it is reduced to produce pure aluminium in the Hall-Heroult process. 

4 Results 

4.1 Thermodynamic rarity assessment 

From a list of nearly 800 part numbers containing metals, 40 where finally identified as critical. From 
the list, the engine, battery and gearbox were excluded because such car parts are too complex (include 
many different sub parts) and are usually kept by authorized treatment centers for an eventual reuse and 
the battery is treated separately from the rest. It is important to stress that from the list of all materials, 
which was compiled through MISS spreadsheets, iron and aluminum were excluded in the metal 
assessment, as both metals are almost completely recovered with conventional vehicle recycling 
processes.  

This pre-selection was further reduced to 11 car parts. To that end, the final selection of the car parts 
was made based on a preliminary recyclability assessment, considering the possibilities of separating in 
a good extent: (i) iron and steel alloys; (ii) aluminum; and (iii) non-ferrous metals (such as Cu, Zn, Pb 
or PGMs). After a pre-evaluation of the dismantling possibilities of the subcomponents of each part, 11 
parts were selected. The selection of the 11 parts was also done making sure that these are representative 
for a wider amount of car parts, so that the same recycling processes can be applied not only to the given 
selection, but also to other valuable key parts. The replicability potential was assessed by evaluating the 
number of car parts that are produced every year by the Volkswagen group. Hence, the assessment is 
not limited to the vehicle selected, but goes much further.  

Table 2 shows a summary with data about the 11 part numbers preselected. 

Table 2: Summary of some key aspects of the selected part numbers 

Part name No of  
units/year 

Rarity density (kJ/g) Part name No of 
units/year 

Rarity 
density 
(kJ/g) 

Generator 3.557.862 71,54 Cable shoe  487.833 352,43 

Infotainment unit 545.520 386,19 Rain sensor 6.385.923 431,08 

Combi instrument 196.733 367,46 Speed and ABS 
sensor 

14.590.752 450,91 

Additional break light 1.375.741 354,48 Wiring for 
battery 

160.900 319,98  

Exterior mirror 393.466 230,21 Side 321.800  39 

Air quality sensor 3.551.770 346,8    
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4.2 Recyclability simulation results 

The dismantling and disassembling of the EoL components improve the recovery of the minor metals 
compared to the fragmentation of the entire vehicle. Through the fragmentation of the EoL vehicle the 
target is to recover three metals: iron, aluminium and copper, ignoring the minor metals. However, if 
the electronic components of the vehicle are conscientiously disassembled, the minor metals depicted 
in Table 3 can be recovered. Yet, there are some important metals that are lost along the metallurgical 
process applied for the non-ferrous fraction. For instance, tantalum, which is present in the capacitors 
of the PCBs, is a critical metal that cannot be recovered since it is collected in the slags of the process 
because of its thermochemical properties. The same happens for the rare earth elements (REEs). An 
example is the neodymium of the magnets used in the motors that move the needles of the infotainment 
unit. Its thermochemical properties make its recovery impossible through the metallurgical process the 
non-ferrous fraction follows, thus the disassembly of these magnets is required so that the neodymium 
is not lost. However, the process of reaching the magnet in the motor is not straightforward. Therefore, 
a new design of the motors that facilitates the disassembly of the magnets is required. Furthermore, there 
are some parts whose non-ferrous fraction contains large quantities of iron and aluminium that cannot 
be removed. This occurs specially in the “exterior mirror”, “generator” and components that are 
impossible to disassemble such as the “speed and ABS sensor” or “rain sensor”. These iron and 
aluminium will be lost along the metallurgical process for the non-ferrous fraction. Therefore, a 
conventional shredding and physical separation of some components where the concentration of minor 
metals is low, e.g. the generator, is recommended. 

Table 3: Summary of recoveries for the non-ferrous fraction. 
Aluminium  Antimony  Arsenic  Barium  Bismuth  

Boron  Cadmium  Carbon  Cerium  Chromium  
Cobalt  Copper  Dysprosium  Gallium  Germanium  
Gold  Hydrogen  Indium  Iron  Lead  

Lithium  Magnesium  Manganese  Molybdenum  Palladium  
Phosphorous  Platinum  Ruthenium  Silicon  Silver  

Strontium  Tantalum  Terbium  Tin  Titanium  
Tungsten  Vanadium  Ytterbium  Yttrium  Zinc  
Zirconium          

0-25% Recovery 25-50% Recovery 50-75% Recovery 75-100% Recovery 
 
For the ferrous fraction, an effective separation must be performed so that the impurities of the molten 
steel generated are as low as possible. Table 4 shows the rate of impurities removed from the car parts 
selected. Steel scrap with a high impurity content will generate an impure steel alloy after the EAF that, 
depending on the quality of the steel alloy that must be produced, will require dilution with high-quality 
steel scrap or pure iron so that the final steel alloy can match the specifications. For instance, the pure 
iron required to perform the three steel alloys considered is 0 for the low-quality alloy, 1052 t/h for the 
medium-quality alloy and 8006 t/h for the high-quality alloy. Considering that the quantity of steel 
entering the alloying ladle is lower than 2 t/h, the amounts of iron required for dilution are shocking. 
This shows the fact that the quality of the alloys is downgraded after every recycling process and the 
only way of bringing that alloy back to a higher quality is to dilute it with pure metals or high-quality 
alloys. Therefore, the downgrading of metal alloys hinders the recycling infrastructure from not being 
dependent on primary resources. Additionally, this downgrading may be responsible for generating a 
large resource consumption and environmental impacts associated with primary metallurgy, as the study 
performed shows.  
However, this downgrading can be reduced if a proper pre-treatment, sorting and separation of the 
different alloys and impurities of the ferrous fraction is performed. To do so, an efficient design for 
recycling must be conducted. For instance, the “side” evaluated in this study has over 40 different steel 
alloys ranging from 95 to 99,6%, which enter the metallurgical process all together downgrading the 
quality of the recycled alloy. Therefore, this component should be more homogeneous regarding with 
the steel alloys used in the vehicle so that the quality of the final alloy would not be downgraded when 
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it is recycled and, if it is not possible because of functionality issues, the design of the car part must 
allow a good separation of the different steel alloys. 

Table 4: Summary of the metals removed from the steel fraction entering the recycling flowsheet. The 
iron reporting to the slag is low, around 1%. 

Aluminium  Barium  Boron  Chromium  Cobalt  
Copper  Iron  Lead  Lithium  Magnesium  

Manganese  Molybdenum  Nickel  Niobium  Silicon  
Titanium  Vanadium  Zinc      

0-25% Removed 25-50% Removed 50-75% Removed 75-100% Removed 
 
As for the aluminium fraction, impurities have a more important impact on the aluminium recycling. 
First, it is more difficult to remove them from the molten aluminium, as shown in Table 5. Second, some 
impurities such as plastics can react with the molten aluminium and generate losses. Therefore, an 
efficient pre-treatment of the aluminium scrap is important so that the aluminium alloys produced are 
as pure as possible. The aluminium fraction of the infotainment unit has 100% purity, while the generator 
one has a high copper content (4%). Therefore, mixing them will downgrade the quality of the 
aluminium alloy and a large quantity of virgin aluminium would be required to bring the alloy back to 
its high initial quality. For instance, the 374 kg/h of molten aluminium generated from the re-melting 
and refining of the aluminium fraction would require 18.000 t/h of virgin aluminium to produce a 
99,999% Al alloy. Therefore, the aluminium alloys, as explained for the steel fraction, have to be very 
well identified so that an efficient dismantling and disassembly can be performed to avoid an enormous 
loss through downgrading. This would improve the classification of the different aluminium alloys based 
on its quality, avoiding the problem of mixing them as it is done through the current fragmentation 
technologies. Additionally, the resource consumption and environmental impacts associated with the 
production of primary aluminium, which are quite high as shown before, would be reduced. 
Another aspect that must be considered during the recycling of aluminium is the amount of plastics that 
are introduced to the feed. The carbon, hydrogen and other compounds such as oxygen and chlorine will 
react with the molten aluminium to generate carbides, hydrides, oxides or chlorides, generating 
important aluminium losses since these compounds would report to the dross. 

Table 5: Summary of the metals removed from the aluminium fraction entering the recycling 
flowsheet. The aluminium reporting to the dross is around 5%. 

Aluminium  Boron  Cadmium  Carbon  Chlorine  
Chromium  Cobalt  Copper  Gold  Hydrogen  

Iron  Lead  Magnesium  Manganese  Nickel  
Tin  Titanium  Zinc      
0-25% Removed 25-50% Removed 50-75% Removed 75-100% Removed 

 
Table 6 shows a summary with data about the 11 part numbers analyzed and considering only the non-
ferrous fraction. As it can be seen, the generator tops the list, mainly due to its high copper content and 
the large amount of components produced. The recyclability potential of the generator using dedicated 
metallurgy is low, therefore, for this specific case, fragmentation (i.e. the current recycling procedure) 
is the best option to recover the maximum amount of raw materials. The second most important car part 
in this rating is the infotainment unit. This is because it contains a high amount of valuable raw materials. 
The recyclability of the infotainment unit once it is properly dismantled is very good (over 90%). Due 
to the large amount of speed and ABS sensors produced in the VW group, this car component has also 
a very high raw materials value per year. The recyclability is however very low because of the issues 
mentioned before. Worth to mention is also the combi instrument, which raw materials value is 
remarkable even if the number of units shared by different models of the VW group is low. The 
recyclability of such component is low compared to the rest and could be improved through eco-design. 
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Table 6: Summary of some key aspects of the selected part numbers 

Part name Recyclability (%) Part name Recyclability (%) 

Generator 51 Rain sensor 90 
Infotainment unit 92 Wiring for battery 95 

Speed and ABS sensor 19 Exterior mirror 71 
Side 98 Air quality sensor 92 

Combi instrument 46 Cable shoe  99 
Additional break light 85   

4.3 Exergy analysis of the recycling system 

This recycling process requires resources to be performed. These resources are energy, metals, water, 
chemicals, etc. Accordingly, comparing the resource consumption of the recycling process can be 
difficult because of the different nature of the resources that may appear. For instance, it is difficult to 
evaluate the resource efficiency of a steel EAF since it consumes at the same time metal scrap (t/h), 
reductants (t/h or kW) and electricity (kW). Exergy, which is a measure of the thermodynamic quality 
of a system, can be used to evaluate this resource consumption. It allows the evaluation of all the 
resources with one indicator (exergy unit, kW); thus, the integration of different resources such as 
energy, water or metals can be performed. Additionally, as exergy is based on the second law of 
thermodynamics, every stage of the recycling process will decrease the thermodynamic quality of the 
system. This means that the resources of the flowsheet will be downgraded or irreversibly lost. 
Therefore, the irreversibility of a stage or the entire process, i.e. its exergy dissipation can be used to 
evaluate its resource consumption. The exergy analysis of the recycling flowsheet was performed with 
the dedicated tool of the simulation platform HSC Sim [22]. Chemical and physical exergies are 
considered for the calculation of raw materials and water, while the exergy value of heat flows is 
calculated considering the Carnot efficiency. 
The exergy dissipation along the non-ferrous recycling flowsheet is depicted in Figure 4. Most of the 
resource consumption occurs during the first stages of the flowsheet, the smelting, reduction and copper 
electrowinning. The smelting and reduction processes require energy carriers and reducing agents to be 
performed, which are transformed into gaseous emissions while a considerable amount of exergy is 
dissipated. Additionally, energy losses occur during the off-gas treatment from these two reactors. 
Furthermore, the copper leaching and electrowinning stages have a considerable exergy destruction as 
well because of the large exergy dissipated through the use of a solution to leach the copper, which 
generates an impure copper sulfate solution. Additionally, the electrowinning of copper needs electricity 
to be performed. For the same reasons, the treatment of the dust generated in the flowsheet through 
reduction, leaching and then electrowinning to recover the zinc requires a considerable resource 
consumption. 
Furthermore, the reduction of the slag to recover the entrained cobalt requires a feed of reducing agents 
that dissipate a considerable amount of exergy when they react in the reduction furnace. 
The lead bullion refining is less consuming than “copper production”. This is because the temperatures 
required in this process are much lower than the smelting and reduction stages. Therefore, the energy 
requirements are lower, as well as the energy losses. Additionally, the amount of lead bullion generated 
is lower than the copper generated.  
The precious metals refinery has a similar resource consumption than the bullion refining. This is 
because the temperatures required in the precious metals flowsheet are much higher than during the lead 
refining stage. Therefore, even if the amount of precious metals treated is lower, the larger amount of 
resources consumed during their refining process compensates it. 
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Figure 4: Resource consumption along the non-ferrous recycling flowsheet. 

As for the steel, the mass of the ferrous fraction is larger in comparison with the mass of the non-ferrous 
fraction (see Table 1). This makes the resources required to recycle them larger, as it is shown in Table 
7. However, the resource consumption of the steel alloying will vary depending on the quality of the 
steel alloy produced. For instance, the low-quality alloy produced does not require dilution with high-
quality scrap or pure iron since the impurities of the steel alloy are lower than the specification for that 
alloy. Accordingly, the resources consumed in the alloying stage are low because only alloying elements 
must be added to the alloy. However, the medium quality alloy requires more than 1000 t/h of pure iron 
to dilute the nickel content to the specification limit. This increases the resource consumption of the 
steel alloying process because of the larger quantity of alloying elements required when the mass of iron 
is larger and the energy required to melt the high-quality steel scrap or pure iron added to the steel alloy. 
Additionally, this implies that primary resources must be consumed as well to produce the pure iron (see 
iron making row in Table 7). Therefore, even if 99% of the iron of the ferrous fraction is recycled, it 
does not avoid the use of primary resources if there are a considerable amount of impurities in the steel 
alloy after recycling. This is even more visual for the high-quality steel alloy, which needs 8006,3 t/h of 
pure iron to dilute the niobium content to the specification limits.  
The resource consumption of aluminium recycling follows the same trend than steel recycling (Table 
7). The re-melting and refining stages consume the same amount of resources to produce the aluminium 
alloy prior to the final alloying. However, the three alloys will require virgin aluminium to dilute the 
copper (4,4%) that could not be removed in the re-melting and refining. This demand of primary 
resources is enormous for the high-quality alloy, which needs 18,000 t/h of virgin aluminium to dilute 
the copper impurity so that an aluminium alloy with an aluminium content of 99,9999% can be 
produced. Therefore, if the target is to produce a high-quality alloy, it is clear that the impurities of the 
aluminium fraction entering the recycling flowsheet must be as low as possible so that the dependence 
on primary aluminium resources decreases. 

Table 7: Resource consumption of thes steel and aluminium recycling flowsheet depending on the 
quality of the alloy produced. 

 Resources 
Low-quality alloy [kW] 

Resources 
Medium-Quality Alloy [kW] 

Resources 
High-Quality Alloy [kW] 

Steel recycling 2,279.4 2,279.4 2,279.4 
Steel alloying 39.7 120,065.9 886,189.3 
Iron-making 0 1,102,705.2 7,918,543.6 
Al recycling 252,6 252,6 252,6 
Al alloying 361,3 11142,3 2628955,4 
Primary Al 10735,2 538050,9 129339220,5 

5 Conclusions 

This paper has shown how exergy analysis through thermodynamic rarity indicator, can help in 
analyzing the most critical parts in terms of metals used in a car. This assessment together with a detailed 
recyclability analysis, using a product-centric-approach as used in this paper, is vital to understand the 
End of Life of products and hence gain valuable insights for design for recycling. Moreover, an exergy 
analysis to the recycling plants allows for identifying losses that can be subsequently minimized. 
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Particularly, in this paper we have demonstrated through an analysis of valuable car parts that the 
potential to recover most of the critical metals that are currently lost or downcycled through conventional 
recycling processes relies on the disassemblability potential and further treatment in dedicated recycling 
plants. If we do so, only by treating appropriately the 10 car parts analyzed (excluding the side which is 
already sent to a ferrous smelter), increases the raw materials recovered value of the car by 7%. All car 
parts selected as valuable are electric and electronic equipment. In fact, the new generation of cars are 
already incorporating much more electronics and hence this aspect should be especially taken into 
account. The methodology is not restricted to cars, but can be used to any product.  

Acknowledgements 

This study has been carried out under the framework of AWARE project (Automobile Waste Reduction 
of critical raw materials through recycling), funded by SEAT, S.A. and under the ENE2017-85224-R 
project, financed by the Spanish Ministry of Economy, Industry and Competitiveness. 

References 

[1] EC, “Critical Raw materials for the EU,” 2010. 
[2] T. E. Graedel et al., “Recycling Rates of Metals - A Status Report,” 2011. 
[3] A. Valero and A. Valero, “Thermodynamic Rarity and Recyclability of Raw Materials in the 

Energy Transition: The Need for an In-Spiral Economy,” Entropy, vol. 21, no. 9, 2019. 
[4] V. Simic and B. Dimitrijevic, “Risk explicit interval linear programming model for long-term 

planning of vehicle recycling in the EU legislative context under uncertainty,” Resour. Conserv. 
Recycl., 2013. 

[5] G. Calvo, A. Valero, and A. Valero, “Thermodynamic Approach to Evaluate the Criticality of 
Raw Materials and Its Application through a Material Flow Analysis in Europe,” J. Ind. Ecol. 

[6] A. Ortego, A. Valero, A. Valero, and E. Restrepo, “Vehicles and Critical Raw Materials: A 
Sustainability Assessment Using Thermodynamic Rarity,” J. Ind. Ecol., 2018. 

[7] A. Ortego, A. Valero, A. Valero, and M. Iglesias, “Toward Material Efficient Vehicles: 
Ecodesign Recommendations Based on Metal Sustainability Assessments,” SAE Int. J. Mater. 
Manuf., vol. 11, no. 3, 2018. 

[8] A. Ortego, A. Valero, A. Valero, and M. Iglesias, “Downcycling in automobile recycling process: 
A thermodynamic assessment,” Resour. Conserv. Recycl., vol. 136, pp. 24–32, Sep. 2018. 

[9] M. Iglesias-Émbil, A. Valero, A. Ortego, M. Villacampa, J. Vilaró, and G. Villalba, “Raw 
material use in a battery electric car – a thermodynamic rarity assessment,” Resour. Conserv. 
Recycl., vol. 158, 2020. 

[10] M. A. Reuter, A. van Schaik, and M. Ballester, “Limits of Circular Economy: Fairphone modular 
design pushing the limits,” World Metall. - Erzmetall, vol. 71, p. 12, 2018. 

[11] M. A. Reuter, A. van Schaik, and J. Gediga, “Simulation-based design for resource efficiency of 
metal production and recycling systems: Cases - copper production and recycling, e-waste (LED 
lamps) and nickel pig iron,” Int. J. Life Cycle Assess., vol. 20, no. 5, 2015. 

[12] E. V Verhoef, G. P. J. Dijkema, and M. A. Reuter, “Process Knowledge, System Dynamics, and 
Metal Ecology,” J. Ind. Ecol., vol. 8, no. 1–2, pp. 23–43, 2004. 

[13] A. Valero and A. Valero, “Thermodynamic Rarity and the Loss of Mineral Wealth,” Energies, 
vol. 8, no. 2, pp. 821–836, 2015. 

[14] A. Valero and A. Valero, “Exergoecology: A thermodynamic approach for accounting the 
Earth’s mineral capital. The case of bauxite-aluminium and limestone-lime chains,” Energy, vol. 
35, no. 1, pp. 229–238, 2010. 

[15] A. Valero and A. Valero, “From Grave to Cradle,” J. Ind. Ecol., vol. 17, no. 1, pp. 43–52, 2013. 
[16] A. Valero and A. Valero D., Thanatia: the destiny of the Earth’s mineral resources. World 

Scientific Publishing, 2014. 
[17] A. Valero D. and A. Valero, “The Crepuscular Planet. Part II: A model for the exhausted 

118



continental crust,” in Proceedings of ECOS 2009, 2009. 
[18] R. J. Sinclair, The Extractive Metallurgy of Lead. Melbourne: The Australasian Institute of 

Mining and Metallurgy, 2009. 
[19] R. T. Jones and A. C. Deneys, “Using a direct-current arc furnace to recover cobalt from slags,” 

JOM, vol. 50, no. 10. 1998. 
[20] K. J. Barker et al., “The Making, Shaping and Treating of Steel (Steelmaking and Refining),” 

Library (Lond)., vol. 19, no. 2, 1998. 
[21] M. E. Schlesinger, Aluminum recycling: Second edition. 2013. 
[22] A. Abadías Llamas et al., “Simulation-based exergy, thermo-economic and environmental 

footprint analysis of primary copper production,” Miner. Eng., vol. 131, 2019. 

119



120



6th International Conference on Contemporary Problems of Thermal Engineering 
CPOTE 2020, 21-24 September 2020, Poland 

 
 
 
 
 
 
 
 

 

Exergy-based assessment and multi-objective 
optimization of a Solid Waste treatment system 

including recycling routes 
 

Sofia Russo1*, Vittorio Verda2 

 

1,2Politecnico di Torino, Italy 
e-mail: sofia.russo@polito.it 

e-mail: vittorio.verda@polito.it 

Keywords: Municipal Solid Waste, Waste Management, Recycling, Embodied Exergy, Multi-
Objective Optimization 

Abstract 

The optimal management of the Solid Waste (SW) treatment system is still a crucial issue, since it 
involves political choices other than technological, social and economic factors. After the collection, the 
material streams are directed into the different treatment paths: the recycling plants for the separated 
material streams (e.g. paper, plastics, glass, metals) and the Mechanical Biological Treatment (MBT) 
plant for the Residual Unsorted Waste (RUW). The system outputs are the recycled manufactured 
products, the Refused Derived Fuel and the rejected materials from recycling plants. The calculation of 
the exergy cost (or Embodied Exergy, EE) of the processes appears a useful tool for accounting the 
resources invested in each step of the chain. Moreover, the enlargement of the system boundaries, with 
the inclusion of alternative scenarios for virgin materials production, allows the calculation of the 
avoided or additional exergy and monetary costs. Exergy indicators are developed and used for 
comparing different scenarios of waste recovering. Finally, a Multi-Objective Optimization is performed 
for seeking the best trade-off solutions, considering both the exergy efficiency and the total monetary 
cost; the optimization variables are linked to the amount of recycled materials. Results show that, even 
if the total recycling option is the best in matter of rational use of resources, trade-off solutions can be 
find for intermediate scenarios with moderate costs increment. 

1 Introduction 

Municipal Solid Wastes (MSW) generation is an unavoidable consequence of the contemporary 
communities’ lifestyle. According to [1], 2.01 billion tons of MSW are generated worldwide annually 
and at least 33% of them are not managed in an environmentally safe manner. Only for European 
countries, MSW generation is expected to grow of 25% by 2050; for developing countries, the increment 
will be in the order of two or three times the actual generation. Many heterogeneous factors (e.g. 
political, technological, social, geographical, economic) influence the MSW generation, composition 
and treatment options. For these reasons, an Integrated Solid Waste Management (ISWM) system is 
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defined as “the comprehensive waste prevention, recycling, composting and disposal program” [2]. The 
goal of an efficient ISWM is to optimize the operation and connection between its subsystems according 
to environmental and human health safety principles and including the economic constraints. A 
fundamental and huge ISWM subsystem includes the SW treatment, final disposal and recycling plants. 
Generally, after the collection, the separated material streams are first directed to transfer stations and 
then to dedicated treatment plants, namely: material separation facilities and recycling plants for 
separated material streams (e.g. paper, plastic packaging, glass, metals); Anaerobic Digestion Plants 
(ADP) for the Organic Matter (OM); Mechanical Biological Treatment (MBT) plants for Residual 
Unsorted Wastes (RUW) treatment; Waste-to-Energy (WtE) plants; landfills. The presence of transfer 
stations represents an intermediate step to manage the material streams before the treatment section, e.g. 
to split and allocate the collected separated materials into the different plants [3]. Different 
methodologies have been applied for the analysis of the ISWM systems [4]. A Life Cycle Assessment 
(LCA) analysis of household waste management in seven European countries is presented in [5]. An 
environmental assessment of waste management scenarios with energy recovery using LCA and multi-
criteria analysis is performed in [6]. An integration of environmental and economic indicators is reported 
in [7] for various waste management scenarios. In general, it appears evident that the comparison 
between the various treatment options cannot be done only in an economic perspective. In fact, through 
recycling, MSW become a new source of materials, substituting energy and resource intensive virgin 
material production chains. Therefore, it is necessary to enlarge the analyzed system boundaries in order 
to account for the avoided or additional resource consumption of the alternative scenarios. Among the 
different approaches, exergy-based analysis is a promising instrument for accounting the resources 
invested in processes and products manufacturing. Since exergy is a relative measure, exergy-based 
indicators are indicated for comparing different scenarios.  In [8], exergy criteria are used for evaluating 
different waste treatment options for various material streams. Exergy costs are calculated for 
accounting the resource depletion [9] and to assess recyclability indicators for abiotic [10] and biotic 
materials [11]. The inclusion of exergy-based indicators into the Industrial Ecology (IE) have been 
implemented by [12], who applied the Thermo-Ecological Cost (TEC) theory to the analysis of different 
energy and technological systems (e.g. hard coal production). An Embodied Exergy (EE) based analysis 
of a reduced MSW treatment system with uncertainty inclusion has already been conducted in [13]. 
Considering the many and conflicting influencing variables, a Multi-Objective Functions (MOFs) 
optimization appears to be the best choice for this kind of systems. Examples of MOFs optimization of 
waste management systems are present in literature [14][15], however no research considers both exergy 
and economic indicators. In this work, a reduced MSW treatment system is analyzed; paper, mixed 
plastic packaging and RUW collection and treatment paths are included. Since paper recycling chain is 
well industrially established, waste paper has an high recyclability index (i.e. more than 80 % of the 
collected paper is effectively recycled) [16]. Considering the European production, cardboard represents 
the first paper product of the recycled pulp industry. The alternative chain involves the production from 
virgin raw materials (wood cellulose) and results about 50% more energy-intensive [17]. Plastic 
packaging waste is multi-polymeric stream. After an intermediate step of plastic sorting, only few 
polymers go to recycling in form of films, bottles or hard containers: Polyolefin (PO), such as 
Polyethylene (PE) and Polypropylene (PP), or polyesters like Polyethylene terephthalate (PET). 
Residual mixed plastic, also called ‘plasmix’, is directed partly to energy recovery in cement kilns (71%) 
and dedicated cogeneration plants (29%) [18]. Nowadays, polymers are still generally produced from 
by-products of oil and gas refineries (i.e. naphtha) [19][20]. The RUW (i.e. the residual waste ‘after’ the 
Selective Collection, SC) together with the rejects of recycling processes have to be treated before final 
disposal in landfill or energy recovery, according to the Italian law LD 211/2015 art. 48. Thus, these 
wastes are directed to MBT plants, where the organic wet fraction is separated from the light and dry 
one and stabilized. Besides, ferrous and non-ferrous metals are recovered; the result is an outlet stream 
mainly composed by paper, plastic and textiles with a significant calorific value, called Refused Derived 
Fuel (RDF) [21]. According to [22], RDF can only be incinerated in cement kilns or power plants of 
more than 50 MW. In addition, MBT plants buffer the variations in SC. The aim of the present analysis 
is to evaluate the effect on exergy-based resource consumption indicators of flow repartition between 
plants, including all the possible combinations from zero to 100% of recycling of paper and plastic waste 
streams. Besides, a multi-objective optimization on cost and exergy efficiency is performed in order to 
find the trade-off points of system management.   
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2 Methodology 

2.1 SW treatment system boundaries 

In the modelling step, the first thing is to define the boundaries of the analyzed ISWM system (Fig. 1). 
The included sub-systems are the following: the Collection and Transport (C&T) of the separated 
material streams, 𝑚 ; the transfer station; the MBT plant for RUW stream, 𝑚 ; the paper recycling 
plant for paper stream 𝑚 , aimed at cardboard production; the plastic sorting plant for mixed plastic 
stream 𝑚 ; the polymer recycling plants.  

 

 
Figure 1: System boundaries and alternative processes 

 

The inlet stream is the total household waste generation, which corresponds to the sum of the single 
material streams, 𝑀 = ∑ 𝑚 . Splitting of material streams can occur at transfer station, considering 
that part of paper and plastics can be added to RUW and processed in MBT plant for RDF production.  
The split factors for the i-th stream and the resulting material flows to MBT and recycling plants are 
expressed by Equations 1, 2 and 3, respectively. All flow terms are calculated in kg/day. 

𝑥 =
𝑚

𝑚
 (1) 

𝑚 = 𝑥 ∙ 𝑚  (2) 

𝑚 = 𝑚 ∙ (1 − 𝑥 ) (3) 

Residual mixed plastic (‘plasmix’) 𝑚  from plastic sorting is destined to energy recovery after 
treatment. The final destination of the system are cement kilns for RDF energy recovery and the recycled 
products market for cardboard and recycled polymers. In the worst-case scenario of zero treatment, all 
waste would end up in landfill. Therefore, the alternative scenario includes the virgin materials 
production (for cardboard and polymers) and the pulverized coal supply for cement kiln. These 
alternative chains are modelled and used for evaluating the avoided/additional resource consumption in 
case of splitting. A more detailed description of the main sub-systems modelling is reported in the 
following paragraphs. All the modelling and simulations are performed in Matlab environment.  

2.1.1 Waste generation, collection and transport system 

First of all, an estimation of MSW flows has to be done. The analysis is done for a population of 500,000 
inhabitants, considering a pro-capita daily MSW generation of 1.3 kg/day. The gravimetric composition 
of the Total Unsorted Waste (TUW) (i.e. the waste ‘before’ the SC) is the reported in Table 1.  
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Table 1: TUW Gravimetric composition and degree of Selective Collection for each stream [23] 

Material Stream 
Gravimetric composition of TUW  SCi (%) 
%wg (w.b) w.b. 

Paper 26.97 80 
Recyclable Plastics 17.16 65 
Other Plastics  0.94 0 
Organic Matter 33.8 85 
Wood 6.13 85 
Leather 0.26 0 
Non-Ferrous Metal 1.08 65 
Ferrous metal 1.49 65 
Glass 6.29 85 
Textile 3.05 35 
Other Inorganics  2.8 0 

w.b.: wet basis  
 

Since a typical Italian kerbside (or door-to-door) collection system is modelled, the degrees of selective 
collection for the i-th material stream (𝑆𝐶 ) are set to relatively high values. In fact, it is demonstrated 
that kerbside collection allows reaching higher levels of household waste segregation [24]. Various sized 
rear-loader trucks are used for collecting and transporting the waste to the transfer stations; the 
estimation of the necessary number of trucks is the first step of collection scheme planning. It mainly 
depends from the population density, which influence the route time, and the MSW weekly generation. 
Then, the total specific costs associated to C&T, 𝑐 & , can be calculated as the sum of three 
contributions: vehicles purchasing and maintenance costs, 𝑐 ; operational costs (i.e. fuel 
consumption), 𝑐 ; labour costs, 𝑐 .  

2.1.2 MBT plant 

MBT plant is modelled and validated according to public data declared by Italian plants and literature 
review [25]. A detailed description of MBT structure, material, energy and exergy flows has already 
reported in [26]. Mass balances are calculated using the Recovery Factor Transfer Function (RFTF) 
matrix. The treatment chain is composed, in order, by: first shredding, pre-screening, magnetic 
separation, eddy current separation, storage, second shredding, fine screening, Near-Infrared Removal 
(NIR) and third shredding. Energy is needed only in form of electricity for equipment movement.  

2.1.3 Paper recycling and production plants 

Modelling of paper recycling and virgin production chain is done conforming to the information reported 
in the BAT reference document [17] and literature [27]. Details of model assumptions and characteristics 
has already been described in [13]. The paper recycling process is divided into two sections: the stock 
preparation, namely screening, shredding and pulping of the waste paper stream; the cardboard making 
process, which consists in pulp magnetic separation, screening, spraying, drying and pressing. 
Electricity is necessary for pulp formation, while steam has to be supplied in the drying section.  

2.1.4 Polymer recycling and production plants 

Polymers recycling and production chains are already been deeply depicted in [11]. In this work, 
secondary (i.e. mechanical) recycling is considered for PE, PP and PET; this is the most common 
recycling technique for thermoplastic polymers and it involves cleaning, drying, shredding, contaminant 
separation, addition of additives, agglomeration, pelletization and extrusion [19]. The traditional 
production chain is based on the polymerizations of monomers obtained from steam cracking of naphtha 
or gas oil [20]. 
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2.2 Exergy cost of processes  

The application of exergy analysis to this type of systems allows the comparison on a common and 
rational basis of flows of different nature (i.e. material, electricity, heat).  Thus, the first step is the 
streams exergy characterization. The RUW chemical exergy is calculated by the sum of its organic, 
inorganic and water parts. The chemical exergy of each organic material (e.g. paper, organic matter, 
wood, leather, mixed plastics and textiles) is evaluated using the φ coefficient of correction of LHV 
proposed by Szargut [28]; the exergy of pure iron and aluminum is assumed respectively for ferrous and 
non-ferrous metal, while the exergy of glass is calculated considering its solid mixing [29]. For the water 
W, only the chemical exergy (𝑏 , kJ/kg) is considered, since ambient temperature (T0) and pressure 
(p0) are assumed. In case of electricity, the exergy content is equal to the energy one. The exergy of 
steam and hot water is calculated considering the contribution of physical and chemical exergy. All the 
formulas and values are reported in [26]. Thus, these values are used for evaluating the cumulative 
exergy invested in processes and products, also called Embodied Exergy (EE). According to [30], the 
EE is also defined as the sum of the actual exergy of the system or product plus the exergy previously 
used to produce and provide the resources for creating it. In this case, the products are the RDF and the 
recycled cardboard and polymers; in addition, the ‘plasmix’ output is considered as fuel for both cement 
kilns and heat and power production, in the hypothesis of cogeneration. However, the inclusion of the 
alternative scenarios involves the evaluation of substituting products: pulverized coal for cement kilns 
[31], wood-based cardboard and polymers from hydrocarbons. Table 2 reports all the terms used for 
calculating the EE balances (Equations 4-16).  

 
Table 2: Embodied Exergy balances for processes and products (all EE terms are in kW) 

Processes 
Inlet RUW 𝐸𝐸 = 𝐸𝑥 → ∙ 𝑚 + (𝐸𝑥 → + 𝐸𝑥 ) ∙ 𝑚  (4) 
Inlet paper 𝐸𝐸 =  𝐸𝑥 → ∙ 𝑚 + (𝐸𝑥 → + 𝐸𝑥 ) ∙ 𝑚  (5) 

Inlet mixed plastic 𝐸𝐸 =  𝐸𝑥 → ∙ 𝑚 + (𝐸𝑥 → + 𝐸𝑥 ) ∙ 𝑚  (6) 

MBT process 𝐸𝐸 = 𝐸𝑥 ∙ 𝑚  (7) 
Paper recycling process 𝐸𝐸 = 𝐸𝑥 + 𝐸𝑥 + 𝐸𝑥 + 𝐸𝑥 ∙ 𝑚  (8) 

Plastic sorting 𝐸𝐸 _ = 𝐸𝑥
_

∙ 𝑚  (9) 

Polymers recycling 𝐸𝐸 = 𝐸𝑥 + 𝐸𝑥 + 𝐸𝑥 ∙ 𝑚  (10) 

Products 
RDF 𝐸𝑥 = 𝐸𝑥 ∙ 𝑅𝐹𝑇𝐹 ∙ 𝑚  (11) 
Recycled Cardboard  𝐸𝑥 = 𝐸𝑥 ∙ 𝑅𝐸𝐶 ∙ 𝑚  (12) 

Plastic output 𝐸𝑥 = 𝐸𝑥 + 𝐸𝑥 + 𝐸𝑥 + 𝐸𝑥 + 𝐸𝑥 + 𝐸𝑥  (13) 

Virgin polymers 𝐸𝐸 = 𝐸𝑥 + 𝐸𝑥 + 𝐸𝑥 ∙ 𝑚  (14) 

Virgin cardboard 𝐸𝐸 = 𝐸𝑥 + 𝐸𝑥 + 𝐸𝑥 + 𝐸𝑥 ∙ 𝑚  (15) 

Coal 𝐸𝐸 = ∆𝐸𝑛 ∙ 𝑓 ∙ 𝑇𝐸𝐶 + 𝐸𝑥  (16) 

 

For the inlet waste streams, in addition to the chemical exergy 𝐸𝑥 , the exergy cost of transport is 
included (to both transfer station 𝐸𝑥 →  and MBT or recycling plant 𝐸𝑥 →  or 𝐸𝑥 → ), in terms 
of diesel consumption (𝐸𝑥 =45.6 MJ/kg) The MBT and plastic sorting only use electricity (𝐸𝑥 ), 
while the recycling processes require additives (𝐸𝑥 ), water (𝐸𝑥 ) and fuel (𝐸𝑥  and 𝐸𝑥 ). In 
virgin cardboard production, wood chemical exergy (𝐸𝑥 ), harvesting and transportation (𝐸𝑥 ) 

is included. The Thermo-Ecological Cost (𝑇𝐸𝐶 ) [12] is used for accounting the exergy invested in 
extracting and processing the coal, in the hypothesis of barge transport. The correction factor of TEC 
𝑓 = 0.93 is introduced, in order to account only the exergy cost associated to coal mining and 
extraction, ignoring the contribution of harmful substances abatement. The exergy of products are 
calculated as their chemical exergy in case of RDF and cardboard; in case of plastics, the ‘plasmix’ 
contribution is considered too, in terms of the electrical and thermal energy obtained by cogeneration.  
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2.2.1 Exergy efficiency and indicators 

EE concept can be used for developing indicators accounting the resources invested in different 
scenarios management. In this work, three exergy-based indicators are developed and used. The first 
one is the Global Exergy Efficiency (GEE) (Equation 17). This represents a classical version of exergy 
efficiency, which compares the recovered exergy (namely the EE of products) with the total invested 
exergy. The value of recycled products is not only linked to chemical exergy, but mostly to the fact that 
they substitute virgin materials. For this reason, the additional/avoided EE of the alternative scenarios 
is accounted in the invested exergy. The Additional Exergy Indicator (AEI) (Equation 18) expresses the 
additional exergy associated to treatment and transport to recycling plants as a percentage of the one 
that would be lost in case of landfill disposal after collection. Finally, the Exergy Scenario Comparison 
(ESC) (Equation 19) compares the actual scenario with the zero treatment case, including the alternative 
production chains. All the indicators are evaluated according to the variation of the split factor of paper 
and plastic (𝑥  and 𝑥 ) between 0 (corresponding to 100% of recycling) and 1 (no recycling occurs). 
If fractions of paper and plastics go to MBT (𝑚  and 𝑚 ), the corresponding recycled 

products have to be produced in alternative ways, constituting an additional exergy burden (+𝐸𝐸 ) 

and (+𝐸𝐸 ); however, at the same time more RDF fuel is produced, leading to coal supply savings 
(−𝐸𝐸 ). 

 

𝐺𝐸𝐸(%) =
𝐸𝑥 + 𝐸𝑥 + 𝐸𝑥

𝐸𝐸 + 𝐸𝐸 + 𝐸𝐸 + 𝐸𝐸 + 𝐸𝐸 _ + 𝐸𝐸 + 𝐸𝐸 + 𝐸𝐸 + 𝐸𝐸 − 𝐸𝐸
 (17) 

𝐴𝐸𝐼(%) =
𝐸𝐸 + 𝐸𝐸 _ + 𝐸𝐸 + 𝐸𝐸 + 𝐸𝑥 →

𝐸𝐸 + 𝐸𝐸 + 𝐸𝐸
 (18) 

𝐸𝑆𝐶(%) =
𝐸𝐸 + 𝐸𝐸 + 𝐸𝐸 + 𝐸𝐸 + 𝐸𝐸 _ + 𝐸𝐸 + 𝐸𝐸 + 𝐸𝐸 + 𝐸𝐸 − 𝐸𝐸

𝐸𝐸 + 𝐸𝐸 + 𝐸𝐸 + 𝐸𝑥
_

+ 𝐸𝐸
_

+ 𝐸𝑥 _

 

 

(19) 

2.3 Multi-objective optimization  

The MOFs optimization is used when conflicting objectives are present, in order to find the best trade-
off solutions. These are also called the non-dominated solutions or the Pareto-optimal set (or front). 
Various techniques are used to reproduce the Pareto front, such as the weighted sum methods, the ε-
constrained method and the weighted metric method. In this work, a MOFs optimization for total cost 
𝐶  minimization and GEE maximization is performed. The optimization variables are the split factors 
𝑥  and 𝑥 , which can vary from 0 to 1. The aim is to find the existing optimal configurations and the 
corresponding range of cost and efficiency. The possibility of splitting the paper and plastic streams 
implies savings in monetary costs linked to recycling options but, at the same time, an increasing exergy 
burden of the alternative production chains; thus, a minimization of monetary costs only is not sufficient 
to ensure a rational use of resources. The MOFs optimization is performed in MATLAB environment, 
using an elitist Genetic Algorithm (GA) technique [32]. The 𝐶  (Equation 20) is the sum of: the fixed 
maintenance costs of the j-th plant 𝐶 , the process cost 𝐶 , the cost for residuals disposal 𝐶 , 
and the collection and transport cost 𝐶  and 𝐶  of the i-th material steams to the j-th treatment plants.  

 

𝐶 = (𝐶 + 𝐶 + 𝐶 + 𝐶 + 𝐶 ) (20) 

𝐶 (𝐾) = 289.7 ∙ ln 𝐾 − 2964.3 (21) 
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For the MBT plant, 𝐶  is calculated as the 10% of the total investment cost through the correlation 
in Eq. 21, obtained from equipment cost data referring to a range of capacity K between 60 and 300 
tons/day. With regard to recycling plants, 𝐶  is about 5% of the global revenues based on products 
selling. The cost of MBT and plastic sorting processes is linked to electricity consumption only, while 
in the recycling process cost, the purchase of electricity, water, Natural Gas (NG) for auxiliary boiler, 
fuel and additives is included. For all plants, the rejects cost is the one of disposal in landfill. The C&T 
cost is calculated with the specific costs explained in Section 2.1.1. Total cost is expressed in €/day. The 
values of most important parameters used for the exergy analysis and optimization are summarized in 
Table 3.  

 
Table 3: Parameters used for the analysis, based on [33][17][12][34][35][36] 

Waste transport Exergy 
Truck capacity [m3] 10 Exergy of diesel [kJ/l] 35,654 
Route time [hours] 1.44 Exergy of additives [kJ/kgpap] 551 
Transfer station distance [km] 25 Exergy of NG [kJ/m3] 42,182 
Recycling plant distance [km] 50 Exergy of wood [kJ/kg] 19,223 
MBT plant distance [km] 25 Exergy of sludge [kJ/kg] 18,624 
Fuel consumption [l/km] 7 Exergy of wood transport [kJ/kg] 306 

MBT plant Exergy of wood harvesting [kJ/kg] 198 
Electricity consumption [kJ/kgRUW] 432 TEC coal [kJex/kJen] 1.12 
RUW density [kg/m3] 80 Exergy transport coal [kJ/kgcoal] 2901 

Paper recycling Exergy of cardboard [kJ/kg]  
Paper recovery factor (𝑅𝐸𝐶 ) 0.88 Exergy of PO [kJ/kg] 48,034 
SW in paper (%) 9 Exergy of PET [kJ/kg] 25,242 
Waste fibers (%) 1.62 EE PO recycling [kJ/kg] 3,014 
NG consumption [m3/kgpap] 0.087 EE PET recycling [kJ/kg] 4,000 
Water consumption [kgwat/kgpap] 14 EE PE virgin production [kJ/kg] 23,230 
Electricity consumption [kJ/kgcard] 846 EE PP virgin production [kJ/kg] 39,006 
Mixed paper density [kg/m3] 75 EE PET virgin production [kJ/kg] 51,211 

Polymer recycling EE PE virgin production [kJ/kg] 23,230 
Plastic sorting electricity [kJ/kgpl] 129.6 Costs 
Mixed plastic density [kg/m3] 23 Diesel cost [€/l] 1.55 
PE fraction in plastic sorting  0.166 NG cost [€/m3] 0.29 
PP fraction in plastic sorting 0.144 Landfill disposal cost [€/kg] 0.105 
PET fraction in plastic sorting 0.155 Waste paper cost [€/m3] 0.035 
‘Plasmix’ fraction in plastic sorting 0.326 Water cost [€/m3] 0.71 
PO recycling recovery factor 0.88 Cardboard cost [€/kg] 0.415 
PET recycling recovery factor  0.76 Cellulose cost [€/kg] 0.47 
Plasmix LHV [kJ/kg] 32,000 Electricity cost [€/kWh] 0.039 

Virgin cardboard Additive cost [% on cardboard production] 1 
Electricity consumption [kJ/kgpulp] 3600 PO cost recycling [€/kg] 1.33 
Water consumption [kgwat/kgpap] 20 PET cost recycling [€/kg] 2.155 
Waste fibers [%] 4.2 Salary for waste operator [€/year] 40,913 

3 Results 

3.1 Scenarios comparison based on Embodied Exergy 

Figure 2 shows the trend of the exergy indicators with all the possible splitting configurations. The GEE 
(Fig. 2a) is maximum (68.7%) when all the material streams go to recycling, while it drops down of 
20% (55.17%) in case of zero recycling. The paper split factor 𝑥  appears to have more influence, 
leading to a GEE variation of about 17% at constant 𝑥 ; in the opposite case the difference is only 3-
4%. As expected, the AEI follows the same behaviour; it ranges from 15.2% for 𝑥 =𝑥 =0 to 2.2%. 
Even in this case, the variation is more marked with 𝑥 , with a decrement from 62% (𝑥 =0) to 80% 
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(𝑥 =1); in the other case, the decrease is about 22% (𝑥 =0) and 60% (𝑥 =1). The ESC indicator 
has a different behavior: it is maximum in case of total recycling of plastic and zero recycling of paper 
and minimum in the opposite situation. The increment with 𝑥  at equal 𝑥  is about 4%, while the 
decrement in the opposite direction is of 2%.  

 

 
Figure 2: Variation of exergy indicators with splitting configurations 

 
It is interesting to observe the process contribution to the total invested exergy (kW), reported in Figure 
3 for the case 𝑥 =𝑥 = 0.5. The main considerations are the following. 

 

 
Figure 3: Process contributions to Total Invested Exergy 

 
 The highest share of the total invested exergy is associated to the chemical exergy of the inlet 

materials, in particular of the RUW (57.47%), followed by the waste mixed plastic (15.26%) 
and paper (11.82%). 

 In general, the exergy associated to waste transport is not so significant. Plastic transport has 
the major impact (1.66%) in terms of exergy with respect to paper (0.53%) and RUW transport 
(0.98%). 

 Among the treatment processes, paper recycling is the more resource intensive (4.17%), with 
respect to MBT plant (1.37%) and polymer recycling (0.68%). 

 Plastic sorting represents the lowest contribution (0.05%) in terms of invested exergy. 
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 The comparison between the alternative scenarios shows that virgin paper production has higher 
impact than polymer production (16.3% versus 6.3%). The algebraic sum with the exergy 
savings in alternative fuel supply is always positive and it amounts to 4.73% in case of paper 
and 1.24% in case of plastic.  

3.2 Pareto front and optimal configurations 

Figure 4 shows the Pareto front resulting from a MOFs optimization for minimization of 𝐶  and 
maximization of GEE, according to the split variables 𝑥  and 𝑥 . The curve is continuous, with 
GEE values ranging from 55.9% to 68.8% and cost values between 45.7 and 108.4 k€/day. The shape 
of the front suggests that the best trade-off configurations are the ones circled by red in Fig. 4, since they 
correspond to relatively high exergy efficiency (~66%) with still moderate costs (~54 k€/day). However, 
these solutions corresponds to 𝑥 ≈ 0 and  𝑥 ≈ 1. Including plastic recycling leads to an 
increment of GEE and costs; as example, the solutions circled in blue correspond to 𝑥 ≈ 0 
and 𝑥 ≈ 0.45, with relative values of GEE ≈ 67% and 𝐶  ranging from 80-90 k€/day. Improving 
the plastic recycling to 100% (𝑥 ≈ 1) doubles the total cost. On the other hand, the green-circled 
solutions are the ones with low recycling for both paper and plastics.  

 
 

 
Figure 4: Pareto front from MOFs optimization on exergy efficiency and total cost 

3.3 Discussion  

The behavior of the exergy-based indicators confirms the fact that, in any case, recycling options result 
in a better use of resources. The two main factors that influence the improvements in exergy efficiency 
for this type of systems are the weight percentage of material stream in RUW and the exergy 
consumption of the alternative chains. In this case, paper stream has the highest share in waste 
composition and the virgin production of cardboard counts for three times the resources of paper 
recycling. The comparison based on the AEI shows that the additional exergy is a relatively small 
percentage of the exergy that would be lost in case of absence of treatment, which includes the chemical 
exergy of waste. The comparison between all the exergy invested in the two scenarios (i.e. the actual 
and the no-treatment one), expressed by the ESC, shows higher values than AEI (difference percentage 
of 60%) but, in any case, lower than 100%. This fact is mostly due to the impact of the virgin production 
chains and confirms the advantage of having a waste treatment system. The distribution of the total 
invested exergy underlines that waste material streams are still important in terms of exergy content 
(84.55% of the total); the possibility of recovering part of this exergy requires an additional investment 
for transport (3.2% of the total) and recycling processes (6.22% of the total). Virgin plastic production 
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results less exergy-intensive than paper production; however, it has to be considered that the polymer 
production chain is assumed to start with the heavy hydrocarbons, so the fossil fuel extraction and pre-
treatment is excluded from the calculation of EE. The scenario of the alternative chains shows that, in 
case of half splitting of material streams, the additional and avoided exergy burden quite compensate 
each other, even if the balance is still positive. The output solutions from MOFs optimization show that 
a certain number of trade-off configurations exist, even higher monetary costs are associated to total 
recycling options. It is important to remind that, in real conditions, the management of the various parts 
of the ISWM system occurs separately, which means that the economic factor is crucial and it is almost 
the only objective for decision-making. However, the exergy perspective gives the measure of the 
resource utilization in the big picture, which should be considered since the aim is to dispose the waste 
in the most rational way, i.e. minimizing the global resource consumption.  

4 Conclusion 

A reduced MSW treatment system including MBT and recycling plants for paper and plastic streams is 
modeled. After the exergy characterization of the different flows, three exergy-based indicators are 
calculated according to different recycling scenarios. Since the output of the system are the RDF and 
the recycled materials, the exergy of alternative scenarios for substituting products supply is included.  

Besides, a MOFs optimization is performed for finding trade-off solutions (Pareto front) between 
monetary costs and exergy efficiency. Results shows that recycling options result the better way for a 
rational use of resources. However, the distribution of the Pareto solutions confirms that costs increment 
are considerable when total recycling scenarios are chosen.  
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Abstract 

Heat integration plays a significant role in efficient operation of chemical processes and industrial plants 
and brings along considerable economic benefits. Heat exchanger networks are the platforms through 
which heat integration is usually implemented. Since heat exchanger networks interconnect different 
units of a process or even sometimes different companies, their control problem is an essential issue. In 
this paper a procedure is introduced for developing an effective control structure of the heat exchanger 
network to handle the fluctuations and changes in operating conditions. The novelty of the proposed 
method lies on the exergy-based formulation of the problem that uses the advantage of exergy analysis 
in quantifying the thermodynamic inefficiencies of heat exchangers and mixers. Analysing the control 
system in this study addresses the problem of calculating values for manipulated variables in order to 
maintain target temperatures and minimize inefficiencies. Two optimization problems were solved and 
compared, in order to illustrate the advantage of exergy analysis in describing the performance of the 
system. 

1 Introduction 

Heat integration is considered as the primary development in the field of Process integration, in the 
attempt to make the industrial plants and processes more efficient [1]. The idea is for the heat to be 
recovered through process heat exchangers in order to reduce the heat and cold utility demands. The 
introduction of pinch technology [2][3] in the 70’s marks an important point in the history of process 
integration. Contrary to its’ previous experience-based methods, the pinch technology is a systematic 
approach, which sets targets prior to detailed design of heat exchanger networks (HEN). The targeting 
predicts the optimal performance of the process using simple physical principles. Pinch technology and 
many other following tools developed based on the similar concept are sequential design strategies. The 
growing progress in computer-aided design opened the possibility of simultaneous synthesis strategies 
based on mathematical programming. The pioneering work of [4] presented a linear programming 
transshipment model for predicting the minimum utility cost as well as a mixed-integer programming 
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version to minimize the number of units. [5][6][7][8][9] also contributed significantly to the field with 
their nonlinear programming and mixed-integer nonlinear programing models for the synthesis of 
optimal HENs. 

Since the methods used for the synthesis of HENs are mostly based on stream data at the nominal 
operating point and simplifying assumptions, they demonstrate deficiency to deal with operation 
fluctuations or system changes. [10] made advances in this regard by developing a design procedure 
based on worst-case scenarios. The work of [11] and [12] were pioneers by introducing the Resilience 
Index (RI) and Flexibility Index (FI) respectively. [13] also contributed significantly to the field of 
synthesis of resilient HENs. 

The topic of control of HENs has not been extensively addressed in the literature, possibly due to the 
high complexity and large computer capacity that is required to solve the problems. [14] developed a 
method for on-line optimization and control of HENs, consisting of a supervisory optimization level. 
[15][16][17][18][19] and [20] investigated the control system strategy and optimal operation of HENs 
and proposed heuristic rules for the selection of manipulated variables. However, further research is 
necessary in order to explain the relationships between the manipulated and control variables and clarify 
the difference between different control structures. 

This paper presents the insight that the use of exergy analysis provides in choosing the control structure 
for HENs. It describes how exergy analysis clarifies and quantifies the difference between different 
control configurations in HENs. The case study of [14] has been used in order to illustrate the method. 
The properties of the streams and the heat exchangers are already defined. Two possible bypass 
arrangements are compared for the nominal operation point. Two optimization problems are solved to 
find the best possible sets of heat duties and bypass openings. The first optimization problem pursues 
the objective of finding the least utility demand. The second formulation finds the operation variables 
for the least exergy destruction in the HEN. In the second section of this paper the energy balances, heat 
exchanger equations and operating constraints are presented. The third section discusses the topic of 
exergy and the related formulations. In the fourth section the control strategy is described, and the 
optimization problems are formulated. Fifth section presents the application case study and the 
investigated control configurations and in the final section the results of both energy- and exergy-based 
optimizations are presented and the advantage of the application of exergy analysis for the choice of 
manipulated variables is shown and discussed. 

2 Energy balances, Heat exchanger equations and operating constraints 

HENs contain a set of hot streams to be cooled down and cold streams to be warmed up to reach 
predefined target temperatures. They can also contain streams for which the final temperature should 
not necessarily be controlled. There are usually one or more process heat exchangers on each stream 
followed at the end of the stream by a utility heat exchanger. 

In general, the energy balance for each stream can be formulated as follows: 

 

�̇� ,

∈

+ �̇� , = �̇� 𝑐 , ∙ 𝑇 , − 𝑇 ,  𝑖 ∈ 𝑆 (1) 

 

where 𝑆 stands for the whole set of streams and for each stream 𝑖, �̇� ,  is the heat transfer rate at the 𝑘th 
process heat exchanger, �̇� ,  is the heat transfer rate at the (final) utility heat exchanger, �̇� 𝑐 ,  is the 
stream energy capacity and 𝑇 ,  and 𝑇 ,  are the outlet and inlet temperatures respectively. 

The parameters on the right-hand side of equation (1) are usually specified. For an optimal operation of 
the HEN, the control structure should be developed in a way to find and accommodate the best 
combination of heat exchange rates at the process and utility heat exchangers. 

In this paper the study is performed for an existing HEN, where the properties of the streams and the 
heat exchangers are known. The type and size of each heat exchanger is defined, and mass flow rates 
and inlet temperatures are specified. Therefore, the effectiveness-NTU Method is used for the modeling 
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of heat exchangers to calculate the heat transfer rates and outlet temperatures. According to [21] the 
effectiveness of a heat exchanger is a function of heat exchanger geometry and flow arrangement and 
can be formulated as: 

 

𝜀 =
�̇�

�̇�
=

(�̇�𝑐 ) (𝑇 , − 𝑇 , )

(�̇�𝑐 ) (𝑇 , − 𝑇 , )
=

(�̇�𝑐 ) (𝑇 , − 𝑇 , )

(�̇�𝑐 ) (𝑇 , − 𝑇 , )
 (2) 

 

Maximum possible heat transfer rate is the achievable heat transfer rate to heat the lower heat capacity 
stream from the inlet temperature of the cold stream to the inlet temperature of the hot stream: 

 
�̇� = (�̇�𝑐 ) (𝑇 , − 𝑇 , ) (3) 

 

The mathematical expression of the effectiveness for counter-flow concentric tubes heat exchangers is 
[22]: 

 

𝜀 =

1 − 𝑒𝑥𝑝 −𝑁𝑇𝑈(1 −
(�̇�𝑐 )
(�̇�𝑐 )

)

1 −
(�̇�𝑐 )

𝐶(�̇�𝑐 )
∙ 𝑒𝑥𝑝 −𝑁𝑇𝑈(1 −

(�̇�𝑐 )
(�̇�𝑐 )

)

 

(4) 

 

where 𝑁𝑇𝑈 (Number of Transfer Units) is a dimensionless group defined as follows: 

 

𝑁𝑇𝑈 =
𝐴𝑈

(�̇�𝑐 )
 (5) 

The definition of 𝜀 and 𝑄  is used to formulate the operation constraints of the heat exchangers. For 
a heat exchanger with finite heat transfer area, the range of heat transfer rate is constrained as follows: 

 
 

�̇� ∈ 0, (𝜀 ∙ �̇� )  (6) 

 

where 0 represents the fully open bypass (no mass flow passes the heat exchanger) and (𝜀 ∙ �̇� )  
represents the fully closed bypass. 

Finding the optimal operating point for fully closed bypasses requires the solution of the following LP 
problem: 

 
 

max ∑ �̇� ,  or min ∑ �̇� ,  (7) 

3  Exergy analysis 

The application of exergy analysis to heat exchangers and mixers, as the fundamental components of a 
HEN, is particularly useful and interesting. Since exergy calculations provide information about these 
components that are not available through energy analysis. 

While the amount of energy transferred to and from the streams in a heat exchanger is equal on both 
sides: 
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�̇�𝑐 𝑇 , − 𝑇 , = (�̇�𝑐 ) (𝑇 , − 𝑇 , ) (8) 

the same does not apply for the exergy of the streams: 

 
�̇� 𝑒 , − 𝑒 , = �̇� 𝑒 , − 𝑒 , + �̇�  (9) 

where 𝑒 stands for the exergy of the streams and �̇�  is the rate of exergy destruction in the heat exchanger 
due to the irreversibility of the heat transfer process. 

Similarly, the energy balance for mixers can be written as: 

 
�̇� , 𝑞 , + �̇� , 𝑞 , = �̇� 𝑞  (10) 

which means that the same amount of energy entering the mixers flows out of them. The exergy balance, 
on the other hand, is mathematically expressed as: 

 
�̇� , 𝑒 , + �̇� , 𝑒 , = �̇� 𝑒 + �̇�  (11) 

Again, the term �̇�  represents the amount of exergy destroyed due to the irreversibility of the mixing of 
two streams. 

This difference between the first and second laws of thermodynamics, can be used to gain detailed 
insight about the magnitude and the location of thermodynamic inefficiencies in the HEN. This insight 
enables the developer of the control structure to compare different control schemes and helps making 
decisions based on better understanding of the system. 

4 Control strategy 

While investigating the optimal operation of HENs the primary goal is to satisfy the predefined target 
temperatures of the streams at steady state. This requires that for each target temperature at least one 
manipulated variable is available. In the heat exchanger networks the common manipulated variables 
are: 

1. Bypass fraction across (one or multiple) process heat exchangers 

2. The duty of utility heat exchangers 

3. Stream-split fractions 

4. In addition to the these most common options, there are some rather uncommon possibilities 
that find application in special cases such as Process-streams flowrates, recycle (e.g. if 
exchanger fouling is reduced by increased flowrates) and heat exchange area.  

It is worth mentioning, that in practice the first two options are more widely used. [18] analyzed each of 
these strategies and suggested based on simulations for an example HEN that a stream splitter is not an 
appropriate manipulated variable, since the relation of the controlled variable to it is not monotonic. 
Thus, the stream-splits are not considered in this study. 

In addition to controlling the target temperatures, the prerequisite for the optimal operation of HENs is 
minimized utility cost at steady state. [10] and [16] introduced the analysis of the degrees of freedom to 
verify if the operation of a HEN can be optimized. Degrees of freedom are defined as the number of 
manipulated variables minus the number of controlled variables. Operation optimization is possible if 
degrees of freedom are greater than zero, which means that extra manipulated variables are available 
after each controlled variable has a manipulated variable assigned to it for regulatory control.  

It is common to define the optimization problems to find the solution for minimum annual utility costs. 
In this study however, the objective is to find the control structure and bypass openings that lead to the 
lowest exergy destruction rate. Equations (12) and (13) show the objective functions for the two 
optimization problems that are compared in this study: 
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𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 = 𝑚𝑖𝑛 𝑎 ∙ �̇� ,  (12) 

 

𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 = 𝑚𝑖𝑛 �̇� ,  
(13) 

where 𝑎  is the cost coefficient assigned to each utility stream. In this study the cost coefficients for 
utility streams 1 and 3 are unity and utility stream 2 is with the cost coefficient 1.05 five percent more 
expensive than the other two utility streams. 

5 Case study 

The problem to be solved is based on the application example in [14]. Figure 1 illustrates the HEN, 
which is composed of three heat recovery exchangers and three utility units. There are two hot streams, 
two cold streams and three utility streams. All four final temperatures have a target value. For this 
example, two control configurations, marked with the letters A and B in Figure 1 are considered. In both 
control configurations, there is a bypass on heat exchanger 3 and utility U2. The difference between 
design A and B is that in design A the doubly bypass of heat exchanger 3 is avoided and there is a single 
bypass around heat exchanger 1. Whereas design B demonstrates a multiple bypass, which prioritizes 
the control of the final temperature on stream C1. x1 and x2 are the bypass fractions on the streams C1 
and H2 respectively. 

 

Figure 1: Synthesis diagram and control loop configuration 

The nominal stream conditions and the heat exchanger data are given in Table 1 and Table 2 
respectively.  

Table 1: Stream conditions for the nominal operating point 

Stream T  [°C]  T  [°C]  ṁc  [kW/°C] 
H1 90 40 50 
H2 130 100 20 
C1 30 80 40 
C2 20 40 40 
U1 15 - 35 (max.) 
U2 30 - 30 (max.) 
U3 200 - 10 (max.) 
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3 
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2 U1 

U2 

H1 
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x2 

x1 
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M2 
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Table 2: Heat exchanger data 

Heat Exchanger AU [kW/°C] 
1 80 
2 50 
3 20 
U1 30 
U2 20 
U3 10 

 

6 Results and discussion 

The problem was modelled in MATLAB and solved with the NLP-solver fmincon. As the first step, the 
nominal steady state of design A and B with fully closed bypasses were formulated as LP problems. The 
solutions of these LP problems were then taken as initial values to solve the NLP problems with non-
zero bypass fractions. The results of the optimization problems with the objective functions as in 
equation (12) are in very good agreement with the original paper. Repeating the optimization problem 
with the objective function of equation (13) shows that optimizing the control variables based on 
minimum exergy destruction changes the distribution of heat exchanger duties in both process and utility 
heat exchangers, as well as the opening of bypass valves. The total heat duty expected from process and 
utility heat exchangers remain unchanged. The results of both optimization problems are listed in Table 
3.  

Table 3: Optimization results  

Design/ 
Obj. func. 

�̇�  
[𝑘𝑊] 

�̇�   
[𝑘𝑊] 

�̇�  
[𝑘𝑔
/𝑠] 

�̇� , . 
[𝑘𝑊] 

�̇� , . 
[𝑘𝑊] 

𝑥  𝑥  �̇� , . 
[𝑘𝑊] 

A/ 
Energy-
based 

1400 
800 
600 

300 
0 
0 

30.8 
0 
0 

2800 300 0.32 0.39 243.6 

A/ 
Exergy-
based 

1630.9 
800 
369.1 

69.1 
230.9 
0 

3.23 
5.78 
0 

2800 300 0.1 0.66 220.5 

         

B/ 
Energy-
based 

1475 
800 
525 

225 
75 
0 

29.5 
2.6 
0 

2800 300 0.26 0.1 238.4 

B/ 
Exergy-
based 

1603.9 
800 
369.1 

69.1 
230.9 
0 

3.2 
5 
0 

2800 300 0.1 0.63 218.8 

 

In this particular case, for nominal conditions there is no difference between the total process and utility 
heat duties in design A and B. Thus, from the energy point of view, neither of the designs can be 
considered as the better design. However, from exergy analysis, design B shows a slightly better 
performance. It should be noted, that this result is not valid for other possible operating points and a 
conclusion should be drawn by carrying out the analysis for all operating conditions and sequences. 
Figure 2 shows a comparison between the results of the optimization problems for design A. It can be 
seen that formulating the optimization problem based on exergy redistributes the thermodynamic 
inefficiencies of the components and in total around 10% less exergy destruction can be achieved. 
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Figure 2: Comparison of the distribution of exergy destruction for design A 

Taking a closer look at the magnitude of exergy destruction in the components of the HEN shows a 
significant reduction in exergy destruction of utility heat exchangers. This is due to the fact that using 
minimum exergy destruction as the objective of the optimization problem, not only considers the heat 
duty of the utility heat exchangers but also takes the mass flow rates and temperature changes of the 
utility heat exchangers into account. If the pumping energy is integrated in the calculations, this is an 
additional advantage, not only because of less required electrical energy but also because of the electrical 
energy costs that can be saved. It can also be seen that mixer 1 is favored over mixer 2, because heating 
or cooling of the streams that should be readjusted by mixing is avoided on thermodynamically 
unfavorable temperature levels. 

This article shows that optimizing the control variables of the HENs based on exergy, not only fulfills 
the control targets of a HEN, but also by changing the utility mass flow rates and bypass fractions a 
better thermodynamic and consequently economic performance can be obtained. 
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Abstract 

Apart from being an energy- and material- intensive sector, the cement industry has a strong 
environmental impact as it substantially contributes to greenhouse gases emission. In this paper, the 
reduction of coal used for clinker manufacturing was analyzed as one of the most effective ways to 
lower the emission intensity. Based on annual data of the Polish Association of Cement Producers and 
the quality parameters of various alternative fuels, it was estimated that the net CO2 emissions from 
fossil fuel combustion alone was 543 MgCO2 per hour, while with the full substitution of coal with 
alternative fuels it was about 361 MgCO2 per hour. A reduction of 70% in the share of fossil fuels 
resulted in 23% decrease in net emission. On the assumption that only 30% of coal is combusted, the 
total financial gain due to avoided CO2 emission and coal mass saving was 9718 Euro per hour. The 
results confirmed that be the co-combustion of waste in cement kilns can be an effective, long-term 
way to lower production costs and to mitigate carbon emissions from the clinker production process. 

1 Introduction 

Cement is a hydraulic binder, which means that after mixing with water it sets, hardens, and achieves 
proper strength characteristics, even in underwater conditions [1,2,3]. Due to its properties, cement is 
widely used as a binding material in the construction industry performing the role of a component of 
concrete mixtures, mortars, plasters, and many other products of construction chemistry. This finely 
ground material of gray color is produced by grinding clinker with calcium sulfate, being a setting 
time regulator (in the form of gypsum or anhydrite), and various ingredients such as granulated blast 
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furnace slag, fly ash, or limestone (depending on the type of cement) in a cement mill. The cement 
manufacturing process, along with marked sources of pollutant emissions, is schematically displayed 
in Fig. 1 [4]. Portland clinker is obtained by burning ground raw materials in a rotary kiln. The five 
stages which can be distinguished in the clinker production process occur in the following order: 1) the 
dehydration process (heating and drying of the homogenized raw materials), 2) the calcination process 
(decomposition of raw materials into calcium oxide and carbon dioxide [5], 3) the clinkerization 
process (formation of clinker phases: tricalcium silicate (C3S), dicalcium silicate (C2S), tricalcium 
aluminate (C3A) and tetracalcium aluminoferrite (C4AF) and 4) the clinker cooling process. 

 

Figure 1: Flow chart of cement manufacturing 

In 2019, an annual world cement production was estimated to be 4.2 billion tons and it was 
significantly higher than in 2005. In 2005, the total production of cement reached only 2.3 billion tons. 
In 2019, China produced over half of the world’s cement, with the output of 2.2 billion tons, followed 
by India whose production amounted to 320 million tons, Vietnam with 95 million tons, and the 
United States with 89 million tons [6,7]. The ten top countries in worldwide cement production are 
shown in Fig. 2. As concerns the European Union, the largest producers of cement are Germany, Italy, 
Poland, Spain and France. The Association of Cement Producers estimates that cement production in 
Poland was approximately 19.0 million tons in 2019, 17% more than in 2012, and around 1% more 
than in 2018.  
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Figure 2: Major countries in global cement production in 2018 

The cement manufacturing constitutes a significant source of anthropogenic carbon dioxide emissions 
both in the European Union and in the world [8]. The sector is responsible for approximately 5–9 
percent of worldwide emission [9,10]. In 2009–2018, carbon dioxide coming from the Polish cement 
industry constituted about 2–3% of the country total CO2 emission (Fig. 3) [11,12]. Circa 700–800 kg 
of CO2 was emitted per ton of clinker produced and about 500–700 kg of CO2 per one ton of cement 
produced (Fig. 4). In a cement plant, the calcination process plays an important role as concerns the 
environmental impact. It results from the fact that around 50–60% [13] of the carbon dioxide is 
liberated directly during the reaction of thermal decomposition of limestone. The combustion of fossil 
fuels in cement kilns contributes to about 40% of the carbon dioxide emissions [14], while 10% of 
CO2 released comes from indirect emissions due to electrical power consumption mainly during the 
grinding of cement and raw materials. 

 

 

Figure 3: Carbon dioxide emission in Poland and cement plants, for the period of 2009–2018 
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Figure 4: Amount of carbon dioxide per ton of clinker and cement produced in Poland 

According to the EU climate policy, the cement industry is obliged to reduce the level of its CO2 
emissions by around 30% until 2030 with the target of reaching net-zero emissions by 2050 [15]. 
Therefore, improving energy and ecological efficiency currently constitute the industry priority 
objectives in order to meet the targets set by the European Union. In recent years, the key activities of 
the cement industry in terms of sustainable development and the EU requirements concerning the 
reduction of CO2 emissions have been related to decreasing the use of energy and fossil fuels. The 
elimination of the wet process and the introduction of the dry method were the first steps taken to 
achieve energy efficiency. As a result, the modernization of cement plants enabled to reduce the 
specific heat consumption by almost 30–40%. In the wet process, the raw materials were introduced to 
the rotary kiln in the form of slurry with moisture content of about 30–40% [16]. Therefore, the higher 
energy consumption was caused by the necessity of evaporating water from the raw materials. In turn, 
in the dry process pre-heating and pre-calcining systems were incorporated. Dry kilns with a pre-
heater consist of a 4–6 vertical cyclones through which the raw meal passes down in the opposite 
direction of the moving hot exhaust gases [14]. As a consequence, the raw meal is partially pre-heated 
and pre-calcined. The pre-calciner is an additional furnace which calcines the materials after they have 
passed through the pre-heater but before they enter the rotary kiln. The pre-calciner chamber and the 
pre-heater account for approximately 40% of the fuel use, while 60% of the fuel is consumed in the 
rotary kiln. In addition, about 80–90% of the raw meal is calcinated [17]. Fig. 5 presents the energy 
consumption by various kiln systems [5]. 

 

Figure 5: Specific heat energy consumption by type of cement kiln 

An improvement of thermal efficiency and the reduction of CO2 emissions in the cement production 
were also achieved by the introduction of new types of cement with limited share of clinker by the 
application of industrial by-products, e.g. granulated blast furnace slags or fly ashes as admixtures 
[18,19]. In 2016, approximately 4 million tons of industry waste was used for cement manufacturing 
in Poland. Another effective way to lower production costs and carbon emissions from the clinker 
production process is the co-combustion of waste in cement kilns. Until 1980s, coal constituted the 
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main primary energy source in the clinker production, with a high emission factor of around 95 kg 
CO2/GJ (at the calorific value of 22.70 MJ/kg) [20,21]. The reduction of carbon dioxide emissions 
from the fossil fuels combustion in the rotary kiln was achieved by the application of fuels made from 
waste. Waste derived fuels include a wide range of refuse materials (i.e. residues from MSW 
recycling, industrial/trade waste, sewage sludge, biomass waste, etc.) which have been processed to 
fulfill  the guidelines and  regulatory or industry specifications, mainly to obtain a high calorific value. 
Different terms and abbreviations are used for the fuel produced from waste, e.g. in Germany it is 
labeled as SBS, EBS or BRAM, and in Italy as CDR, CSS [22]. In other European countries, the fuel 
is referred to as an alternative fuel (AF) [23] or refuse derived fuel (RDF) [24], while the European 
Committee for Standardization adopted the name solid secondary fuel (SSF) [25]. In the present work, 
the term alternative fuel will be applied to the fuel coming from waste. Alternative fuels are also 
subject to standard obligations related to CO2 emission monitoring and reporting. However, according 
to the EU Emissions Trading System, a part of the fuel that constitutes the biogenic (or biodegradable) 
fraction is treated as CO2-neutral and can be excluded from total emission [26]. So, replacing fossil 
fuels with alternative fuels brings about a number of economic benefits including fuel cost savings and 
lower fees for carbon dioxide emission. 

In 2020, Cembureau, the European Cement Association, published a new carbon neutrality roadmap 
that outlines different routes and options for achieving a significant reduction in CO2 emission. 
According to the report, the future activities of the Polish and European cement industry towards 
reducing environmental impact and achieving EU goals should focus on further valorization of waste 
in the production process (i.e. waste as an alternative fuel and a raw material in clinker production).  

The scope of this work was to determine the direct CO2 emission from co-combustion of the fossil fuel 
and alternative fuels. From the point of view of environmental protection, this constitutes an urgent 
issue to be addressed. The calculations were performed based on the amount of fuels needed for 
annual clinker production and the CO2 emission factor of the fuels. In the analyzed case, various 
configurations of fuel co-combustion were assumed; secondly, hard coal and alternative fuels were 
burned only in the main burner of the rotary kiln. Seventy samples of alternative fuels were analyzed 
in order to investigate how the quality parameters of various alternative fuels may affect the final 
amount of CO2 emission. The modified parameters of the samples included the calorific value and the 
carbon content. In the literature, the correlation between AF parameters and the amount of CO2 
emissions has been poorly discussed. Previously, the researchers [27,28,29] have focused primarily on 
studying the changes of clinker reactivity resulting from the use of various alternative fuels in the 
production of cement. In this work, an economic effect achieved due to avoided CO2 emission and the 
mass saving of the fossil fuel was additionally calculated. 

2 Materials and Methods 

2.1 Materials characteristics 

In the present work, 70 alternative fuel (AF) samples were analyzed to determine the potential 
reduction of CO2 emission from the co-firing of coal. The types of fuels covered in the study are 
mixtures of non-hazardous high-calorie waste such as tires, plastics and textiles from the mechanical 
treatment of waste (for example sorting, crushing, compacting, pelletizing). The combustible waste for 
energy recovery was marked with code 19 12 10 [23]. An analysis of AF quality parameters was 
performed in the Department of Environmental Monitoring, Central Mining Institute. The samples 
tested were initially dried at the temperature of 313 K. The dried samples were ground with the 
application of a knife mill (LMN-100, TESTCHEM); the nominal grain diameter in the prepared 
sample did not exceed 2 mm. The test samples were obtained by grinding with the use of cryogenic 
mill (6870, SPEX SamplePrep LLc). The total carbon content in the samples was determined by 
means of the high-temperature combustion method with IR detection (HELIOS CHS 900, ELTRA), in 
accordance with standard EN 15407:2011 [30]. The calorific value and the heat of combustion were 
determined using the calorimetric method (C 5000 IKA WERKE), based on the PN-EN 15400: 2011 
standard [31]. The results of the tests of AF samples are presented in Fig. 6. 
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Figure 6: Parameters of alternative fuels 

2.2 The calculations of CO2 emission from fuel combustion 

The emission of carbon dioxide coming from the co-combustion of coal and alternative fuels (AF) in a 
cement kiln was calculated on the basis of fuel consumption, the calorific values of the combusted 
fuels and CO2 emission factors. The emission factor is defined as a ratio of the mass of carbon 
contained in a unit mass of the fuel per its calorific value. The calculation was performed for several 
scenarios with various shares of alternative fuels. The fuel mix composition data are presented in 
Table 1. 

Table 1: Share of energy coming from conventional and alternative sources 

 Fuel Type 
  

Options 
1 2 3 4 5 6 7 8 9 10 11 

Coal (C) 100% 90% 80% 70% 60% 50% 40% 30% 20% 10% 0% 
Alternative fuel 

(AF) 
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100% 

For the purpose of this work, the following assumptions were made as listed below: 

a. The yearly average heat demand for the production of clinker equals 45∙109 MJ. The average 
heat consumption was estimated according to annual clinker production data from 2010 to 2018, 
published by the Polish Cement Association [11]. The results are given in Fig. 7. The curve in Fig. 7 
represents an annual clinker production, while the bar graph displays heat demand in clinker burning 
process per year. The values of the specific heat consumption per ton of clinker were in the range of 
3677–3828 MJ/Mg. On the basis of the following results, it can be concluded that with an annual 
capacity of cement kiln of about 12∙106 Mg of clinker, it is necessary to provide approximately 44–
46∙109 MJ of heat. 
b. The rotary kiln is operated for about 8000 hours annually. 
c. The fuel mix is combusted only in the main burner. 
d. The calorific value and the carbon content of coal are 28.81 MJ/kg and 76.2%, respectively 
[32]. The quality parameters of coal are unchanged in the calculations.  
e. The quality parameters of alternative fuels (i.e. calorific value and carbon content) are not 
constant. The calorific value of AF samples tested varies within a comparatively wide range, from the 
highest value of about 25.58 MJ/kg to the lowest value of 15.02 MJ/kg (Fig. 6). 
f. In the performed calculation, it was assumed that the biogenic fraction in alternative fuel 
samples will be 30% [33,34].  

The price of CO2 emission allowances is 30.04 €∙Mg-1 [35]. 
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Figure 7: Clinker production data for the period of 2010–2018, Poland 

3 Results and discussion 

3.1 Alternative fuels characteristic 

The results of the qualitative analysis, see Fig. 6, indicate differences between individual samples of 
alternative fuel, which may result from the heterogeneous nature of the waste used for fuel production. 
The calorific value of the tested AF samples ranges from 15.02 MJ/kg to 25.58 MJ/kg, while the 
carbon content changes from 37.09% to 64.42%. The average carbon content in the alternative fuels 
with the following calorific values: 15–16 MJ/kg, 16–17 MJ/kg, 17–18 MJ/kg, 18–19 MJ/kg, 19–20 
MJ/kg, 20–21 MJ/kg, 21–22 MJ/kg, 22–23 MJ/kg, 23–24 MJ/kg, 24–25 MJ/kg and 25–26 MJ/kg is 
equal to 38.49%, 42.70%, 45.57%, 48.66%, 51.64%, 52.63%, 53.18%, 53.23%, 54.65%, 54.83% and 
60.51%, respectively. As shown in Fig. 6, the higher carbon content in individual AF samples does not 
always correspond to a higher calorific value. For example, the carbon content in sample 18 (with the 
calorific value of 18.12 MJ/kg) is about 55.24%, and in samples 67 (with the calorific value of 24.87 
MJ/kg) and 68 (with the calorific value of 25.07 MJ/kg) the carbon content is 52.38% and 59.11%, 
respectively. 

3.2 Mass balance in co-combustion of coal and alternative fuel 

The analyzed case demonstrated that for the production of 12 thousand Mg of clinker per year, with a 
unit heat consumption of 3732 MJ/Mg, an amount of 194.31 Mg of coal per hour is needed. Fig. 8 
shows the quantity of alternative fuel necessary to obtain the required volume of heat, i.e. about 5.6 TJ 
per hour, with varying levels of coal substitution.  

 

Figure 8: The mass of the alternative fuel required for the production of clinker. The substitution of 
coal with alternative fuels was: 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90% and 100% 
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As can be seen in Fig. 8, an hourly demand for alternative fuels deceases with the increase in calorific 
value. Assuming complete substitution of coal with fuel of the AF type, the necessary amount of an 
alternative fuel with a calorific value of 15–19 MJ/kg is 300–400 Mg/h, while for an alternative fuel 
with a calorific value of 19–26 MJ/kg is 200–300 Mg/h. The effect of calorific value on the amount of 
the alternative fuel consumed is less noticeable at the consumption of 70–80% coal in the clinker 
production. For example, at 20% co-combustion of AF, the difference between the amount of the low 
calorie and high calorie fuels is 31 Mg/h, while at 80% substitution by AF the difference is 123 Mg/h. 
It was calculated that the thermal deficit due to the reduction of coal burning to 40% makes that 2–3 
times more alternative fuel must be mass transported into the rotary kiln than in the case of the 
conventional fuel, while with a 20% reduction it is 5–8 times more. This indicates that the alternative 
fuel storage area must be located significantly higher or the frequency of fuel supply increased as 
compared to coal. 

In this study, the mass savings of coal achieved due to a partial replacement with alternative fuel are 
presented in Table 2. Based on the results, it can be estimated that the substitution of coal with 
alternative fuels at the level of 70% means that the savings for the cement producer may exceed 55 
million Euro per year. It should be noted that in order to calculate the total financial profit, it is 
necessary to deduct the costs of alternative fuel from the value given in Table 2. The price of 
alternative fuels is much lower compared to the costs associated with coal, which makes these fuels 
more cost-effective [36,37].  

Table 2: Economic benefits of substituting coal with AF 

Share of heat from AF fuels Mass saving of the coal Cost savings 

% Mg∙h-1 €∙h-1  
10% 19.43 923 
20% 38.86 1 847 
30% 58.29 2 770 
40% 77.72 3 693 
50% 97.15 4 617 
60% 116.58 5 540 
70% 136.02 6 463 
80% 155.45 7 387 
90% 174.88 8 310 

3.3 CO2 emission balance 

 Fig. 9 shows the emission factors calculated on the basis of quality parameters of the alternative fuels 
tested. As can be seen, the factor value of some AF samples exceeds the emission factor from the 
combustion of coal. In this study, the emission factor of coal is 96.98 MgCO2/TJ, while from the 
combustion of alternative fuel samples, it ranges from 77.22 MgCO2/TJ to 111.78 MgCO2/TJ (the 
average value being 91.91 MgCO2/TJ). Higher emission factor values were recorded for sixteen fuel 
samples (numbered 8, 11, 13, 18, 21, 22, 25, 28, 29, 30, 32, 33, 35, 36, 42 and 50), mainly with a low 
calorific value of below 20MJ/kg and a high carbon content (> 52%). The ratio of carbon content and 
calorific value varied from 26.93 to 30.49 for these selected samples of AF, while for coal it was 
26.47. According to [17], the emission factor for hard coal (for year 2019), calculated on the basis of 
national average calorific value, is 94.70, i.e. the ratio of carbon to the calorific value is 25.85. This 
means that the most effective way to achieve a low CO2 emission factor will be to use alternative fuels 
with a ratio value below 25–26. 
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Figure 9: CO2 emission factor of alternative fuel samples tested 

Fig. 10 illustrates the avoided emission of CO2 resulting from the co-combustion of coal with 30% 
biogenic carbon containing alternative fuels. Biogenic carbon emission comes from waste of 
biological origin such as residues or waste streams from forestry and timber processing, agriculture, 
pulp and paper as well as sugar industries [37,38]. In accordance with the Intergovernmental Panel on 
Climate Change guidelines, the emission of biogenic carbon in the form of carbon dioxide from 
incineration process is regarded as climate-neutral and can be excluded from the total amount of CO2 
emissions. The biogenic fraction in fuel is determined by appropriate laboratory tests specified in 
European standards, i.e. the manual sorting method (MS), the selective dissolution method (SDM) or 
the radiocarbon method (14C-Method) [39]. In this work, the amount of biogenic fraction was 
assumed. As can be seen in Fig. 10, a co-firing of coal with 30% of alternative fuels allows to avoid 
about 40–59 Mg of CO2 emission per hour, while with 80% and 100% of AF even 104–150 Mg of 
CO2 and 130–188 Mg of CO2 per hour, respectively. The curves show slight decreases in the amount 
of avoided emission with the increases in calorific value of the alternative fuel samples (the samples 
are numbered from the lowest to the highest calorific value), particularly with high coal to AF 
substitution. It can be related to the fact that a necessary amount of a high-calorific AF to supplement 
the thermal deficit is lower than that of a low-calorific fuel. The irregular trend of the curves and the 
occurrence of peaks are related to the variability of quality parameters in the analyzed fuel samples, 
especially the carbon content. For example, the carbon content of fuels with a calorific value of about 
18 MJ/kg varies from 39.17% to 55.36%. 

 

 

Figure 10: Avoided CO2 emission from biomass fraction 
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Table 3 shows the financial benefits resulting from the avoided fees for CO2 emissions. In the 
analyzed case, the cost of CO2 avoided ranges from 465 Euro per hour for the lowest reduction of coal 
combusted to 4185 Euro per hour (assuming 90% combustion of the alternative fuel). On an annual 
basis, these costs will amount to several million Euro. Of course, the greater the biogenic fraction 
share, the greater the profit. With the share of the biogenic fraction at the level of 60%, the savings in 
Table 3 will double. The financial benefits will also depend on the price of carbon dioxide emission 
allowances of the Emission Trading System (EU ETS) [35]. From the beginning of 2020 to mid-
March, the prices for the emission of 1 ton of CO2 were at the level of 22–26 Euro. At the end of 
March 2020, the prices of CO2 emission allowances dropped significantly, even to 14 Euro. Currently, 
the exchange price of CO2 emission allowances reaches the level of 28–30 Euro. In the analyzed case, 
each increase in the share of heat from alternative fuels by 10% means on average about 15 Mg per 
hour of additional CO2 emissions avoided. 

Table 3: The financial benefits resulting from the avoided fees for CO2 emissions 

 
Share of heat 

from AF 
fuels 

Avoiding CO2 
emission (30% of 

biomass) 

Benefits of fees from avoided 
emission of CO2 

% Mg CO2∙h-1 €∙h-1 €∙year-1 

10% 15.48 465 3 720 268 
20% 30.96 930 7 440 536 
30% 46.44 1 395 11 160 804 
40% 61.92 1 860 14 881 072 
50% 77.40 2 325 18 601 341 
60% 92.88 2 790 22 321 609 
70% 108.36 3 255 26 041 877 
80% 123.84 3 720 29 762 145 
90% 139.32 4 185 33 482 413 
100% 154.80 4 650 37 202 681 

Fig. 11 presents the total emission of CO2. The calculations were made on the assumption of two 
different biogenic fraction contents in fuels, namely 30% and 60%. In Fig. 11, the gross emission is 
related to the Mg of CO2 emitted including also the emissions from the biogenic fraction, while net 
emission takes into account a zero emission factor from the biodegradable fraction. It was calculated 
that to obtain 5.6 TJ∙h-1 of heat, 194.31 Mg of coal per hour is needed, which corresponds to the total 
emission of about 542.90 MgCO2. As can be observed in Fig. 11, the replacement of coal with AF has 
undoubtedly resulted in a reduction of fuel emissions. This is due to the fact that alternative fuels 
contain a biogenic fraction with zero emissions. It was found that each successive 10% increase in the 
share of heat from alternative fuels (with the biogenic fraction of 30%) contributed to the reduction of 
the net emission level by each subsequent about 3–4%. In the case of 90% coal and 10% alternative 
fuels, the average level of net emissions from all samples is 524.73 MgCO2, and with 80% coal and 
20% alternative fuels it is 506.56 MgCO2, whereas with 70% coal and 30% alternative fuels it is 
488.39 MgCO2. With regard to alternative fuels with a twice higher share of the biogenic fraction, 
each 10% replacement of coal will reduce emissions by about 6%. Based on the results, it was found 
that with the full substitution of coal, the average gross emission of CO2 from all samples is 30% 
higher than the net emission (Fig. 11j), while with 20% substitution of coal the difference is 6% (Fig. 
11b).  

According to the methodology used for EU-ETS benchmarks, a limit value for clinker production is 
766 kgCO2/ Mg clinker [40]. Based on the results in Fig. 11, gross fuel emission is on average at the 
level of 353 kgCO2 per Mg of clinker (with the production of 12 million Mg of clinker per year and 
the working time of 8000 hours). Substitution of 50% and 70% coal with alternative fuels of 30% 
biomass content resulted in the reduction of fuel emissions to the level of 301 kgCO2 and 277 kgCO2 
per Mg of clinker (net emission), respectively. This is about 30–40% of the emission benchmark of 
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766 kgCO2 per Mg of clinker. It means that approximately 60–70% of CO2 emissions can come from 
the calcination process (process emission). 
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Figure 11: The amount of CO2 emitted from co-combustion of coal with a) 10%, b) 20%, c) 30%, d) 
40%, e) 50%, f) 60%, g) 70%, h) 80%, i) 90 and j) 100% alternative fuel 

A slight decline of the total net emissions is observed with the increase in the calorific value of the 
alternative fuels, particularly at the high level of coal substitution with AF (Fig. 11h, 11i and 11j). For 
example, in the case of a 70% share of alternative fuels with the emission factors below 96 MgCO2/TJ 
(Fig. 9), the average net CO2 emission from samples with a calorific value of 16–17 MJ/kg is 413 
MgCO2/hour, while for samples with a higher calorific value in the range of 21–22 MJ/kg and 24–25 
MJ/kg, the emissions are 407 MgCO2/hour and 386 MgCO2/hour, respectively. For the sixteen 
remaining samples with the emission factor above 96 MgCO2/TJ, the net emission was in the range of 
430–470 MgCO2/hour and was only about 13–23% lower than the emission coming from 100% coal 
combustion, regardless of the calorific value. 

4 Conclusions  

The paper discusses the issue of using alternative fuels in clinker burning systems. The performed 
calculations showed the environmental and financial benefits of using alternative fuels as coal 
substitutes in cement manufacturing.  

The estimated emissions were determined using the CO2 emission factor for coal of 96.43 MgCO2. 
The calculation reveals that the net emission of CO2 was reduced by about 25%, which was achieved 
by the co-combustion of 70% alternative fuels with CO2 emission factor below 96.43 MgCO2. In the 
case of fuel samples with CO2 emission factor above 96.43 MgCO2, the decline in emissions was 
slight, about 18%. In the analyzed case, an increase in the share of alternative fuels by each 10% 
resulted in a saving of coal mass by 19.43 Mg per hour, which generates savings of about 923 Euro. In 
turn, the 10% reduction of coal burned means that about 0.56 TJ/h of thermal deficit must be 
supplemented with alternative fuel. This requires the burning of about 28–37 Mg of AF with the 
calorific value <20 MJ/kg and about 22–27 Mg of AF with the calorific value <20 MJ/kg within an 
hour. The total savings of approximately 1,388 Euro per hour were calculated for each 10% increase in 
alternative fuels. The cost reduction resulted from both the mass savings of the coal and the co-
combustion of alternative fuels with the 30% biogenic fraction content. 

It has been proven that substituting coal with alternative fuels is one of the most prospective solutions 
from the point of view of environmental protection. The use of alternative fuels for the production of 
clinker allows reducing CO2 emissions, i.e. mitigate the impact of cement plants on the environment, 
as well as contribute to reducing the amount of landfilled waste and relieving local landfills. 

 

0
50

100
150
200
250
300
350
400
450
500
550
600
650

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70

C
O

2
em

is
si

on
, M

g 
pe

r 
ho

ur

Sample number

i.

net emission (30% biomass)
gross emission
net emission (60% biomass)

0
50

100
150
200
250
300
350
400
450
500
550
600
650

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70

C
O

2
em

is
si

on
, M

g 
pe

r 
ho

ur

Sample number

j.

net emission (30% biomass)
gross emission
net emission (60% biomass)

152



 

 

Declaration of competing interest 

The authors declare that they have no known competing financial interests or personal relationships 
that could have appeared to influence the work reported in this paper. 

Acknowledgements 

This work was supported by the Ministry of Science and Higher Education, Poland [grant number 
11175010]. 

References 

[1] Moya J.A., Pardo N., Mercier A.: Energy efficiency and CO2 emissions - prospective scenarios 
for the cement industry. Publications Office of the European Union, (2010). 

[2] Kurdowski W. Cement and concrete chemistry. Springer Netherlands, (2014).  

[3] Gonçalves M.C., Margarido F. Materials for construction and civil engineering. Springer 
International Publishing, (2015).  

[4] Stafford F.N., Dias A.C., Arroja L., Labrincha J.A., Hotza D. Life cycle assessment of the 
production of Portland cement: a Southern Europe case study. Journal of  Cleaner Production 
Vol. 126, 2016, pp.159–165.  

[5] Rahman A., Rasul M.G., Khan M.M.K., Sharma S. Impact of alternative fuels on the cement 
manufacturing plant performance: an overview. Procedia Eng Vol.56, 2013, pp.393–400.  

[6] Garside M. Major countries in worldwide cement production 2015–2019. Available at: 
https://www.statista.com/statistics/267364/world-cement-production-by-country/;2020 [accessed 
23.07.2020]. 

[7] Zhou W., Jiang D., Chen D., Griffy-Brown C., Jin Y., Zhu B. Capturing CO2 from cement plants: 
a priority for reducing CO2 emissions in China. Energy Vol. 106, 2016, pp. 464–474.  

[8] Pardo N., Moya J.A., Mercier A. Prospective on the energy efficiency and CO2 emissions in the 
EU cement industry. Energy Vol. 36, 2011, pp. 3244–3254.  

[9] The role of CEMENT in the 2050 Low Carbon Economy. Cembureau The European Cement 
Association. Available at: www.cembureau.eu [accessed 23.07.2020]. 

[10] Talaei A., Pier D., Iyer A.V., Ahiduzzaman M., Kumar A. Assessment of long-term energy 
efficiency improvement and greenhouse gas emissions mitigation options for the cement industry. 
Energy Vol.170,  2019 pp.1051–1066.  

[11] Polish Cement Association, Available at: https://www.polskicement.pl/ [accessed 23.07.2020]. 

[12] Statistical Review of World. Energy 2020. CO2 emissions – 2019 in review. Available at: 
https://www.bp.com  [accessed 23 July, 2020]. 

[13] Mokhtar A., Nasooti M. A decision support tool for cement industry to select energy efficiency 
measures. Energy Strateg Rev Vol.28, 2020, pp. 100458.  

[14] Habert G. Assessing the environmental impact of conventional and ‘green’ cement production. 
In: Eco-efficient Construction and Building Materials. Elsevier (2014), pp. 199–238.  

[15] Cementing the European Green Deal. Reaching climate neutrality along the cement and concrete 
value chain by 2050. CEMBUREAU The European Cement Association. Available at: 
www.cembureau.eu [accessed 29.07.2020]. 

[16] Saidur R., Hossain M.S., Islam M.R., Fayaz H., Mohammed H.A. A review on kiln system 
modeling. Renew Sust Energ Rev Vol.15, 2011, pp. 2487–2500.  

[17] Gao, T., Shen, L., Shen, M., Liu, L., Chen, F. Analysis of material flow and consumption in 
cement production process. Journal of Cleaner Production Vol 112, 2016, pp. 553–565.  

153



 

 

[18] Cement. Composition, specifications and conformity criteria for common cements. EN 197-
1:2000 

[19] Kuteryńska J. Król A. New types of low-carbon cements with reduced Portland clinker content as 
a result of ecological actions of cement industry towards sustainable development. J Environ Stud 
Vol.16, 2016, pp. 403–419. 

[20] Calorific values CO and CO2 emission factors (EC) in 2016 for reporting under the Emission 
Trading Scheme for 2019, Available at: 
https://www.kobize.pl/uploads/materialy/WO_i_WE_do_monitorowania-ETS-2019.pdf,  
[accessed 29.07.2020]. 

[21] Chatziaras N., Psomopoulos C.S., Themelis N.J. Use of waste derived fuels in cement industry: a 
review. Management of Environmental Quality: An International Journal Vol.27, 2016, pp. 178–
193.  

[22] Wzorek M., Król A. Assessment of the quality of fuels from waste used in coal co-firing 
processes. Scientific Works of Institute of Ceramics and Building Materials Vol.5 2012, pp.  444-
465. 

[23] Regulation of the Minister of Climate of 2 January 2020 on the catalogue of wastes (Journal of 
Laws of 2020 item 10). 

[24] Refuse derived fuel, current practice and perspectives - Final Report, European Commission-
Directorate General Environment; 2003. 

[25] Solid recovered fuels - Terminology, definitions and descriptions. EN 15357:2011. 

[26] Kang S., Kim S., Lee J., Jeon Y., Kim K.H., Jeon E. Study on applying biomass fraction for 
greenhouse gases emission estimation of a sewage sludge incinerator in Korea: A case study. 
Sustainability Vol.9 2017, 557.  

[27] Chatterjee A., Sui T. Alternative fuels – effects on clinker process and properties. Cem Concr Res 
Vol. 123, 2019, 105777.  

[28] Serrano-González K., Reyes-Valdez A., Chowaniec O. Impact of the use of alternative fuels on 
clinker reactivity. Mater Construcc Vol. 66, 2017, pp. 120.  

[29] Böhm M. Effects of alternative fuels and raw materials on clinker properties. 34th International 
Conference on Cement Microscopy 2012, p. 45–54. 

[30] Solid recovered fuels. Methods for the determination of carbon (C), hydrogen (H) and nitrogen 
(N) content. EN 15407:2011. 

[31] EN 15400:2011Solid recovered fuels - Determination of calorific value. 

[32] Pamungkas BC, Hadi H. Potential of biomass utilization in rotary kiln of nickel processing plant. 
IOP Conference Series: Materials Science and Engineering Vol. 588, 2019,  12006.  

[33] Mikulcic H., Vujanovic M., Markovska N., Filkoski R., Ban M., Duic N. CO2 emission reduction 
in the cement industry. Chem Eng Trans Vol. 35, 2013, pp. 703–708. 

[34] Johnke B. Background papers. IPCC Expert Meetings on Good Practice Guidance and 
Uncertainty Management in National Greenhouse Gas Inventories. Emission from Waste 
Incineration. Intergovernmental Panel on Climate Change (IPCC), 2002, p. 455–68. 

[35] Emission Spot Primary Market Auction Report 2020, https://www.eex.com [accessed 23 July, 
2020]. 

[36] Coal prices and outlook, https://www.eia.gov/energyexplained/coal/prices-and-outlook.php 
[accessed 07 July, 2020]. 

[37] Iacovidou E, Hahladakis J, Deans I, Velis C, Purnell P. Technical properties of biomass and solid 
recovered fuel (SRF) co-fired with coal: Impact on multi-dimensional resource recovery value. 
Waste Manag 2018;73:535–45.  

[38] Kucharski P. Białecka B. Poultry manure as a substrate for agriculture and the chemical industry. 
Int Multidiscip Sci Geo Conf SGEM 2019;19:611–618. 

154



 

 

[39] Schwarzböck T, Aschenbrenner P, Spacek S, Szidat S, Rechberger H, Fellner J. An alternative 
method to determine the share of fossil carbon in solid refuse-derived fuels – Validation and 
comparison with three standardized methods. Fuel 2018;220:916–30.  

[40] Sanjuán MÁ, Andrade C, Mora P, Zaragoza A. Carbon dioxide uptake by cement-based 
materials: A Spanish case study. Appl Sci 2020;10(1):339.  

155



156



6th International Conference on Contemporary Problems of Thermal Engineering 
CPOTE 2020, 21-24 September 2020, Poland 

Identifying the potential market for supercritical 
CO2 power cycles 

Mohamed Noaman1*, Omar Awad1, Tariana Morosuk2, George Tsatsaronis2, Søren Salomo3 

1Department of Energy Engineering, Campus El Gouna, TU Berlin 
e-mail: mohamed.noaman@tu-berlin.de  

 
2Institute for Energy Engineering, TU Berlin 

 
3Department of Technology and Innovation Management, TU Berlin 

Keywords: Supercritical CO2 cycle, technology management, power generation, economic analysis, 
experts survey 

Abstract 

The field of technology management and the “technology foresight” methods allow organizations and 
stakeholders in a particular market or sector to create an advantage out of technological breakthroughs, 
sustain and expand technological competitiveness, and identify and evaluate new technological 
options. Several concepts are used in the technology management discipline, depending mainly on the 
actual status of the technology. To first identify the status of the supercritical Carbon Dioxide (sCO2) 
power generation technology, an extensive “technology exploration” task was performed by creating a 
technology profile through the collection of data based on in-depth literature analysis. This allowed for 
creating technological forecasts (“scenario approach”) for the sCO2 power cycle. In this paper, the 
sCO2 power technology is explored, evaluated in relation to current commercial competitive power 
generation technologies, and forecasted to give an insight into future trends of the novel sCO2 power 
cycle in the future market. The outcome of this study is the analysis of qualitative and quantitative data 
of the sCO2 technology that helped in creating short- to long-term forecasts, which in return could 
support in identifying the economic and market value of the sCO2 power cycle. In this study, three 
possible market scenarios were identified and combined with the results of a survey that was 
distributed among experts to assess different market penetration levels of the sCO2 technology. 

1 Introduction 

As the sCO2 technology is entering demonstration stage (according to Sandia National Laboratories 
(SNL) report published in June 2018 [1], by the year 2022 sCO2 technology could reach TRL7 
“Technology Readiness Level” and reach commercialization TRL9 by 2025), it is worth developing a 
methodology to evaluate its potential in future market penetration. TRL 7 means system prototype 
demonstration in an operational environment, and TRL 9, which is the end of the scale, means actual 
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system proven in the operational environment. For this purpose, the broad field of technology 
management depicted in Figure 1, can provide some valuable analytical tools [2]. One of its methods 
is “technology foresight”, which helps to identify and evaluate new technological options. The 
competitive advantage of the sCO2 cycle could be explored through the “technology foresight” 
approach to find out the possible market scenarios of the sCO2 cycle in the future. This paper aims to 
identify the market potential of the sCO2 power cycle and develop scenarios for how the technology 
development may look like in the future across different market segments. This is done by illustrating 
the advantages of the sCO2 power cycle compared to other power generation cycles. 

 

Figure 1: Technology management focus. [2] 

2 Methodology 

The technology foresight methodology has been applied as follows: 

● A technology profile, i.e., “Current status of the technology”, has been developed through: 

(1) creating a critical description of the sCO2 cycle, 

(2) identifying its current research and market status, 

(3) finding out the corresponding future business potential, 

(4) assessing the life cycle stage of the technology (technological uncertainty, degree of 
diffusion, breadth of potential application fields, research and development intensity, product 
maturity and technology availability), and 

(5) determining active players and their activities. 

● A systematic analysis and determination of key drivers were carried out, then different future 
developments (“future projections”) were identified for all key-drivers. 

 

A set of possible scenarios has been developed based on the evolution of the key selected drivers. 
Finally, the market penetration of the sCO2 technology was assessed for each of the selected 
scenarios. 

The technology key drivers were obtained with the support of the software “Parmenides EIDOS” [3] 
by developing a situation analysis for all the possible external key drivers that affect the technology 
through linking and identifying relationships among them. After assessing the possible technology 
development scenarios, a survey was prepared and distributed among experts in the sCO2 technology 
both to reduce the gap between data collected and the most recent developments. Finally, the 
undertaking of an economic analysis building on the three achieved scenarios and the results of the 
survey is recommended to help deciding upon the competitiveness of the sCO2 power cycle in the 
market. The methodology is illustrated in Figure 2. 

 

Figure 2: sCO2 technology management methodology 
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2.1 Data collection and technical analysis 

Apart from being non-toxic, non-flammable, nonexplosive, and available at low cost, CO2 has a low 
critical temperature (31℃) and pressure (7.4 MPa), that allows it to be compressed directly to 
supercritical pressure and heated at moderate conditions to a supercritical state. The supercritical CO2 
density is twice that of water; therefore, the turbomachinery components’ size can be smaller than 
regular ones. Accordingly, the cycle requires lower investments, lower operation, and maintenance 
(O&M) expenses, and as a result, produces electricity at potentially lower prices [4]. Therefore, sCO2 
technology can overtake other power cycles since the levelized cost of electricity (LCOE) could be 
reduced by 10 to 20%. However, several technical obstacles need to be resolved [5]. 

The main advantages of the sCO2 cycle over conventional power cycles are [6]: (1) Smaller size of 
components, which means lower capital investment; (2) Higher efficiency at moderate turbine inlet 
temperatures (400 - 700 ℃); (3) Water use reduction; dry air cooling can be used instead of 
conventional water-cooling techniques. The technical challenges for the sCO2 power cycle are 
illustrated in Figure 3 and can be summarised as (1) Optimization of total pressure drop within the 
cycle; (2) Heat sink management; (3) CO2 leakage and related risks; (4) high flow rates management; 
(5) Pressure losses inside the boiler; (6) Materials lead to corrosion, metal dusting, oxidation; and (7) 
Turbine high rotation speeds. The power generation subsystem, heat rejection subsystem, and plant 
control system are already mature; however, it still needs improvement in the methods of control. The 
system configuration is supposed to be optimized for different operation conditions. Besides, the 
design of turbomachinery for sCO2 application needs further development in materials, coatings, 
sealings, and blade cooling system [7, 8].  

 

Figure 3: sCO2 power cycle technical challenges; adapted from [9]. 

2.2 Key drivers’ selection process and scenario development 

Key drivers are external factors that have a high impact on the development of technology. A thorough 
brainstorming and literature review, lead to the identification of 15 key drivers, namely: energy and 
electricity prices, materials, turbomachinery and cycle development, renewable energy forecast, 
urbanization, water consumption, energy and heat demand, environmental impact, commercialization 
competitiveness, climate change, mobility, and energy policies. They were added and connected on a 
scale from (-10) negative impact to (+10) positive impact in EIDOS software. Then, only six drivers 
having the most significant impact on the cycle’s future were selected, which were achieved by 
EIDOS’ situation-based analysis algorithm. To create a scenario, different projections for the key 
drivers were recognized. Those projections are developed to describe the possible changes for the key 
drivers in the future [10]. Figure 4 outlines the possible evolution trends for each key driver. 
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Figure 4: Projections of the technology’s six key drivers 

 

The possible projections were selected based on different energy outlooks and future 
recommendations from experts working in the energy and power industry. Each projection was 
entered in EIDOS software, and a consistency matrix was created by evaluating all key drivers’ 
projections in a pairwise comparison and rating the plausibility that specific pairs of projections could 
occur in conjunction, in a scale from (-3) total inconsistency to (+3) very strong consistency. The 
EIDOS software afterwards calculates the 100 most consistent combinations of different projections, 
where each combination of projections represents a possible scenario, of which only three scenarios 
are selected based on a “cluster view tool”, as shown in Figure 5. 

The cluster view tool is a complex mathematical algorithm that shows the possible scenarios on a map 
where the more similar two scenarios are, the closer they are indicated in the cluster view. The 
mentioned tool clusters the developed scenarios across different spatial regions based on their 
similarity. This allows for the straightforward assignment of a single “representative” scenario of that 
given cluster. Figure 6 illustrates the process of possible future scenarios selection. 

 

Figure 5: The three chosen scenarios from “cluster-view” tool 

 

Figure 6: Selection of future scenarios 
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3 Results 

The three scenarios are based on the data obtained from the cluster view tool. For every situation, the 
circumstances behind every key driver are described, and a scenario is explained, assessed, and easily 
used for future forecasting of the technology. A comparison between the three scenarios is shown in 
Table 1. 

Table 1: Comparison between three scenarios 

Key drivers Scenario 1 - pessimistic Scenario 2 - moderate Scenario 3 - optimistic 

Energy demand Low energy demand Slow growth in demand High energy demand 

Turbomachinery 
development 

No turbomachinery 
development 

Late development On-time development 

Energy prices High and stable prices Volatile energy prices Low prices 

Renewable energy 
(RE) 

Limited RE shares High shares without 
reaching RE targets 

Progressive shares 
reaching targets 

Energy policies Lack of international 
cooperation 

Limited emissions 
reduction 

Strong global pacts 

Commercial 
competitiveness 

Limited competition Moderate private sector 
participation 

High R&D funds from 
public and private 
sectors 

3.1 Survey results and analysis 

The survey aims to collect opinions, comments, and feedback from experts in the industry, academia, 
and research on the debatable key topics of the sCO2 technology in order to gather insightful data to 
help in constructing a short-term forecast. This short-term forecast, together with the three previously 
developed scenarios, would help in making decisions on the parameters and assumptions to be 
selected to use as an input for the economic analysis of the sCO2 cycle, as the technology did not yet 
reach maturity. Still, some technological directions are not firmly established. 

Twenty experts were surveyed online, 30% of whom come from the industry, another 30% from 
academia, and the remaining 40% from research institutes. Three-quarters of the participants were 
directly involved with the sCO2 technology while the remaining quarter are active members of the 
power sector. The participants were affiliated to organizations from China, Czech Republic, France, 
Germany, Italy, Mexico, South Korea, Spain, the UK, and the US. The survey contributed to pointing 
out some of the key drivers mentioned earlier, identify possible feasible cycle layouts, most pressing 
technical challenges, and estimating possible commercialization date. 

The answers with the highest percentage of the responses from the participants were used to enhance 
the data collected during the literature review stage and give insightful information about the 
technology to enrich the soundness of the future economic analysis of the cycle. The main results were 
as follows: 

1. Replying on what are the technical obstacles that need to be resolved for commercialization of 
sCO2 technology, the answers were focused on two main challenges, namely: 1) 
turbomachinery and material development to increase the cycle efficiency and 2) feasibility of 
the cycle in long-term projects. Furthermore, another response stated that each application has 
its technical obstacles that need to be solved and is also dependent on the heat source. 

2. How would sCO2 technology affect the market in 2030? 
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3. Which application would fit the most for the sCO2 power cycle? 

 

4. What is the best layout for the sCO2 cycle? 

 

5. When would a breakthrough in the sCO2 technology happen? 
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6. Replying on what could happen in the next three years for the sCO2 technology, most of the 
experts agreed that the first small-scale commercial unit should be commissioned in the next 
three years along with considerable developments in the turbomachinery that will close the 
gap between the theory and real-life application. 

7. How would the sCO2 power cycle affect LCOE in 2030? 

 

Beginning with how the sCO2 would affect the energy market in 2030, 50% of the experts agreed that 
the sCO2 will not affect other power plants and will have its own application. However, through 
analyzing the answers about the best application, 44% of the experts agreed that the best application 
could be (Concentrated Solar Power) CSP plants integrated with the sCO2 power cycle while 39% 
decided that Waste Heat Recovery (WHR) would fit the most with sCO2 cycle. 

The survey result showed as well that every application has its optimum layout, and the main criterium 
for selection is the application itself; however, the recuperation Brayton cycle marked the highest 
percentage with 28% followed by the recompression Brayton cycle. Although sCO2 counts as one of 
the most promising technologies in the power industry in the near future, there is no exact date for a 
breakthrough to take place. Relating to this point, 50% of the experts expected a breakthrough to 
happen within the next 2-3 years, while 44% estimated that ten years could be the possible date. 

Furthermore, the technical obstacles that the experts identified as being faced by the sCO2 are; 1) 
material technology development to increase the cycle maximum temperature and pressure 2) new 
manufacturing techniques to reduce the cost and material used in recuperators 3) development of 
natural gas sCO2 combustors for sCO2 direct power cycles such as improvement of air separation unit 
technologies for oxygen production 4) improvement of sealing and turbomachinery technology 5) 
doping of the CO2 to reduce its critical pressure and consequently increase the expansion ratio across 
the turbine. 

The experts’ expectations for the next three years regarding the development of the sCO2 technology 
were significantly aligned; most of the participants agreed that either small or large-scale 
demonstration power plants would be commissioned therefore validating the concept and closing the 
gap between theory and practice. Finally, more than 38% of the participants agreed that sCO2 
technology would decrease LCOE by 2030, while 33% said that it would help in improving the 
economics of thermal renewable energy technologies (CSP, geothermal, and biomass plants). 

4 Conclusion and future work 

The sCO2 technology shows high potential in the energy market in the near future, leveraging on the 
high number of stakeholders that are competing to develop the cycles and lead the technology. Several 
scenarios were developed based on the evolution of the chosen key drivers, namely: future energy 
demand, renewable energy shares, turbomachinery development, energy prices, commercial 
competitiveness, and energy policies. Moreover, different trend projections for the key drivers were 
selected, after which 100 consistent scenarios were developed. Three scenarios were found to have the 
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highest likelihood of taking place in the future, and the degree of sCO2 technology market penetration 
in each of them was discussed. 

The advantages of the sCO2 cycles make them suitable for several applications due to high-efficiency 
rates and flexibility of heat sources. Moreover, the sCO2 could be an alternative for steam bottoming 
cycles in combined cycle applications, especially those which require a small area for installations 
such as offshore platforms and ships in addition to the highly promising applications with CSP as well 
as WHR technologies including bottoming cycles. 

The above-presented work is a first step to design a reliable methodology that could support the 
development of accurate forecasts of the degree of market uptake of the sCO2 technology in the short-, 
mid- and long-term future. In order to reach meaningful sound conclusions, this research ought to be 
extended by an economic analysis of the technology. Assessing capital investment and O&M costs for 
each of the developed scenarios and with it, the relative competitiveness of the sCO2 technology 
compared to its counterparts.  

While the analysis presented on this paper has been mainly centred on capturing background 
conditions into key drivers, a second stage analysis should be undertaken to place a particular focus on 
key drivers reflecting the cost reduction potential of the cycle components in terms of material and 
manufacturing techniques.  

The combination of the findings of this first stage research together with quantitative estimates on the 
possible technology cost reduction paths would set the groundwork to provide accurate market 
forecasts of the potential penetration of the sCO2 technology both in terms of MW of installed 
capacity across different markets as well as the size of the sector in monetary units for each of the 
developed scenarios. 

Nomenclature 

CSP Concentrated Solar Power 
LCOE Levelized Cost of Electricity 
O&M Operation and Maintenance 
sCO2 Supercritical Carbon Dioxide 
SNL Sandia National Laboratories in the US 
TRL Technology Readiness Level 
WHR Waste Heat Recovery 
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Abstract 

Although more advanced power generation systems can offer higher efficiencies against simple cycle 
gas turbines, the severe area and weight restrictions on petroleum offshore platforms keep on 
impeding their widespread application in the offshore oil and gas industry. Thus, if those restrictions 
could be ingeniously resolved, the utilities supply performance on offshore platforms may be 
drastically enhanced in terms of fuel consumption cutdown and reduced environmental impact. In 
order to overcome these practical limitations, a power hub, installed on a decommissioned floating, 
producing, storage and offloading (FPSO) unit, is used to centralize the power supply required by four 
productive FPSOs. However, since the electricity demands may undergo sharp variations over time, 
the power hub will operate most of the productive life at offdesign conditions. This circumstance 
renders necessary to determine the optimal number, layout and operating load of the various parallel 
modular power units well ahead its detailed design, so that a trade-off between higher overall 
efficiency and low investment cost is achieved over the entire lifespan of the project. Since the 
complexity of the problem increases as more flexible, but also lighter and affordable power 
generations systems are required, a computational framework is developed to assist in the selection of 
the most suitable configurations for the power hub technologies. The integrated approach consists of a 
set of subroutines that evaluate, compares and ranks those energy technologies to come out with the 
best configuration, depending on the input profile of energy demand to the power hub and the deck 
weight budget and space availability. This framework could be also extended to include high voltage 
energy transmission and reliability analyses of complex cogeneration systems. 
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1 Introduction 

The electricity demand in a conventional FPSO is usually met by using three simple cycle gas turbines 
(SCGT), plus one used as redundancy (3+1 mode), and it depends not only on the performance of the 
processing plant topsides, but also on the well production rate and time-changing composition of the 
fluids produced. Thus, this setup will mostly operate at off-design conditions, leading to a lower 
overall power generation efficiency and, correspondingly, higher CO2 emissions during its life cycle. 
On the other hand, as the number of FPSOs increases for giant oil reservoirs, the use of hubs may 
represent a solution to increase the performance of the electricity generation in comparison to the 
business-as-usual layout. In this regard, a large number of configurations are possible for the power 
hub, which may combine one or more SCGT and its connections to one or more bottoming cycles 
(BC). This fact renders the selection of the best modular power units (MPUs) a cumbersome task, 
especially when considering that its performance needs to be evaluated and optimized throughout the 
project lifespan, during which it will operate at variable loads, subject to severe weight and space 
restrictions and in the absence of any electricity export to or import from the shore.  

Many works mainly focused on the optimization at the design operation point of one power cycle [1, 
2]. However, unless they operate at such point during nearly the whole lifespan, oversized installations 
may incur an economic penalty. Other approaches [3] developed an algorithm to perform the 
thermoeconomic analysis of three onshore combined cycles (1x1, 2x1 and 3x1), designed to deliver 
between 240-400 MW of electricity and operate at discrete partial loads (33, 50, 90 and 100%). 
However, the potential benefit of installing more and smaller MPUs, or combining different types 
thereof, was ignored; thus, a limited offdesign operation with fewer idle equipment could not be 
envisaged. This condition is critical in offshore applications, wherein wide-ranging variations of 
power demand (20-500 MW) and severe restrictions of space and weight would turn prohibitive the 
installation of onshore bulkier designs (e.g. large 1x1 layouts). Meanwhile, more flexible setups may 
also require multiple MPUs, optimized for working at a smaller scale, which could partially offset 
their advantages over bulkier designs, due to economies of the scale. Judes et al [4] optimized a 
simplified combined cycle with a steam extraction for desalinization purposes by using different 
deterministic techniques in GAMS. The system consisted of two sets of two and three gas turbines, 
respectively, and one HRSG each; whereas both HRSGs supply the single extraction-condensing 
steam turbine. In their work, only three partial loads have been adopted and, due to specific local 
conditions such as low gas prices and disregard for efficient operation, large supplementary firing was 
allowed. Furthermore, since only two large combined cycles operating in parallel and only one steam 
turbine were considered, the capacity of the system was limited to a narrower-ranging operating load 
(400-750 MW). Barbosa et al. [5] and Silva and Oliveira Junior [6] studied the offdesign performance 
and exergy costs for different cogeneration plants (simple gas turbine cycle, steam turbine cycle, 
combined cycle and reciprocating engine) on an offshore platform over time. Among the studied 
setups, the reciprocating engine-powered FPSO showed the lowest sensitivity to offdesign operation, 
but the weight and volume ratio, as well as the reliability and the maintenance plan were not assessed.  

Other works [7, 8] formulated the optimal operation, planning and sizing of district heating and power 
hubs at small and large scales, comprising internal combustion engines, boilers, energy storage 
systems, cooling units and microturbines [9, 10]. According to Moradi et al [7], optimal contingency 
operation of the hub components should be also considered, so that reliability of supply can be 
ensured. Similarly, Biegvand et al [11] solved the problem of energy hub economic dispatch (EHED), 
combining 29 energy hubs composed of transformers, power units, cooling and heating systems by 
using a modified gravitational search algorithm in Matlab®. Riboldi et al. [12] used Matlab® 
optimization toolbox to analyze the performance of a combined cycle composed of two LM2500+G4 
gas turbines, a once-through HRSG and a steam turbine (2x1x1) in terms of total heat rate and 
bottoming cycle weight. This setup was aimed to supply the utilities of one platform with a relatively 
high heat-to-power ratio and variable energy demands over time. Since the authors ignored the 
possibility of shutting down one of the gas turbines, the optimum strategy for load distribution 
reportedly showed that an even share between both SCGTs might be only suitable at very high or low 
power outputs. For intermediate levels of power generation, only one of the gas turbines managed a 
high partial load, whereas the other made up the remainder power. Notably, this arrangement poses 
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fewer inconveniences in terms of number of variables and combinatorial explosion than the dispatch 
problem existent on a large power hub consisting of multiple topping and bottoming cycles. Zoder et 
al. [13] developed a Python-based, object-oriented framework for simulating energy conversion 
processes in one combined cycle, including the calculation of the stream properties using Coolprop 
[14]. Some classes were used to classify equipment characteristics and stream properties. A structure 
matrix indicated the order and means (e.g. matter or energy) through which the components are linked. 
Partial load performance has not been studied, and fixed adiabatic efficiencies were assumed instead. 
Lazzaretto et al. [15] used a dynamic approach and a modular simulation code (DIMAP) to study the 
dispatch of various groups of coal and gas-fuelled power plants at commercial scale operating at 
design and off-design conditions over different seasons in a deregulated electricity market. The 
constraints on minimum and maximum feasible plant loads, ramp rates, minimum start and shutdown 
periods were studied in the dispatch problem, but their effect on the shortening of components life as 
not considered.  

It is worthy to notice that, unlike the case of the offshore application studied in the present work, in 
most of the previous works, electricity was susceptible to be imported from and exported to the grid, 
and no severe restrictions associated to the footprint and weight budget were reported for the utility 
systems. More recently, some authors [16] built a power hub upon a small number of combined cycles 
and allowed a weighed optimization problem in Matlab® to define the best combination of loads, 
while bearing in mind the space and weight constraints, and a trade-off between cost and efficiency. 
Nevertheless, the predefined interconnections between topping and bottoming cycles hindered the 
flexibility of the MPUs proposed in terms of number of combinations. Baldi et al. [17] addressed in 
Matlab® a MINLP-based load-partition problem (SQP + branch and bound approach) among two 
main and two auxiliary engine blocks (35 MW total) with waste heat recovery systems on a 
cogeneration plant of a ship showing time-dependent demands (mechanical, electric and thermal). For 
the sake of simplicity, the authors adopted even loads for all engines belonging to one engine group, 
thus, reducing the flexibility of the whole cogeneration system. All in all, no approach has dealt so far 
with the problem of suitably combining a set of MPUs in an offshore centralized power generation 
unit by individually adjusting their partial loads in order to fully exploit the hub flexibility, whereas 
reducing the overall fuel consumption. To this end, the standalone optimization of each MPU must be 
firstly performed to characterize them by their efficiency, weight, occupied space and cost. 
Henceforth, a battery of MPUs can be combined in parallel to supply the overall power demand in a 
fully flexible way, so that an optimization problem of cost-efficient dispatch can be systematically 
solved. Accordingly, in this work, a preliminary systematic framework, based on an object-oriented 
routine in Python, is proposed to rank and select the best alternative(s) in terms of efficiency and 
economic targets for supplying the electricity required by four floating production, storage and 
offloading units (FPSOs), considering severe space and weight restrictions in offshore applications.  

2 Methodology 

The present methodology is partially based on the use of Thermoflow®, one of the most reliable and 
widespread tools, thanks to its comprehensive library of commercially available turbomachinery, and 
its capabilities of simultaneously performing thermodynamic, equipment sizing and economic 
assessments from simple gas turbine to complex combined cycles, operating at both nominal and 
partial load. However, even by using specialized software, it is still not straightforward addressing the 
dispatch problem consisting of individually optimizing the operating parameters and the partial load of 
each modular power unit (MPUs) that composes a broader centralized electricity generation system. 
Indeed, the higher the number of components and combinations thereof, the more complex the 
searching process of the most suitable power hub layout, not to mention that the solution(s) will still 
need to withstand wide-ranging variations of power demand over time, ever subject to severe cost, 
space and weight constrains in offshore applications. In order to tackle this problem, Thermoflow® 
was firstly used to build a series of surrogate models aimed to characterize the component-wise 
performance, size, cost and weight of equipment that constitutes typical topping and bottoming cycles. 
The developed models are built upon response surfaces that correlate those targets to relevant nominal 
and offdesign operation parameters, as it will be discussed in the next sections. Thereafter, the 
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modeled components were combined in order to work out the best arrangement and partial loads for 
supplying the electricity consumed by a set of productive FPSOs, ever conditioned to the peak and the 
lowermost power demands. The characterization and optimization processes were carried out by 
means of an object-oriented algorithm in Python, responsible for generating the response surfaces and 
creating the saw-tooth profile (i.e. plot of maximum over-time efficiency) [16] of the setups compliant 
with both space and weight restrictions, so that the trade-off between economic and efficient solutions 
can be elucidated.  

2.1 Characteristics of the productive floating production, storage and offloading units 
(FPSOs) 

Each productive FPSO can process up to 150 thousand barrels of oil and 6 million Nm3 of gas per day 
(Fig. 1a). In addition, it can daily treat 20 thousand m3 of produced water, and can store around 1.6 
million barrels of oil, which are periodically transported by a relief vessel to the coast [18]. Therefore, 
the production processes occurring on the primary processing plant demand a large amount of utilities 
in the form of heat (pressurized hot water, 170°C) and power (Fig. 1b), so as to separate the three 
phase mixture (gas, crude oil and water) and drive the compression and pumping systems. After the 
separation processes, the CO2-rich gaseous stream produced must be reinjected in order to comply 
with the environmental regulations, whereas the hydrocarbon-rich stream may be exported, injected, 
used for gas-lift or partially consumed as fuel by the primary movers of pumps and compressors [19]. 
In this work, it will be assumed that enough gas production allows for self-sustainable power 
generation between the 3rd and 15th years [20], while, in the remaining years, the produced gas 
bypasses the membrane separation system and, thus, import of fuel gas is required.  

As for Fig. 1b, it is worthy to emphasize that these energy demands are not only a function of the 
FPSO topsides’ performance, but also of the chemical composition and the properties of the fluids 
produced. Consequently, the utilities system of a typical FPSO will mostly run at offdesign conditions 
throughout the productive life, which only accentuates the poor performance of the business-as-usual 
cogeneration system, typically composed of four SCGTs equipped with waste heat recovery units 
(WHRUs). In this context, a power hub composed of multiple, more flexible and more efficient energy 
conversion technologies may come up with a solution to weight and space restrictions on conventional 
FPSOs, which have ever hampered the efforts to integrate more environmentally friendly power 
generation systems in the oil and gas industry. 
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The hull dimensions and other weight loading characteristics, used as physical constraints for a power 
hub aimed to be installed on the deck of a decommissioned and adapted FPSO, are shown in Fig. 2. 

 
Figure 2: Space and weight allowance on a decommissioned FPSO. 

Next sections are focused on the description of the preliminary object-oriented framework written in 
Python language, aimed to compare, rank and select the best alternatives of simple and combined 
cycles for the hub, based on targets of optimal efficiency and cost bearing in mind the constraints of 
weight and occupied area. Further developments aim to incorporate the calculation of the annual 
electricity demand (Fig. 1b), based on the production and composition profiles of each FPSO (Figs. 
1a). 

2.2 Power units surrogate models and hub configurations  

For the sake of illustration, Fig. 1c considered an scenario in which several instances of a class ‘hub’, 
composed of either a series of simple cycle gas turbine systems (T), or two types of combined cycles 
(e.g. one or more aeroderivative gas turbine systems, T, linked to one steam bottoming cycle, B), can 
be sorted by the user (or, alternatively, automatically selected from an resourceful library) as suitable 
candidates to supply power to a number of productive FPSOs. Moreover, Fig. 3 shows the flowchart 
of the algorithm used to evaluate, compare and rank the proposed configurations. Firstly, the profile of 
overall annual power demand must be well-defined by adding up the demands of the individual 
FPSOs, so that the peak and lowermost power consumptions could be identified ahead. The delay of 
entrance in operation, if any, should be also considered [16]. Hereafter, the installable number and size 
of the components of the several hub instances defined above are determined from the response of the 
surrogate models. In the case of gas turbine systems and reciprocating engines, used in standalone 
mode or as topping systems of combined cycles, two operating parameters, namely, the engine load 
(L) and environment temperature (Tenv), will suffice to correlate and predict the efficiency (𝜂), exhaust 
gas mass flow rate (mexh) and temperature (Texh), when they operate at both nominal and offdesign 
conditions, as indicated in Eqs.(1-3). Other parameters, such as occupied area, equipment cost and 
weight are can be also determined for each topping cycle adopted, according to the specifications of 
commercially available gas turbines provided by Thermoflow®. 

𝜂 = 𝑓(𝐿; 𝑇 )                                                                  (1) 

𝑚 = 𝑓(𝐿; 𝑇 )                                                                       (2) 

𝑇 = 𝑓(𝐿; 𝑇 )                                                                        (3)  

Meanwhile, in the case of the combined cycles, the net power, size and cost of the bottoming cycle 
components are strongly dependent on the maximum exhaust gas throughput that they must withstand 
when considering all the gas turbines that fed the same steam network. In other words, the bottoming 
cycles are projected such that they can admit a wide-ranging throughput of flue gases coming from 
one or more gas turbines. Although other layouts with up to three levels of pressure, feedwater 
preheating, steam reheating, integrated or standalone deaerator, as well as organic Rankine cycles 
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could be considered, in the present case, conventional single pressure steam power plants are used as 
bottoming cycles. 

 
Figure 3: Flowchart of the algorithm used to evaluate, compare and rank the proposed power 

hub instances. 

In this way, the response functions of the meta-models used to determine the overall power of the n-th 
bottoming cycle can be written in terms of the actual mass flow rate (mexh) and the temperature (Texh) 
of the exhaust gases fed to it, the condenser cooling water temperature (Tcw), as well as the 
corresponding operating parameters at the design point (mP

exh, TP
exh, TP

cw), as shown in Eq.(4). On the 
other hand, the equations for cost, area and weight are expressed as a function of the mass flow rate 
(mP

exh) and temperature (TP
exh) of the exhaust gases, along with the cooling water temperature (TP

cw), at 
the design point (P), provided that the maximum pressure and temperature of the steam remains 
unchanged. 

𝑊 = 𝑓 𝑚 ; 𝑇 ; 𝑇 ; 𝑚 ; 𝑇 ; 𝑇                                                (4) 

𝑐𝑜𝑠𝑡 = 𝑓(𝑚 ; 𝑇 ; 𝑇 )                                                       (5) 

𝑎𝑟𝑒𝑎 = 𝑓(𝑚 ; 𝑇 ; 𝑇 )                                                              (6) 

𝑤𝑒𝑖𝑔ℎ𝑡 = 𝑓(𝑚 ; 𝑇 ; 𝑇 )                                                     (7) 

 

From Eqs. (1-7), an optimization routine can be used to determine the characteristic hub efficiency vs. 
electricity generation profile (i.e. the so-called hub sawtooth plot) of each hub alternative (namely, 
12x1T; 9x1T-1B or 3x3T>1B, Fig. 1c), which, in turn, aids to identify the dispatch strategy that 
provides the highest over-time efficiency of the hub for any profile of demand with the same peak and 
minimum power consumptions. Actually, the hub sawtooth plot is the representation of the highest 
efficiency attainable if the load optimization of the various parallel modular power units composing 
each hub layout were achieved. After obtaining the over-time and mean lifetime efficiency of the 
power hub, the total fuel consumption, as well as the hub investment cost, and the components 
footprint and weight per unit of power installed can be calculated for each instance of power hub. 
Eventually, a comparative analysis based on a variety of thermodynamic, environmental, economic, 
space and weight indicators is performed. Notably, the proposed approach allows for a more complete 
evaluation methodology, as it not only points towards the advantages of the most advanced 
technologies over the conventional configuration in terms of fuel economy, but also highlights the 
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incremental investment costs when comparing simpler and cheaper alternatives (T) to costlier and 
bulkier, but more efficient modular combined cycles, such as those comprising either 9 parallel 1T-1B 
or 3 parallel 3T>1B arrangements. 

3 Results and discussion 

Figures 4a-c summarize the results of the response surfaces corresponding to the meta-model of the 
topping cycle studied. Particularly, Figs. 4a and b display the variation of the mass flow rate and 
temperature of the exhaust gases of one GE LM6000 PC turbine as a function of the engine partial 
load and the ambient air temperature. 

 
(a) (b) 

 
(c) 

Figure 4: Response surfaces corresponding to the meta-model of the topping cycle. Exhaust gas 
mass flow rate (a) and temperature (b); and gas turbine package efficiency (c), according to 

Thermoflow® factsheet: Gas turbine GE LM6000 PC, 3600 RPM, Pressure ratio: 29, Air flow: 
126 kg/s, Power generation: 44233 kWe, LHV heat rate: 8586 kJ/kWh, LHV efficiency: 41.9%, 

standard combustor, variable IGV, gaseous fuel, load range: 30 – 100%. 

Expectedly, as the gas turbine load increases, both mass flow rate and temperature of the exhaust gases 
also increase. However, unlike the case of the exhaust mass flow rate (Fig.4a), in which a lower 
ambient temperature brings about a higher admission of air mass flow rate and, thus, a larger amount 
of exhaust gases; in the case of the exhaust temperature, a higher temperature inlet to the gas turbine 
compressor is responsible for a sensible increase of the turbine exit temperature. In fact, exhaust mass 
flow rate may increase by 85% by adjusting the inlet gas temperature in the case of warm climates 
(e.g. by using an admission air chiller), whereas the gas turbine exit temperature may reach values as 
low as 380°C for a minimum load in very cold locations, which will definitely influence the grade of 
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the waste heat recovery available and, in this way, hinder the revamp of SCGT-based systems into 
more efficient combined cycles.  

On the other hand, Figure 4c refers to the variation of the efficiency of a GE LM6000 PC gas turbine 
package with the change of the load and the ambient air temperature. As it can be seen, sharp 
reductions in performance of up to 44% are expected when the gas turbines operate at prolonged 
offdesign conditions in a very hot ambient. Thus, it would be desirable to optimize the dispatch and 
partial load operation of the different gas turbines in order to minimize the fuel consumption and keep 
the system flexibility, whereas guaranteeing enough mass flow rates at a high-grade outlet 
temperature, so that the overall efficiency of a downstream combined cycles is keep high as well. In 
any case, depending on the extent of recovery of the energy embodied in the hot gases, it is expected a 
trade-off between the performance of the topping and bottoming cycles. In this regard, Figs. 5a-b show 
the variation of the power generated by a series of bottoming cycles operating at different design and 
offdesign conditions depending on the inlet mass flow rate and temperature of the hot gases fed by one 
or more topping cycles. Figure 5a highlights the influence of the maximum design temperature of the 
hot gases on the power throughput, while the design point of hot gas mass flow rate is set as constant.  

Conversely, Figure 5b aims to shed light on the behavior of the power generation when the design 
temperature of the hot gases is fixed, but the design point of the inlet mass flow rate is varied. The 
span of the offdesign conditions is chosen such that, the bottoming cycle can be only derated up to 
50% of the designed inlet hot gas mass flow rate, whereas the minimum temperature of the hot gases 
entering the HRSG is limited to 400°C. It is worthy to notice that, since the design condition of the 
bottoming cycles aims to avoid costly supplementary firing, the maximum inlet temperature and 
pressure of the steam injected to the turbine have been selected as 40 bar and 400°C, respectively. 
Thus, when colder gases (due to a derating of the upstream topping cycle) enter the HRSG close to 
400°C, the bottoming cycle can be further derated to achieve offdesign operation temperatures as low 
as 360°C, in order to comply with the minimum temperature approach in the boiler (20°C). Notably, 
from Figs. 5a-b, the higher the hot gas inlet temperature design, the larger the power generation 
potential. However, at low to moderate hot gas temperatures, the power generation by the bottoming 
cycles is almost independent of the maximum design temperature of the HRSG, which suggests the 
utilization of milder design values, such as those experienced by a GE LM6000 PC topping cycle 
operating at full load (470°C). This would be not the case if other reference of gas turbine were used, 
such as a GE LM2500+, whose exhaust gas maximum temperature at full load may require a HRSG 
operating at the highest design temperature, namely 540°C. 

  
(a) (b) 

Figure 5: Power generation potential of the bottoming cycles as a function of the inlet hot gas 
temperature and mass flow rate. Effect of the design point (a) temperature and (b) mass flow 

rate of hot gas. 

Henceforth, it is possible to combine the information stored in the meta-models for the topping and 
bottoming cycles in order to characterize the power hub configurations, early proposed in Fig. 1c. 
Since each power hub can be made up either of twelve T, nine 1T-1B or three 3T>1B modular power 
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units, it would be fundamental to know which is the optimal load distribution among those MPUs, so 
that the minimum fuel consumption can be reached. Precisely, the hub saw-tooth function corresponds 
to the solution to the dispatch (binary variable, on/off) and load (continue variable, 40-90%) mixed 
integer non-linear (MINLP) problem that minimizes the overall hub fuel consumption. Figures 6a-c 
show the corresponding hub efficiency vs. electricity generation profile (or hub sawtooth plot) of each 
hub layout, composed of (a) 12x1T; (b) 9x1T-1B or (c) 3x3T>1B, respectively. 

According to Fig. 6a, the optimal efficiency of the overall power generation system composed of 
12x1T could be approximated by strategically introducing into (or withdrawing from) operation one or 
more MPUs, although not necessarily distributing the engine loads evenly. In other words, as less 
power turns out to be required, it would be more efficient disabling some engines operating in parallel 
than maintaining all of them at an even lower load, i.e. an inefficient offdesign condition, for a 
prolonged time. This strategy is less evident when it comes to optimizing a hub composed of a large 
group of parallel combined cycles, either in a 1T-1B or 3T>1B configuration (Figs 6b-c). Notably, 
since the power hub configurations have to achieve both the peak and the lowermost electricity 
demands of the four FPSOs, the operation of a standalone gas turbine system, either in the power hub 
or in the productive FPSO would be necessary; otherwise, an extreme derating of the combined cycle 
would be not emissions-complaint.  

 
(a) (b) (c) 

Figure 6: Hub sawtooth plot showing the overall efficiency vs. electricity generation of each 
hub layout, when (a) 12x1T; (b) 9x1T-1B or (c) 3x3T>1B are combined in parallel. 

Notwithstanding, the difference between the Figs. 6b and c lies on the scale of the bottoming cycle 
required, as long as the 1T-1B configuration can activate earlier its associated bottoming cycle at only 
half way of the maximum gas turbine load. This represents an energy-efficient advantage of the power 
hub composed of nine 1T-1B MPUs over the remainder configurations shown in Figs. 6a and c, at 
least at the lower portion of the hub electricity generation span (0-100 MW). This fact suggests that, if 
a power hub were designed to operate at most 100 MW, the 1T-1B configuration would be more 
favorable not only than its simple cycle gas turbine counterpart (Fig.6a), but also than the bulkier 
competitor, i.e. the power hub composed of 3 parallel 3T>1T MPUs. Nevertheless, it must be borne in 
mind that, since the maximum peak that must be met by this power hub is 400 MW, the third 
configuration (Fig.6c) has still the potential to supersede the performance of the power hub 
configuration combining nine 1T-1B MPUs. In fact, an observant analysis of Fig. 6c shows that, for 
power throughputs higher than 100 MW, as it is the scenario of the power hub duty aimed, the overall 
efficiency over the whole power generation capacity is on average 1% higher than the analogous 
combined cycle-power hub (Fig. 6b), and more than 10 percentage points higher than the multiple 
single gas turbine-powered hub. The superior efficiency of the “3x3T>1B” power hub can be evinced 
when plotting the profile of the overall efficiency of electricity generation on the hub over the entire 
productive life (Fig. 7). This plot is based on the total annual power demand of four identical 
production platforms (see Fig. 1b for one FPSO), as well as the saw-tooth profiles reported on Figure 
6. Certainly, the overall efficiency over the time of the electricity supply is ever higher in the case of a 
power hub composed of three 3T>1B MPUs, although at lower power consumptions (1st and 25th 
years), its efficiency already approximates to that of the “9x1T-1B” power hub.  
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Figure 7: Profile of the overall efficiency of electricity generation on the hub over the entire 

productive life. 

Table 1 summarizes the mean lifespan efficiency of power generation for the three power hub setups, 
in which it can be confirmed the slightly higher efficiency of the power hub based on three 3T>1B 
MPUs. More interestingly, the overall owner’s costs (considering a multiplying factor of 1.6 in order 
to account not only for the acquisition, but also the transportation, installation and contingency costs), 
as well as the weight and footprint area of the equipment installed are also lower than those calculated 
for a “9x1T-1B” power hub, mainly due to the economies of scale of a more robust bottoming cycle 
used. Anyhow, the power hub based on twelve simple cycle gas turbine systems still remains more 
attractive in terms of initial investment, weight and occupied area. Notwithstanding, a subsequent 
analysis in terms of opportunity cost, in which the incremental investment cost of the more advanced 
cycles is likely counterweighed by a corresponding gas economy and in future carbon taxed scenarios, 
may come up with a unexpected financial panorama, that will be part of the on-going assessments. 
Meanwhile, it can be corroborated from Fig. 2 and Table 1, that all the power hub components respect 
both space and weight restrictions in a decommissioned and adapted FPSO hull. Other design 
parameters of the topping and bottoming cycles are reported in Tables 2-3. 

Table 1: Mean lifespan power generation efficiency and other economic and geometric 
characteristics of the three power hub configurations. 

 Power hub configuration 
Parameter 12 x T 9 x 1T-1B 3 x 3T>1B 
Mean lifespan power generation efficiency, η (%) 37.91 48.05 48.61 
Standard deviation of η (%) 0.56 0.97 1.09 
Total owner’s cost (kUSD) 516,075 573,272 518,794 
Weight (kg) 3,118,361 3,862,321 3,802,100 
Area (m2) 1,701 2,395 2,242 

Table 2: Design parameters of the GE LM6000PC topping cycle. 

Parameter Value 

Total owner’s cost (kUSD) 43,006 

Weight (kg) 259,863 

Length (m) 17.22 

Width (m) 4.11 

Effective area (m2)  141.72 
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Table 3: Design parameters of the bottoming cycles. 

Parameter 
Steam turbine + 

generator HRSG Total 
 

Bottoming cycle of the MPU type 1T-1B 
Exhaust gas mass flow rate at design point 
(kg/s) 

-- -- 113.6 

Exhaust gas temperature at design point (°C) -- -- 472.8 
Total owner’s cost (kUSD) -- -- 20691 
Weight (kg) 54,624 114,659 169,283 
Length (m) 10.02 14.47 -- 
Width (m) 2.35 2.67 -- 

Effective area (m2) 47.2 77.3 124.4 
    

Bottoming cycle of the MPU type 3T>1B 
Exhaust gas mass flow rate at design point 
(kg/s) 

-- -- 340.9 

Exhaust gas temperature at design point (°C) -- -- 472.8 
Total owner’s cost (kUSD) -- -- 43,912 
Weight (kg) 132,189 355,588 487,777 
Length (m) 13.55 24.63 -- 
Width (m) 3.21 4.77 -- 

Effective area (m2) 87.0 235.0 322.0 

Further incremental analyses, considering the electricity transmissions cables and the hub hull, will be 
gradually introduced into the synthesis and optimization algorithm of the power hub, according to the 
approach proposed in related research works [16, 21]. 

4 Conclusions 

In this work, a systematic framework based on an object-oriented programming algorithm in Python is 
introduced in order to evaluate, optimize, rank and select the most appropriate operating conditions 
and combination of loads of a number of parallel modular power units susceptible of being installed on 
a centralized power generation system that supply electricity to four identical productive FPSOs. For 
the sake of illustration, three power hub configurations are evaluated based on the response of a set of 
surrogate models that represents the behaviour of the power hub components. In this way, by knowing 
the peak and minimum power demands, the optimal electricity generation efficiency over the time can 
be calculated based on the concept of hub’s saw-tooth efficiency profile. Other economic and 
geometric parameters pertaining to the studied energy technologies are presented. As a result, the most 
advanced cogeneration systems, namely the power hubs based on either 9 parallel 1T-1B or 3 parallel 
3T>1B combined cycles show the highest efficiency over the hub lifespan, in spite of the higher initial 
investment cost exhibited. Notwithstanding, a more detailed financial analysis may reveal that the 
benefit of the combined cycle-powered configurations would be twofold in terms of fuel savings (thus, 
additional revenues from the increase of natural gas export) and reduced emissions in the hub (relevant 
for future carbon taxed scenarios). Actually, due to the higher efficiencies of the combined cycles 
(above 48%) compared to that one of the power hub composed solely of simple cycle gas turbines 
(12xT, 38%), the CO2 emissions cutdown may achieve up to 22%, which may be particularly 
advantageous in a future scenario of more stringent environmental regulations. 
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Abstract 
The recycle processes are commonly used in chemical engineering, incl. inorganic and organic chemical 
industry, oil refining, as in metallurgy, food processing, etc. The industrial recycle processes are used 
for: recycle of unreacted feedstock back to the reaction; recycle of some auxiliary substances 
(absorbents, adsorbents, catalysts, etc.); recycle of some useful components from treated waste flows. 
So, the recycle processes ensure maximum usage of feedstock and minimum waste and emissions. The 
recycle processes are high energy consuming. In comparison with once-through processes, the recycle 
processes are impossible without some additional energy, necessary to separate the recycled components 
and to flow them back to the process. This means that to ensure a complete utilization of the feedstock, 
an additional quantity of some energy resources must be spent. Depending on the feedstock, two cases 
should be analyzed: first, if the feedstock is a primary energy resource and second if the feedstock is a 
non-energy natural resource. In the first case the optimisation task could be the minimum of total 
primary energy resources consumption (CEnC); in the second case the optimisation task is the minimum 
of total Cumulative exergy of natural resources consumption (CExC). The theory, methodology and 
optimization tools of the industrial recycle processes are intensively developed for more than 70 years. 
As the recycle processes are essentially positive feedback processes, the advances of theory of these 
processes are closely connected with process control theory and experience. The recycling of wastes 
(materials, substances and elements) is a more complex and difficult problem. In last years the waste 
recycling is subject of numerous investigations from different aspects and various methodologies are 
applied. However, the results about efficiency, reliability and sustainability are rather contradictory. A 
comparison of industrial recycling processes and material recycling shows as some similarities, as well 
as many substantial differences. The common problem of both processes is the estimation of natural 
energy and non-energy resources consumption. In this work two goals are posed: first, to compare from 
a thermodynamic point of view the recycle processes in chemical engineering with the materials 
recycling in circular economy and second, to estimate the applicability of the theory and experience of 
the industrial recycle processes to the materials recycling. 
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1 Introduction 

The waste recycling is the main postulate of the circular economy approach. The recycling of wastes 
and used products after the end of their lifetime is a complex and difficult problem. In last years the 
waste recycling is subject of numerous investigations from different aspects (technical, economic, 
environmental, etc.) and various methodologies for simulation, optimization and estimation of energy 
efficiency are applied, incl., energy and exergy analysis, LCA, ELCA, etc. [1-6]. However, the problems 
and real cases are extremely multifarious, so a generalized methodology seems impossible and the 
results about efficiency, reliability and sustainability are rather contradictory. 

In the same time the term “recycle process” is well known and used for many years in chemical 
engineering theory and practice. Actually, the intrinsic meaning of both terms is very close and the 
processes are rather similar. The industrial recycle processes are used widely in inorganic and organic 
chemical industry, metallurgy, oil refining, food processing, etc. The main areas for the recycle 
processes application are: recycle of unreacted feedstock back to the reaction; recycle of some auxiliary 
substances (absorbents, adsorbents, catalysts, etc.); recycle of some useful components from treated 
waste flows. So, the recycle processes ensure maximum usage of feedstock and minimum waste and 
emissions. The theory, methodology and optimization tools of the industrial recycle processes are 
intensively developed for more than 70 years [7]. As the recycle processes are essentially positive 
feedback processes, the advances of the theory of these processes are closely connected with process 
control theory and experience. 

The goals of this work are: 

-  to compare the basic principles and features of the industrial recycle processes, with principles and 
features of recycling of wastes and used materials; 

. to estimate qualitatively the applicability of the theory and experience of the industrial recycle 
processes to the materials recycling. 

Accordingly, the paper has 2 parts: Part 1. Industrial recycle processes. Part 2. Recycling of wastes and 
used materials. 

2 Industrial recycle processes: history, background, applications, features 
and energy consumption    

2.1 Brief history 

The industrial recycle processes application begins more than 150 years ago, closely connected with the 
first steps of the modern chemical industry and forced by the necessity of more efficiently feedstock 
usage. Two first well known examples are: the unreacted hydrogen-nitrogen mixture recycle in ammonia 
synthesis process and ammonia recycle in soda ash production. In 20th century a wide variety of recycle 
processes gradually became widespread in the process industries.  

Simultaneously, the theory, methodology and optimization tools of the industrial recycle processes were 
intensively developed, at first separately for each specific process. First trial to found a generalized 
theory and mathematical foundations of the industrial recycle processes was made in the Nagiev’s 
monograph (1964) [7].    

In last more than 50 years a giant progress was made in the theory and practice of the recycle processes, 
supported to a greatest extent by the IT development. A number of modelling and optimization methods 
are created and used in modern simulators.  

The optimization goal of an industrial recycle process design is the minimum of the sum of natural 
feedstock and energy resources, consumed in both basic and recycle processes. 

A 2nd Law based thermodynamic approach, (including exergy method and cumulative exergy concept) 
is used to estimate the effects of recycling on the energy and non-energy natural resources consumption 
[8].  
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2.2 Recycle processes applications in chemical industry 

Unlike the thermodynamic cycles the function of which is the energy transformation, the industrial 
recycle processes are parts of systems which purpose is the transformation of matter, i.e.  chemical 
transformation of some substances (feedstock) to some other substances (products).     

Currently the industrial recycle processes could be assigned to 3 categories:  

1. Recycle of unreacted feedstock (reagents) back to the reaction is used when the conversion of 
reagents to products is not full, due to some thermodynamic or/and kinetic limitations, e.g.: 

 Ammonia synthesis by the reaction: 3H2 + N2 ↔2 NH3 (Figures 1 and 2) [9,10]. 

 Methanol synthesis by two parallel reactions: CO + 2 H2 ↔ CH3OH and CO2 + 3H2 ↔ CH3OH 
+ H2O.   

 Urea synthesis by the consecutive reactions: 2 NH3 +CO2 = NH4COONH2 and NH4COONH2 

↔ NH2CONH2 + H2O (Figure 3 and 4) [11]. 

2. Recycle of some auxiliary substances (absorbents, adsorbents, catalysts, etc.), e.g.:  

 Recycle of an absorbent used to absorb one (or more) component(s) of a gaseous mixture, 
then desorb it and return back to the absorber, e.g. CO2 removal from synthesis gas, H2S 
and CO2 removal from natural gas, synthesis gas from coal gasification, etc. 

 Recycle of NH3 in soda ash production. 

 Recycle of FCC catalyst after regeneration back to the reactor. 

3. Recycle of some useful components (unreacted feedstock, semi-products, products) from waste 
flows, e.g.: 

 Recycle of H2 and N from ammonia synthesis purge treated by a cryogenic separation (Fig.1). 

 Recycle of ammonia and urea from waste water (by-product from urea synthesis) back to the 
process; recycle of purified water to ammonia plant as BFW.  

 Recycle of H2 in oil refineries after usage in hydrodesulphurization (HDS) of oil fractions, H2S 
removal and return back into the HDS units 

The recycle processes for the useful components recovery from waste flows are essentially similar to 
the first group recycle processes, so in the following they will be considered along with them. 

2.3 Recycle of unreacted feedstock (reagents) back to the reaction: main processes, basic 
parameters, mass balances, energy consumption 

The goal of the recycle processes from this category is to achieve maximum possible conversion of 
reagents to products and to decrease to minimum (in an ideal case – to zero) the emissions of useful 
substances as wastes.  

The industrial recycle processes consist generally of 3 steps, the major specific feature is the separation 
processes usage (Figure 1) 

1. Chemical reactor(s), incl. heat exchangers and other auxiliary units for reaction heat utilization. 

2. Separation of products from unreacted mixture. The separation processes can be chemical, 
physical, one-stage, multistage, e.g. absorption, partial condensation, distillation, etc.  

3. Machinery (compressors, pumps) to return the unreacted mixture back to the reactor. 

The recycle processes are high energy consuming. In comparison with once-through processes, the 
recycle processes are impossible without some additional energy, necessary to separate the recycled 
components and to flow them back to the process. This means that to ensure a complete utilization of 
the feedstock, (no matter if it is an energy or non-energy resource), we must spend additional quantity 
of some energy resources. 

Two main parameters determine the mass balance (and accordingly the energy and exergy balances) of 
the industrial recycle processes: recycle ratio and purge ratio. 
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2.3.1 Recycle ratio 

The recycle ratio n is the ratio of the recycled mixture quantity to the product (оr feedstock) quantity, 
e.g.: 

nmass = 
𝒌𝒈 𝒓𝒆𝒄𝒚𝒄𝒍𝒆

𝒌𝒈 𝒑𝒓𝒐𝒅𝒖𝒄𝒕
  or nmole = 

𝒎𝒐𝒍𝒆 𝒓𝒆𝒄𝒚𝒄𝒍𝒆

𝒎𝒐𝒍𝒆 𝒑𝒓𝒐𝒅𝒖𝒄𝒕
 (1) 

nmass =   nmole . 
𝑴 𝒓𝒆𝒄𝒚𝒄𝒍𝒆

𝑴 𝒑𝒓𝒐𝒅𝒖𝒄𝒕
 (2) 

Where M recycle and M product are molar mass of the recycle flow and product. 

The recycle ratio is the reciprocal value of the degree of conversion of the reagents to product(s). As the 
degree of conversion could be in the range from 0 (no reaction) to 1 (irreversible reaction), accordingly, 
the recycle ratio could be in the range from infinity to 1 (once-through process). Therefore, the recycle 
ratio nmass determines the flow rate in all points of the recycle loop. However, the recycle ratio 
dependence on the process parameters is very complex and specific.   

The degree of conversion of the reagents to product(s) depends on the concentrations of the reagents 
and products in both flows input and output reactor.  

In the simplest case, when the product concentration input reactor is zero (full separation of the product), 
the degree of conversion (and respective recycle ratio) depends only on the product concentration output 
reactor. It is function mainly of the chemical reaction equilibrium and kinetics, i.e., from temperature, 
pressure, excess of a reagent, other (inert) components presence, catalyst activity, but depends also on 
the diffusion limitations and reactor design.   

However, in most cases the product concentration input reactor is not zero (partial product separation) 
and depends strongly from the kind and parameters of the separation process used. Depending on the 
product and recycle flow properties, physical (e.g. product condensation, reagents distillation, etc.) or 
chemical (product absorption, etc.) processes are used. The physical separation processes are preferable, 
as they depend on the phase equilibrium in the recycle flow, without additional substances presence.   

2.3.2 Purge ratio 

However, the recycle ratio only (more precisely both its components: product concentration input and 
output reactor) is not sufficient to determine the mass balance of the overall recycle, i.e., the mass flow 
rate of all input and output flows through system borders. This is possible only in an ideal case, where 
the reagents ratio is strongly stoichiometric, no other (inert) substances present in the input flow, no 
reagents in the output product flow and material losses are zero. In this case of full recycling the 
elemental balance of the overall recycle (flows through system borders) and the composition of the flow 
in all points of the recycle are entirely determined. 

In most real cases the input material flows (feedstock) through system border can contain besides 
reagents, also some inert substances, which don’t participate in the reactions. In some cases the reagents 
ratio is not stoichiometric. So, the most inconvenient feature of the real recycling processes is the 
accumulation of the inerts and excess reagent in the recycle. To control the accumulation level of these 
substances in the recycle, a (relatively) small part of the recycle flow is removed as a “purge”. As this 
flow contains not only inert substances, but much more unreacted reagents, a common practice in 
modern chemical industry is to process the purge in another recycle, separate the useful components and 
recycle them back to the basic process (Figure 1). Another feature is the presence of dissolved inerts and 
reagents in the product due to the phase equilibrium of the separation process. To recovery both the 
reagents and product another small separation unit and recycle of the separation agent are used (not 
shown in Figure 1). Thus in most modern chemical plants almost full recycle of the feedstock is achieved 
and accordingly the feedstock consumption is near to the theoretical values. However, in some cases the 
purge is only partially separated, extracting the most valuable component (e.g. hydrogen), the rest is 
burning if combustible; thus the recycle is not full and the feedstock consumption is higher than 
theoretical.    
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2.3.3 Energy consumption in the recycle processes 

The total specific energy consumption in a recycle process (related to unit of product) is a sum of two 
main components: energy (power, heat, cold) consumed in the separation process itself and energy 
(power) to circulation (return the separated unreacted mixture flow back to the reactor).   

The total energy consumption in a recycle process depends strongly on the recycle ratio value:   

 The lower recycle ratio value, the lower is energy consumption for return the unreacted mixture 
back to the reactor (Figure 2).    

 The dependence of the energy consumption in the separation process on the recycle ratio is more 
complex and very specific. In principle, the deeper separation is, the higher energy consumption 
is necessary. 

The energy consumption in the purge processing should be also included in the total energy consumption 
(Figure 2). 

To ensure lower ratio value in the recycle, the basic process (obtaining of the reagents flow input the 
recycle) should be optimized, e.g. lower inerts content, higher process pressure, etc., despite it could be 
more energy consuming. Therefore, the total energy consumption (for basic and recycle processes) 
should have an optimum (minimum) value depending on the recycle ratio (Figure 2). 

2.4 Some examples 

2.4.1 Ammonia synthesis 

An example of a modern recycle ammonia synthesis process with full recycling of the reagents and 
utilization of the inert components is shown in figure 1. Ammonia synthesis by the exothermic catalytic 
reaction: 3H2 + N2 ↔2 NH3 is limited by unfavourable chemical equilibrium even at high pressures and 
lack of active catalysts at low temperatures. Therefore, since its development in 1913 by Haber and 
Bosch, the industrial ammonia synthesis always has been implemented as a recycle process. In presence, 
the industrial ammonia synthesis is going at 380-5000C and high pressures from 8 to 30 MPa. The 
feedstock is natural gas, which is converted by steam and air and obtained stoichiometric H2:N2=3:1 
(mole/mole) mixture contains about 0.5-1.0% CH4 and about 0.3-0.4% Ar. The equilibrium 
concentration of ammonia at these conditions is rather low even at highest pressure; moreover, the 
available catalysts ensure no more than about 80% from the equilibrium ammonia concentration, thus 
the maximum ammonia content output the reactor is about 20 % (mole) [9]. The separation of ammonia 
from non-reacted H2-N2-CH4-Ar mixture is implemented by partial condensation. Depending on the 
process pressure, the condensation begins at temperatures higher or near to the environmental and is 
going down to a minimum temperature of 253-273K. So the cooling of the recycled mixture is 
implementing in two stages, first by cooling water and second using a refrigeration unit (compressor or 
absorption). Unfortunately, the VLE of ammonia in the gaseous H2-N2-CH4-Ar mixture at high pressures 
is unfavorable and even at above minimum refrigeration temperature ammonia content in the mixture is 
2-4% (mole), depending strongly on the process pressure [10]. For these reasons, the degree of 
conversion of H2-N2 mixture to ammonia is 0.1-0.15 (mole/mole) and the recycle ratio respectively is 4 
- 6 kg recycled gas/kg ammonia [10].   

The purge quantity is keeping to ensure the constant concentration of inerts (CH4+Ar) input reactor 10% 
(mole). The gases (H2, N2, CH4, Ar) dissolved in liquid ammonia are desorbed after flash to the tank 
pressure and are added to the purge. The purge is separated in a cryogenic unit, H2+N2 are fully recovered 
and recycled back to the synthesis loop, Ar and CH4 are obtained as by-products. So in this example a 
full recycling of all components of the make-up gas is achieved [9]. 
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Figure 1: Material balance of a typical industrial recycle process: ammonia synthesis loop [2,12]. 
Process pressure 30 MPa, Make-up gas (mole %):CH4 0.95, Ar 0.35, H2:N2=3:1; Recycle gas inlet 

reactor CH4 7%, Ar3% . 

 

Figure 2: Components of exergy consumption in ammonia synthesis loops at various pressures and 
respective recycle ratios  

2.4.2 Methanol synthesis 

Methanol synthesis by two parallel exothermic catalytic reactions: CO + 2 H2 ↔ CH3OH and CO2 + 
3H2 ↔ CH3OH + H2O is also implemented as a recycle process, due to the unfavourable chemical 
equilibrium. At about 6 MPa and 260-280°C methanol concentration output reactor is no more 10% 
(mole). The specific feature of methanol synthesis is the excess hydrogen over the stoichiometric, 
necessary to avoid many possible side reactions and thus to obtain high purity methanol. The excess 
hydrogen is accumulated in the recycle mixture and so the purge contains up to 90% H2. Thus the purge 
is used to control not only some inerts (nitrogen and methane), but mainly hydrogen excess in the recycle 
gas. In most cases the purge separation is implemented mainly in an adsorption (PSA) unite to recovery 
high purity hydrogen, the residual gases are used in ammonia production or as fuel. The methanol 
synthesis loop is simpler and lower energy consuming, as the full separation of methanol by partial 
condensation is going at room temperature and no refrigeration is necessary. 

0

500

1000

1500

2000

2500

6.0/12.6 8.0/11.5 14.0/9.8 22.0/9.0 30.0/7.6

M
J/

t N
H

3

Process pressure, MPa / 
Recycle ratio, mole gas/mole NH3

Make-up gas compressor Refrigeration compressor

Recycle compessor Purge cryogenic separation

186



2.4.3 Urea synthesis 

Urea synthesis consists of two consecutive steps:  

ammonium carbamate synthesis from liquid ammonia and gaseous CO2:  

2 NH3(l) + CO2(g)  =  NH4COONH2(l) +  Q1 kJ           (10) 
and ammonium carbamate dehydratation to urea: 

NH4COONH2(l) =  NH2CONH2(l) + H2O(l) -  Q2 kJ       (11) 

The first reaction is fast and exothermic and is implemented in liquid phase at high pressure (14-20 
MPa) and moderate temperature (140-200°C). The second step is slow and slightly endothermic. The 
equilibrium of the second reaction is unfavourable and only no more than 65% of ammonium carbamate 
can be converted to urea despite that some excess ammonia up to twice over stoichiometric ratio is used 
in order to achieve higher degree of conversion. Two approaches are used to separate the unreacted 
substances (ammonium carbamate and excess ammonia) from the urea solution: “total recycle process” 
in the older plants and “stripping process” recently (Figure 3).  

Figure 3: Block flow diagram of a modern urea stripping process production plant [11]    

In both processes excess ammonia is evaporated and carbamate is decomposed to ammonia and CO2, 
then the vapours are condensed and recycled as liquids back to the reactor. In the first process the 
evaporation and decomposition are implemented by flash and distillation, in the second – by stripping 
and distillation. The recycle ratio is 1.2-2.0 kg recycled liquid/kg urea and depends on the ammonia 
excess and degree of conversion of ammonium carbamate to urea (Figure 4) [11]. 

 

Figure 4: Recycled ammonia and carbamate solution at basic parameters of urea synthesis: mole 
ratio NH3:CO2:H2O and degree of conversion of ammonium carbamate to urea αconv. 
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2.5 Natural resources consumption in industrial recycle processes 

The essential goal of the recycle processes is to achieve the maximum efficient usage of the natural 
resources used as feedstock, at the expense of additional energy resources consumption.  Depending on 
the chemical composition of the feedstock, two cases exist: 

Case 1:  The feedstock is a primary energy resource (natural gas, oil, coal, etc.). The optimisation task 
is the minimum of total primary energy resources consumption. In this case the Cumulative energy 
approach (based on the 1st Law) could be used. However, it can’t show correctly the sources and reasons 
of the losses (Figure 5).   

Case 2: The feedstock is a non-energy natural resource (mineral, ore, etc.). In this case the optimization 
is much more complex and includes the trade-off between natural energy and non-energy resources 
consumption. This case needs exergy method and Cumulative exergy approach to be used. The 
optimisation task is the minimum of total Cumulative exergy of natural resources consumption (Figure 
6). 

The question is what kind of natural resources is more valuable and accordingly should have priority to 
be saved from a thermodynamic and a sustainability points of view: energy or non-energy non-
renewable energy natural resources. 

 

Figure 5: Production chain, including a recycle process. Case 1: The feedstock is a primary energy 
resource (natural gas, oil, coal, etc.). 

The answer could be different, depending on the specific feedstock and energy resources used in the 
analysed process. However, from a sustainability points of view the answer should be in favour of non-
energy natural resources saving: they are absolutely limited in The Earth. The fossil fuels resources are 
also limited, but the solar radiation energy, received continuously on the earth surface, is really 
unlimited, it is necessary to use efficiently various kinds of this renewable energy.   

The problem is that the non-energy resources ate mainly inorganic substances (minerals, ores), also 
water and atmospheric gases. In the industrial recycle processes of all 3 groups (especially the recycle 
of some auxiliary substances) the full recycle of inorganic substances is next to impossible. Moreover, 
in some cases the purge is difficult to be separated and even can’t be burned (the combustion is not 
recycling, but and yet usage) and is thrown to the environment.     

Therefore, a rather actual problem recently, concerning the optimization of the industrial recycle 
processes which use renewable energy sources and/or renewable feedstock. The methodology is 
intensively developed and possible effects are estimated, e.g. ammonia synthesis from “renewable 
hydrogen”, obtained by water electrolysis, using some kind of renewable energy.       
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Figure 6: Production chain, including a recycle process. Case 2: The feedstock is a non-energy 
resource (ore, mineral). 

3 Recycling of wastes and used materials:  comparison with the industrial 
recycle processes 

The recycling of wastes and used materials could be considered as:  

 Recycling of materials (consisting of many substances). 

 Recycling of individual chemical substances. 

 Recycling of chemical elements. 

The recycling of some waste materials has been known from hundreds and even thousands years, as the 
manure usage for recycling the nutrients back into the soil. Recycling of metals, glass, paper, etc. is 
practising from the beginning of the industrial epoch. Recycling of polymer materials is intensively 
developing recently.  

The recycling of substances (water, some polymers, etc.) and of elements (mainly metals) are developed 
parallel to the process industries growth. 

Recycling of most used metals (iron, copper, some alloys, etc.) is an indispensable process of metallurgy. 
Recycling of less abundant metals and rare elements is especially important recently due to growing 
application of green energy sources; the problem about irreversible depletion of these metals is 
intensively investigated in last decades [1]. The recycling of most non-metals is still quite not studied 
[1,13]. 

3.1 Similarity and differences between industrial recycle processes and waste recycling 

There is a fundamental similarity and in the same time some substantial differences between industrial 
recycle processes and recycling of wastes.  

Essentially the goal of both processes are to recycle of the useful substances back to the basic process, 
adding them to the feedstock or semi-products and thus use them again in the production process.  

However, all stages of the industrial recycle processes are going continuously as an integrated in space 
and time process, whereas the stages of the wastes recycling are going separately in space and time 
(Figure 7): 
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Figure 7: Blockflow diagram of an overall waste recycling system [13]. 

1. The first stage (basic production process) is generation of product(s) from feedstock which can be 
obtained from some energy and/or non-energy natural resources. Additional energy is consumed in the 
production process. Thus production process can consume only energy natural resources (similar to the 
Case 1 of the industrial recycle processes, shown in Figure 5) or energy and non-energy resources 
(similar to Case 2, Figure 6). 

2. The second stage is usage of product(s) up to end of its useful life. The time spans of this stage can 
be extremely various, from some seconds or minutes to years and decades; the space gaps – the world 
over. These features are the major difficulties and obstacles to efficient and competitive recycling of 
wastes. They are also the main obstacles to application of the modelling and optimization methods 
developed and used in the industrial recycling processes.         

3. Collection and separation of waste (used products) are single discrete steps, separated by time spans 
and gaps are the most problematic stages. They are still not good organized and the share of processed 
household waste is still low (only 40% in the EU) [14]. These stages are not only energy consuming, 
but also use manual low productive labour.    

4. Processing of waste to feedstock, semi-product or product by physical or chemical processes is also 
energy consuming. However, the processing technologies are developed only for limited specific 
materials and substances.  

5. Recycle back to the basic process as feedstock or semi-product.  

Despite the time spans and space gaps, the thermodynamic analysis and optimization should cover all 
stages of the waste recycling system. 

3.2   Recycle ratio in waste recycling 

In the industrial recycle processes the circulation ratio depends on thermodynamic and kinetic 
limitations, but is strongly defined by the degree of conversion. It has an optimum (energy or exergy 
minimum) and can be optimized. 

A specific feature of the recycle ratio in waste recycling is its great variability, depending on different 
composition, properties (physical and chemical), function and use of products and wastes. 

It is not quite clear how to define the recycle ratio; the definition could be specific, depending on the 
recycling result: feedstock, semi-product or product. 

As the industrial recycling processes, the waste recycle processes are also energy consuming, However, 
the dependencies of the recycling ratio on the parameters of recycling and basic processes can be very 
different. The optimization task is the same as in the industrial recycling, but the results can be very 
different. In the widely used waste recycling processes as recycling of iron and steel the optimum 
(minimum energy resources consumption) coincide with 100% scrap processing. 
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It is not clear what value of the recycle ratio in waste recycling is better: the high recycle ratio could 
show that a most part of the waste is recycled, alternatively, the high recycle ratio could show that the 
product is short-lived. The total trend in last decades is the recycle ratio increase, but it can’t be estimate 
as positive or negative trend. 

3.3 Purge ratio in waste recycling 

In each industrial recycle process there is a purge to remove the inert components, not participating in 
the reactions. In modern designs the purge is also separated and each component is used – recycled back 
in the process or as useful by-product.  

Each stage of the recycling of wastes has a “purge”: a part of material is removed for different reasons. 
The most “purge” material is lost from collection and separation stages. In some cases this “purge” is 
combusted. But combustion is not recycling, the chemical exergy of material is not used appropriately. 

3.4 An example: plastics waste recycling 

The polymer wastes recycling is the most actual and most successful waste recycling example recently. 
It is really a thermodynamically most reasonable method for recycling both carbon and hydrogen, carbon 
being in the chemically reduced (not oxidized as in CO2) form, so its chemical exergy is very high, near 
to the exergy of the best fossil fuels. Therefore, the plastics materials recycling is one of the most 
valuable methods for approaching the “carbon neutral” economy. The favorable features of plastcs 
recycling are also short live of most plastics goods, i.e. small time span of stage 2, accordingly better 
organization of stages 3 and 4 and as a result, an appropriate efficiency of the overall recycle process.     

Despite at present only about 15% from plastics waste are recycling worldwide by mechanical or 
chemical methods, the forecast of about four fold increasing of the world plastics production in 2050 
and extremely intensive research and development in the field, the expectations are for a huge increase 
of the plastics recycling [15,16].   

4 Conclusions 

The comparison of the industrial recycle processes and recycling of waste materials shows some 
fundamental similarity and in the same time some important differences. The essence of both processes 
is the same: the recycle of the useful substances back to the basic process, adding them to the feedstock 
or semi-products and thus use them again in the production process. 

However, the industrial recycle processes are mainly continuous flow processes, (adsorption/desorption 
processes and batch reactors are exceptions). On the contrary, the waste materials recycling processes 
consist of single discrete steps, some of them separated by time spans and gaps. 

The recycle ratio and purge ratio are the most important parameters of both kinds of recycle processes. 
However, there are significant differences in the definitions and application of these crucial parameters 
due to the very specific features of each process. Nevertheless, the current tools for modelling and 
optimization of the industrial recycle processes, based on these parameters, could be adapted to the 
specific of the waste recycling processes. 

From a thermodynamic point of view, the optimization goal of both kinds recycle processes should be 
minimum of the total cumulative exergy of primary (energy and non-energy) natural resources 
consumed (as feedstock and fuel) in the overall process, related to the unit of product. If the feedstock 
is also an energy natural resource (coal, oil, gas), cumulative energy of natural resources also could be 
used for the optimization. If a non-energy natural resource (ore, mineral, etc.) is used as a feedstock, the 
problem is much more complex and only cumulative exergy must be used.  

To be correct, a thermodynamic analysis and optimization of the waste recycle processes should include 
the overall process, no matter of the time spans and gaps.   
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Abstract 

According to a report by the International Refrigeration Institute in Paris, the refrigeration sector uses 
around 20% of the cost of producing electricity. The estimates of IEA (International Energy Agency) 
show that about 10% of the demand for electrical energy is consumed for cooling of buildings. The air 
conditioning installations of buildings mainly use compressor chillers where electricity is employed to 
supply them. Because fossil fuels are mostly used for electricity production, affecting the increase in 
greenhouse gas emissions to the atmosphere, one of the real alternatives to compressor chillers is the 
adsorption chillers. To supply the adsorption chiller is used hot water having a temperature of 53 0C 
derived from solar collectors or waste heat from technical processes or water from the district heating 
network. These chillers are characterized by large dimensions and a low coefficient of performance. 
One way to increase their efficiency is to search for more efficient sorbents or increase the efficiency 
of heat exchange in the bed between the exchanger and the sorbent. The paper presents experimental 
possibilities for improving the efficiency of sorption processes within the bed by the use of metallic 
and non metallic additives materials. The experimental results described in work deals with a suitable 
amount of addition to the sorbent, which will provide the maximum increase in the thermal 
conductivity with minimal loss of sorption capacity. The tests were carried out using an apparatus for 
measuring dynamic vapor sorption of DVS Vacuum from Surface Measurement Systems. Experiments 
include studies of sorption kinetics for mixtures of sorbent with aluminum powders, carbon nanotubes 
and copper, graphite and other metallic additives at various share in the silica-based mixture, 
commercially used in absorption chillers. The results of experimental studies indicate a decrease in the 
amount of adsorbed steam with an increase in the mass share of the additives. At the same time, a 
larger amount of additive increases the thermal conductivity coefficient. The higher the thermal 
conductivity of the bed, the faster the adsorption and desorption processes take place, which directly 
translates into greater efficiency of the entire refrigerator. 
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1 Introduction 

Electricity demand for refrigeration purposes increases in civil engineering very quickly both in 
countries with a warm climate and in highly developed countries, where high thermal comfort is 
obtained. The total share of energy for cooling space for residential and public buildings in the world 
increased more than three times between 1990 and 2016 to 2 2020 [TWh]. Fulfilment of the peak 
demand for electricity is becoming a major challenge with the increasing number of refrigeration 
devices. Meeting the challenge of increasing in cooling demand in an affordable and sustainable way 
is hampered by its particular impact on peak demand. The share of space cooling in the peak electrical 
load is increasing rapidly in many countries and especially in those with a warm climate, such as 
India, where the share may increase from 10% to 45% in 2050. Despite the growing interest in using 
solar energy to fulfil refrigeration needs during daily peak times, the greatest cooling demand does not 
always coincide with the greatest solar energy potential. As a result, the high peak demand, 
compounded by the high demand for electricity used for cooling in the warmer months, will have to be 
covered by the power grid. Emission trends, European Union requirements and the energy policy of 
country indicate the need to reduce emissions in the energy sector. Constantly rising electricity prices 
and the pressure of allied countries to improve the efficiency of energy processes create the need to 
bring solutions that reduce energy losses on the market. Expensive and low-effective investments in 
modernizing existing power units can be replaced by technology that enables the production of cold. It 
is a product that has never been obtained in industrial power engineering. Generation of production of 
heat, electricity and useful cold (trigeneration) allows to increase the efficiency of the process and 
reduce the amount and cost of primary energy [1]. 

1.1 The theoretical basis of adsorption processes 

The adsorption process is based on the interaction of the adsorbate on the adsorbent's specific surface. 
There are four possible variants of adsorbent-adsorbate systems depending on the type of phases 
involved in the process: liquid-gas, liquid-liquid, solid-gas, solid-liquid. In practice, the last two are 
the most common, while in the case of adsorption chillers, the adsorbate is liquid and the adsorbent is 
solid, which has a highly developed specific surface area. Saturation of sorbent can take place through 
physical or chemical interactions [2]. For physical adsorption, intermolecular interactions in the form 
of van der Waals forces are created between the two phases [3]. For chemical adsorption, both phases 
are bound as a result of forming ionic or covalent bonds. Chemical adsorption contributes to the 
formation of much stronger bonds compared to physical adsorption. However, due to the lack of 
reversibility of this process, it is not possible to use it in adsorption refrigeration systems in which it is 
desirable because of the desorption process. Physical interactions are weaker but they provide easy 
reversibility of the process and removal of the adsorbed adsorbate at increased temperatures. 

1.2 Working pairs 

The use of a properly selected adsorbent-adsorbate pair determines the performance of adsorption and 
desorption. Each adsorbent has a specific regeneration temperature [4]. For low-temperature heat 
recovery its value should be lower than 90 °C. A suitable adsorbent should be characterized by the 
following features: high thermal conductivity, low specific heat, non-toxicity, no corrosion problems, 
no loss of adsorption properties over time, relatively small price and ability to adsorb as much of the 
adsorbate as possible at low temperature relative to the unit of mass [5]. The last of the above features 
is associated with the requirement for a high specific surface area of sorption materials. In turn, the 
features that should be characterized by adsorbate are: relatively low evaporation temperature, high 
evaporation heat, high latent heat value per unit of volume, small molecular size, low viscosity, low 
specific heat, low specific volume in liquid state, high thermal conductivity, chemical and thermally 
stable, non-toxic and non-flammable. The most common working pairs are: activated carbon–
methanol, activated carbon–ammonia, silica gel–water and zeolite–water [6,7]. 
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1.3 Working principles of adsorption cycles 

Adsorption refrigeration systems can only be powered by low-temperature heat extracted from the 
outside, for example waste heat or solar energy. A typical installation that is focused on cold 
production works in a closed system. The system, which additionally fulfils the function of water 
desalination, operates in an open system. In this case, the adsorbate must be highly saline water, which 
is supplied from external sources. Regardless of the purpose of the device, the principle of their 
operation is the same. The adsorption cycle can be divided into four main stages. In the first, the 
adsorbent is in conditions of adsorption temperature and evaporation pressure of the adsorbate at a 
given temperature. This condition prevails until the maximum adsorption value in the bed is reached. 
Due to the exothermic nature of the adsorption process, the bed should be continuously cooled with an 
external refrigerant through an exchanger. This makes it possible to adsorb the maximum amount of 
adsorbate. In the next stage, the bed is preheated before the desorption process. The heat is supplied to 
the system. The temperature and pressure increase until the required condensing pressure of the 
adsorbate is obtained. At this point, the third stage of the cycle begins. It is an isobaric desorption 
process which involves removing of the adsorbate from the adsorbent surface using low-temperature 
heat. It lasts until the minimum adsorbate content is obtained at the maximum adsorbent regeneration 
temperature. Then the released adsorbate goes to the condenser, where the process of condensation 
takes place on the surface of the exchanger tubes. The emitted condensation heat is taken over by the 
cooling system. Depending on whether the system is open or closed, the condensate is collected in the 
condensate tank or directed back to the evaporator. At the same time, the last stage begins and the 
system is prepared before the next cycle. The bed is cooled and its pressure decreases to the 
evaporation pressure of the adsorbate. Then the adsorbate evaporates in the evaporator under reduced 
pressure. During this process, the heat released is absorbed by the cooled liquid. As a result, a cooling 
effect is obtained. Reaching a sufficiently low pressure is necessary to obtain the required temperature. 
The evaporated medium flows towards the adsorbent. Adsorption and desorption processes occur 
cyclically. They should also be carried out alternately to maintain continuity of the ice water or 
distillate production. 

1.4 Performance improvement 

The efficiency of refrigeration systems can be described using many parameters. The most important 
is the coefficient of performance (COP). It determines the ratio of the heat removed in the evaporator 
to the heat supplied to carry out the desorption and the bed pre-heating process. Adsorption chillers are 
characterized by a relatively low value of the coefficient of performance [8], which is usually between 
0.5 and 0.6. For this reason, adsorption chillers are characterized by large dimensions and mass. 
Currently, there is lot of research aimed at increasing their COP. As a result, it will improve the 
competitiveness on the market of adsorption refrigeration systems. Another important indicator 
describing the performance of a refrigerator is the specific cooling power (SCP). It determines the 
efficiency in relation to the mass of the adsorbent. Increasing SCP means increasing cooling capacity 
from a certain amount of sorbent. Increasing SCP indicator means growing cooling capacity from a 
certain amount of sorbent and allows reducing the dimensions of the device because of using less 
sorption material. SCP strongly depends on the cooling water temperature. It increases when the lower 
condenser temperature is reached. There are many ways to improve the efficiency of the adsorption 
chiller by interfering with easily modifiable parameters, such as bed regeneration temperature, chilled 
water temperature, or the duration of one cycle. One of the most important factors affecting the low 
performance of adsorption chillers is the low thermal conductivity of the bed [9]. The materials used 
in the beds are highly porous sorbents characterized by a large specific surface that has an impact on 
high sorption capacity, but also on low thermal conductivity. The heat exchange in the bed can be 
intensified in two ways. The first is to increase the heat exchange at the border of the heat exchanger 
and the adsorbent, and the second is to increase the thermal conductivity of the adsorbent. There are 
many hollow spaces filled with still air between sorbent particles. Its thermal conductivity is around 
0.025 W/m/K [10], so it is even lower than for silica gel. This is the reason for the occurrence of 
discontinuities in heat transport. Reducing its occurrence is possible by using polydispersity consisting 
in filling hollow spaces with a material with a higher thermal conductivity [11,12]. Such material 
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should not have a particularly negative effect on the adsorbent's sorption properties. Examples of such 
materials include, for example, metallic powders or carbon materials with smaller grain sizes than 
sorbent. The effect of creating such a mixture is not only to reduce the porosity of the bed but also to 
improve its mechanical properties. This work deals with issues related to the application of aluminum 
additive to sorbent and its impact on sorption and desorption processes. 

2 Materials and methods 

2.1 Materials 

Adsorbent beds are characterized by high porosity. Addition of materials with high thermal 
conductivity to silica gel can increase the thermal conductivity of the entire bed by reducing the 
discontinuity of internal heat transport. Additives can also increase the mechanical strength of the bed. 
In this study, pure silica gel as a reference sample and silica gel with the addition of aluminum in 
powder form were tested. The addition of aluminum was used in various mass proportions: 5 %, 15 % 
and 25 %. The choice of such a material was dictated by its high thermal conductivity. The effect of 
reducing the mass fraction of highly hygroscopic silica gel is reducing the sorption capacity of the 
sample because the additives do not show significant sorption properties. Such an additive may 
contribute to a decrease in mass transport within the bed. Therefore, before proceeding with the test, 
the ingredients should be properly mixed to best harmonize their composition. All analyzed samples 
are summarized in Table 1. 

Table 1: Samples examined in the study 

Sample  
Basic 
ingredient 

Additional 
ingredient 

Mass share of additional 
component [%] 

The total mass of 
the sample [mg] 

SG + 5% Al Silica gel Aluminum 5 50 
SG + 15% Al Silica gel Aluminum 15 50 
SG + 25% Al Silica gel Aluminum 25 50 

2.2 Methods 

Kinetic sorption studies of all samples were conducted using Dynamic Gravimetric Vapor Sorption 
System DVS Vacuum. This device measures the change in mass of the sample that absorbs a certain 
amount of adsorbent with sensitivity equal to 0.1 µg. For the research purposes, it was assumed that 
the adsorbate is distilled water. Before starting the experiment, the parameters on the basis of which 
the study will be conducted were set. The research method was divided into 22 stages. The first of 
them was the process of heating the sample at 100 °C for 60 minutes. Then the same time was set for 
stabilizing the temperature of the entire system. The next 20 stages lasted 20 minutes each. They 
differed in value of relative pressure P/P0, gradually increasing from 10 % to 100 % and then 
decreasing again to 10 %. In this way, adsorption and desorption isotherms and sorption kinetics 
charts for the tested materials are obtained, providing, among others, information about the amount of 
adsorbed adsorbate depending on its saturation pressure. The steam flow was set to a constant value 
equal to 15 sccm (standard cubic centimetres per minute). Each sample was tested at three 
temperatures: 25 °C, 40 °C and 60 °C. 

3 Results and discussion 

The results of experimental studies are presented on the kinetics sorption graphs. It is the dependence 
of the percentage change of the sample reference mass as a function of time. Analysis of the results 
presented in this way allows to determine the exact course of adsorption and desorption processes and 
also shows the intensity of both processes. As a consequence, it can lead to the conclusion at which 
stage of the process its further continuation can negatively affect the overall performance of the 
refrigerator. Figures 1-4 present the kinetics of sorption of tested samples depending on the mass 
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fraction of the additive. On one graph there are curves for three temperatures at which the test was 
performed: 25 °C, 40 °C and 60 °C. In addition, an approximation process was performed for each 
curve using MATLAB software. 

Figure 1 shows the course of sorption kinetics for silica gel. This sample did not contain any additives. 
It was considered as a reference sample. 

 

Figure 1: Sorption kinetics graph for SG sample tested at temperatures of 25 °C, 40 °C, 60 °C 

Figure 2 compares the course of the adsorption and desorption process for the SG + 5 % Al sample. It 
shows that the mixture at a temperature of 60 °C performs the cycle in a much shorter time than at 
temperatures of 25 °C and 40 °C. Additionally the sample tested at the highest temperature has the 
highest sorption capacity. 
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Figure 2: Sorption kinetics graph for SG + 5% Al sample tested at temperatures of 25°C, 40°C, 60°C 

For the sample SG + 15 % Al, sorption kinetics are shown in Figure 3. In this case, the sample tested 
at 60 °C showed the lowest amount of adsorbed water vapour. Besides, it was also noted that it carried 
out the desorption process more intensively than the rest. Samples tested at 25 °C and 40 °C are 
characterized by a similar desorption course and a similar amount of adsorbed adsorbate. The curve at 
40 °C is characterized by greater intensity of the adsorption process. 
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Figure 3: Sorption kinetics graph for SG + 15 % Al sample tested at temperatures of 25 °C, 40 °C, 60 
°C 

Figure 4 shows the course of the adsorption and desorption cycle for the SG + 25 % Al sample. The 
sample tested at 40 °C has the highest adsorption intensity, while the most intense desorption was 
observed for the sample at 60 °C. The maximum amount of adsorbed vapour is similar for each 
temperature. 
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Figure 4: Sorption kinetics graph for SG + 25 % Al sample tested at temperatures of 25 °C, 40 °C, 60 
°C 

Table 2 shows the change in reference mass of each sample expressed as a percentage and the 
difference between the change in the mass of the reference sample and the change in the mass of the 
sample with the addition of aluminum tested at the same temperature. 

Table 2: Percentage change in reference mass of all tested samples 

Sample 
designation 

Temperature 

[C] 

Reference 
mass 

change 
[%] 

Difference in sample 
mass change towards to 

the reference sample 
tested at the same 
temperature [pp] 

Time from obtaining 
reference mass to 

achieving a 20% change 
in reference mass of the 

sample [mins] 
SG 25 34.30 - 98.45 
SG 40 34.19 - 85.99 
SG 60 33.81 - 97.23 

SG + 5% Al 25 32.52 1.78 96.02 
SG + 5% Al 40 32.60 1.59 86.74 
SG + 5% Al 60 34.28 -0.47 87.23 
SG + 15% Al 25 29.79 4.51 92.97 
SG + 15% Al 40 29.65 4.54 85.39 
SG + 15% Al 60 29.35 4.46 93.55 
SG + 25% Al 25 25.04 9.26 110.34 
SG + 25% Al 40 25.09 9.10 104.33 
SG + 25% Al 60 25.01 8.80 109.69 
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Based on Table 2, it was found that the largest loss of sorption properties of all mixtures in relation to 
the reference sample was obtained for samples with a 25 % mass fraction of the additive. The average 
loss of adsorbed water vapour for all temperatures was 9.05 percentage point. The maximum loss was 
observed for the sample tested at 25 C. Its value is 9.26 percentage points. 

For samples with the percentage by mass of aluminium equal to 15 %, the maximum reduction in 
sorption properties is equal to 4.54 percentage points at the temperature of 40 °C. The average 
decrease in the sorption capacity of mixtures is 4.50 percentage points. 

Samples with the addition of 5 % of the mass fraction indicate the closest sorption properties to the 
reference sample. On average, the decrease in sorption capacity with respect to a silica gel sample is 
0.97 percentage points. The maximum reduction in sorption capacity is equal to 1.78 percentage points 
at temperature of 25 °C. There is also a downward trend in the negative effect of additives on the 
sorption capacity of the sample with increasing temperature. 

On the basis of the results obtained, it was confirmed that for the samples tested at each temperature, 
the highest amount of desorbed agent was achieved for 25 % aluminium addition. In turn, the lowest 
desorption was observed for the 5 % percentage of the additive. 

4 Conclusions 

Together with increasing economic development and constant climate change, the increase in demand 
for cold and drinking water is also inevitable. Adsorption refrigeration devices combined with 
renewable energy sources are cheap and ecological source of cooling and desalinated water. The 
obstacles to the commercialization of such solutions are, among others, the low efficiency of 
refrigerators and the instability of performance factors related to the cyclical mode of operation. Low 
efficiency of the system causes that adsorption coolers are characterized by large dimensions and 
mass. However, the research is constantly heading to improve performance. Certainly, the possibility 
of the water desalination will significantly contribute to greater interest in such technology. The 
research indicates a decrease in the amount of adsorbed gas with an increase in the weight fraction of 
the additional component in the silica gel. A larger amount of admixture means a higher thermal 
conductivity coefficient at the cost of a smaller amount of adsorbate that can be adsorbed in the bed. 
The greater thermal conductivity of the bed is associated with the faster desorption process, which 
directly translates into performance factors. Shorter cycle times mean, among other things, the 
possibility of increasing potable water production, increase of evaporator power (greater cooling 
effect) and more ice water produced. It also provides stabilization of temperature and cold production. 
In addition, the reduced amount of time required to perform desorption leads to a reduction in the 
energy consumption needed to heat the adsorbent bed.  

The study shown in this article included one additive to silica gel which is aluminum in powder form. 
It contributes to the loss of the sorption properties of the bed but also increased thermal conductivity 
of the material. Based on the results, it was found that the 5 % mass fraction in the least way 
contributes to the loss of sorption properties compared to the reference sample, and the loss increases 
with the increasing amount of additive in the sample. The reason for this is the decreasing amount of 
material with hygroscopic properties in the mixture. It has also been noticed that there is a tendency to 
decrease the loss of sorption properties of the samples with increasing temperature. The smaller mass 
share of the additive means that the whole process can last longer than in the case of a larger one, and 
the amount of desorbed gas from the adsorbate surface is then noticeably smaller. 
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Abstract 

This research focuses on developing a methodology using information technology tools and data 
analysis to identify specific cost-effective measures which could provide households lacking energy 
access better access to energy. The methodology aims at identifying characteristics of households 
adopting clean energy technologies. Furthermore, a predictive model to assess the potential for 
households to move into a higher tier in energy access is proposed. Exploring innovative usage of data 
to drive social, economic, and environmental impact has become possible through the advances in 
computational and data sciences. The approach presented in this research includes a combination of an 
iterative process between statistical analysis and data analysis, known as data science. The data is 
analysed using information technology tools for machine learning and data analysis. To this purpose, 
the energy supply and consumption related to cooking solutions of households in remote rural areas are 
characterized through a set of attributes that capture key dimensions of energy access, known as the 
Multi-Tier Framework (MTF). The MTF is a methodology developed by the World Bank to understand 
what prevents a household from moving to a higher tier of access to affordable, reliable, sustainable, 
and modern energy in alignment with Sustainable Development Goal 7. This research compares two 
approaches: (i) classifying the dataset according to a logistic regression based on the MTF classification 
and (ii) classifying the dataset based on machine learning methodologies to cluster similar households 
according to a selected dataset. Households with similar features grouped into a common cluster as in 
(ii) show different tier levels according to the classification described in the MTF as in (i). This 
difference in the two approaches (i) and (ii) enables the determination of specific sets of variables or 
features that, when provided to households in the same cluster, but at a lower tier, could enable an 
improvement in tier and ultimately better access to energy. 
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1 Introduction 

Energy access in rural and remote areas cannot be described by binary metrics related, for instance, to 
the availability of a network connection, but it is rather depending on several attributes describing its 
multidimensionality; such as energy supply and consumption, among others. As a multidimensional 
approach for measuring energy access, the Multi-Tier Framework (MTF) is an approach which enables 
to identify specific measures to understand what prevents a household from moving to a higher tier to 
access affordable, reliable, sustainable, and modern energy. In this manner, households are classified 
into tiers according to their access to specific attributes. 

This research aims to develop in this context a methodology using information technology tools and 
data analysis methods to identify specific cost-effective measures which could provide households 
lacking energy access better access to energy. The approach presented in this research includes a 
combination of an iterative process between statistical analysis and data analysis; known as data science. 
The available data will be analyzed using information technology tools developed in the coding language 
Python and its open source libraries for machine learning and data analysis. 

This work is based on data collected using the HEDERA Impact Toolkit (HIT)  [1], an energy access 
assessment tool developed by the German startup HEDERA Sustainable Solutions GmbH. The datasets 
of 148 households located in Mwenga –a rural area in the province of South Kivu in the Democratic 
Republic of Congo– is analyzed to identify characteristics of households adopting clean technologies. 
Furthermore, emerging impacts of clean technologies are evaluated and finally, a predictive model using 
the clustering algorithm K-Means to identify features which could enable households in moving to a 
higher tier in energy access is developed. 

2 Methods 

Data processing for the tier classification has been done using the HIT. HIT is a digital tool which allows 
institutions to establish a baseline for monitoring progress towards the Sustainable Development Goals 
(SDGs) from their end-users and beneficiaries and track the progress thereof, following, for example, 
the Multi-tier Framework (MTF) for SDG7, recently established by The World Bank [2], and the 
Progress out of Energy Poverty Index (PEPI) [3]. This paper uses data from the project APIDE [4]. Data 
collected using HIT facilitates the monitoring of progress towards SDG7 with detailed analysis of energy 
needs and access at the individual household level. The effectiveness of the application of the MTF in 
combination with mobile data collection tools optimized for the microfinance industry is described by 
[5]. The data was collected through personal interview sessions executed by the APIDE. 

 

Data science is a widely used term that includes statistical data analysis and data analytics. It combines 
an in-depth understanding from the social, economic, and theoretical perspective of the evaluated 
phenomena combined with technical computational tools to evaluate datasets and present results by 
means of plots, graphs, tables and relational logical explanations of causes and events. Data Science is 
key to achieving three significant kinds of results for analyzing data: discovery, insights, and innovation.   

Data science implements machine learning by means of information technology tools to understand and 
analyze actual circumstances, observations, and concepts with the objective to learn from data.  

2.1 Energy Access 

Ensure access to affordable, reliable, sustainable, and modern energy for all by 2030 corresponds to 
Goal 7 of the Sustainable Development Goals (SDG - Goal 7) as defined by the United Nations’ 
development agenda. However, defining and measuring energy access is not a straight-forward task 
since energy may be used through multiple sources and technologies, and in forms that may or may not 
be covering with the required quality the energy needs. The widely used binary method to measure 
energy access, as “having or not having electricity connection to the grid” or “using or not using clean 
fuels for cooking”, is inadequate since it considers only reduced number of attributes, it does not address 
whether the households’ energy  corresponds to adequate services, and it ignores services available 
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through other technologies. To address the above challenges, a new multi-tier framework (MTF) was 
developed to measure energy access based on a set of Attributes that capture key characteristics of the 
energy supply [6]. The MTF methodology measures energy access based on desirable Attributes such 
as: adequateness, availability (when needed), reliability, quality, affordability, legality, convenience, 
healthy, and safety for all required energy services across household, productive and community uses. 
In each of these Attributes, the energy access performance is ranked from 0 (the lowest tier) to 5 (the 
highest tier) and depends on specific classification defined for each attribute (see Appendix A). The tier 
levels reflect a state of energy access for the household, attempting to provide meaningful differentiation 
between energy access Attributes. “As originally released, the multi-tier standards, with binary and 
gradual indicators for the attributes associated with household electricity supply and cooking facilities, 
are complemented by two separate multi-tier frameworks for access to electricity services and electricity 
supply. These two frameworks are required because, despite the fact that the electricity services and 
supply frameworks are quite aligned, supply metrics are only indicative, due to the diversity of 
appliances a household might be able to use, as well as the potential use of energy efficient appliances 
not necessarily reflected in the estimated thresholds” [5]. This paper will thus focus solely on energy 
access for cooking solutions, excluding the frameworks for electricity, productive and community uses. 

2.2 Information Technology Tools and Data Analysis 

Through the iterative development and refinement of a question Data Science addresses a specific need 
by means of generating a diagnosis based on a hypothesis. It includes the process of reanalyzing and 
interpreting the data from the perspective of insights obtained from new findings to revise the question 
and reformulate the hypothesis. Through the preparation, analysis and interpretation of data, and by 
applying statistical methods together with computational and visualization tools, Data Science helps to 
translate numerical results into solutions, and communicate findings in a way that positively affects 
decisions  [7] [8]. 

 

Figure 1: Iterative Data Science model 

To analyze data several tools are available as open source. One of the most widely used tools rely on 
programming in the Python language due to the diverse set of public frameworks and libraries 
specialized on data analysis and machine learning. Additionally, there is an active online Python 
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programming and data science community contributing on the publication of articles, blogs, and 
experiences in the matter.  

To analyze datasets, it is a common practice to use Python for the application of statistical and machine 
learning methods. Some of the available methods to approach a data analysis problem could be (1) 
reduce the dimension, (2) identify the main variables, (3) determine the relevant clusters and (4) 
understand any dependencies among features [8]. 

Over and Under Sampling are techniques used for data classification. It is a common occurrence that 
after undergoing classification procedures datasets contain a different amount of data points for different 
variables. Strong uneven number of data points in different variables limit the performance and quality 
of the applied analytical methods and algorithms. Undersampling is understood as the process of 
selecting only some of the available data from the majority class to match the number of data points 
available in the minority class. This selection should be done to maintain the probability distribution of 
the class. Oversampling is the process of creating copies of the minority class to have the same amount 
of data points of the majority class. The copies are generated such that the distribution of the minority 
class is not modified [9]. 

Dimension Reduction is a technique used to compress the number of variables without losing relevant 
information on the problem. It refers to the process of reducing n dimensions of data set to k dimensions 
(k < n), or in other words converting a set of data having multi-dimensions into data with fewer 
dimensions ensuring that it conveys similar information concisely. It also allows a clearer visualization 
of patterns. These k dimensions can be (1) directly identified (filtered) or can be (2) a combination of 
dimensions (weighted averages of dimensions) or (3) new dimension(s) that represent existing multiple 
dimensions. Among the various existing methods of dimensionality reduction, the so-called Principal 
Component Analysis (PCA) method used for this paper is a widely established in the analysis of 
multivariate data sets [10]. 

The PCA is a method of equivalent variables (in form of components) from a large set of variables 
available in a data set. With fewer variables, visualization also becomes much more meaningful. PCA 
is useful when dealing with 4 or higher dimensional data when there is a purpose in displaying the data 
in a plot using 2 or 3 dimensions.  

Clustering is the division of the population or data points into several groups such that data points in the 
same groups are more similar to other data points in the same group than those in other groups. The aim 
is to segregate groups with similar traits and assign them into clusters. Among the available clustering 
methods, K-Means is an iterative clustering algorithm that aims to find local maxima in each iteration. 
Its procedure follows a simple and easy way to classify a given data set through a certain number of 
clusters (assume k clusters). Data points inside a cluster are homogeneous and heterogeneous to peer 
groups [11]. 

3 Research Objectives and Approach 

A key question that the MTF seeks to answer is what prevents a household from moving to a higher tier 
for energy access. The added value of the MTF consists in capturing full-spectrum data to classify 
evaluated households into tier to draw a base-line about their situation related to energy access and to 
identify interventions that remove barriers to households moving to a higher Tier.  
The approach described in this paper will be handled through a combination of an iterative process 
between statistical analysis and data analysis as described in chapter 2.2. While the statistical analysis 
is used in order to gain an understanding of a larger population by analyzing the information of a sample, 
data analysis entails a different process consisting of inspecting, cleaning, transforming, modelling, and 
plotting available data into useful information using information technology tools, such as Python, for 
specific problem solving.  
By applying the principles of MTF in Data Sciences processes, the main purpose of this research is to 
develop and implement a methodology which can provide information on specific measures to identify 
methods to enable households in moving to a higher Tier.  
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3.1 Objective 1: Characteristics of households adopting clean technologies  

Based on a preliminary exploratory data analysis, develop methodologies for (i) deriving key 
characteristics of households that are using clean technologies and (ii) obtain insights into the key drivers 
of the adoption of  used technologies (e.g. cooking practices or types fuel used). 

3.2 Objective 2: Prediction of cost-efficient measures to improve energy access by 
identifying recommendations to enable households in moving to a higher Tier 

Through the analysis of the data as describes in the Objective 1, the current method of classification of 
households into tiers based on the MTF using HIT will be compared with the predictive results of 
unsupervised classification using Machine Learning methods for clustering. Similar households from 
the dataset will be grouped into clusters using the clustering algorithm K-Means.  

4 Results 

The results were obtained by implementing the iterative Data Science Model as described in Figure 1 
in a Jupyter notebook. “Notebook documents (or notebooks, all lower case) are documents produced by 
the Jupyter Notebook App, which contain both computer code (e.g. python) and rich text elements 
(paragraph, equations, figures, links, etc…). Notebook documents are both human-readable documents 
containing the analysis description and the results (figures, tables, etc..) as well as executable documents 
which can be run to perform data analysis.” [12] The main results are presented in the following sections 
of this paper. However, the full report and intermediate results will be reported elsewhere. 

As formulated in Objective 1: Characteristics of households adopting clean technologies and Objective 
2: Prediction of cost-efficient measures to improve energy access by identifying recommendations to 
enable households in moving to a higher Tier, the purpose entails the analysis of a given dataset. The 
analysis requires its exploration and manipulation using specific Python libraries analysis. 

4.1 Data Integration 

The dataset under analysis was imported into the Jupyter notebook from a file generated by the HIT 
after classifying the dataset according to a logistic regression based on the MTF.  The variables contained 
in this dataset are: 'income', 'locality', 'GPS_Latitude', 'GPS_Longitude', 'size',  'primary_stove', 
'primary_cooking_fuel', 'C_Affordability', 'C_Convenience', 'C_Availability', 'C_Quality', 'C_Safety', 
and 'C_Index'. The variables with names starting with “C_” contain the tier classification for the 
Attributes according to the MTF (see Appendix A) to describe the access to modern cooking solutions 
(see Figure 2). The variable C_Index describes the final classification according to the MTF by taking 
the minimum value of all the attributes; see [13] for a complete description.  

 

Figure 2: Tier classification of the entire population 
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To address the first objective stated in this paper Objective 1: Characteristics of households adopting 
clean technologies, we want to derive key characteristics of households and obtain insights into the key 
drivers of the adoption of the present technologies.  

Thus, from the list of variables shown in chapter 4.1 the income is compared with the locality in the 
following plots from Figure 3 to Figure 6 to obtain information related to the primary stoves and primary 
cooking fuels. 

 

Figure 3: Income vs. locality for primary cooking fuels 

 

Figure 4: Income vs. locality for primary stoves 

 

 

Figure 5: C_Index vs income by locality and primary cooking fuel 
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Figure 6: C_Index vs income by locality and primary stove 

4.1 Model Evaluation 

To address the second objective stated in this paper Objective 2: Prediction of cost-efficient measures 
to improve energy access by identifying recommendations to enable households in moving to a higher 
Tier, the cluster algorithm selected is k-means. K-means has been selected due to the simplicity of its 
implementation using Python and the Data Science open source library Scikit-Learn [14]. It is important 
to observe that there are several different clustering methods available, however, comparing the 
precision of different algorithms is beyond the scope of this research. The k-mean algorithm requires 
the number of clusters to be specified; this is the only parameter to tune in this case. In cluster analysis, 
the elbow method is a heuristic for determining the number of clusters in a data set. The method consists 
of recording the explained variation as a function of the number of clusters and choosing the bend of the 
curve as the number of clusters to be used. 

 

 

Figure 7: Elbow method to determine the number of clusters for the k-mean algorithm 
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Elbow method tells us to select the cluster when there is a significant change in inertia indicated in the 
curve as an elbow (see Figure 7). “Inertia can be recognized as a measure of how internally coherent 
clusters are.” [14] As we can see from the graph, we can say this may be either 3 or 5. In this paper both 
results are analysed in the following in figures.  

To evaluate the model and confirm the selection of 3 or 5 clusters for the k-means clustering a 2 
component PCA was done for the case with 3 clusters and 5 clusters. Figure 8 shows 3 clusters labelled 
A, B and C. Figure 9 shows 5 clusters labelled A, B, C, D and E.  The clusters in Figure 8 when compared 
with the clusters in Figure 9 seam more dense and less disperse. Figure 9 shows the points labelled E 
distant from each other and from the denser cluster of points. From these observations 3 clusters seem 
to be a better choice. 

 

Figure 8: 2 component PCA with 3 clusters 

 

 

Figure 9: 2 component PCA with 5 clusters 

 

When replacing each point in Figure 8 with the dataset’s feature C_Index it is possible to observe how 
the  clusters contain households classified according to MTF. In Figure 10 the cluster labelled A includes 
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features from C_Index 1, 2, and 3. The cluster labelled B includes only features from C_Index 3 and the 
cluster labelled C includes features from C_Index 1 and 2.  

 

Figure 10: 2 component PCA with 3 clusters and feature C_Index on each point 

 

Similar to Figure 10, Figure 12 shows the feature C_Index with different tier levels (i.e. see cluster A 
including tier 0, 1, and 2 labelled in red, cluster B in labelled in blue, and cluster C labelled in green).  

 Figure 11 shows a scatterplot comparing income and household size in the vertical axis. Each point in 
this plot is labelled with the 3 clusters (A, B, and C) as discussed above.  

 
Figure 11: C_Index vs size with 3 labels according to k-mean clusters 
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Figure 12 shows a scatterplot comparing income and household size. Each point in this plot is labelled 
with the 3 clusters (A, B, and C).  

 

 

Figure 12: Income vs household size clustered into 3 labels showing the feature C_Index on each 
point 

5 Discussion 

From Figure 2 it is possible to observe that energy access for cooking solutions according to the MTF 
rates for the attribute Affordability most of the population in tier 5. This information related to observed 
types of cooking fuels in Figure 3 to Figure 6 could point out that the majority of the fuel (firewood) is 
affordable. Moreover this could be verified with the attribute Availability in  Figure 2 indicating that 
more that 80% of the population have availability to the fuel used for cooking throughout the year. Also, 
the Attribute Safety indicates that most of the population is in tier 5. However, the attribute Convenience 
rate most of the population below tier 2. 

Related to Objective 1, the type of fuel most used is firewood (see Figure 3 to Figure 6). Now, to relate 
this with Objective 2 and to further illustrate how the clusters could provide information to identify 
measures which could drive households to a higher tier, to mention an example, in this population 4 
household were rated the highest in feature C_Index at tier 3. From these household 3 use charcoal. All 
4 households were classified in cluster A. 

It is observed in the results found in this paper that households with similar features which are grouped 
into a common cluster have different tier classifications, notice the feature C_Index in Figure 10 and 
Figure 12, according to Attributes obtained based on the MTF. The difference in tier indicate that within 
a population clustered together there is a specific set of features which enable similar households to have 
different classifications. These differences point out that specific characteristics or profiles from the 
households are readily present for the observed population.  

Additionally, the identified features within each cluster indicate that an improvement in providing these 
features to the households currently lacking them could enable a change in moving to a higher tier.  
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Appendix A 

Multi-Tier Matrix: Energy Access Assessment At Household Level For Cooking Solutions 

 

Nomenclature 

CDF Congolese Franc 
EDA Exploratory Data Analysis 
HIT  HEDERA Impact Toolkit 
LAFI Local Available Feature Improvement 
MTF Multi-Tier Framework 
NAN Not a Number 
PCA Principle Component Analysis 
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Abstract 

Power losses accompany each electrical device during its work. The proper power losses dissipation to 
the ambient allows avoiding the device overheating and its operation failure. One of the most effective 
techniques for the cooling of internal parts of the electric devices, such as transformers, is the 
implementation of a dielectric coolant within the device casing. Nowadays, the most popular coolants 
in the market are based on mineral components. However, mineral oil is not neutral for the environment, 
especially in a case of coolant leakage or its disposal after the device lifetime. More environmentally 
friendly coolants belong to the liquid group of biodegradable oils where the most common representative 
is ester oil. For this reason, the main aim of this work was to compare the cooling efficiency of both 
coolant types in the 315 kVA distribution transformer at different ambient conditions. The developed 
coupled numerical model included both electromagnetic, thermal and flow phenomena. The power 
losses were interpolated into the Computational Fluid Dynamics (CFD) submodel as volumetric heat 
sources. Finally, the CFD model was used to determine hot-spot temperature within the transformer 
tank. The calculations were conducted for mineral and ester oils at different climate conditions that 
correspond to the conditions of central Argentina and Poland. The resulting hotspot temperature results 
obtained for the ester oil scenario were up to 3 K higher than that obtained for mineral oil case. In 
addition, the numerical results showed a satisfactory agreement with the measured values within the 
analyzed distribution transformer. 
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1 Introduction 

One of the most popular cooling systems for the distribution transformer is a natural circulation of the 
oil within the transformer casing and natural convection of the air around this device (Oil Natural Air 
Natural – ONAN) with the accompanying thermal radiation. The most popular dielectric coolant using 
in industrial practice is mineral oil [1]. Nevertheless, mineral oil is not environmental friendly coolant 
especially in a case of coolant leakage or its disposal after the device lifetime [2]. Therefore, more 
environmentally friendly solutions are natural ester oils such as vegetable oils [3]. 

The thermal analysis investigating cooling systems of the transformer is one of the key aspects of the 
designing process of this devices. This is due to the power losses that occur in each electrical device and 
the effective losses dissipation which defines the maximum hotspot temperature [4]. The hot-spot 
temperature, in this case, can be estimated experimentally using e.g. fiber optic sensors [5] or using 
mathematical modelling such as Computational Fluid Dynamics (CFD) [6]. Moreover, the power losses 
occurring within transformers have to be dissipated into the environment in the steady-state conditions 
while this device type works usually in a continuous mode. However, the numerical investigations in 
these applications were also conducted in a transient mode [7]. In cases of transformers characterised 
by external dimensions reaching few meters, the numerical models are often accompanied by simplified 
thermal models e.g. as in [8] based on empirical equations available in standard literature [9]. 

In the presented research, the distribution transformer was investigated using a coupled model including 
electromagnetic and thermal analyses. The electromagnetic model allowed to estimate power losses 
which were in the next step transferred to the thermal model as volumetric heat sources using 
interpolation procedure in 3-D space. Moreover, the calculations were conducted for two scenarios: 
Polish and Argentinian climate condition during the summertime [10]. The investigated device was 
considered with two coolants: mineral and natural ester oil. The presented paper shows that ester oil 
could be treated as equally efficient to mineral oil from the thermal point of view in summertime 
conditions.  

2 Investigated device 

The investigated device was manufactured by Tadeo Czerweny S.A. being the consortium partner of the 
project H2020 MSCA-RISE BIOTRAFO. The studied distribution transformer was a transformer with 
a rated power of 315 kVA and a voltage ratio of 13.2 kV / 0.4 kV. The configuration of windings in the 
studied device was DYn11. The simplified scheme of the investigated transformer is presented in Fig. 1. 

 

Figure 1: CAD geometry of distribution transformer before domain modifications 
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3 Electromagnetic model 

The electromagnetic model (EMAG) was based on the Finite Element Method (FEM). Therefore, the 
partial differential equations describing the electromagnetic phenomena were solved between mesh 
nodes and field values were also stored within the node coordinates. 

The electromagnetic model was prepared in ANSYS Maxwell software. Within the software, tthe 
iterative EddyCurrent 3-D solver was used. The solver allows computing of averaged core loss and 
ohmic loss per voltage sinusoidal period. This core loss is computed from Steinmetz's equation using 
coefficients computed from core loss vs. magnetic field characteristic given by the device manufacturer 
Tadeo Czerweny S.A. In addition, the solver allows for the time-independent, steady-state computations 
of electromagnetic field distribution. From the original CAD geometry presented in Fig. 1, only winding 
and core elements were transferred into the EMAG model. Moreover, the region of the windings was 
modified by separating those volumes into the high and low voltage zones. In reality, the windings have 
even more complex geometry, composed of many small strands. Therefore, as a simplification allowing 
the reasonable size of the numerical mesh, the cross-section of the windings was homogenised to get a 
solid cross-section. It allowed for reducing the windings complexity in the model. The copper 
conductivity was multiplied by fill factors to mimic the winding resistance as in the non-homogenised 
case.  

The solver contains an algorithm in which the number of mesh elements increases by 30% in each 
iteration until the energy percentage error is lower than 1%. The excitations of the primary windings are 
provided from the external circuit by current sources with amplitudes computed from rated primary 
voltage and rated power. The secondary windings are connected to resistors with resistances computed 
again from rated power and rated secondary voltage to achieve the nominal state of the transformer. The 
model was validated in two steps. At first, the 2-D simplified model was prepared, and core loss as well 
as an ohmic loss, were computed.  

The results were compared with those given by the manufacturer. The discrepancy between losses was 
equal to about 510 W, which was approximately 12%, due to many simplifications and assumptions of 
the 2-D model. Further, the second step of validation was the 3-D model of the transformer. The results 
of core loss and ohmic loss were again compared with data given by the transformer manufacturer. In 
this case, the discrepancy reached about 199 W (constituting 4.5%) at uniform 75°C and 113 W (2.7%) 
at uniform 70°C. The final loss distribution was later used as input data to thermal models during the 
first coupling. 

4 Heat transfer model 

4.1 Numerical domain 

Numerical domain in the thermal model covered more construction elements than in the EMAG model 
such as insulators between windings. In the same way, as in EMAG model, the windings and core 
components were implemented in the CFD domain. Moreover, in the CFD domain, the dielectric 
distances between windings and oil ducts were introduced in the windings zone. The CFD domain 
contained more elements than in EMAG model but still was simplified comparing to the original CAD 
geometry presented in Fig. 1. Therefore, the oil and air zones were implemented as the separate volumes 
within and around the transformer casing respectively. Between those zones, the zero thickness wall 
was implemented. Geometrically complex elements, such as input and output power supply were 
removed from the domain assuming small influence on the thermal phenomena. Therefore, the top and 
bottom casing cover was presented in the CFD domain as flat surfaces without any additional elements. 
The air zone was added in the numerical model to investigate natural convection and thermal radiation 
mechanisms of the heat dissipation to the ambient. The dimensions of the air zone were multiplication 
od the transformer size. The geometry of the transformer was reduced to its quarter and the proper 
boundary conditions were assumed in the division zones. Those simplifications allowed for the 
reasonable domain discretization. 
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4.2 Numerical mesh 

The presented numerical domain for the CFD calculation was discretized by building numerical mesh 
using ANSYS Mesher software. In CFD calculation technique based on the finite volume method, the 
number of volume elements defines the size of the mesh. In the meshing strategy for presented case, 
three separate meshes were built to investigate the influence of the discretization procedure on the 
results. All tested meshes contain different element types. In the winding and core regions, only 
hexahedral elements were implemented. The hexahedral mesh was used also in the air zone distanced 
from the transformer and in the oil zone in the transformer fins. In regions such as oil zone between core 
and windings characterised by complex shape the tetrahedral elements were used. The conversion into 
the polyhedral mesh from the tetrahedral elements was carried out to reduce the number of elements.  
Moreover, all the generated meshes  were conformal. The coarsest investigated mesh is presented in 
Fig. 2. The final results from the medium size mesh were presented. In the final stage of the calculations, 
the zone of air was separated from the zone of the transformer and those two meshes were calculated 
parallelly with the implemented coupling procedure presented in Section 4.3. 

 

Figure 2: Domain discretization in horizontal cross-sectional views a) the whole domain, b) zoomed 
to transformer zone with fins, c) zoomed to oil region between windings and core, d) zoomed to oil and 

windings region, e) zoomed to cooling ducts between windings  

4.3 Mathematical model 

As it was mentioned before, the CFD model was based on the finite volume method [11]. In the 
opposition to the electromagnetic model, the calculated fields were stored in cell centres. The 
mathematical model in the CFD calculations was defined using governing equations based on 
conservation principles of mass, momentum and energy. 

The mentioned, in presented equations, material properties were specified for each material investigated 
in the numerical domain. Two fluids considered in the discussed case were oil and air, which were 
assumed as incompressible. The most important properties of investigated coolants applied within the 
transformer such as mineral and natural ester oil were taken from [12] and [13]. All the material 

218



properties of the key transformer components were implemented in the presented models using 
temperature-dependent User Defined Functions (UDFs) based on the advanced guide of the UDFs 
implementation in the thermal problems of electromagnetic devices [14]. The mentioned 
homogenization procedure implemented in the region of the winding forced a definition of anisotropic 
character of thermal conductivity in this zone. Therefore, the definition was conducted using the separate 
thermal model presented in Section 4.4.  

The volumetric heat sources SFe and SFe, implemented in the energy conservation equation, were 
calculated on the basis of the electromagnetic model presented in Section 3 with its results presented in 
Section 5.1. Those components occurred only in the volumes of windings and core. The coupling 
procedure between the EMAG and CFD submodels was based on the 3-D spatial interpolation. It was 
necessary because in these analyses two different mesh types were applied. The interpolation process 
was conducted using a built-in procedure in ANSYS Maxwell software on the basis of information about 
cell centres from the CFD mesh. 

Due to challenging task of the natural convection investigation for two independent fluids, i.e. internal 
oil and external air, characterised by different flow conditions and material properties, the external air 
domain was separated from the transformer zone. The air domain around the transformer was calculated 
parallelly with the domain of oil and solid elements using the coupling procedure between those two 
models [15]. This calculation strategy was implemented to provide the proper operating density for each 
case, while the air density is significantly smaller than oil density. The coupling procedure between the 
model of external air and the model of the transformer was executed as the  boundary profile transfer of 
the temperature and heat flux between those models. The temperature field was transferred from the 
external transformer casing into the air domain and the heat flux field was returned from the air model 
into transformer domain. 

The additional models were the turbulence and thermal radiation models. The applied turbulence model 
in the air domain was k-ε model with the scalable wall functions. It was a recommended model for the 
values of y+ and character of the flow. The surface to surface model (S2S), allowing radiation 
phenomena investigation, was applied in the model covering the air zone.  

The boundary conditions assumed on the external domain surfaces representing free inflow and outflow 
of air were set as the constant pressure of 0 Pa. Moreover, during the calculations, two ambient 
temperature scenarios were considered which represented summertime in the central Argentina (30°C) 
and the southern Poland (20°C). The average annual temperature difference between those regions 
reaching 10 K according to [10]. The surface temperature absorbing the radiation heat flux from the 
external transformer zones was set at the same level as ambient temperature similarly as in [16]. Due to 
the symmetry, model consisted of quarter of the transformer, the symmetry boundary condition was 
assumed in the quarter cross-section.   

4.4 Submodels of anisotropic properties for windings 

The homogenization procedure of the windings and the core geometry required the implementation of 
anisotropic properties of these elements. In the CFD model, the crucial material property for solid 
materials was the orthotropic thermal conductivity. Therefore, for the windings and the core, the separate 
models had to be developed to estimate the thermal conductivities in specific directions. 

The numerical analysis of the homogenized high-voltage (HV) windings for the purpose of the effective 
thermal conductivity coefficient was based on the geometrical data of the wire and the insulation of each 
turn. The effective thermal conductivity was calculated in radial, axial and tangential directions defined 
individually for each winding in the cylindrical coordinate system. The numerical model of the wire 
cross-section presented in Fig. 3 was used for the radial and axial directions of the anisotropic thermal 
conductivity. In Fig. 3, the gaps between interlayer insulation and the wires were indicated, the gaps are 
filled by the oil which takes the role of the transformer coolant. The tangential component was calculated 
as a weighted average of the cross-section areas of the aforementioned wire segment [15]. The wire 
diameter was equal to 1.8 mm including varnish insulation of width equal to 0.05 mm. The paper 
interlayer insulation width was assumed to be of a constant width of 0.397 mm. The thermal conductivity 
of the elemental conductor (copper), oil, varnish insulation and interlayer insulation were equal to 394 
W/(m⸱K), 0.128 W/(m⸱K), 0.26 W/(m⸱K) and 0.47 W/(m⸱K), respectively.  
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Figure 3: Windings domain homogenization and the segment selected for the anisotropic conductivity 
analysis. 

The most uncertain dimension is a spacing between the HV wires which is affected by the manufacturing 
process, the tightness of the wire placement as well as the individual characteristic of the operator 
experience. Hence, this dimension was considered in the sensitivity analysis where space between the 
wires, point contact and distance contact were analysed. These scenarios were presented in Fig. 4. 
According to the data provided by the manufacturer, the distance between the centre of the wire was 
shortened by 0.01 mm and extended by 0.01 mm. Moreover, the analysis included steps equal to 0.0025 
mm between the minimum and maximum gap distance resulting in total nine configurations. 

 

Figure 4: Analyzed scenarios of the wires positioning in: full contact position a), distance b) and point 
contact c). 

The resulted radial (grey bars) and axial (black bars) components of the thermal conductivity for the 
homogenised windings were presented in Fig. 5 for the set of the aforementioned configurations. The 
range of the thermal conductivity was from 1.2133 W/(m⸱K) to 1.2069 W/(m⸱K) and from 1.455 
W/(m⸱K) to 1.745 W/(m⸱K) for the radial and the axial components, respectively. Hence, the difference 
between the extreme cases is negligible for the radial component and varies slightly for the axial 
components by approximately 17.0 %. The results of the tangential component computations were 
between 259.53 W/(m⸱K) and 254.94 W/(m⸱K). The results from the case of the contact point were used 
for the simulation of the whole transformer. Finally, the following set of the thermal conductivity 
components for the anisotropic thermal conduction in the homogenised windings domain were used: 

 Tangential: 257.22 W/(m⸱K) 

 Radial:  1.21 W/(m⸱K) 

 Axial: 1.59 W/(m⸱K) 
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Figure 5: Results of the sensitivity analysis regarding the positioning of the wires and resulting 
thermal conductivity in the radial (grey bars) and axial direction (black bars). 

In a case of submodel for homogenized low-voltage (LV) windings, the analytical model was developed 
to estimate the thermal conductivity in specific directions. The LV windings were built from thin copper 
sheets and their spatial complexity was lower comparing to HV windings described previously. 
Therefore, the used analytical model was sufficient to estimate the anisotropic character of those 
elements. The LV windings were characterised by the following thermal conductivity values:  

 Tangential and axial: 315.29 W/(m⸱K) 

 Radial:  1.99 W/(m⸱K) 

5 Results 

The presented results focus on power loss fields in a case of electromagnetic model and on temperature 
and velocity fields in a case of CFD model. The mentioned fields were presented for one selected case 
and scenario which was the variant representing mineral oil as a coolant used in Argentinian climate 
zone according to the presented assumptions. The rest of the investigated variants were presented in the 
paper as the result comparison between the averaged values. 

5.1 Results from electromagnetic model 

The total power losses for the nominal load, provided in the datasheet of the manufacturer, was 4250 
W. The computed losses by the EMAG model at a reference temperature of 75°C was 4392 W. In Fig. 6, 
the loss spatial distribution for windings and core is presented in two independent ranges. As it is visible 
in the figure, the loss density is higher in the region of the windings because the winding losses 
constituted 89% of the total transformer losses. Moreover, it is noticeable that low voltage windings, 
located closer to the core limb, are characterised by the higher loss density.  
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Figure 6: Calculated loss distribution in W/m3 for core (colour scale) and for windings (grayscale)  

5.2 Results from thermal model 

The flow field of the mineral oil within the transformer casing is presented in Fig. 7. The maximum 
velocity of the mineral oil in the domain did not reach 3 cm/s and can be found above the region of the 
winding where oil streams leave the cooling ducts and merge to flow into transformer ceiling. In this 
case, the maximum values in the cooling ducts between windings were lower than 0.85 cm/s. Therefore, 
the level of the mineral oil velocity field was significantly lower than the air velocity field presented in 
the previous paragraphs. 

 

Figure 7: Velocity field in m/s of mineral oil flow within the transformer  
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The calculated averaged temperatures for the specific transformer components were partially compared 
with the measurements which were conducted by the manufacturer at nominal load at the ambient 
temperature of approx. 30°C. The validation procedure is presented for the transformer with the mineral 
oil coolant. Comparison of the temperature rise above the ambient temperature for the specific 
components of the transformer is presented in Tab. 1. The consistency between numerical and 
experimental results was reasonable, while maximum differences of the averaged values in the region 
of the winding were lower than 4.5 K. 

Table 1: Validation data of the developed coupled model 

Transformer 
element 

CFD mineral oil,  
ΔT in K 

Experiment 
mineral oil,  
ΔT in K 

HV windings 51.5 55.9 
LV windings 50.9 52.9 
Oil top 49 45.5 
Bottom fin 35 29.9 

The temperature field for the case representing the application of the mineral oil as a transformer coolant 
at the ambient temperature of 30°C is presented in Fig. 8. In this figure, the external core surfaces are 
presented with the characteristic cross-sections of the transformer. Moreover, the region of the winding 
is schematically pointed by white circular lines. Despite the heat sources in HV were a little bit higher 
than in the LV windings, according to results presented in Section 5.1, it is visible that the hot-spot 
temperature occurred in the region of the HV windings and reaches approx. 88°C. The worse heat 
dissipation conditions from the HV windings comparing to the LV windings could be caused by the 
lower values of the thermal conductivity applied in those elements according to results presented in 
Section 4.4. 

 

Figure 8: Temperature field in °C within the transformer casing  

The temperature field of the external transformer tank walls is presented in Fig. 9 using a greyscale. The 
maximum temperature can be noticed in the top transformer sections reaching values up to 78°C. The 
minimum temperature of the transformer casing occurred in the bottom section reaching values of 57°C. 
The temperature clearly increasing with the height level. In the same figure, the air motion around the 
transformer is visualized by streamlines coloured according to the velocity field. The maximum velocity 
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occurred close to  the top transformer tank walls where air streams leave the spaces between the tank 
fins and reached approx. 1 m/s. The air motion is directed up, according to natural convection 
phenomena. It is caused by the buoyancy forces which allow to move up the air stream which has lower 
density caused by its higher temperature increased by contact with hot external transformer surfaces. 
The averaged air velocity between fins reached approx. 0.3 m/s while the highest values in this zone 
were observed closer to the tank wall reaching 0.4 m/s.  

 

Figure 9: Temperature field in °C for the external transformer casing walls (grayscale) and 
streamlines representing air velocity around the transformer (color scale)  

The presented fields were the results obtained for the case of mineral oil applied as a coolant at the 
ambient temperature of 30°C representing the conditions for central Argentina during the summertime. 
The temperature field within the transformer in a case of ester oil was very similar to the presented 
scenario with mineral oil. However, the average temperature field, in a case of ester oil, was higher of 
approx. 0.5 K. The calculated temperature field allowed to determine the finale average oil properties 
for the specific load and ambient conditions. The comparison of mineral and ester oils properties and 
hot-spot temperatures were presented in Tab. 2. The highest temperature differences can be noticed 
locally for the hot-spot region and reach less than 3 K. 

Table 2: Averaged calculated properties and hot-spot temperatures for mineral and ester oils 

CFD results Mineral oil at 
30°C of ambient 
temperature 

Ester oil at 30°C of 
ambient 
temperature 

Avg. oil density  850 kg/m3 881 kg/m3 
Avg. oil molecular viscosity 0.006 kg/(m·s) 0.012 kg/(m·s) 
Avg. oil thermal conductivity 0.126 W/(m·K) 0.168 W/(m·K) 
Hot-spot temp. (HV windings) 87.5 °C 90.3 °C 

The second investigated climate condition during the summertime represents the zone of the southern 
Poland with an average temperature of 20°C. The temperature and flow field were comparable to the 
presented previously but the temperature level was lower than 10 K.  
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6 Conclusions 

In the presented research, the coupled model of distribution transformer was developed. The calculation 
procedure covers coupling between the following submodels: 

 The electromagnetic model which allows losses estimation based on FEM, 

 The CFD submodel used to estimate the effective anisotropic thermal conductivities of the 
windings,  

 The CFD model of the solid components of the transformer and the flow of the coolant within 
the transformer casing, 

 The CFD model of the external air around the transformer allowing the heat dissipation from 
the transformer casing into the environment. 

The presented models considered two coolants applied within the transformer casing: mineral and 
natural ester oil in different climate conditions for the summertime. The first investigated climate 
conditions represented central Argentina during the summertime when the ambient temperature reaches 
the level of 30°C. The second ambient conditions were assumed for calculations during the summertime 
in the south of Poland represented temperature at the level of 20°C. The highest hot-spot temperature 
was reached for the case of ester oil in Argentinian climate conditions and it was at the level of 90.5°C. 
The highest differences of the temperature in the domain between the application of mineral and ester 
oils were up to 3 K. Higher molecular viscosity of the ester oil is compensated by its higher thermal 
conductivity resulting in small temperature increasing in the domain. Therefore, the differences between 
the temperature fields for mineral and ester oil are relatively small considering the summertime ambient 
conditions. Therefore, the main conclusion could be found that ester oil is equally efficient as mineral 
oil. 

Nomenclature 

CFD Computational Fluid Dynamics, 
EMAG Electromagnetic model, 
FEM Finite Elements Method, 
FVM Finite Volume Method, 
HV High-Voltage, 
LV Low-Voltage, 
ONAN Oil-Natural Air-Natural, 
S2S Surface to surface 
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Abstract 

In this work a thermal-hydraulic analysis of the low voltage winding of a power transformer working in 
oil natural mode will be performed. The study considers the thermal and hydraulic balance of the cooling 
loop to determine the mass flow and oil temperature at the inlet of the winding. Balance of the windings 
and radiator determine the boundary conditions of the model. The thermal model of the winding is 
performed using Computational Fluid Dynamics. The winding simulations are carried out with a 2D 
axisymmetric model run with the commercial code ANSYS Fluent. Several phenomena appear in the 
winding, due its configuration, that affects the heat transfer in local regions, reducing the local hot-spots 
in regions where the oil mass flow is low. The results will be compared to those obtained when the 
mineral oil is replaced by a natural ester. For natural ester, the same phenomena appears with lower 
intensity due to the lower mass flow and the higher viscosity. The results of this study predicts lower 
bottom-oil temperature and lower mass flow rate at the winding for the natural ester compared to mineral 
oil. The reduction of mass flow through the winding is caused by the high viscosity of the natural ester. 
Also, the reduction of the mass flow leads to lower bottom-oil temperature. Regarding the winding 
model, mineral oil shows lower hot-spot temperature than the natural ester case. 

1 Introduction 

Oil-immersed power transformers are one of the most expensive and critical components of an electrical 
system. Despite being highly-efficient machines, a small fraction of the transferred power is lost in the 
form of heat (mainly in the windings), which must be removed. A heat-carrier dielectric fluid, generally 
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a mineral oil, is used to remove the generated heat, and simultaneously provide electrical insulation. 
This liquid circulates around the windings cooling them, and thus preventing hotspots that negatively 
affects to the transformer lifetime. The dimensions of these cooling channels depend on the dielectric 
fluid properties, as well as the structural and electrical requirements, [1]. 

One of the most extended techniques for the thermal modelling of power transformers is the 
Computational Fluid Dynamics (CFD). In CFD, the governing principles of both fluid flow and heat 
transfer are written in the form of partial differential equations that are then replaced by algebraic 
equations and solved at discrete elements in time and space. During the last two decades, several authors 
have reported the CFD technique as a relevant tool to investigate and improve the thermal performance 
of power transformers windings. In the first decade, the main purpose of CFD was to determine the 
velocity and temperature profiles of a 2-D winding immersed in a mineral oil, [2]–[7]. More recently, 
the improvement of computational resources has enabled the use of 3-D models to conduct numerical 
investigations, allowing to capture three-dimensional phenomena that are impossible to find in 2-D 
models, [8]–[11]. 

More recent studies have been carried out using both 2-D and 3-D models to better understand and 
characterize the thermal-hydraulic performance of the insulation systems (oil and paper) with ester-
based oils, [12], [13], as well as to evaluate the cooling efficiency of several alternative liquids, [14]–
[16] . Regarding the aging of the transformer insulation, several studies have determined that natural 
ester reduces the aging rate of the insulation paper. In these studies, accelerated aging test where 
performed and the degree of polymerization and tensile strength were tested when immersed in mineral 
oil and natural ester [13], [17]–[21]. 

In this work, a comparative study of the cooling of a transformer winding with mineral oil and natural 
ester is performed. Global balance of the transformer cooling circuit is carried out in order to adjust the 
inlet conditions for the comparison. 

2 Model description 

In this part, the model description used for the CFD model will be introduced. Transformer geometry, 
materials and CFD model and mesh will be presented in this section.  

2.1 Geometry 

In this work, the flow behavior and temperatures inside the windings of an 8.5 MVA – 33/6.9 kV ONAN 
(Oil Natural Air Natural) power transformer is studied. This transformer is actually designed and 
produced by the manufacturer Tadeo Czerweny S.A. The geometry of the winding corresponds to a disc 
winding with axial and radial cooling channels and 50 winding discs. The CFD modelling of the low 
voltage winding of the transformer will be performed with 2D axisymmetric models. Figure 1 shows a 
schematic view of the low voltage winding to be analyzed. 

2.2 Materials 

In this section, the properties of the materials that form the insulation system of the winding are 
described. The insulation materials that are included in the CFD model are the insulating fluid and the 
insulation paper. Other insulating materials, such as cardboard, are not considered in the model. Due to 
their low thermal conductivity are considered as adiabatic walls. 
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Figure 1: Schematic view of transformer winding 

2.2.1 Dielectric fluid 

Two different kinds of dielectric fluid are considered in this study. Mineral oils and natural esters will 
be considered for the cooling of the transformer windings. For the insulating fluids, the temperature 
dependent properties are known and collected in Table 1. These equations are valid in the range of 
temperature inside the transformer winding (up to 100degC) and are expressed in terms of absolute 
temperature. 

Table 1: Temperature dependent properties of dielectric fluids 

 Mineral oil Natural ester 
Density (kg/m3) 1098.72 − 0.712 ∙ 𝑇  1109.2 − 0.653 · 𝑇 

Specific heat (J/kg·K) 807.163 + 3.58 · 𝑇 1273.15 + 1.952 · 𝑇 

Conductivity (W/m·K) 0.1509 − 7.101 · 10 · 𝑇 0.1317 + 4.142 · 10 · 𝑇 − 
−8.86 · 10 · 𝑇   

Viscosity (Pa·s) 0.08467 − 4 · 10 · 𝑇 + 
+5 · 10 · 𝑇   

7.99 − 6.63 · 10 · 𝑇 +  
+1.84 · 10 · 𝑇 − 1.71 · 10 · 𝑇   

 

Since both fluids show a linear dependence with the temperature for the density, the Boussinessq 
approach will be used. By using this approach, the computational time will be reduced. Although the 
temperature rise will be higher than the recommended of 10K, the linear dependence on temperature of 
the density still stands. In [6] considered both kinds of model for a part of a transformer winding without 
significant variation. 

2.2.2 Equivalent thermal conductivity 

The winding discs are normally formed by a set of copper conductors wrapped with insulation paper. 
This structure has to be modelled for a detailed analysis of the temperature distribution on the discs, 
increasing the complexity of the geometry and the computational cost. In order to simplify the solid 
domain for CFD simulations, equivalent values for thermal conductivity of the discs are calculated in 
this section. The goal of this process is to avoid modelling the conductor and insulation system in detail, 
leading to a simpler design building the discs as unique material with the equivalent thermal conductivity 
of the real system. The impact of this approach over the average and maximum disc temperatures is not 
important. 
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The low voltage discs are made rectangular cross section conductors wrapped with insulation paper. 
Since the axial and radial dimensions of the disc are different, the equivalent material will have an 
orthotropic thermal conductivity in cylindrical coordinates. Assuming thermal conductivities of 400 and 
0.19 W/m·K for conductor and paper, respectively, the equivalent thermal conductivities of the discs 
are presented in Table 2. 

Table 2: Temperature dependent properties of dielectric fluids 

 Low voltage winding 

𝑘  1.024 W/m·K 
𝑘  4.325 W/m·K 

Using these values, the disc can be model as a unique block, which makes easier the geometry building 
and the meshing step. 

2.3 Transformer balance 

The next step is trying to estimate the inlet mass flow through the windings as well as the inlet 
temperature. To perform these calculations, some simplifications have been considered: 

 The pressure drop on the windings is generated mainly by friction through axial ducts, since 
radial flow is very low compared to axial flow. 

 The pressure drop on the radiator is assumed to be equal to the pressure drop in one panel, with 
a uniform distribution of the mass flow in the radiator panels. 

 The top oil temperature at the core is the same as the top oil temperature of the transformer. 

 The power dissipated by the radiators is the same for all radiator installed in the transformer. 

 Fluid properties are considered constant (Boussinesq approach) at a reference temperature, 
which is the bottom oil temperature. 

Based on the geometrical data available and the assumptions previously mentioned the mass flow inlet 
and bottom oil temperature could be calculated by applying the balance equations to the windings and 
radiator. The calculation process is also explained in [22]. 

2.3.1 Hydraulic balance 

Taking into account that the transformer has an ONAN cooling system, the unique source for the driving 
pressure is the thermal driving pressure, which is expressed in eq.(1) 

𝑝 = 𝜌 · 𝑔 · 𝛽 · ∆𝑇 · ∆𝐻 (1) 

 

Where 𝜌  is the oil density at the reference temperature, 𝑔 is the gravity acceleration, 𝛽 is the thermal 
expansion coefficient of the oil, ∆𝑇 is the oil temperature rise and ∆𝐻 is the distance between radiator 
and windings center points. 

This value should be equal to the total pressure drop of the cooling circuit, which is assumed that is the 
sum of the winding and the radiator pressure drop, leading to eq.(2) 

𝑝 = ∆𝑝 + ∆𝑝  (2) 
 

From eq.(2), the temperature rise is unknown, as well as the mass flow through windings and radiator. 
The windings are assumed that are parallel circuits so the pressure drop will be the same for both high 
voltage and low voltage windings. 

∆𝑝 = ∆𝑝  (3) 
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2.3.2 Thermal balance 

From the hydraulic balance, eqs. (2) and (3) have been proposed but there are four unknowns for two 
equations. In order to get the same number of equations and unknowns, the thermal balance is applied 
to the transformer components leading to eqs.(4-8) 

 
𝑃 = �̇� · 𝑐 · ∆𝑇 (4) 

𝑃 = �̇� · 𝑐 · ∆𝑇  (5) 

𝑃 = �̇� · 𝑐 · ∆𝑇  (6) 

𝑃 = �̇� · 𝑐 · ∆𝑇 (7) 

𝑃 = �̇� · 𝑐 · ∆𝑇 (8) 

 

Eqs.(4-8) introduce five unknowns that are the mass flow through core, radiator and total of the 
transformer and the temperature rise in low voltage and high voltage windings. Considering that the 
total mass flow is the sum of the low voltage winding, high voltage winding and core mass flow rates, 
and that the top oil temperature is related to the top oil temperature of each component, eqs.(9-10) are 
obtained. 

�̇� = �̇� + �̇� + �̇�  (9) 
�̇� · 𝑐 · 𝑇 = �̇� · 𝑐 · 𝑇 + �̇� · 𝑐 · 𝑇 + �̇� · 𝑐

· 𝑇  

(10) 

 

Considering eqs.(5), (6) and (10) the temperature rise of the transformer can be expressed as eq.(11) 

∆𝑇 =
𝑃 + 𝑃

(𝑚 + 𝑚 ) · 𝑐
 

(11) 

 

Now, considering equations (2), (3), (7) and (11) there are four unknowns that are the temperature rise 
and the mass flow rate through radiator, low voltage winding and high voltage winding. However, the 
top oil and bottom oil temperatures are still unknown. For that, the thermal balance of the radiator is 
expressed in eq. (12) 

𝑃 = �̇� · 𝑐 · (𝑇 − 𝑇 ) · 1 − 𝑒

· ·
̇ ·  

(12) 

Where 𝑘  is the global heat transfer coefficient of the radiator, the 𝑂 · 𝐿  product represents the surface 
exchange area of the radiator and 𝑇  is the ambient temperature. 

2.4 Mesh independence test 

The next step of the analysis is to determine the mesh influence on the results by performing a mesh 
independence test. For this reasons, three different meshes has been made for the low voltage winding 
problems, and the results are compared in order to select the correct mesh size that has no influence on 
the results and leads to the shortest computation time possible. 

Three different meshes of 170k, 665k and 2.6M elements have been generated for the test, with a 
reference mesh size of 0.4, 0.2 and 0.1 mm, respectively. Average and maximum disc temperatures and 
mass flow rates through radial ducts have been taken into account to determine if the influence of the 
mesh can be considered negligible. 

For the intermediate and the coarse meshes, the deviations on the average disc temperature are below 
2.26 K, with an average deviation of 0.75 K. For the maximum disc temperature, the maximum deviation 
observed is 2.55 K and the average deviation is 0.87 K. Regarding the intermediate and fine meshes, 
these deviations are maximum and average deviations in average disc temperature of 0.58 and 0.21 K. 
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For maximum disc temperature, these deviations are 0.63 and 0.25 K. Table 3 collects the deviations 
observed for the test. 

Table 3: Results deviation in mesh independence test 

 Coarse-intermediate 
mesh 

Intermediate-fine mesh 

Average disc 
temperature 

Average 0.75 K  0.22 K  
Maximum 2.27 K 0.58 K 

Maximum disc 
temperature 

Average 0.87 K  0.25 K  
Maximum 2.55 K 0.63 K 

Mass flow rate Average 7.87·10-5 kg/s 1.73·10-5 kg/s 
maximum 2.23·10-4 kg/s 5.72·10-5 kg/s 

With this results, it can be expected that the intermediate mesh is accurate enough to perform the CFD 
analysis. In addition, the uncertainty of the intermediate mesh has been tested using the Richardson 
extrapolation for the average and maximum disc temperature, using as a reference the maximum 
temperature rise. The maximum uncertainty of the mesh is 2.7% and the uncertainty of the hot-spot 
temperature, which is the most interesting point, is 1.29%. 

2.5 Boundary conditions 

For the proposed model, the inlet mass flow rate and temperature of the oil is calculated following the 
procedure previously described. Also the power losses in the winding are represented by a heat source 
in the winding discs. The outer walls of the winding, made of cardboard of low thermal conductivity, 
are considered as adiabatic. Boussinesq approach is considered for the gravity driven flow in the effect 
of mixed convection model. Table 4 presents the calculated values for the inlet conditions to the CFD 
simulations. 

Table 4: Temperature dependent properties of dielectric fluids 

 Mineral oil Natural ester 01 

�̇�  0.127 kg/s 0.0716 kg/s 
�̇�  0.131 kg/s 0.0739 kg/s 

𝑇  328.58 K 323.62 K 
ΔT 14.3 K 26.4 K 

From Table 4, mass flow rate through low voltage winding and bottom oil temperature will be 
considered as boundary conditions. It can be appreciated that in the case of natural ester the flow is 44% 
lower than the mineral oil case due to the higher viscosity of the ester. In addition, due to lower mass 
flow rates, the bottom oil temperature of the natural ester is 5K lower than the mineral oil. 

3 Results and discussion 

3.1 Mineral oil 

For the mineral oil case, results shows low mass flow rate through radial channel, being this value lower 
than 2% of the total mass flow of the winding.  The flow through radial ducts changes its directions 
several times along the winding. This effect leads to local heated parts in the winding. The hot spot 
temperature is located in the upper part due to insulation in the top disc, leading to a temperature rise in 
the upper discs of the winding. A hot spot temperature of 366.6 K and an average winding temperature 
of 351.7 K are obtained from this simulation. Figure 2 shows the temperature and mass flow distribution 
in the winding. The dashed line in the temperature figure indicates the average winding temperature. 

232



  

Figure 2: Temperature and mass flow rate profiles 

 

Although the mass flow rate through radial channels is low, some intern effects appears than increase 
the local cooling of the discs. In this case, counterflow has been appreciated looking at the velocity 
vectors, creating a convective loop that increases the heat transfer coefficient of the duct. Figure 3 shows 
this effect in radial ducts of the transformer winding. 

 

 

 

Figure 3: Velocity vectors in radial ducts 

Figure 4 shows the temperature field of the winding. In the picture, it can be appreciated the local 
maximum temperatures as well as the change of direction of the mass flow rate through radial ducts. 
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(a) (b) 

Figure 4: Temperature field of the winding. (a) bottom part of the winding (b) top part of the 
winding 

3.2 Natural ester 

In the case of natural ester, same behavior as the mineral case is observed in the mass flow rate through 
radial ducts and in the average temperature profile. The change of direction of the flow rate in radial 
ducts leads to local maximum in the discs temperature. A hot spot temperature of 373.9 K, located on 
the top of the winding, and an average winding temperature of 352.4 K are obtained from this simulation. 
Figure 5 shows the temperature and mass flow distribution in the winding. The dashed line in the 
temperature figure indicates the average winding temperature. 

 

  

Figure 5: Temperature and mass flow distribution in the winding 

 

As happened with the mineral oil case, convective loops appears in the radial ducts with low total mass 
flow rate. In this case, these flows have less influence than in the mineral oil case, due to the higher 
viscosity of the ester that difficult the formation of these flows. 
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Figure 6: Velocity vectors in radial ducts 

Regarding the temperature field, same effect as in mineral oil happens, where can be observed the 
change of direction of the mass flow rate through radial ducts. 

  

(a) (b) 

Figure 7: Temperature field of the winding. (a) bottom part of the winding (b) top part of the 
winding 

3.3 Discussion 

In this work, two different scenarios are presented and compared. Same power transformer with two 
different cooling dielectric fluids that leads to different mass flow rates and temperatures at the inlet of 
the winding. Since the natural ester has higher viscosity, lower mass flow rate through winding is 
observed. In addition to lower mass flow rate, inlet temperature is lower than the case of mineral oil. 
This values comes from the transformer balance explained in previous sections and are taken as inlet 
conditions for the CFD simulations. 

Regarding the CFD simulations, similar behavior of the oil flow through radial duct has been observed. 
Due to the buoyancy driven flow, Reynolds number is below 10, the direction of the mass flow rate in 
radial duct changes its direction. In addition, convective loops appear in the radial ducts where the mass 
flow rate is low, increasing the heat transfer coefficient and the winding cooling. These flows are more 
important in mineral oil, where the viscosity is low compared to natural ester. 

Regarding the winding temperatures, Table 5 shows the inlet conditions and hot spot temperature and 
temperature rises observed in both cases. It can be appreciated that natural ester leads to lower mass 
flow rate, higher temperature rises and higher hot spot temperature. 
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Table 5: Temperature dependent properties of dielectric fluids 

 Mass flow inlet Temperature inlet Hot spot 
temperature 

Temperature rise 

Mineral oil 0.125 kg/s 323.2K 366.6K 43.4K 
Natural ester 0.065 kg/s 317.5K 373.9K 56.4K 

 

4 Conclusions 

In this work, the cooling performance of two different dielectric fluids inside a power transformer 
winding has been compared. Regarding the global cooling circuit, the natural ester presents lower mass 
flow rate through the circuit. This is due to the higher viscosity of the natural ester compared to mineral 
oil, in a buoyancy driven system. The reduction of mass flow rate leads to higher temperature rise and 
higher thermal driving force, which balance the cooling system. In addition, lower mass flow rate in 
radiators allows lower oil-to-ambient temperature difference to be lower than in the case of mineral oil. 
This effects cause that in the case of natural ester, the mass flow rate and the bottom-oil temperature is 
lower than the mineral oil. 

In the winding it was observed that the mass flow rate through radial ducts is a small fraction of the total 
flow in this winding configuration. Without any elements that impose the radial flow, the fluid tends to 
flow through axial ducts, where the hydraulic resistance is lower. However, in the radial ducts where 
the mass flow is low, convective flows appears, increasing the heat transfer coefficient on this part and 
improving the cooling winding. This effect occurs at very low Re numbers and is related to natural 
convection and buoyancy. 

Regarding the temperatures, natural esters shows a higher hot-spot temperature than mineral oil. This is 
mainly caused by the difference of the mass flow rate that enters in the winding, which is 53% of the 
mineral oil mass flow rate. This leads to a hot spot temperature 7.3K higher in the case of natural ester. 
The bottom oil to hot spot temperature rise is higher for the natural ester since the bottom oil is lower 
and the hot spot temperature is higher. 

Nomenclature 

cp specific heat 
g acceleration of gravity 
kax thermal conductivity in the axial direction 
krad thermal conductivity in the radial direction 
kp global heat transfer coefficient of radiator panel 
Lr length of radiator panel 
ṁcore mass flow rate through core 
ṁhvw mass flow rate through high voltage winding 
ṁlvw mass flow rate through low voltage winding 
ṁrad mass flow rate through radiator 
ṁtot total mass flow rate in the cooling circuit 
O circumference of radiator outer cross section 
Pcore power losses in transformer core 
Phvw power losses in high voltage winding 
Plvw power losses in low voltage winding 
Prad power dissipated by radiator 
pT thermal driving pressure 
Ptot total power losses of the transformer 
T temperature 
Ta ambient temperature 

236



Tbo bottom oil temperature 
Tto top oil temperature  
Tto-hvw top oil temperature in high voltage winding 
Tto-lvw top oil temperature in low voltage winding 
β thermal expansion coefficient of the fluid 
ΔH height difference from radiator center point to winding center point 
Δphvw pressure drop in high voltage winding 
Δplvw pressure drop in low voltage winding 
Δprad pressure drop in radiator 
Δpwind pressure drop in the winding system 
ΔT oil temperature rise in the transformer 
ΔThvw oil temperature rise in high voltage winding 
ΔTlvw oil temperature rise in low voltage winding 
ρref oil density at reference temperature 
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Abstract 

The constant growth of the population leads to increased energy consumption and higher generation of 
electricity. Power transformers are the first devices used to transfer the electricity produced in power 
plants into the grid. The heat resulting from the device power losses in the energy conversion process 
has to be dissipated. Currently, active elements of the power transformers are cooled down in mineral 
oil. It performs well in such devices due to its good thermal and dielectric properties. However, industry 
and global society require environmental-friendly alternatives. Hence, the aim of this study is to present 
the numerical results of the power transformer cooled using conventional mineral oil or biodegradable 
ester oil. The unit works in so-called oil-natural convection/air-natural convection (ONAN) cooling 
mode. This device, manufactured by Tadeo Czerweny, has the nominal power of 8.5 MVA. The cooling 
is realised by external radiators. Two coupled numerical models have been developed to investigate the 
fluid flow and the heat transfer inside the transformer. One model performs a detailed simulation of the 
oil flow within the windings of the transformers. The effective values of anisotropic thermal 
conductivity have been defined for the winding and the core. The domain of this model included 1/16th 
of the windings. The second model includes the power transformer interior and computes the flow of 
the oil within the analysed transformer. The distribution of the power loss within the magnetic core and 
windings was evaluated within electromagnetic simulations. The coupling strategy between all three 
models allows for the temperature distribution analysis within the transformer. The result discussion 
includes the thermal performance evaluation of the power transformer using mineral oils and natural 
esters for warm (Argentinian) and moderate (Polish) climate zones. Due to the complexity of the fluid 
and heat flow, as well as the electromagnetic effects the computational time for the conducted 
simulations, is significant. However, the results show that the proposed strategy of the coupled models 
allowed to identify the hot-spot temperature, the oil flow within the tank and finally the heat dissipation 
in one simulation approach.  
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1 Introduction 

The distribution and power transformers are crucial components for the electricity distribution and 
power grid. These devices usually operate in continuous mode in order to guarantee the required 
electricity parameters and distribution among almost all industrial, rural and domestic areas. It is worth 
mentioning, that the power losses in these devices result in the heating of the transformer core and 
windings. Hence, the distribution and power transformers are equipped with the cooling system in order 
to avoid overheating and exceeding so-called hot-spot temperature which accelerates degradation of the 
insulation. Consequently, the cooling systems of the transformers need to be carefully designed. The 
most common way to guarantee the required transformer core and windings temperature is an 
application of the oils as the heat transfer medium [1,2]. Unfortunately, the mineral oils used in the 
power and distribution transformers are harmful to the natural environment. Namely, the 
biodegradability of the mineral oils is lower than 10%. In consequence, biodegradable synthetic and 
ester oils are considered as a good alternative for mineral oils [3,4]. The biodegradability of the esters 
is far more superior comparing to the mineral oils. Moreover, the safety characteristics of the vegetable 
esters are exceptional [5]. The fire point temperature for the vegetable esters is equal to approximately 
350°C while for the mineral oils it is equal to approximately 160°C [6]. Nevertheless, the thermal 
properties of the ester oils are slightly different compared to the mineral oils. Therefore, the cooling 
system of the power transformers should be adapted for the esters operation. 

In order to increase the thermal performance of the transformers cooling system based on the esters, the 
detailed investigation of the heat transfer and fluid flow inside these devices is highly required. The 
advanced computational modelling is a suitable approach for the aforementioned analysis [7,8,9]. For 
example, the authors of [7] simulated the oil flow inside the 40 MVA three-phase transformer in order 
to analyse the influence of the oil velocity and the heat transfer between the windings and the oil. The 
applied mathematical model was based on the volume of fluid approach and commercial Ansys Fluent 
software was used as the solver. The results presented in [7] showed that the temperature was non-
uniform among the windings. That was caused by the difference in the channel's width and consequently 
the oil distribution in these channels. Moreover, the authors of [7] identified the hot-spots were located 
in the secondary windings in all considered cases. 

The different modelling approach was used by Santisteban et al. [10]. These authors formulated  
a simplified computational fluid dynamics model (CFD) model and thermal-hydraulic network model 
(THNM) for the disc-type windings. The analysed computational domain was simplified to 2-D model 
that included the slice representing the zig zag type windings oil channels. Similar to [7], the authors of 
[10] used Ansys Fluent as the simulation tool for the CFD model. The computations were performed for 
so-called oil directed (OD) and oil natural (ON) modes. Each mode was analysed for the mineral oil and 
ester-based oil. The authors of [10] showed the differences between the temperature prediction for CFD 
and THNM models. In particular, the average temperature simulated with CFD model was lower 
comparing to the THNM for ON case. In contrary, the hot spot temperature computed with THNM 
approach was lower. In case of the OD system, the opposite trend was noted. In addition, the results 
presented in [10] showed that the thermal performance of the ester-based oil was similar to that of 
mineral oil. Nevertheless, the average temperature of the liquid and liquid hot spot temperature was 
slightly higher for the ester. 

As can be seen, both of the briefly described models did not include the relation between the oils flow 
and temperature in the windings and the convective oil flow inside the transformer casing interior. 
Therefore, the authors of this study proposed the coupled modelling approach to simulate the complex 
electromagnetic field, flow field and heat transfer inside the power transformer. Namely, the presented 
computational approach includes electromagnetic model (EMAG) for the core and the windings, CFD 
model of the windings and CFD model for transformer interior. Moreover, the mentioned models were 
coupled with the in-house developed script in order to reduce the overall computational time. The 
computational models were formulated for 8.5 MVA power transformer designed and manufactured by 
Tadeo Czerweny S.A, Galvez, Argentina. That device operates in ONAN cooling mode. 

The conducted computational campaign was performed for two climates zones. In particular, the 
ambient temperature was set to 25.3°C for warm climate (Santa Fe, Argentina) and to 8.6°C for moderate 
climate (Gliwice, Poland) according to yearly average temperatures from the climate database [11]. The 
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simulations were performed for mineral oil and its ester replacement. The computational results were 
used to identify the hot spot temperature, analyse the oil flow inside the transformer and define the 
temperature fields in each of the transformer parts. According to the results, the hottest in the entire 
transformer are HV windings with the hot-spot temperature reaching 108°C for the ester oil and 101°C 
for the mineral oil in the Argentinian climate zone. The results allowed also to analyse the effect of the 
properties changes in the oil flow pattern in the windings as well. For the Polish climate zone, higher 
viscosity of the ester oil clearly resulted in the flow behaviour change, which had a more laminar 
character in this particular case. The results of this study provided conclusions about using the ester oil 
instead of mineral oil for cooling of the transformer in a hot and a moderate climate.  

The proposed strategy of performing the simulations, i.e. evaluation of heat losses using EMAG analyses 
and solving the heat transfer and fluid flow equations using coupled CFD models of separate 
components turned out to be a good solution. It allowed to discretise the unit in a different way, 
depending on the geometry of each element and, what is more important, to reduce the computational 
effort to obtain the results from CFD simulations. Although the coupled numerical model is still under 
the development, the results can be considered as fruitful. 

2 Description of the power transformer 

The paper presents electromagnetic and thermo-fluid analyses of 8.5 MVA power transformer with  
a rated voltage of 33/6.9 kV working in ONAN cooling mode which is presented in Figure 1a. That unit 
is manufactured by Tadeo Czerweny S.A. company. The dissipation of the heat from the device is 
realised using 8 external radiators cooled by natural convection. Disk-type windings are organised in 58 
and 50 disks in high voltage and low voltage side, respectively. Two turns of wires in each high voltage 
disk are separated by a gap, what is presented in Figure 1b. No washers are used to control the oil flow 
through the windings. 

 

Figure 1: General scheme of (a) entire power transformer and (b) of windings 

Internal dimensions of the transformer interior are approximately 2.4 m (width), 2.1 m (height) and 0.94 
m (depth) excluding the radiators and other auxiliary devices. Each radiator consists of 18 fins being 1.4 
m high and 0.5 m wide. 

3 Numerical model 

3.1 General approach 

An entire computational procedure includes EMAG simulations to assess the heat sources within the 
windings and the magnetic core followed by CFD simulations for the heat and fluid flow. Due to the 
complexity of the transformer design, including the whole device in one numerical domain would lead 
to the enormous computational effort. For that reason, one thermo-fluid model (CFD Model #1) has 
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been developed to simulate the oil flow and the temperature distribution within the repeatable segment 
of windings. Another model (CFD Model #2) has been developed to simulate the oil flow within the 
interior of the device. The flow of the oil through the radiators is also simulated separately. However, 
during the present stage of the transformer coupled model development, the performance of radiators is 
not simulated numerically but assessed based on the reduced model of a similar transformer with 
radiators [12] adjusted to the current transformer geometry. The output data from the reduced model are 
the volumetric flow rate of the oil flowing through each radiator and the temperature of the cooled oil. 
The flow chart of the computational procedure is presented in Figure 2. Coupling procedure will be 
described in a further section. 

 

Figure 2: Computational procedure of the coupled EMAG-CFD and CFD-CFD modelling 

3.2 EMAG model 

The electromagnetic study on the power transformer operation was conducted using ANSYS 
Electronics, which is based on a Finite Elements Method (FEM) to solve the problem numerically. Since 
the transformer operates with the grid where voltages and currents are sinusoidal, it was assumed that 
the transformer operates in steady-state conditions, therefore EddyCurrent 3D solver has been chosen. 
In this solver Eq. (1) is solved in frequency-domain. The fields are complex-valued vectors where the 
norm of every component represents the magnitude and argument represents an electric phase shift in 
radians. This method provides efficient calculation of losses and field distribution compared to time-
domain solver where PDE has to be solved at every time step and takes some amount of time to reach 
steady-state. 

∇ ×
1

𝜇
∇ × 𝐴 = 𝐽 − 𝑗𝜔𝜎𝐴 (1) 

𝐴  complex magnetic vector potential, Wb, 
𝐽  complex current density, A/m2, 

𝑗  complex number, √−1,  
𝜇   magnetic permeability of subdomain, oil and copper: 𝜇 = 𝜇 , core: 𝜇 (𝐵), H/m, 

𝜎   electric conductivity of subdomain: copper 58 MS/m @ 23°C, temperature dependent,  
𝜔  frequency, 314.15 rad/s.  
 

EMAG model was developed to evaluate the electromagnetic field distribution using 3-D domain which 
included the magnetic core, low (LV) and high-voltage (HV) windings. To reduce the windings domain 
complexity, their cross-section was homogenised. Figure 3 presents the numerical domain of the 
electromagnetic model. The geometry of the core and the windings, as well as the material properties 
used to generate the computational domain, has been provided by the Tadeo Czerweny S.A. Appropriate 
coefficients were set to adjust the conductivity of copper to homogenized areas to account for a change 
of active winding cross-section and its effect on resistance to keep it the same as in inhomogeneous 
windings. That approach preserves the conduction losses. According to data provided by transformer 
manufacturer the windings temperature in EMAG model was set initially to 71.7°C and 78.5°C for LV 
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and HV parts, respectively. The magnetic core temperature was assumed as 70°C. During the further 
stages of EMAG-CFD coupled model development, the temperature of these elements will be based on 
the temperature distribution interpolated from CFD model. 

 

Figure 3: Numerical domain from electromagnetic 3-D model with homogenised windings 

3.3 CFD model 

The heat dissipation from the active elements of the power transformer is simulated using numerical 
models based on Finite Volume Method (FVM). Both CFD models presented in this study, namely 
“CFD Model #1” describing the section of windings and “CFD Model #2” describing the transformer 
interior are solved using ANSYS Fluent commercial software. Mass, momentum and energy 
conservation equations, so-called governing equations [13] given in Eqs. (2)-(4), respectively, are solved 
to simulate the incompressible flow in a steady state. 

∂
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𝜌𝑢
∂𝑇

∂𝑥
=

∂

∂𝑥

𝑘

𝑐

∂𝑇

∂𝑥
− 𝜌𝑇′𝑢′ + 𝑆 + 𝑆  (4) 

𝜌  density, kg/m3, 

𝑢  average velocity vector component, m/s, 
𝑢′

 
fluctuating velocity vector component, m/s,  

𝑝  average pressure, Pa, 
𝜇 dynamic viscosity, Pa·s, 
𝛿

 
Kronecker delta,  

𝑔   gravitational acceleration vector component, m/s2,  
𝑇 average temperature, K, 
𝑇′

 
fluctuating temperature, K,  

𝑘 thermal conductivity, W/(m·K), 
𝑐

 
specific heat, J/(kg·K),  

𝑆  volumetric heat source from losses in core, W/m3, 
𝑆

 
volumetric heat source from losses in windings, W/m3.  
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Additionally, the effect of the turbulent oil flow which may occur in some regions was taken into account 
in numerical simulations. The first CFD model uses k-ω SST turbulence approach being appropriate to 
simulate the complex flow in the oil ducts between disks within the windings. In case of the second CFD 
model, the oil flow was assumed as laminar, because it includes the regions, where the flow of the oil is 
calm and stabilised. 

The numerical domain for “CFD Model #1” includes a 22.5° segment, which is 1/16th of a single column. 
The domain includes low and high voltage disks, vertical and radial separators, insulation tubes and the 
oil being between all the solid elements. The magnetic core has been represented by a wall with a suitable 
boundary condition, to achieve a heat flux with a reasonable value. The second sub-model, namely “CFD 
Model #2” includes the oil domain in the transformer interior, bottom and top yokes of the magnetic 
core and partially the core columns, which are not included in the first model. Moreover, the steel bars 
supporting the core and windings are present in the domain. All the volume being present in the first 
model was excluded from the domain of “CFD Model #2”. For the computational efficiency and due to 
the symmetrical geometry of the transformer, 3-D domain has been reduced to 1/4th in that case. 

Volumetric heat sources, being an effect of the transformer performance and the losses generated in its 
active elements, have been evaluated using the EMAG model. The energy balance expressed in Eq. (4) 
includes these sources as separate source terms. In “CFD Model #1”, the heat sources within windings 
have been defined exactly in their bodies, however losses generated in the magnetic core had to be 
applied in a different way because the core has been removed from the domain. In that case, the total 
heat generated in the magnetic core volume was added to the model as constant heat flux at an 
appropriate boundary condition, what will be described in further paragraphs. Heat sources in “CFD 
Model #2” have been defined in the magnetic core volume, which is present in that model.  

The discretisation of the computational domain was performed individually for “CFD Model #1” and 
“CFD Model #2”. Numerical mesh for “CFD Model #1” has been prepared using a blocking technique 
in ICEM CFD [14]. That mesh consists of high-quality structured hexahedral elements. Additionally, 
the mesh has been refined within the fluid zone. As a result, the total number of elements is 2,821,417 
in this case. The mesh of that model along the vertical cross-section is presented in Figure 4a.  

 

Figure 4: Numerical meshes of (a) “CFD Model #1” representing the transformer windings in a 
vertical cross-section, (b) “CFD Model #2” representing the transformer interior with a close-up,  

(c) to the area above the oil inlet boundary conditions 
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For “CFD Model #2”, the mesh has been prepared using ANSYS Meshing software with a hybrid grid. 
The magnetic core has been discretised with hexahedral elements, while the oil zone has been meshed 
with tetrahedral elements which were then converted into polyhedral elements to reduce the mesh size 
and increase its quality. The final number of elements is 4,310,509 in that numerical grid. Figure 4b 
presents the mesh with the view at the top yoke and a steel bar, while Figure 4c presents a close-up of 
the area above the inlet boundary conditions where the oil flows into the domain. 

3.4 Material properties 

To properly define the heat transfer in a steady-state problem, values of thermal conductivity has to be 
defined for solid materials. In the present study, constant values have been assessed for these materials, 
as presented in Table 1. Due to the anisotropic structure of homogenised magnetic core and the windings, 
thermal conductivity has been evaluated analytically as anisotropic quantity for these elements based on 
their detailed geometry and the materials used in Tadeo Czerweny manufacturing procedures 
(insulation, varnish, conductor, steel transformer plates). 

Table 1: Thermal conductivity of solid materials 

Solid material Thermal conductivity, W/(mK) 
Steel (outer case and a steel bar) 40 [15] 
Insulation tubes 0.2 
Vertical and radial separators 0.2 
Magnetic core 22, 22, 1.4 (normal to the transformer steel sheets) 
LV windings 307 (tangential), 10.5 (axial), 2.52 (radial) 
HV windings 297 (tangential), 7.90 (axial), 2.34 (radial) 

As mentioned before, this study presents a comparison of power transformer cooled using mineral and 
natural oils. Table 2 presents fluid properties of the mineral and ester oils considered as a function of 
the fluid temperature given in K. 

Table 2: Thermophysical properties of oils used in this study defined as a function of temperature in K 

Property Mineral oil [16] Ester oil [16] 
Density, kg/m3 1098.72-0.712·T 1109.2-0.653·T 
Thermal conductivity, W/(m·K) 0.1509-7.101e-5·T 0.1317+4.142e-04·T-8.86e-7·T2 
Specific heat, J/(kg·K) 807.163+3.57·T 1273.15+1.952·T 
Dynamic viscosity, kg/(m·s) 0.0847-4e-4·T+5e-7·T2 7.99-0.066·T+1.84e-4·T2-1.71e-7·T3 

3.5 Boundary conditions 

For the complete definition of both CFD models, appropriate boundary conditions have to be defined. 
Figure 5 presents the flow chart of the data exchanged between the boundary conditions of all the 
thermo-fluid models. 

The flow rate of the oil in “CFD Model #1” is the effect of using pressure-type inlet and outlet boundary 
conditions, which are appropriate for the free convection modelling. Information about the oil mass flow 
rate and the temperature at the corresponding boundary conditions of coupled models “CFD Model #1” 
and “CFD Model 2” are transferred during the iterative process, what is described in detailed in the next 
paragraph. 

The mass flow rate of the oil flowing through radiators is assessed based on the results of the reduced 
model [12]. Also, the reduced model has been used to assess the temperature of the cooled oil, which 
depends on the ambient conditions for each case.  

The heat is dissipated from the transformer also by the external walls of the casing being present in 
“CFD Model #2”. In that case, convective boundary conditions are present at these surfaces defined by 
the ambient air temperature and the heat transfer coefficient distribution at each wall. The latter is 
computed based on the empirical relationships describing the dimensionless Nusselt number and given 
in Eqs. (5-7) for the side transformer walls (Churchill and Chu [17]), top wall (Lloyd and Morgan [18]) 
and the bottom wall (McAdams [19]), respectively. All the properties in these equations as well as other 
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dimensionless numbers, namely Grashof, Prandtl and Rayleigh, are evaluated for the boundary layer 
temperature for the air [20].  

 

Figure 5: Flow chart presenting boundary conditions and the data transmission between two CFD 
models and the reduced model of radiators  

Also, the radiative heat transfer has been included in these boundary conditions based on Stefan-
Boltzmann law using Eq. (8). In this case, ambient temperature for radiation has been assumed as the 
ambient air temperature and the emissivity of transformer external walls was assumed as 0.98 [21].  

Nu = 0.68 +
0.67Ra /

[1 + (0.492 Pr⁄ ) / ] /
 (5) 

Nu = a Ra  (6) 

Nu = 0.27Ra /  (7) 

Nu  Nusselt dimensionless number, -,  
Ra Rayleigh dimensionless number, -, 
Pr

 
Prandtl dimensionless number, -,  

𝑎  coefficient dependent on Ra number: 0.96 (1<Ra<200); 0.59 (200<Ra<10000), 
𝑏 coefficient dependent on Ra number: 1/6 (1<Ra<200); 1/4 (200<Ra<10000. 
 

�̇� = 𝜎 𝜀 𝑇 − 𝑇  (8) 

�̇�   radiative heat flux, W/m2, 
𝜎  Stefan-Boltzmann constant, 5.67e-8 W/(m2K4),  
𝜀  emissivity of external transformer walls (0.98), -,  
𝑇   External transformer surface local temperature, K,  
𝑇   Ambient temperature for radiation, K.  
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3.6 Coupling procedure between EMAG-CFD and CFD-CFD models 

Development of the numerical model including the entire power transformer would lead to enormous 
computational effort due to the complexity of this device geometry and the necessity to include all the 
details of the windings in the model. Numerical mesh would have to be composed of a huge number of 
elements, and performing of a single simulation would be inefficient in terms of the time necessary to 
obtain a solution. 

As mentioned before, the analysis presented in this study was conducted by evaluation of heat losses 
using EMAG model and by performing thermo-fluid simulation by coupling of two separate CFD 
models. These models were run simultaneously and the data at the corresponding boundary conditions 
(depicted on Fig. 5) were exchanged during the iterative process until both simulations converged and 
the physical quantities, i.e. the temperature and the mass flow rate being the output of each model were 
not changing. 

As a result, the entire process of obtaining a converged solution for one case was approximately 4 days 
using one PC equipped with Intel Core i7-9700 CPU 3.00 GHz (4 cores) for “CFD Model #1” and a 
second computer equipped in Intel Xeon Gold 6230 CPU 2.1 GHz (15 cores) for “CFD Model #2”. 
Along with the power transformer model development, third CFD model to simulate the radiator 
performance will be set up and the entire procedure will be expanded and improved. 

4 Results 

The cases being investigated in this paper includes the analysis of the power transformer performance 
in two climate zones cooled using two different oils. Table 3 defines the cases being compared in this 
study with the conditions that characterise these cases and the input data obtained from the reduced 
model of radiators for the Argentinian and the Polish climate zones. 

Table 3: List of the operating conditions analysed in this study 

Case name Ambient 
temperature, °C 

Oil type Oil flow rate through 
radiators, l/min 

Temperature of the oil 
cooled in radiators, °C 

ARG-min 25.3 Mineral oil 17.7 77.1 
ARG-est 25.3 Ester oil 17.7 77.1 
PL-min 8.6 Mineral oil 15.9 41.5 
PL-est 8.6 Ester oil 15.9 41.5 

4.1 Electromagnetic results 

The results of EMAG modelling includes the distribution of the magnetic field and the energy losses 
within the magnetic core and the windings. At the current stage of the coupled EMAG-CFD numerical 
model development, the heat sources and temperature fields are not interpolated between the grids of 
both solvers, therefore the constant values of heat sources in the windings and the magnetic core were 
evaluated from EMAG model as input data for CFD modelling. Table 4 presents the overall values of 
energy losses in these parts, which were integrated over the entire EMAG model domain (full 3-D 
geometry).  

Table 4: Power losses from the EMAG model compared with data from the manufacturer 

The transformer part Total losses, kW 
Core (EMAG) 5.43 
Windings (EMAG) 41.01 
Total (EMAG) 46.44 
Total (Data from the manufacturer) 46.49 

As can be seen, the total heat sources from 3-D model with homogenised windings are in a good 
agreement with the data provided by the transformer manufacturer. The difference between the 
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computed values and the manufacturer data is equal to approximately 0.1%. Therefore, the EMAG 
model fidelity can be considered as the satisfying.  

4.2 Velocity field distribution within the windings 

The results obtained using CFD simulations allow to analyse the velocity fields of the oil flowing in the 
windings of the investigated transformer. Figure 6 presents the velocity vectors in spaces between high 
voltage and low voltage disks where the oil flows to cool down the coils. 

As seen, in all the cases the velocity of the oil is very low particularly in the area between each disk. 
Between HV disks it does not exceed 2 mm/s, while between LV disks the maximum value of velocity 
is approximately 10 mm/s. In general, the oil velocity for the cases with ester oil is lower in comparison 
to the mineral oil. It is caused by the higher viscosity of the ester oil, especially in low temperatures. 
The effect of the higher viscosity results in the reduced occurrence of eddies for both cases simulated 
for Polish climate zone.  

Separation of the turns in each LV disk stimulated the oil flow, which is beneficial for the cooling of 
these disks. The velocity of the oil flowing upwards in the vertical ducts is higher due to the buoyancy 
forces. It is worthy to notice that the flow pattern between HV disks is not regular. The direction of the 
flow is changing along with the flow through the windings.  

 

Figure 6: Velocity vectors presenting the oil flow pattern within the cross-section at the top part of 
windings for all the considered cases coloured by the velocity scaled in m/s 
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4.3 Temperature distribution within the windings 

The temperature field within the windings has been analysed and compared for all the studied cases as 
well. Figure 7 presents the temperature contours within the top part of windings.  

For the Argentinian climate zone, the temperature of the oil and the windings in the HV part is higher 
by approximately 8°C when the ester oil is used instead of mineral oil. In the LV part, the difference is 
not that significant, since the flow conditions are improved by the separation of the turns. The local 
temperature is higher by approximately 6°C in case of LV part. 

The results are slightly different for the Polish climate zone. Using the ester oil instead of the mineral 
causes the LV windings temperature growth in a larger area.  

 

Figure 7: Temperature field within the cross-section at the top part of windings for all the considered 
cases scaled in °C with different temperature range for two climate zones 

4.4 Temperature distribution inside the transformer tank 

Using “CFD Model #2”, the temperature field has been analysed inside the transformer. Figure 8 
presents the temperature contours on the surface of the magnetic core yokes, external surfaces of the 
windings and along the symmetry planes. In case of the Argentinian climate zone, the differences 
between the temperature distribution are noticeable mainly above the windings. The temperature of the 
core is slightly higher for the case with the ester oil. Moreover, the ester temperature is higher for the 
same case within this area. However, the differences for the bottom yoke and the oil temperatures in this 
region are not significant. It is a result of the presence of pipes, that the oil flows through them from 
radiators to the transformer interior and the assumption that the temperature of the oil cooled in radiators 
is the same for both types of oils. In the case of the Polish climate zone, the differences in the temperature 
field at the bottom of the device are noticeable. Using the ester oil instead of mineral results in the 
temperature reduction within this area. It may be an effect of higher specific heat of the cooled oil which 
flows out of the radiators. 

It is worthy to mention that at the current stage of the numerical model development, the temperature 
distribution at the outer surface of the windings is not shared between two coupled CFD models. Due to 
that simplification, the temperature field at the outer surfaces of windings presented in Figure 8 may be 
not accurately simulated. 
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Figure 8: Temperature field within the power transformer interior for all the considered cases scaled 
in °C with different temperature range for two climate zones 

4.5 Hot-spot temperatures 

Determination of the highest temperatures in all the active parts of transformers is essential to assess the 
cooling process of these devices. As discussed in the introduction, an excessive temperature may lead 
to the degradation of the electrical isolation and consequently damage the device. Table 5 presents the 
volume-averaged and the hot-spot temperatures for the yokes of the magnetic core, HV and LV windings 
for both oils and two climate zones which are analysed in this paper.  

Table 5: Average and maximum temperatures in the transformer for all the cases being analysed 

Case name 
Average temperature, °C Maximum temperature, °C 

Core HV wind LV wind Core HV wind LV wind 
ARG-min 83.4 94.0 89.2 91.5 100.8 95.0 
ARG-est 84.8 98.4 89.9 96.4 107.9 97.3 
PL-min 53.2 62.1 56.6 60.3 71.9 63.4 
PL-est 51.2 67.3 59.2 61.1 77.3 68.0 

As seen, the highest temperatures are present in HV windings for all the analysed cases. In general, 
using the ester oil instead of mineral oil results in higher HV hot-spot temperature by about 7°C for 
Argentinian climate zone and by about 5°C for the Polish climate zone. For the LV windings and the 
core, temperature growth is lower.  

5 Conclusions 

This paper presents a numerical study of 8.5 MVA disk-type transformer cooled in ONAN mode in hot 
(Argentinian) and moderate (Polish) climate zone. The transformer thermal behaviour has been 
compared for two oils used for its cooling, namely the mineral and the ester oil. Coupled EMAG-CFD 
models have been developed to assess the power losses in the magnetic core and the windings and to 
analyse the velocity and the temperature fields inside the device. One CFD model has been developed 
for the segment of the windings and the second CFD model for the interior of the transformer. At the 
current stage of the numerical model development, radiators have not been analysed numerically but 
their operation has been assessed using a reduced model. 

The gathered results were used for the identification of the hot-spots in the windings and the magnetic 
core. The hottest elements of the power transformer are high-voltage windings. Depending on the case, 
the hot-spot temperature was assessed in the range of 72-108°C. In general, using the ester oil resulted 
in the maximum temperature growth up to 7°C. The temperature of low-voltage windings was about 6-
10°C lower than high-voltage windings. Cooling of LV windings is more effective in the studied 
transformer because the turns are separated within each disk and the oil flow is improved in this manner. 
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Performing separate simulations using two CFD models turned out to be computationally effective. 
Coupling of these models allowed to reduce the mesh size and the computational effort in relation to  
a situation, when the entire power transformer would be analysed within one single numerical model. 

Reduced model of radiators allowed to analyse the power transformer working in different climate zones 
with a proper assumption about the temperature and the flow rate of the oil flowing through each 
radiator. However, the next step in this research would be a development of another CFD sub-model of 
radiators in order to get more reliable and accurate results and to perform a more detailed investigation 
of a power transformer working with conventional and natural oils. 

Nomenclature 

CFD  Computational Fluid Dynamics, 
EMAG  Electromagnetic Model, 
FEM  Finite Elements Method, 
FVM  Finite Volume Method, 
HV  High Voltage, 
LV  Low Voltage, 
ONAN  Oil-Natural Air-Natural, 
THNM  Thermal-Hydraulic Network Model,  
 
𝐴  complex magnetic vector potential, Wb, 
𝑐

 
specific heat, J/(kg·K),  

Gr Grashof dimensionless number, -, 
𝑔   gravitational acceleration vector component, m/s2,  

𝑗  complex number, √−1,  
𝐽  complex current density, A/m2, 

𝑘 thermal conductivity, W/(m·K), 
Nu Nusselt dimensionless number, -, 
Pr Prandtl dimensionless number, -, 
Ra Rayleigh dimensionless number (Ra=Gr·Pr), -, 
𝑝  pressure, Pa,  
�̇�   heat flux, W/m2,  
𝑆  volumetric heat source from losses in core, W/m3, 
𝑆

 
volumetric heat source from losses in windings, W/m3, 

𝑢 velocity, m/s, 
𝑇 temperature, K, 
𝜌  density, kg/m3, 
𝛿

 
Kronecker delta,  

𝜀  emissivity, -,  

𝜎   electric conductivity, MS/m, 

𝜎  Stefan-Boltzmann constant, 5.67e-8 W/(m2K4),  
𝜇 dynamic viscosity, Pa·s, 
𝜇   magnetic permeability of subdomain, H/m, 
𝜔  frequency. 
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Abstract 

Measurement of power losses in inductive devices in highly efficient power electronic systems is crucial 
for choosing appropriate components. In the following paper, a calorimetric method for measuring 
power losses below 10 W is presented to decompose the inductive devices' power losses. A fully 
enclosed double-jacked calorimetric chamber is constructed where the temperature is measured with 
digital temperature sensors TMP275 providing good accuracy. For the decomposition of losses, a finite-
element method is used with analytical calculation to estimate core and conduction losses. Losses are 
measured for an inductor with 3C95 ferrite core and three types of windings with a different number of 
strands but similar cross-sectional areas for comparison. 

1 Introduction 

With an increasing number of renewable energy systems, the global trends are focused on increasing 
electric energy conversion systems' efficiency with a simultaneous decrease in costs and dimensions of 
devices. This is usually achieved by operating at higher frequency ranges above 10 kHz. Ferromagnetic-
based components are significant elements in power electronic devices where power losses can be 
reduced and dimensions and weight. In renewable sources such as PV panels or low power, domestic 
wind turbines where power conversion occurs, power electronic devices are used to convert electrical 
energy. The ferromagnetic materials are used in inductive elements such as chokes and transformers. 
The primary consideration is picking the appropriate material for given operating conditions, like in 
DC/DC or DC/AC converters [1][2]. 

The following research main objective is to analyze losses occurring in inductors where cores are made 
of different materials like ferrites or iron powders suited for high-frequency currents using the 
calorimetric method. The power losses in these devices occur in both winding and core. Measuring 
power losses in such devices is not an easy task since they have high Q-factor, which is due to relatively 
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high inductance or reactance and very low resistance. On top of that, the losses cannot be measured 
using DC due to additional effects taking place during AC operation like skin and proximity effects and 
core losses, which do not happen in the DC field. 

It is expected that power loss in analyzed components is at the level of 10 W. The current waveforms 
through inductive components in most applications are either sinusoidal with high-frequency ripple 
(Figure 1a) and triangular with DC bias (Figure 1b). The former is typical for DC/AC converters, 
whereas the latter for DC/DC converters like buck or boost. Both waveforms carry a spectrum of higher-
order harmonics, which are making power losses inherently challenging to analyze. Even though when 
current and voltage waveforms can be analyzed using Fourier transform, the phase shift between every 
major harmonic would be nearly 90 o. The phase difference will decrease only when skin and proximity 
effects dominate, resulting in increased AC resistance, but that is unwanted [2]. 

 

Figure 1: Example waveforms typical for power electronic devices in renewable energy systems  
(a) sinusoid with high frequency ripple (unipolar modulation); (b) triangular waveform. 

2 Calorimetric measurement 

The calorimetric method poses an alternative to the electrical measurement of power losses. So far, 
various such devices were built for high precision calorimetric measurements [3][4]. The higher 
precision is obtained for a double-jacket close type chamber [5] due to the confinement of heat in the 
inner chamber. In contrast, the outer chamber serves and insulation from the environment. The outer 
chamber can also serve as a reference when equipped with heaters to stabilize the temperature [5][6]. 

Both chambers were made out of white Styrofoam with thermal conductivity of lambda = 0.040 W/mK. 
The outer chamber has inner dimensions of 500x300x285 mm and 40 mm wall thickness, whereas the 
inner chamber has inner dimensions of 150x150x100 mm with 30 mm wall thickness. The inner chamber 
was located in the center of the outer chamber on Styrofoam stands to avoid direct contact with the 
bottom. The inductor has been placed on fiberglass PCB composite with spaces to place measure device 
with even distance to every wall. 

Eight temperature sensors TMP275 marked and numbered in Figure 2 are used to measure temperature 
on the inner and outer chamber walls. Three sensors were placed on walls perpendicular to each other 
on both chambers. A higher amount of heat flux is expected to escape through the top of the calorimeter 
due to natural convection; therefore, sensor no. 6 was placed on the inner chamber's inner top wall, 
sensor no. 3 on the outer chamber's inner top wall and sensor no. 1 on the top outer wall of the outer 
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chamber. Multiple sensors were placed in each chamber in order to make sure, that the temperature field 
is spread evenly inside. The sensor no. 0 measured ambient temperature. As a heater, the Arcol HS50 
15R J resistor has a low thermal resistance coefficient. 

To measure power losses of inductors, a Yokogawa WT5000 precision power analyzer had been 
connected using a 4-wire method to the inductor in question. The inductors were powered from a 
custom-build inverter - a full-bridge single phase inverter capable of generating various waveforms even 
with DC bias. The inductors were connected through 630x0.1 mm Litz wires to reduce additional losses 
and potential heat source during operation. Fans are required to distribute heat evenly in both chambers. 
For the internal, a single fan was used to direct airflow onto the devices and two fans in the outer 
chamber. These fans have to operate continuously to force convection and spread air. The fans used in 
the setup were AAB Super Silent Fan 8 Pro, each dissipating an additional power of 1,2 W at 12 V, 
which must be considered. 

 

Figure 2: Diagram of system for calorimetric measurement. 

Since both chamber have fans installed that dissipate heat continuously it is necessary to take those into 
account when calculating power losses during the measurement. The power generated inside the 
chamber dissipates through walls. At steady state, the power losses generated inside the chamber can be 
calculated using equation (1). 

∆𝑃 =
∆𝑇 − ∆𝑃 𝑅  

𝑅  + 𝑅  
=

𝑇 − 𝑇 − ∆𝑃 𝑅  

𝑅  + 𝑅  
 (1) 

∆𝑃  Total power loss in inner chamber, W 

∆𝑃  Power loss in outer chamber (two fans), W 

𝑇  Measured temperature inside the chamber, oC 

𝑇  Ambient temperature, oC 

∆𝑇 Temperature difference between inner chamber and ambient, K 

𝑅   Thermal resistance between inner and outer chamber, K/W 

𝑅   Thermal resistance of outer chamber and ambient, K/W 

 

The main disadvantage of using a fully-closed double-jacket calorimetric chamber is the accumulation 
of heat in the chamber, which results in increased temperature that might not reflect precisely the 
operating condition of the measured device. In real-world applications, the devices would operate at 
lower temperatures since the heat would be removed from the system. On the other hand, the heat 
exchanger introduces another source of error. Therefore, in the used method, losses can be considered 
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at the given temperature or scaled accordingly. For example, losses in ferrites can be scaled using a 
quadratic function with a minimum at around 90oC according to equation (6). The resistivity of winding 
changes linearly with temperature and will affect conduction losses. The resistivity also affects losses 
associated with skin and proximity effects as well as additional losses due to magnetomotive force 
(MMF) near the air gaps that can be related to the fringing effect. The local eddy current density in the 
wire depends on skin depth, which is temperature-dependent, and these effects do not scale linearly. 

2.1 Measured devices 

The windings are usually made using different wire diameters and types, like solid copper wires or Litz 
wires. Which type is used usually depends on manufacturing and operational costs. Solid enameled 
copper wire is much cheaper than Litz wire but results in increased losses during operation. On the other 
hand, the number and diameter of individual strands in Litz wire increase the device's cost and 
efficiency. The compromise is found when the radius of a strand or wire is comparable with skin depth 
(2), which results in non-uniform current density on the cross-section. 

𝛿 =  
𝜌

𝜇 𝜋𝑓
 (2) 

𝛿 Skin depth, m 

𝜌 Resistivity of material, Ωm 

𝜇  Magnetic permeability of material (for copper similar to vacuum), H/m 

𝑓 Frequency, Hz 

The resistivity of conductor changes with temperature (3) and affects the skin depth. The combined 
effect of frequency and temperature on skin depth is presented in Figure 3. 

 

𝜌(𝑇) =  𝜌 [1 +  𝛼(𝑇 − 𝑇 )] (3) 

𝜌(𝑇) Resistivity at given temperature T, Ωm 

𝜌  Resistivity of material at reference temperature, Ωm 

𝛼 Electric resistivity thermal coefficient, 1/K 

𝑇  Reference temperature, oC 

 

At a considered range of frequencies and temperatures, as seen in Figure 3, the change of skin depth is 
at around 10 % between 20 oC and 100 oC. Three different wires have been chosen for windings with 
approximately similar cross-section areas: 2x1.5 mm, 35x0.355 mm, and 400x0.1 mm. The devices will 
be power from an inverter with a 35 kHz voltage square wave. This corresponds to 0.35 mm of skin 
depth at 23 oC for first harmonic of current waveform. All windings have similar cross-sectional area 
and similar resistance of around 20 mΩ with minor differences. The inductors are made of pair 
E65/32/27 3C95 ferrite cores with a 1 mm air gap. The 24 turns results in 250 µH of inductance. 
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(a) 

 

(b) 

Figure 3: Change of skin depth (a) with respect to frequency; (b) with respect to temperature. 

3 Power loss decomposition 

Power losses in inductive components can be split between core and winding (4). In inductors, the 
ferromagnetic core losses are proportional to the peak value of current flowing through the coil. Known 
power loss models like General Steinmetz Equation (GSE) relate to harmonic waveforms like sinusoids. 
Another widely applicable model is the improved General Steinmetz Equation (iGSE) (5)  
or improved-improved GSE (i2GSE), where losses can be calculated for arbitrary waveforms. To 
calculate power losses inside the core, a lumped magnetic circuit model is acceptable or finite-element 
method, which considers the non-uniform distribution of magnetic flux inside the core, resulting in better 
loss estimation. If the current waveform has DC bias, the losses are different from the waveform without 
it due to different operating points on the B-H curve of ferromagnetic material. Additionally, if part of 
the current waveform has a constant value, the relaxation term must be taken into account, like in i2GSE. 
Only a triangular waveform without DC bias is considered in this research to avoid the influence of 
these effects [7][8][9]. 

∆𝑃 = ∆𝑃 + ∆𝑃  (4) 

∆𝑃  Total losses, W 

∆𝑃  Core losses, W 

∆𝑃  Total winding losses, W 

 

 

(5) 

𝑘, 𝛼, 𝛽 Steinmetz equation loss coefficients, specific for the material, - 

𝐵(𝑡) Magnetic flux over time, T 

𝑇  Period of waveform, s 

∆𝐵(𝑡) Peak-peak value of magnetic flux, T 

𝑇 Temperature of core, oC 

𝑉 Volume of core, m3 

∆𝑃  =
1

𝑉𝑇
𝑘(𝑇) ∙

𝑑𝐵(𝑡)
𝑑𝑡

𝛼

∙ ∆𝐵(𝑡)
𝛽−𝛼

𝑑𝑡  
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(6) 

𝐶  Loss coefficient (4.26 for 3C95), mW/m3K2 

𝐶  Loss coefficient (731.8 for 3C95), mW/m3K 

𝐶  Loss coefficient (122.8 for 3C95), W/m3 

Estimating power losses is more difficult due to the high-frequency current resulting in skin effect and 
non-uniform current density distribution inside the wire. On the other hand, there are other phenomena 
like the proximity effect, since winding is composed of multiple strands and turns and additional currents 
induced via fringing close to the core's air gaps. Both types of losses result in total winding losses. The 
skin and proximity effects can be taken into account by either measuring or calculating AC resistance 
at the given frequency. The AC resistance depends on frequency due to reasons mentioned above and 
can be parametrized as such and is some multiple of DC resistance. This results in conduction losses, 
and the remaining part should come from eddy currents induced from fringing (6). The total conduction 
losses cannot be measured without a magnetic core because this changes the distribution of the magnetic 
field acting on the winding [10]. 

∆𝑃 = ∆𝑃 + ∆𝑃  (7) 

∆𝑃  Total winding conduction losses, W 

∆𝑃  Additional winding losses, W 

Calculating winding losses using FEM is a difficult task due to the necessity of simulating every strand 
individually, which increases the total number of elements to simulate all effects mentioned above.  
At least 3-5 elements per radius of every wire are required to simulate skin effect. 

4 Loss modelling 

4.1 Core losses 

If the waveform of magnetic flux inside the core is known, estimating power losses analytically using 
iGSE is possible. Still, methods such as the finite-element method allow for taking into account the 
distribution of field inside the core. For a known distribution of current density, the magnetic vector 
potential can be calculated using A-formulation from which magnetic flux can be evaluated by solving 
partial differential equations (8) and (9). To get the solution a FEM software, Ansys Electronics has 
been used. 

𝛁 ×
1

𝜇
𝛁 × 𝐀 + 𝜎

𝜕𝐀

𝜕𝑡
= 𝐉  (8) 

𝐀 Magnetic vector potential, Wb 

𝜇 Magnetic permeability of medium, H/m 

𝜎 Conductivity of medium, 1/𝜌, S/m 

𝐉  Source current density, A/m2 

  

𝐁 = 𝛁 × 𝐀 (9) 

𝐁 Magnetic flux, T 

 
 
 

𝑘(𝑇) = 𝐶 𝑇 + 𝐶 𝑇 + 𝐶  
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(a) 

 

(b) 

 

(c) 

 

Figure 4: FEM simulation (a) geometry setup; (b) magnetic flux distribution;  
(c) core loss distribution. 

The distribution of magnetic flux inside the core is roughly uniform, with higher values around the 
corners. The magnetic flux in the air gaps' vicinity leaks out of the core due to the fringing effect. This 
magnetic field results in additional losses due to induced eddy currents in windings nearby. 

4.2 Conduction losses 

Calculating winding losses with all effects taken into account using FEM is computationally demanding 
and has been therefore omitted. The winding has been modeled as a homogenous solid with a given 
current density and does not affect magnetic field distribution. The losses are obtained for high-
frequency waveforms like triangular with DC bias and sinusoids combined with high-frequency 
components. Measured losses are split between winding and core losses. Based on that, the mathematical 
model for loss estimation is derived for different types of waveforms and frequencies (10). The 
following model is used for coupled finite-element method (FEM) simulation to calculate power losses 
and temperature field for tested current waveforms. 

∆𝑃 = 𝑅 𝐼 = (𝐹 + 𝐺 )𝑅 𝐼  (10) 

𝑅  AC resistance of winding, Ω 

𝐼  RMS value of current, A 

𝐹  Skin effect parameter, - 

𝐺  Proximity effect parameter, - 

𝑅  DC resistance of winding, Ω 
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The calculation of factors 𝐹  and 𝐺  is based on Kelvin's functions. The parameters take into account 
the number of strands in Litz wire, spacing, skin depth, and the total amount of winding conductors 
described in detail in [11][12]. 

5 Results and discussion 

The losses were measured for every type of winding and three RMS values of current: 4 A, 3.5 A, and 
2.6 A. The supplied waveform was a triangular waveform with a 50% duty cycle at  
35 kHz. The power was delivered to inductors until reaching thermal steady-state at a given current 
level. Then the power supply of the inductor was turned off. For measured power losses, an appropriate 
current was calculated that would be fed to a power resistor installed in the chamber. Since the power 
resistor has low thermal coefficient, the losses generated by it can be precisely calculated. This was done 
in order to confirm power losses inside the chamber and served as calibration at the same time. The way 
to calculate measurement error in this system has been presented in details in [4]. The 4 A RMS triangle 
waveform resulted in approximately 10 W of total losses in with 2x1.5 mm and heated the chamber up 
90 oC. The limiting factor were temperature sensors which could measure up to 125 oC. 

For all measured cases, the losses were separated using equations (4), (5), (6), and (10); the losses were 
decomposed into the core, conduction, and fringing losses, as presented in Figure 6. Total losses were 
obtained from the measurement, the core losses from the FEM model (5) and conduction losses were 
calculated using analytical formula (10). The remaining additional losses were calculated by subtracting 
calculated from total losses. The decomposed losses are presented in Figure 6 in two forms - as absolute 
and relative values to emphasize the difference. For the Litz wires, the AC losses are lower due to 
suppression of skin and proximity effects as well as additional losses, compared to solid wire. For 
1.5 mm wire, the additional losses are substantial and consist of roughly 50% of total losses for all cases. 
Other types of winding can be used instead, but some parts of winding might be removed from places 
subjected to the fringing effect to suppress these losses. The 35 strand Litz wire provides similar 
performance to 400 strand Litz wire, at a lower cost. The conduction losses are not that high for 1.5 mm 
wire, which hints that solid wires can be used successfully in cores without air gaps. The difference 
between core losses results from temperature difference, where the minimum occurs at around 90 oC. 
This explains the drop in losses with a measured range of temperatures. 

 

Figure 5: Calibration characteristic of calorimetric chamber. 
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Figure 6: Decomposed power losses of inductor from calorimetric measurement for three cases:  
(a) 4A RMS; (b) 3.5A RMS; (c) 2.6A RMS. 

6 Summary 

The calorimetric method for estimating low power loss of inductors has been presented. The losses were 
measured and calculated for chokes with three different types of winding at three different loads. 
Although the inductor with Litz wire 400x0.1 mm had the smallest cross-section, it resulted in the 
smallest amount of conduction losses. Having smaller strands in winding also helps reduce fringing 
losses, which might consist of a greater portion of total power losses, like in the case of 2x1.5 mm 
winding, it was at around 50%. Even though the diameter of strands in 35x0.355 mm winding was at a 
similar size of skin depth for 35 kHz, the losses were slightly higher than for 400x0.1 mm winding. It 
can also be seen that core losses were lower for 2x1.5 mm winding, and this is due to an increased 
temperature, which decreases core losses and has a minimum at around 90 oC [13]. The designer may 
take this effect into account at the designing stage of a particular system to increase overall efficiency. 
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Abstract 

ORC systems are the most used system for heat recovery. The considerable impetus they have had in 
recent years has led to new configurations and the choice of different types of plant layouts and 
components. And one of the key components is the expander, and consequently all the study that leads 
to the definition of such a machine. The topic of this paper is the implementation of a calculation code 
for choosing the expander or comparing it with others,, in the case of small rated plants (lower than 30 
kW). The built code allows the preliminary design of the expanders, providing all characteristic 
dimensions. At the moment, the calculation procedures for radial input turbines and screw expanders 
have been implemented, also providing a possible guideline for comparison, based on the various 
research carried out over the last few years by the academic researchers and using all commercially 
available data too. The next steps are to add all design procedures for the various expanders (scroll, 
vaned, pistons, tesla) and to realize, based on the various tests and data, also an automatic evaluation 
criterion that shows the optimal choice and possible competitors. 

1 Introduction 

Nowadays, the Organic Rankine Cycle (ORC) system, which operates with organic fluids, is one of the 
leading technologies for “waste energy recovery”. It works as a conventional Rankine Cycle but, as 
mentioned, instead of steam/water, an organic fluid is used. This change allows it to convert low 
temperature heat into electric energy where required. Large numbers of studies have been carried out to 
identify the most suitable fluids, system parameters and the various configurations. In the present 
market, most ORC systems are designed and manufactured for the recovery of thermal energy from 
various sources operating at “large power rating” (exhaust gas turbines, internal combustion engines, 
geothermal sources, large melting furnaces, biomass, solar, etc.). The ORC system is an interesting 
option for heat recovery in the temperature range between 150 to 200 °C. Especially if no other use for 
the waste heat is available on the site. It is possible to produce a large amount of electric energy (30 kW 
÷ 300 kW). Such applications for small nominal power sources are very limited. The few systems that 
have been designed and built for small scale applications and are characterized by a wide variety of 
expanders. The main goal of this paper is to present or propose a possible design procedure of a dynamic 
and volumetric expander, to cover the gap at small scale and power range (2 kW ÷ 10 kW). These 
procedures are transcribed in a Matlab code. At the design procedure ending, the code transcribes all the 
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results on a database. This database becomes the basis of the next part of code that supplies a table by 
assigning ratings from 1 to 3 (1 less desirable 3 more desirable) and allowing the user to choose the 
optimal configuration for the specific ORC system. The choice made by the code is based on various 
data found in the literature or other research groups and through communications with the expanders’ 
manufacturers. If during the design process, some data or constraints do not allow convergence, the code 
provides warnings to the user. For this reason, all flow-charts of the various procedures are shown. Last 
considerations: Now only screw and radial turbine are implemented and tested. The goal is to studied 
and add all other volumetric expander, as well as scroll expander, rotary vane, and reciprocating pistons 
expanders. 

2 Inlet forward radial turbine (IFR) overview 

Pictured is a typical layout of an IFR turbine with 90-degree input. The inlet angle of the blade is 
generally dictated by the resistance of the material and often by the gases high temperature. Rotor blades 
are subject to high levels of stress caused by centrifugal forces, along with stresses due to the pulsating 
and often unstable passage of high-temperature gas.  From section 2, the rotor blade extends radially 
inwards and spin the flow in an axial direction. The outlet zone is called the exducer, and is curved to 
remove most or all tangential component of the absolute speed. The IFR turbine or centripetal turbine 
is very similar in appearance to the centrifugal compressor, but with the opposite direction of flow and 
blades movement.  

2.1 IFR thermodynamics 

The diagram shown in Figure 2 represents the complete and adiabatic expansion process for a turbine 
corresponding to the layout of Figure 1. 

 

Figure 1: Reference pattern of an IFR and velocity triangles 

 

Figure 2: Expansion on h/s diagram 
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In the turbine, frictions cause an increase in entropy in all components, and this irreversibility are 
implicitly considered in the diagram. Through the nozzle, the stagnation enthalpy is considered constant, 
h01 is h02 and, as a result, the variation of static enthalpy is:  

ℎ − ℎ =  
1

2
𝑉 −

1

2
𝑉

 
(1) 

corresponding to the change in static pressure from p1 to the lower pressure p2.  The variation of ideal 
enthalpy (h1 - h2s) is always between these two pressures but at constant entropy. For the rotor of the 
IFR turbine, it can write: 

ℎ − ℎ =  
1

2
𝑈 −

1

2
𝑈

 
(2) 

In this analysis, reference point 2 is considered at the rotor inlet, at the r2 radius. This implies that the 
irreversibility of the nozzle is considered along with friction losses occurring in the ring space between 
the nozzle output and the rotor input (usually also including sliding losses)1 

Through the diffuser, the stagnation enthalpy does not change, but the static enthalpy increases because 
of the speed variation. From here: 

ℎ −  ℎ =  
1

2
𝑉 −

1

2
𝑉

 
(3) 

The specific work done by the fluid on the rotor is: 

𝑊 = ℎ −  ℎ = ℎ − ℎ = ℎ −  ℎ +  
1

2
𝑉 −

1

2
𝑉

 
(4) 

Each term of the (4) contributes to the specific work done on the rotor. A significant contribution derives 

from the first term, namely (𝑈 − 𝑈 ) , and is the main reason why IFRs have an advantage over the 

axial turbine, where the contribution of this term would be negative. For the axial flow turbine, whose 
U1 is equal to U2, and no contribution to the specific work is obtained from this term. For the second 
term of the (4) a positive contribution to the specific work when W3 > W2 is gained. In fact, accelerating 
the relative speed through the rotor limits the leaks. The third term indicates that the absolute speed at 
the rotor input should be higher than the rotor output to increase the work that can be achieved. 

2.2  Preliminary design of an IFR 

The preliminary assumptions are as follows: 
 The motion is permanent and stationary; 
 The speed is constant on the exhaust section, or, if post-rotation is adopted, the law of variation 

of V2t with the radius is known; 
 Motion in fixed channels takes place for cylindrical layers, and in mobile channels for helical 

ones; 
 The speed is constant on the delivery section. 

Since the function of a compressible fluid turbine is to absorb energy from a gas or steam, the specifics 
("data") of the project will always be the mass flow rate �̇�, the ratio of total expansion (of the entire 
machine)  = p0/p2 that corresponds to a specific work: 

𝑊 = ℎ , − ℎ , = 𝑐 ∙ 𝑇 ∙ 1 −
𝑐

𝑐
 ∙  𝛽

∙( )  
(5) 

The first step is the correct choice of the number of stages, which is not particularly important, because 
the number of stages in the turbines is always very limited. The procedure to apply is as follows: 

1) The volumetric flow is calculated at admission: �̇�0 = �̇�/; 

                                                      
1 loss coefficients in the nozzle 
The enthalpy loss coefficient, which normally includes friction losses at the entrance, is: N = (h2 – h2s)/1/2 V2

2. The speed coefficient is also 
used,N = V2/V2s and the stagnation pressure loss coefficient, YN = (p01 – p02)/(p02 – p2) which can be related, approximately, to by the 
following relationship: YN = N (1+ ½  Ma2

2). So: N = 1/
N –1. Practical values of N are usually in the range of 0.90 ÷0.97. 

loss coefficients in rotor 
In nominal conditions, friction losses of rotor passage can be expressed in terms of the following coefficients. The enthalpy loss coefficient, 
R = (h3 – h3s)/1/2 W2

3, the speed coefficient R = W3/W3s, which is related to "R " by means R = 1/
R –1. The normal range for rotors is 

about 0.70÷0.85. 
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2) Note Q0 and the preliminary configuration of turbomachinery is derived from referenced ns/ds 
chart; 
3) The specific work corresponding to the whole work is calculated; 
4) Fixing the "first attempt" maximum peripheral speed Umax, and get (there is almost never a 
tangential component to the exhaust, and if there is, it can neglected it in this preliminary calculation) 
the Euler work obtainable by stage: 

𝑊 =  𝑈 ∙ 𝑉 = 𝑈 ∙ 𝜓   (6) 

5) If the value of  is acceptable (i.e. falls within the range of values made in similar machines with 
technically satisfactory results), only one stage will be sufficient. Otherwise, two ways as an 
alternative can be followed:  

1. Increase the Umax, possibly choosing a different construction geometry, and return to step 4);  
2. Accepted values chosen for Umax and , and the stages number from: 

𝑁  =  𝑊 /𝑊   (7) 

The more convenient choice is to impose the design constraints:  
 To set a Ma2 <1 to have an acceptable Ma3; 
 To adopt for U2 the value Umax;  
 To impose a precise variation law of the tangential component Vt with the radius (usually, the 

free vortex, Vt∙r = constant);  
Then, it is necessary to assign "first tentative" values (based on the previous design experiences) to 2, 
b2/r2, r2/r3. Besides, the design experience has led to the codification of "optimal" values (i.e. more 
convenient) of these parameters according to the shape of the current. A series of experiments have led 
to the drawing such a curves, called Chen & Baines curves, shown in Figure 3. It can be noticed that 
higher efficiencies are obtained for: 

𝜓  =  0.9 ÷ 1  (8) 

𝜑  = 𝜑 ∙ 𝑟 𝑟⁄  0.2 ÷ 0.3  (9) 

 

Figure 3: Chen & Baines chart 

Curves have also been obtained (Figure 4) that report performance according to the U/Vs ratio, where 
Vs = (2h)1/2 is the stagnation rate equivalent to the entire enthalpy drop in the turbine. The Vs is a 
function of the expansion ratio . 

𝑉 = √2∆ℎ = 2 ∙ 𝑐 𝑇 − 𝑐 𝑇 = 2𝑐 𝑇 ∙ 1 −
𝑐

𝑐
∙ 𝛽 ∙  (10) 
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Figure 4: Baines chart 

From the graphs in Figure 4, it can see that the various experimental curves all have a maximum for 
U/Vs = 0.7, and therefore this can become a reliable design criterion. The blades number zp is chosen 
according to the consideration (Jamieson) that, if an ideal (non-viscous) flow in a rotor channel is 
considered, the speed distribution in the channel can be schematized as shown in Figure 5, with the Vp 
on the lower pressure side lower than VD on the depression side. Considering that, the two current lines 
"Vp" and "Vd" have an equal starting value from stagnation pressures (upstream), it returns: 

1

𝜌
∙

𝜕𝑝

𝜕𝜃
=  − 𝑉

𝜕𝑉

𝜕𝜃
 (11) 

 

Figure 5: Jamieson's criterion for the number of blades 

However, if this pressure gradient (usually neglected, since no changes have been made in the tangential 
direction) exists, it can only be generated by the action of the Coriolis force, and therefore: 

1

𝑟 ∙ 𝜌
∙

𝜕𝑝

𝜕𝜗
= 2‖Ω ⊗ 𝑊 ‖ ≅ 2𝜔𝑉  (12) 

𝜕𝑉

𝜕𝜃
=  −2𝜔𝑟 (13) 

What is integrated between /zp and /zp 

𝑉 =  𝑉 + 2𝜋𝜔𝑟 𝑧⁄ ; 𝑉 =  𝑉 − 2𝜋𝜔𝑟 𝑧⁄  (14) 

Setting a limit condition (minimum number of blades) the formula for zp is: 

𝑧 =  2𝜋𝜔𝑟 𝑉⁄ = 2𝜋𝑈 𝑉 =  2𝜋𝑉 𝑉 = 2𝜋 tan 𝛼  ⁄⁄  (15) 

The criterion is quite restrictive and therefore usually determine the real blades number by: 

𝑧 , =  𝑧 −  (2 ÷ 3) (16) 
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2.3 Diffuser 

As for the diffuser, remember that the gas comes out with a very high V3 absolute speed: to reduce it 
before the entrance of a possible next stage, the first part of the fixed exhaust duct, the diffuser, can 
perform a kinetic energy recovery in pressure energy. The diffuser is a diverging conduit immediately 
downstream of the impeller output. In an IFR, it is usually smooth, or rarely with longitudinal fins to 
better drive the fluid. In the diffuser the main current lines are slight spirals (a low tangential component 
at the impeller outlet is maintained) representative of the so-called free vortex: since there are no energy 
exchanges in the channel (and neglecting the losses), the tangential component of the speed varies with 
the radius: 

𝑉 𝑟 = 𝑉 𝑟   (17) 

In addition, the axial component varies with the passage section (for continuity, which here also implies 
the compressibility of fluid): 

𝑉 𝑏 𝑟 = 𝑉 𝑏 𝑟  (18) 

V3 module is: 

𝑉 =
𝑟

𝑟
∙ 𝑉 +

𝑉 ∙ 𝜌 ∙ 𝑟

𝜌 ∙ 𝑟

⁄

 

 
(19) 

In fact, as repeatedly mentioned, the motion in a diverging channel in counter-pressure gradient is 
affected by significant losses, which is taken into account globally through a speaker performance: 

𝜂 = ∆𝑝 ∆𝑝⁄  (20) 

Where diff essentially depends on the semi-opening angle  of the device. Usually, the designers refer 
to graphs like those that are reported in figure 6. The design flow-chart is shown in figure 7 and it was 
implemented in a calculation code in Matlab environment. 

 

Figure 6: Diffuser operative map 
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Figure 7: Flow chart of IFR design procedure 

3 SCREW EXPANDERS Design Procedure 

The design of screw expanders consists of two rotors (male and female screws) connected to the 
corresponding counter-rotating shafts, that transmit the motion to an electric generator. The fluid 
expands in the axial direction, in the volume that is generated between the lobes of the screws. The fluid 
fills the volume between the screws isolated and then downloaded into the area of low-pressure 
discharge. 

3.1 Rotor Profiles 

The rotor profile is the fundamental feature of such a machinery. The earliest machines used a symmetric 
profile. Considering the following figure, it can see that the male rotor is built by only three circles, 
which are located in the center and on the pitch circle. The profile of the female rotor is symmetrical to 
this construction. The symmetric profile has a very large blowhole area that creates significant internal 
leakage. This negative feature excludes the use of this machine in all systems that have a high and 
moderate pressure ratio.  Following the introduction of the symmetrical circular profile, many improved 
profiles have been developed and studied. Among these, the "N" profile, developed at City University, 
has many advantages than any other device. Currently it is the most used profile by the various 
manufacturers. One of the advantages is the high adiabatic efficiency, even for low operating speeds. In 
fact, the benefits of more than 10% were recorded compared to other profiles. The most used profile is, 
now, the rotor profiles "N" [9, 10] is shown in figure. 

3.2 Screw expanders characteristics  

The screw expanders are able to process both gas (air) and steam; as for the steam, they can process 
overheated, humid or saturated one, with a mixture ratio lower than one. These machines allow the 
chosen working fluid to expand from an inlet pressure pin to the exhaust flange pressure pout. This 
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pressure difference is the only requirement needed to have a functioning machine. The fluid is elaborated 
thanks to the two above mentioned screws (male screw and female screw) that, with the casing, define 
the working volume; one of these two screws is coupled directly to a generator or, at most, to a 
mechanical variable-speed drive. The screws, initially, had a symmetrical profile with a number of equal 
lobes; however, with the implementation of computational fluid dynamics programs, it has opted for an 
asymmetrical profile and with a different number of lobes, between male and female (4-6 or 5-6).  

 
 
   
 
 
 
 
 

 

 
 
 

 
 
 
 

Figure 8: a) symmetric circular profile (Nilson, 1952), b) asymmetric profile Lysholm (Lysholm, 
1967), c) SRM profile 'A' (Shibbie 1979), d) SKBK profile (Amosov, 1977), e) profile SRM "D" 

(Astberg, 1982), f) profile FuSheng (Lee, 1988), g) profile Compair (Hough et al, 1984), h) Hyper 
profile (Chia Hsing, 1995), i) Rinder profile (Rinder, 1987), l) profile "N" (Stosic 1996) 

 

Newer machines have adopted a profile defined in "N", and the most significant advantages of profile 
"N" are as follows: 

1) Ensures that, at each point of contact, a hermetic seal between the rotors and between the rotors 
and the seat is realized, in such a way as to prevent leakage of working fluid during operation. 
2) Provides a large area of passage through the lobes, which maximizes the amount of fluid for each 
revolution. 
3) Coupling movement is the same as a helicoid pair with low contact force intensity. 

A key feature of the screw expander, adopting "N" the profile, lies in the fact that the fluid speed is about 
an order of magnitude lower than turbomachines. There is no damage risk, caused by the entry of liquid 
particles in the expansion chamber, as the propeller profile is continuous, and there are no problems of 
droplet impact on profiles. The power range of this machinery is between 20 and 50 kW with a rotational 
speed of between 1500 and 1800 rpm. 

3.3 Thermodynamic Analysis 

Screw expanders allow the working fluid to expand in volume bounded by screw lobes. Thermodynamic 
cycle of an ideal expander (P-V chart, Figure 9) is: 

1. Working fluid admission pressure constant; 
2. Fluid isentropic expansion with an initial specific volume vinlet 
3. A discharge pressure of working fluid exhausted constant 

The ratio  is defined as the relationship between the expander inlet pressure (pinlet) and exhaust pressure 
(poutlet).  Similarly,    as the pressure ratio at the beginning of the expansion (pexp) and the pressure at 
the end (pex) of the process itself. In the case of ideal expansion, these two ratios are to be the same. 

a)             b)               c)                                 d)
  

e)            f)               g)                                  h)

i)         l)
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However if - > 0 a "blow-down” phenomenon (Figure 9b) is established, while - < 0 the "blow-
back" occurs (Figure 9c). In figure, the expansion of a screw expander is reported: 

A. An ideal expansion with no leakage and where the expander outlet  pressure is equal to the discharge 
pressure; 

B. An expansion into Blow-Down condition; in this case the outlet pressure is higher than the discharge 
pressure. This condition represents the real working condition, because for delivering the fluid, a 
discharge overpressure has to be maintained; 

C. An expansion in Blow-Back condition. This is the worst condition for the expander-operating mode.  
In fact, at the expander outlet, a compression of the working fluid occurs, because the expander 
outlet pressure is lower than discharge one. 

The cycles presented are far from the actual configuration. In the real cycle, several losses can be listed: 

1. Pressure drops during the working fluid admission and discharge; 
2. Non-isentropic expansion, due to the passive resistance; 
3. Irreversibility losses in blow-down and blow-back phenomena; 
4. Leakage losses through the seals. 
 

 

Figure 9: Expansion on p_v diagram 

The total net work is: 

𝑊 = �̇� ∙ ℎ −
𝑘

1 − 𝑘
∙ ℎ + �̇� 𝑣 ∙ (𝑝 − 𝑝 ) (21) 

While the total efficiency is given by: 
𝜂 = 𝜂 ∙ 𝜂 ∙ 𝜂  (22) 

𝜂 = 𝜂 ∙ 𝜂 =
𝑊 + 𝑊 ( )

�̇� ∙ 𝑝 , ∙ 𝑣 ∙
1 − 𝛽

𝛾 − 1
+  1 +

𝛽
𝛽

 
(23) 

withbd = pressure ratio at blow-down condition  

From equations (22) and (23), it is possible to evaluate the different system efficiency: 

1. t = ) this efficiency identifies the power loss, resulting from the unbalance between the 
admission and discharge pressure compared to actual operating conditions. This condition depends on 
the concentrated and distributed pressure drop along the device piping/manifold system. Also depends 
on the actual operating conditions of the device itself. As previously described, for reliability reasons, 
the expander usually operates in a Blow-Down condition. 
2.d this efficiency expresses, in a single parameter, the volumetric and isentropic efficiency and it is 
evaluated through the direct operating parameters measurement and mechanical losses estimation. 
3. s it is the isentropic efficiency and depends on the thermodynamic transformation, and is an 
intrinsic property of screw Expander. 
4.v = �̇�out/�̇�in  it is the volumetric efficiency, due to the leakage losses, which decrease the effective 
machine flow rate. 
5. mech  It is the mechanical efficiency and is due to friction in the machine. 
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3.4 Losses  

In a screw expander, two different losses affect the machine performance, divided into leakage losses 
and fluid dynamic losses. Leakage losses are linked to the clearances between the various rotor-moving 
parts and the case. It is not possible to eliminate them, since they ensure an expansion gap of moving 
parts, subjected to thermal and mechanical stress. The losses are: 

 The rotors line of contact 

 The vent formed between the rotors cusps and point of contact 

 Losses on top of the rotors 

 Losses on the inlet surface of the rotors  

 Losses on the outlet surface of the rotors 

During the expansion, leakage losses mean that the volumetric efficiency decrease due to decrease of 
the processed flow rate (figures 10a and 10b). Observing the operating conditions, the losses diminish, 
if the mixture ratio of the working fluid decreases. In fact, the formed liquid acts as sealant between the 
clearances, and as lubricating medium, for the moving parts. In admission, the inlet pressure is not 
constant. There are concentrated losses due to the interaction between the fluid vein and the profiles 
(edges) of the various machine ducts. Some researchers have shown that the loss coefficient does not 
depend on the inlet fluid velocity. However, this loss should not be underestimated, as the working fluid 
is in a state of humidity. In fact, at the same input speed, the increase in density increases the losses 
(with the square of the velocity).  It can be noticed that the expansion is characterized by distributed 
losses, due to the friction between the working fluid and the wall of the chamber. Finally, it can always 
opt for a blow-down cycle. 

 
 
 
 
 
 
 
 
 
 

Figure 10: a) Pressure/Chamber volume curve of a screw-type expander; b) b) Volume curve of a 
screw-type expander over the rotational angle of the male rotor (adapted from [4,7,12]) 

3.5 Displacement calculation 

In figure 11, the reference cross-section to compute the displacement of the machine is presented. So, 
the displacement can be calculated as: 

𝑉 = 𝐷
𝜋

4
(1 − 𝑑 ) −

𝛼

2
−

𝑠𝑒𝑛2𝛼

2
∙ 𝑠  → 𝑐𝑜𝑠𝛼 =

(𝐷 + 𝑑)

2𝐷
 (24) 

The volumetric flow rate is function of the machine rotational speed “n” and the volumetric efficiency 
“v”: 

�̇� = 𝜂 ∙  𝐷 ∙
𝜋

4
(1 − 𝑑 ) −

𝛼

2
−

𝑠𝑒𝑛2𝛼

2
∙ 𝑠 ∙ 𝑛 (25) 

As previously done, all the procedure was displayed through a flow-chart (Figure 12) and then it is 
implemented, as a second module, in the previously defined Matlab code. 

 

272



 

Figure 11: a) Screw expander geometric characteristics for calculation; b) measured efficiency map 
in function of pressure and volume ratio [reworked from 13] 

 

Figure 12: Flow chart of Screw Expander design procedure 

4 A Proposal for Expander Selection Criterion 

To perform the final choice of the optimal expander, good balance between several factors has to be 
found. For this reason, it was decided to use the code for filling out a table, with all the relevant issues 
to be addressed, and assign them a value from 1 (less desirable) to 3 (more desirable) for each Expander. 
The considered parameters for the choice are the following: 

-Efficiency: Overall isentropic efficiency as described in each dedicated paragraph. Even if, as 
previously mentioned, no volumetric expander could challenge an IFR in terms of efficiency.  

-Machinery Volume: Represents machine overall encumbrance. From this point of view, the turbine 
shows the optimal characteristics again. The screw expander has a greater volume 
-MTBF (Mean Time Between Failure): this aspect considering all the moving parts. The e screw 
expander present just few moving parts, which can either be in contact (if a good lubrication is expected), 
or built with a clearance that does not decrease the machine efficiency and guarantees the absence of 
contact, thus reducing the wear damage. Moreover, the low rotational speed of the volumetric machines 
implies less stress on the bearings, with longer maintenance intervals and increasing their reliability. 
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-Lubrication: While the turbine does not present any issues related to lubrication, the issues related to 
the screw motor can be dealt by choosing an unsynchronized configuration working with a good 
lubrication fluid. 
 -EM Coupling:  The simplicity of connection to an electric generator mostly depends on the rotational 
speed. In this case, the turbine is the least favorable. 
-PLE (Partial Load Efficiency): IFR turbines low flexibility makes their use undesirable in partial load 
applications. On the contrary, volumetric expanders show a great flexibility and can operate smoothly 
under unsteady conditions. The screw motor, in particular, has shown in literature an excellent behavior 
under unsteady conditions. 

4.1 Case study 

To test the code, a case study has been evaluated. The aim is to perform the expander design and 
individuate the optimal choice for this application. The target ORC cycle operates as a bottoming cycle 
of a common Diesel 8000cc engine for bus applications. The cruise condition of the exhausted gasses, 
after the supercharger turbine, are the ones expressed in Table 1:  

 
Table 1: Gas specifications 

�̇�𝒆𝒙𝒉𝒂𝒖𝒔𝒕𝒆𝒅 [𝑲𝒈/𝒔] 𝑻𝒆𝒙𝒉𝒂𝒖𝒔𝒕𝒆𝒅 [𝑲] 𝒑𝒆𝒙𝒉𝒂𝒖𝒔𝒕𝒆𝒅 [𝒃𝒂𝒓] 
0.8 800 ≈1 

 

The steady-state simulations of the plant have been performed using the CAMEL-Pro process simulator 
to analyze the system performance. The complete solution is available after having assigned the right 
boundary conditions. The considered thermodynamic cycle has the final expected working conditions 
illustrated in Table 2. 

Table 2: Cycle specifications 
Parameter Quantity Parameter Quantity 
�̇�𝒆𝒙𝒉𝒂𝒖𝒔𝒕𝒆𝒅 0.8 kg/s 𝑻𝑹𝟐𝟒𝟓𝒇𝒂 at expander outlet 368 k 
𝑻𝒆𝒙𝒉𝒂𝒖𝒔𝒕𝒆𝒅 at HRSG 
inlet 

800 K 𝒑𝑹𝟐𝟒𝟓𝒇𝒂 at expander outlet 180 kPa 

𝑻𝒆𝒙𝒉𝒂𝒖𝒔𝒕𝒆𝒅 at HRSG outlet 620.5 K 𝑻𝑹𝟐𝟒𝟓𝒇𝒂 at condenser outlet 290 K 
𝒑𝒆𝒙𝒉𝒂𝒖𝒔𝒕𝒆𝒅 at HRSG inlet 101.3 kPa 𝒑𝑹𝟐𝟒𝟓𝒇𝒂 at condenser outlet 177  kPa 
𝒑𝒆𝒙𝒉𝒂𝒖𝒔𝒕𝒆𝒅 at HRSG outlet 99.3 kPa �̇�   2.1 kg/s 

�̇�𝑹𝟐𝟒𝟓𝒇𝒂 0.5 kg/s 𝑻𝒘𝒂𝒕𝒆𝒓 at condenser inlet 293 K 
𝑻𝑹𝟐𝟒𝟓𝒇𝒂 at HRSG inlet 294 K 𝒑𝒘𝒂𝒕𝒆𝒓 at condenser inlet 101.3 kPa 
𝑻𝑹𝟐𝟒𝟓𝒇𝒂 at HRSG outlet 413 K 𝑻𝒘𝒂𝒕𝒆𝒓 at condenser outlet 308 K 
𝒑𝑹𝟐𝟒𝟓𝒇𝒂 at HRSG inlet 1000 kPa 𝒑𝒘𝒂𝒕𝒆𝒓 at condenser outlet 100 kPa 
𝒑𝑹𝟐𝟒𝟓𝒇𝒂 at HRSG outlet 980 kPa 𝑷𝒏𝒆𝒕 18 kW 

 
Table 3: Simulations results 

 
Table 4: Proposed Selection table for ORC expanders 

 IFR SCREW 
Efficiency 3 2 
Machine Volume 3 1 
MTBF 2 3 
Lubrication 3 3 
EM Coupling 1 3 
PLE  1 3 
TOTAL 13 15 

Machinery Main specifications (all measures are in centimeters)  
IFR D1 = 7.7 b1 = 0.22 D2,mid = 3.8 2 = 27° b2 = 1.35 D2,sh =5.12 D2,hub = 2.4 4896 0.8 
Screw D = 18.4 d = 11.41 s = 11     314 0.68 
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These data are used to run the program. The simulation results of design procedures are briefly 
summarized in table 3. For the assigned rated power value, the code provided the characteristic 
dimensions of the machines. Once the various geometric parameters have been obtained, the primary 
code transfers the values to the second part of the program. This second part has a continuous updating 
library with all efficiency available map (commercial and tested [11,12,13]) for all machinery, as well 
as, the various map of volumetric or mechanical efficiency versus rotational speed, the mass flow rate 
in function of working pressure, etc. Thus, table 4 can be compiled. The value of MTBF is a code string 
compiled and assigned by the user, based on the experience and available reports. According to this 
procedure, the screw machine seems to be the optimal compromise for this purpose (small rated power). 
However, depending on the application, the relative weight of each characteristic should be considered, 
thus making a general procedure of choice extremely challenging. Moreover, since ORC bottoming 
cycles for waste heat application are in general not commercial, each component should be designed 
and manufactured ad-hoc, making the investment highly demanding, and a cost analysis should be 
carried on along with the design of each component. 

5 Conclusions 

This paper has analyzed in detail different expander configurations, namely a radial turbine and screw-
type expander highlighting each different feature. For each component, the theory on which the choice 
is based has been described and its design has been presented. The new approach to expander design 
procedure for small rated ORC is enlighten in the paper. In fact, once all the calculation procedures have 
been defined, they have been implemented in Matlab code. This code, once completed the design 
process, provides an indication of the optimal expander configuration to adopting to those specific 
systems. The expander choice is made accordingly to the ORC plant features like layout, size, power, 
expected operating time and so on. The implementation of this tool is, not only useful at the level of a 
preliminary study of the ORC system and its components but can also provide useful guidance on the 
expander model to be used and the various possible competitors. This tool allows to have an indication 
of the optimal machinery configuration, first, and then on the total size, weight and efficiency. Finally, 
this tool is valid and can be further developed by inserting a large database. Future development could 
be the implementation of other design procedures about scroll-type expander, a rotary vane expander, 
and a reciprocating pistons expander. Moreover could be interesting and useful to implement an expert 
system that guides, gradually, the designer. 

Nomenclature 

cp  Specific heat [J/kg K]  
D,d Diameter [m] 
EM Electric Motor 
h Enthalpy [J/kg K] 
IFR Inward-Flow Radial Turbine 
HRSG Heat Recovery Steam Generator 
�̇� Mass flow rate [kg/s] 
Ma Mach number 
MTBF Main Time Between Failure 
n Rotational speed [rpm] 
N Number of stages 
ORC Organic Rankine Cycle 
p Pressure [Pa] 
PLE Partial Load Efficiency 
�̇� Volumetric flow rate [m3/s] 
R,r Radius [m] 
r Volume expansion ratio  
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s Thickness [m] 
T Temperature [K] or [°C] 
U Blade Peripheral Speed [m/s] 
V Absolute Flow Speed [m/s], Displacement [m3]  
v  Specific volume [m3/kg]  
W Work [J], Relative Flow Speed [m/s], width [m],  
Z,z Number of Blades  
Greek symbol 
 Real Velocity Angle [rad] or [°] 
 Expansion ratio, relative velocity angle [°] 
  Flow coefficient  
 Efficiency 
  Flow Coefficient  
 Gas constant  
  Angular displacement  
  Density [kg/m3] 
  Angular speed [rad/s] 
 Stage Loading  
 loss coefficient 
Subscripts 
1 Inlet 
2 Outlet 
t Tangential  
v Volumetric  
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Abstract 

The paper presents a review of heat transfer models available for cylinder-piston, reciprocating 
machinery. For the purpose of this work, this includes correlations, either dimensional or non-
dimensional, describing the convective heat transfer coefficient on the cylinder wall surface. This is in 
most cases a function of gas parameters inside the cylinder, gas composition and piston velocity. Work 
published between 1923, beginning with the research of Nusselt and current era have been thoroughly 
reviewed, and the equations has been converted into forms allowing for the use of SI units. The 
methodology and test apparatus used to create each model is also described. In all, in this almost one 
hundred year period a small number of models have been found to have been published in comparison 
with conventional heat transfer models, many of them also highly criticized by later authors. The lack 
of applicable models is understood to have come from the fact that the measurements of instantaneous 
in-cylinder conditions can be considered difficult in practice. Most of the models found had been 
created for internal combustion engines, majority of them for diesels. Nonetheless, models for 
compressors and Stirling machines have also been found. The dimensions of the test apparatus and test 
parameters have also been compiled and shown if they were available. It is understood, that this paper 
can serve as a practical reference for the use of piston machinery research. It has been created as a 
prelude to the authors experimental work in Stirling Engine heat transfer. 

 

1  Introduction 

Reciprocating piston machines have been known and used since before the industrial era in the form of 
pumps and water engines [9], though it was only with the invention of a functional steam engine by 
Thomas Newcomen in 1712 that heat transfer inside reciprocating machinery became a concern [29]. 
James Watt was likely the first researcher to investigate the influence of heat transfer in engines, 
leading him to his invention of the separate condenser [29]. The fluctuating heat transfer in steam 
engine cylinders was known as a problem for the majority of the industrial era [39] and its scientific 
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investigation lead to further innovations in the field such as compound engines and uniflow engines 
[32]. No information is however to be found on the quantification of the convective heat transfer 
coefficient itself related to that reasearch, other than the work of Hirn [25], who simply proposes a 
selection of constant values. It was only after the invention of gas based engine cycles such as the 
Diesel and Otto engine and the Stirling machine, that the theory started to develop. This work tries to 
provide a review of heat transfer models for reciprocating machinery such as engines and compressors, 
namely models that allow for the calculation or estimation of the heat transfer coefficient. Heat transfer 
models for oscillatory pipe flow are only cited if the researchers had the explicit intention of applying 
them to piston machines or used piston machines for their experiments, which mostly applies to 
Stirling cycle engines and coolers. In other cases, those are considered to be beyond the scope of this 
paper. 

2  Review of heat transfer models 
The first, in the historical sense, correlation for estimating the heat transfer in a piston-cylinder system 
is due to Nusselt [23], published in 1923. This is a global correlation, describing the heat transfer 
coefficient averaged across the stroke period. It can be formulated as follows:  

    (1) 

This correlation is given above in a dimensional form. The work it originates in is concerned with 
internal combustion engines. The second part of the equation is the radiant heat transfer term, while the 
first is the convective one. The formula was based on experiments simulating the conditions in internal 
combustion engines using cylindrical bombs and separate experiments with forced convection on plane 
surfaces [23].   

 Another correlation by the same author, from 1928 [24] has been determined for piston machines in 
general, and can be stated as follows:  

    (2) 

This formula lacks the radiant term, likely due to the lack of combustion being considered, though 
similarities between the two are clear. The formulae of Nusselt can be considered to be of historical 
rather than practical significance today. Although Nusselts formulas were created to provide an average 
heat transfer coefficient , they have also been utilized to provide instantaneous values [5], hence, they 
are shown as a function of time.  

The Nusselt model from equation 1 has been expanded upon by Brilling [42], who proposed a different 
values of some of the constants. This is shown below:  

    (3) 

The model of Eichelberg, from 1939 [7] is based on experiments carried out on an actual internal 
combustion engine. The model was to predict instantaneous heat transfer rates. The experiments were 
carried out on a naturally aspirated, two stroke engine and later four stroke engine (both Diesel 
Engines) [5]. The formula is as follows: 

 

    (4) 

This direct measurement reportedly was based on harmonic analysis of temperature fluctuations in a 
probe normal to the cylinder surface. According to Annand [33] this formula is contradictory to later 
formulas and experimental work. It is necessary to note that the value of  tends to zero when the 
piston speed reaches zero, that is, in the dead centres. This is obviously erroneous, though as it will be 
shown later, many other correlations show such behaviour. This, amongst other problems was the 
subject to a correction by Pflaum [27] in 1961 who modified the velocity term.   
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The work from 1960 by Oguri [26], experimentally confirmed the formula for a spark ignition engine, 
of a 114.3x140 bore and stroke, though only for the expansion stroke.  

Oguri [26] also points to the works of Karl Elser [8]. The following therefore is based on Oguri’s 
description. This model is based on the following assumptions: heat transfer occurs mainly in a small 
boundary layer close to the cylinder walls, the advective flow of particles occurs mainly perpendicular 
to the walls and thirdly, pressure fluctuations have no effect on the heat transfer phenomenon. Also, the 
formulas are derived for an ideal gas. It is important to note, that the experimental work by Elser had 
been done in a cylinder without combustion. The correlation derived in this work is as follows:  

    (5) 

Where Pe’ is the Peclet number, here defined with the mean piston speed : 

    (6) 

And the change of entropy over the specific heat can be calculated as: 

    (7) 

As it is assumed the gas in the cylinder is an ideal gas. The index 0 denotes the begging of the stroke. 
Annand [33] pointed out that this ratio, although non-dimensional, had been derived by both a 
thermodynamic and algebraic error in the original derivation of the formulae by Elsner. 

Despite this, the formula was partially validated and expanded upon by Oguri[26], to be written as: 

    (8) 

Where  is zero at the top dead center. Oguri’s experiments have been carried out on two Diesel 
engines, of the bores and strokes of 380x460 and 390x520 respectively. 

The Woschni model was created in 1967 as an empirical model for calculating the convective heat 
transfer coefficients in internal combustion engines. It was developed experimentally, using a motored 
and modified four stroke engine, with a custom camshaft [37] (dimensions not given). Later, this model 
was validated using a Diesel engine, of 165x155 mm bore and stroke and a 14.7 compression ratio [31] 
where a 10% uncertainty was shown.  

The equation for the model can be written in a non-dimensional form:  

    (9) 

where:  

    (10) 

The velocity  is given as  for the intake and exhaust  
and  for combustion and expansion.  

The Woschni model is one of the most widely used for internal combustion engine modeling, and is 
often applied to other reciprocating machines. Rutczyk et al [30] proposed using it for Stirling engines, 
Tuhovcak [35] proposed its use for compressors. 

Annand was one of the first to provide a general overview of previous work on heat transfer in internal 
combustion engine cylinders [33] and to also re-analyse some of the available correlations using his 
own data. His opinion of the Woschni model was highly critical, noting not only a lack of accuracy 
when such experimental comparisons were made, but also the dimensional incorrectness of some of the 
formulae. He gives a formula for the overall heat transfer, which can be brought to a non-dimensional 
form for convection only as:  
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    (11) 

Where  are constants, which were defined in the paper from 1963 [33] as:  

 , depending on the intensity of motion of the charge;  

 .  

Different values were provided by other authors [13]: 

 ,  for port injection and;  

 ,  for direct injection.  

The equations can also be written as to include the radiant term, for example, as written in SI units by 
Ziong et al [42]: 

    (12) 

where  is a constant, , which is derived from Annands work [33]. This 
can be also shown in a non-dimensional form: 

    (13) 

where  is the cylinder bore, which is the characteristic dimension for the non-dimensional numbers. 
Note, that due to the dimension of the constant  this expression is non-dimensional.  

Annand and Pinfold have published another work in 1980, where measurements were made on an 
unfired cylinder of a diesel engine fed with pressurized air. The engine had a bore and stroke of 122 
and 140 mm. The inlet pressure was varied between 1.02 and 1.66 bar, the rotational speed between 
1000 and 1600 rpm and temperature between 295 and 374 K. The pressure ratios varied between 16.6 
and 20.4. The given correlation was: 

    (14) 

The influence of temperature fluctuations is of special interest as it can be considered a step towards a 
complex formulation of the problem, as proposed later by Kornhauser and Smith [18], which is 
discussed later in this work. 

The Adair model was created in 1972 by Adair et al, for the use in reciprocating compressors [1]. The 
authors claim an accuracy of 20%, and the model was created based on an experimental investigation. 
The correlation was presented as: 

    (15) 

The author claims, that the measurements were made on a three cylinder, reciprocating compressor (air 
being the working fluid) running at constant rotational speed, though the exact dimensions nor 
parameters were not disclosed  

 The gas velocity is calculated differently as in most other models. Adair made the attempt to estimate 
the swirl component of the gas velocity [1] and proposed the formulas to be as follows: 

    (16) 

The Reynolds number and the characteristic diameter are defined differently also. According to the 
authors, this is to better model the swish and swirl of the gas [1]. The characteristic diameter is defined 
as:  

    (17) 

This expression varies across the stroke. The Reynolds number is defined as:  
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    (18) 

Note, that the quantity shown in (16) has a dimension of , which allows for the Reynolds number to 
be non-dimensional. This expression also varies across the stroke. Those variations have a clear effect 
on the variation of the heat transfer coefficient itself. 

The model of LeFeuvre proposed a conventional  form for the correlation, however 
with the Reynolds number related to the swirl of the gases rather than piston velocity [21]. The 
correlation can be written as:   

    (19) 

where:  

    (20) 

where  is the angular velocity of the swirl and  the cylinder radius. The measurements are 
understood to have been done on an engine mentioned in LeFeuvre’s previous work [12], which was 
114.3 x 114.3 mm bore x stroke and operated between 100 and 2500 rpm. The author has claimed that 
the swirl velocity can be assumed constant and that it is the result of swirl created by gas flow to the 
engine. Reynolds number values are said to be in the range of  to . 

Hohenberg [14] in 1979 had carried out measurements on diesel engines. The range of speeds is not 
precisely given, though it can be deduced from charts they were in the range between 700 and 2300 
rpm. The tested engines had the following bore and stroke dimensions: 128 x 142, 125 x 150, 125 x 
130 and 97 x 128 mm. The author had measured cylinder pressure and surface temperatures. The 
correlation proposed by the author has the form:  

    (21) 

The values of the constants have been validated for all the engines. The correlation, though simple and 
conventional in form deserves special attention due to the extensive experimental work carried out in 
its development. 

Disconzi et al have shown interesting work in concerned in the modelling of heat transfer in 
reciprocating compressors for refrigeration [6]. Their model had been created based on CFD simulation 
results, with consideration paid to previous work, mainly by Adair [1], Annand [33], Fagotti [11] and 
others. They have shown a set of correlations, separate for the distinct phases of the compressors cycle, 
that is compression, discharge, expansion and intake. Discharge and intake have separately defined 
Reynolds numbers. All Reynolds numbers include the mean piston speed as a characteristic parameter, 
the mentioned two incorporate also the instantaneous velocity of the gas being exchanged. This is 
shown below for compression and discharge: 

    (22) 

where:  

    (23) 

or:  

    (25) 

For expansion: 

    (26) 

where:  

283



    (27) 

And for discharge: 

    (28) 

where:  

    (29) 

The quantity  is defined as:  

    (30) 

It has to be noted, that as this is a result of a numerical study, experimental validation is necessary. 

Aigner’s model has been constructed based on both numerical simulations and experimental 
measurements of an actual machine - a compressor. The following machines were considered:  

• air compressor, of a 22 cm bore, 9 cm stroke, a rotational speed of 980 to 990 rpm and pressure 
ratios of 1/2 and 1/5 (Burckhardt 2K90-1A)  

• compressor, of a 67.3 cm bore, 14 cm stroke 1182 rpm and a pressure ratio of 2.2/6.4, with 
Nitrogen as a working fluid (Ariel JGD 26.5).  

 The main difference however had been the number of valves - two and eight respectively [2]. Aigner 
proposes the use of the Stanton number as his main parameter:  

    (31) 

The Stanton number was then adjusted by the authors to fit the numerically calculated heat fluxes from 
the available data. It was found, that a mean Stanton number value of 0.032 can provide good 
agreement. It is assumed that the model could be utilized in conjunction with a good model for 
calculating the Stanton number itself in piston cylinder machines. 

Lawton in 1987 [20], had provided a non-stationary model of engine heat transfer. This was both 
experimental and analytical work. The experiment consisted of applying a pressure sensor and surface 
thermocouple to a cylinder of a Perkins 98.4x127 bore and stroke, naturally aspirated diesel engine. 
The engine was motored (driven externally), with the thermocouple residing inside the injector port, 
and a numerical scheme was employed for calculating the temperature distribution. The author 
proposed a non-stationary model of heat transfer due to his review of previous work, such as that of 
Eichelberg [7] and Whitehouse [36] which suggested limitations of the quasi-stationary models.  

Lawton observed heat fluxes of an opposite sign to the difference between bulk gas temperature and 
wall temperature, that is despite the bulk gas being hotter than the wall heat would flow from the wall 
to the gas. He explained this phenomenon by proposing that there exists a boundary layer near the 
cylinder surface, the temperature of which follows, but lags behind the bulk gas temperature which 
changes across the stroke. This assumption is proven by extensive theoretical analysis [20], which itself 
however assumes a one-dimensional condition within the cylinder.  

The author validates the equation proposed by Annand [3], however introduces a correction related to a 
compressibility number, defined as: 

    (32) 

And postulates an error term which should be added to the original formula, therefore states:  

    (33) 
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According to the author, a radiant term can also be added to the overall heat flux. The Reynolds 
number is defined the same way as in the work of Annand - that is an energy mean velocity suggested 
by Knight [17]. 

The model of Kornhauser and Smith published in 1994 shows a very different approach to most other 
models - that is not based on the assumptions of Newton’s law of cooling [18]. As the authors state, the 
law is only an engineering approximation, not valid when the processes of compression or expansion 
occur, due to the fact that work is imparted or extracted from the bulk of gas, while heat transfer 
phenomena occur in the boundary layer. Therefore, a phase lag exists between the bulk gas temperature 
and the wall temperature. The authors propose to take this into account by the use of a complex Nusselt 
number, as complex analysis is often applied to wave phenomena. This is largely based on the 
theoretical work of Pfreim [28] from 1943, who investigated similar phenomena in relation to pressure 
fluctuations near a flat wall (though with engine cylinders in mind). This demands a complex 
formulation of heat flux as:  

    (34) 

For sinusoidal temperature fluctuations in the cylinder and a constant wall temperature, this can be 
written as [18]:  

    (35) 

The authors used a gas spring built on top of a compressor to carry out their measurements and derived 
the temperature based on pressure. Fins have also been applied internally. The experimental rigs main 
parameters were: bore to stroke - 0.67, 0.42, 1.23, compression (volume ratio) - 2, 4, 8, number of fins 
- 0, 1, 3, 7, gas - helium, hydrogen, nitrogen, argon. They have related the heat transfer to the 
oscillation Peclet number defined as:   

    (36) 

And found that for high Peclet numbers (above 100):  

    (37) 

That is, that the real and imaginary parts are effectively equal. They also claim that the Annand-Pifold 
model [4] was reasonably accurate in the setup. They proposed the rewriting of that correlation as:  

    (38) 

The Toda model of heat transfer was developed experimentally, by measuring heat transfer on cylinder 
walls of the expansion cylinder of an  Stirling engine heated by a separate, electric heating element 
[34]. As such, it is not intended for the compression cylinder. The model equations are given in both 
dimensional and non-dimensional forms, the former being an approximation of the latter. Different 
equations are given for the expansion stroke and compression strokes. For heating and expansion 
strokes:  

    (39) 

    (40) 

For cooling and compression strokes: 

    (41) 

    (42) 
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The Reynolds number is defined the same as for the Woschni model, but the characteristic velocity is 
simply the instantaneous velocity of the piston without introducing any corrections for internal 
movement of gas [34]. 

Liu and others have made an experimental investigation into compressor heat transfer in 1984. The 
experiment had been carried out on an R12 refrigeration compressor, 100 mm x 70 mm bore and stroke 
of a rotational speed of 1440 rpm, with two cylinders. Wall temperature, pressure fluctuation, gas 
suction temperature and oil temperature were taken into consideration [22]. Though the correlation 
derived by the authors has a conventional form of , the work is of special interest as 
apparently measurements were made of temperature distributions inside the cylinder wall. The wall 
effect has been known to be substantial in reciprocating machines since the early research on steam 
engines in the 19th century, though very little attention is paid to it in modern work. They proposed a 
formula for the temperature given in centigrade of the wall at different points along the stroke:  

    (43) 

Where  is the suction temperature,  the pressure ration and  is the ratio of the piston position to the 
bore (the formula is limited to the s/d of 1 or smaller). Note that the formula does not take into account 
the temporal variation of the wall temperature. The authors propose a similar formula for the cylinder 
head:  

    (44) 

They also derive empirical equations for the suction gas and oil temperature. The correlation itself is 
stated as:  

    (45) 

Where:  

    (46) 

Where  is the hydraulic diameter:  

    (47) 

Where  and  are the stroke and bore, and the  is the swirl velocity, defined as:  

    (48) 

    (49) 

Which is similar to the formulation by Adair [1].  stands for the crankshaft angular velocity. 

Fagotti and others have presented some work on heat transfer in reciprocating compressors in 1994 
[11] which was followed by their own correlation for compressor heat transfer in 1998 [10]. Though 
they have found a fairly good agreement between the models of Adair and Annand with real 
measurements for reciprocating compressors, they decided to follow the work of Lawton [20] on 
internal combustion engine heat transfer and of Kornhauser [18]. That is to say, to acknowledge the 
existance of a phase difference between the wall and gas temprature, negating Newton’s law of cooling 
for reciprocating machine applications.  

Their work validates the correlation using a finite-volume method simulation which and only then 
compares it with experimental results. This is largely due to the difficulty of making instantaneous in-
cylinder measurements. The authors used a reciprocating, hermetic compressor working with R134A, 
though the fitting was done based on results from a valveless machine. The correlation obtained has the 
following form:   
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    (50) 

Where  is the compressibility number as defined by Lawton:  

    (51) 

The authors state however that the correlation is only valid for their experimental machine, the 
parameters of which are not fully disclosed. 

Oscillatory flow heat transfer correlations are considered to be outside of the scope of this paper. 
However, as some of them were created in and for the process of investigating heat transfer in Stirling 
cycle machines (engines and refrigerators) which are piston machines the authors felt it was necessary 
to bring some of them to light in this review.  

Chronologically, the first such correlation found is the correlation of Kanzaka and Iwabuchi [15, 16]. 
The authors have published two papers in 1992. The first one [15], detailed an experimental study 
based on a test rig consisting mainly of a tube connected between two reciprocating piston machines 
which induced periodically oscillating flow. This tube was electrically heated and fluid temperatures 
were measured inside the tubing. Wall temperatures were also measured. The tube was 10.5 mm in 
diameter with a wall thickness of 1.7 mm. The piston bore was either 20 or 30 mm, while the stroke 
was kept constant at 150 mm. The phase angle between the two driving cranks was chosen as either 90, 
120 or 180 degrees. Nitrogen and Helium were used as the working fluids. According to their results, 
they presented a correlation:  

    (52) 

where:  

    (53) 

And the Reynolds number  is evaluated using the gas velocity from calculations using the Schmidt 
isothermal Stirling engine model. This model was later validated using an actual Stirling engine in their 
second 1992 paper [16].  

Zhao and Cheng in 1994 proposed a correlation that can be used for the design of Stirling engine heat 
exchangers [40]. This correlation was derived numerically, using a controlled volume approach, for a 
laminar, oscillatory flow through a pipe of constant temperature. The calculations were mostly done for 
air, with , with the ration of length to diameter of the pipe being . The correlation 
is based on four similarity parameters, this being , the dimensionless oscillation (  
is the maximum fluid displacement),  - the length to diameter ratio,  being the Prandtl number 

and a kinetic Reynolds number , where  is the oscillatory frequency and  the kinematic 
viscosity of the fluid. This nomenclature is often used in other oscillatory flow models based of the 
authors’ work [40]. The correlations provided are for a time-space averaged Nusselt number, and are as 
follows: 

for  to ,  to , :   

    (54) 

for varying ,  and ,  and ,  and :   

    (55) 

The authors have continued their work on the problem, publishing a paper detailing an experimental 
study [41]. The experimental apparatus consisted of a long pipe filled with air, connected to coolers on 
both ends, and to two sides of a reciprocating, double acting cylinder with a piston, driven 
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mechanically through a scotch yoke mechanism by an electric motor with speed control (variable 
between 7 and 570 rpm). The tube was  cm in length, with an inside diameter of  
mm, outside diameter of  mm and made of copper. This tube was uniformly heated by an 
electric heating element. It is important to note that  is noted by the authors as the air pump’s 
stroke. The correlation (valid for very long tubing) presented based on the results of the experiment and 
parallel numerical investigation is:  

    (56) 

This model is proposed by Xiao et al [38] for Stirling engine heaters, where the correlation can be 
written:  

    (57) 

The nomenclature used in the model is similar to the model of Zhao et al [40]. The parameters are 
defined as  being the dimensionless displacement, and  being the kinetic Reynolds number.  

    (58) 

Where  is the maximum displacement and  is the heater tube diameter. The number  is the 
angular frequency.  

  (59) 

The model was developed using an experimental Stirling engine, fitted with a heater of 36, u-shaped 
tubes, 6 mm in diameter and 298 mm in length. The piston had a diameter of 110 mm.  

This model differs significantly from the previous ones, in the fact that it was developed for oscillating 
flow in small diameter tubing. It was experimentally investigated in a Stirling engine and compared 
with other oscillating flow and developed flow models by Kuosa [19]. 

3  Conclusions 
Twenty three models have been found and reviewed for the calculation of heat transfer coefficients in 
reciprocating machinery. Despite the fact that the time range covers over a hundred years the number of 
available formulas is very limited and suggests that further experimental research is strongly desired in 
this particular field. One can suspect that the reason for such a state are technological difficulties of the 
experiment namely the fact that conditions and parameters to be measured change very rapidly across 
the process. The rapid development of measurement techniques gives the opportunity for the 
development of more precise correlations.  
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Abstract 

One way of countering climate change is the efficient use of energy. One of the most energy-intensive 
activities for a vehicle is the space air conditioning, either for cooling or for heating. In this sense, 
considerable energy savings can be achieved if air conditioning and cooling can be decoupled from the 
use of fuel or electricity. The study aims to analyse the opportunities and effectiveness of applying the 
concept of passive cooling through the atmospheric window (i.e. the 8-14 µm wavelength bandwidth 
where the atmosphere is transparent for thermal radiation) for the temperature control of vehicles. A 
recent dr. Thesis work by M Fält at Åbo Akademi (ÅA) has resulted in a skylight (roof window) design 
for the passive cooling of building space, and this should be applicable to vehicles as well, using the 
same materials and design concept. An overall cooling effect is obtained if outgoing (long wavelength, 
> 4 µm) thermal radiation is stronger than the incoming (short wavelength, < 4 µm) thermal radiation. 
Of particular interest is the passive cooling of a vehicle parked under direct sunlight. The goal is to give 
engineering designs for passive cooling units for a passenger car or a truck, equipped with a skylight 
window as designed at ÅA for buildings. The work is done using CFD software implementing (as far as 
possible) wavelength-dependency of thermal radiation properties of the materials used. For the size of 
the vehicle, standard dimensions of 4-person family car are considered. The results of this study help in 
estimating reduced cooling loads for cars. The findings report that by the use of passive cooling, a 
temperature difference of up to 7-8 oC is obtained with an internal gas flow rate of 0.07 cm/s depending 
on the configuration and operating conditions. The passive cooling effect of almost 27 W/m2 
(COMSOL) from the vehicular skylight is attainable for the summer season in Finland. Comparison of 
results from ANSYS and COMSOL model shows differences of ~10 W/m2 in the estimation of passive 
cooling effect for a vehicle skylight. 

1 Introduction 

Air conditioning (AC) operation for vehicles is proven to have a significant impact on the emissions and 
fuel economy; e.g., AC usage can increase NOx emission from 15% to 100% [1]. It has been reported 
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that AC systems consume up to 30 % of the fuel in conventional internal combustion engine (ICE) cars, 
while they consume up to 30% of the energy in battery-powered cars [2]. Moreover, the tailpipe 
emissions of NOx and CO may increase by more than 70%. The AC power consumption of mid-size 
cars is estimated to be more than 12% of the total vehicle power during regular commuting [2]. 

Furthermore, AC loads are the most significant auxiliary loads present in conventional ICE vehicles 
today; its energy use often even outweighs the energy loss to rolling resistance, aerodynamic drag, or 
driveline losses for a typical vehicle. The U.S. alone consumes about 7 billion gallons of fuel a year for 
AC systems of light-duty vehicles [3]. The AC load of a 1200-kg sedan, under peak conditions, can 
amount to 6 kW, which can deplete the vehicle's battery pack quickly [4]. 

Figure 1 schematically shows the various thermal load categories encountered in a typical vehicle cabin. 
Some of the above loads pass across the vehicle body plates/parts, while others are independent of the 
surface elements of the cabin. 

 

 

Figure 1: A schematic representative of thermal loads in a typical vehicle cabin [4] 

We live in a large greenhouse: our planet, the Earth. This sustainable system is almost closed, except 
for the radiative energy emitted from the Sun. The greenhouse effect is a process in which part of the 
incident solar energy is trapped in the lower atmosphere due to action of certain atmospheric gases, 
called greenhouse gases (GHGs). A part of the Earth’s surface infrared radiation, which would otherwise 
go into space, is transmitted back by the greenhouse gases and the clouds, thus the temperature of the 
lower atmosphere becomes higher than it would otherwise be. This effect has similarity with the 
overheating inside an agricultural greenhouse, and likewise a cooling effect can be obtained if thermal 
radiation out of a system is larger than incoming thermal radiation (other heat in- and outflows being 
unchanged).  

Passive cooling reverts the heat gain by solar radiation (windows), internal heat sources, potential 
sources (humidity) and heat sinks. Passive cooling can be achieved using a skylight window in the roof 
car by applying the greenhouse effect inside the skylight. This work follows earlier work at our 
laboratory by Fält [5] for a building skylight. It uses the fact that the composition of the atmosphere is 
such that only a very high humidity (and clouds) interferes with the thermal radiation wavelength range 
8-14 µm which is referred to as the atmospheric window. Long-wave thermal radiation in this range (or 
band) can be transferred directly to space, which is at 3-4 K.  

 

2 Numerical Model development 

2.1 Thermal Radiation Wavelength Bands 

To analyse the greenhouse effect and the resulting heating or cooling inside a (vehicular) skylight 
window, the infrared spectrum is divided into four sections, one short-wavelength (<4 µm) and three 
long-wave radiation (4-8 µm, 8-14 µm, and 14-100 µm) bands. The purpose of dividing the long-
wavelength spectrum into sections is because the atmosphere is opaque to longwave radiation outside 
the 8-14 µm atmospheric window [6]. 
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2.2 Geometry, Domain, and Mesh 

The proposed, downscaled (compared to Fält’s designs for buildings) skylight window for use in a 
vehicle is a double glazed window consisting of an upper and lower window with a third movable 
window (termed middle window) in between as shown in Figure 2. The upper and lower windows must 
be (highly) transparent for long-wavelength radiation, especially the 8-14 µm atmospheric window 
while the middle window is opaque. For the size measurement of the vehicle, standard dimensions of 4 
person family car were considered. The skylight has a square size of 0.01 by 0.01 m; the total height is 
also 0.01 m. The thickness of both the upper and bottom window is 0.4 mm, while the thickness of the 
middle window is 0.6 mm. The dimensions of the middle window were selected according to [7] using 
a modified predator-prey algorithm approach to designing a cooling (during summer) or insulating 
(during winter) skylight. In that work, an optimised skylight window design was primarily based on its 
cooling properties. The middle window when in cooling mode is set to cover 40% of the height of the 
window. The inclination angle has been optimized to be 7 degrees. The width of the middle window is 
set to be 20% shorter than the width of the skylight needed to ‘‘close’’ the window.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 2: Dimensions of a skylight window for a car 

Carbon dioxide is used here as a participating gas in the volume inside the skylight. The gas located 
below the middle window will absorb thermal radiation from the space located below it if the lower 
window is sufficiently transparent for long-wavelength radiation. As the temperature of gas increases, 
the density decreases, and it will flow to the volume above the middle (opaque) window. Here the 
radiative cooling to the sky, in turn, increases the density of the gas and make it flow back to the lower 
part again, giving rise to convective flow between the upper and lower window space. (Fält tested also 
other GHGs for use in the skylight, such as NH3 and HFC-125 [5].) 

2.3 Mathematical and Physical Models 

To analyse the engineering design of the proposed vehicular skylight window, thermal and flow field 
modelling of the window with wavelength-dependent emissivity, absorptivity, reflectance and 
transmittance is done using CFD softwares COMSOL Multiphysics 5.3a and ANSYS FLUENT 19.1, 
respectively. For both models, values for specific parameters are determined beforehand.  

The thermal modelling is carried out for a 2-D model of the window, that is heat transfer from the inside 
space of a car through the vehicular skylight window toward the sky, upwards and preferably through 

Carbon dioxide gas 9.2 mm 

Upper window 0.4 mm  

Lower window 0.4 mm  

10 mm 

10
 m

m
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the atmospheric window 8-14 µm cooling directly to the universe (at 3-4 K). In practice, the skylight 
may be cylindrical. 

The thermal radiation used for this work-study involves no scattering or reflectance. This suggests the 
following relation between emissivity, ε, absorptivity, α and transmission,τ for the material as function 
of wavelength λ: 

𝛼(𝜆) = 𝜀(𝜆) = 1 − 𝜏(𝜆)    (1)                                       

Weather data that gives information on the emissivity of the atmosphere can be acquired from an internet 
source containing hourly data for a given year [8]. To determine the sky temperature, the approach given 
in [9], for calculating the temperature difference between earth surface and the sky can be used. The 
reference system is shown in Figure 3. With Tuni = 3 - 4 K << Tsky ≈ Tsur, Auni >> Asky ≈ Asur this gives 
the following heat balance for the sky temperature, for a steady-state situation:  

 

Q , ↔ = Q , ↔  
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Figure 3: Arrangement for TIR radiation involving earth, sky, and the universe [9]. 

Here the (view) factor ½ accounts for the fact that half the radiation from the sky is in directions away 
from earth, into space, and the other half is towards the earth. With a typical ground-level emissivity εsur 
= 0.8 - 0.9 and emissivity values for the sky ranging from εsky = 0.6 - 0.9 (for either a clear or 
cloudy/humid sky), temperature differences Tsur - Tsky of the order of 5 - 10 K are predicted, as also 
mentioned in [10]. 

Typically, under annual global mean conditions, incoming solar radiation to earth reaching 341 W/m2. 
Out of this radiation, the atmosphere absorbs 78 W/m2, and the surface absorbs 161 W/m2. Eventually, 
these 341 W/m2 must be re-emitted to space as longwave radiation. 

For the model cases given below, the following temperature conditions are calculated/taken from 
meteorological data of Turku for July 2018 [8]: Tambient = 280.15K = 7°C,Tsky = 273.22K =0.07°C and 
Troom = 290.55K =17.4 °C  

The typical values of emissivity of the atmosphere are as follows: ε<4μm = 0.26, ε4-8μm = 1 and ε>14μm = 1 
outside the atmospheric window wavelengths. Moreover, for the 8-14µm wavelength band (the 
atmospheric band), emissivity is calculated as following [11]: 
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𝜀 = 1 +
         107952 ∗ (1 − 𝜀 )

𝑇 − 680.8𝑇 + 73594.9
,  𝑤ℎ𝑒𝑟𝑒 𝜀 =

𝑇

𝑇
 

(4) 

Carbon dioxide is a greenhouse gas, transmitting visible light but absorbs strongly in the infrared and 
near-infrared. To determine the absorption coefficient of carbon dioxide gas, the transmission and 
absorption spectra of the gas is studied as given in [10]. Carbon dioxide has high transparency for short-
wavelength while high absorbance in 8-14 µm range. The emissivity of the gas is calculated according 
to the method described in [11]. To calculate the absorption coefficient (κ, m-1) for use in the CFD 
simulations given below, the following equation (Beer-Lambert law) is used, for thickness (or path 
length) d (m). 

 

κ (gas m ) =
−log (τ)

d
 

 
(5) 

Following Fält, the upper and lower window of the vehicular skylight window, the material chosen is 
zinc sulfide, (ZnS Cleartran). The reason this material is taken is that it is transparent to both short and 
longwave heat radiation and is mechanically strong enough to contain the gas. The transmission of the 
material is calculated from the transmission spectra [10]. Equation (5) is also used to calculate the 
absorption coefficient from the transmission. The transmission of the ZnS material came out to be τ = 
0.67 for a thickness of 0.8 mm. 

For the middle window, the material chosen is acrylic plastic (plexiglas). The versatility of the plexiglas 
sheet is its optical clarity; it is lightweight and has a high breakage resistance compared with glass and 
the variety of sizes and thicknesses. Its total light transmission is 92% for wavelengths less than 1000 
nm (1 µm), and its measured haze averages of only 1%. Colourless plexiglas sheet transmits most of the 
invisible near-infrared energy in the 700 to 2800 nanometer SW wavelength region, but it does absorb 
certain bands [10]. The surface emissivity of the acrylic plastic sheet equals 0.94. For sidewalls of the 
skylight, an insulating material is chosen, giving zero heat transfer. 

2.4 Comparison between using the COMSOL and Fluent models 

The simulation are conducted at steady state and with a two-dimensional computational domain. The 
‘Heat Transfer Module’ on COMSOL was enabled to model surface-to-surface radiation using the 
radiosity method as well as radiation in participating media using the discrete ordinate method (DO 
method).  

As for one important detail: for the laminar flow in the domain, the body force was given value across 
the volume in the vertical direction. The following equation was given for the volume force component 
(f in Equation (7)). 

𝑓(𝑟) = −𝜌(𝑟)𝑔(𝑟) = −9.8 ∗ 𝑠𝑝𝑓. 𝑟ℎ𝑜                                              (6)                    

For monitoring the radiation in participating media, the absorption coefficient and scattering coefficient 
are provided for the gas inside the skylight, i.e. carbon dioxide. For this study, time-dependent 
calculations were made. As the initial value of the temperature a transient simulation or as an initial 
guess for a non-linear solver, an expression was derived based on heat transfer through a slab [10]. 

All the boundaries except the two (top and bottom) windows were set as opaque except the side walls 
which are assumed to be insulated. The surface emissivity values of opaque surfaces were taken from 
the material properties database.  

For the ANSYS FLUENT  model, natural convection is considered at the outer boundary of the upper 
window. To calculate the heat transfer coefficient for the boundary property for FLUENT model 
following approach is taken. The equation used for convective heat transfer is as follows: 

 
     𝑄 = ℎ ∗ 𝑆 ∗ (𝑇 − 𝑇 ) 

 
where Q = heat transferred (W), hc = convective heat transfer coeffecient (W/(m2∙ K), S = transfer area 
(m²), Tw = window outer surface temperature = 280.15 K and Ta = air temperature = 280.15 K.  

 
 (7) 
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An iterative method was used for a given input window surface temperature to determine Grashof 
number Gr. Once the dimensionless parameters Gr, Pr, Ra, and Nu are calculated, the value of heat 
transfer coefficient was obtained for the heat transfer in the air above the upper window. By introducing 
the value of hc, a new value of Ts can be obtained as 

 

𝑇 = 𝑇 +
𝑄

ℎ ∗ 𝑆
 

Moreover, the obtained Ts was used to determine the value of Gr iteratively for the particular model by 
using it in the above equation. The obtained value of hc was then used again to estimate the Gr 
parameters, in an iterative way that rapidly converges to correct estimation of hc.  

A grid dependence study was undertaken to ensure the adequacy of the mesh density used. Spatial 
discretisation of the governing equations was achieved employing the finite volume method using the 
pressure-based solver. The equations discretisation was carried out using second-order schemes for 
pressure and momentum (upwind scheme) and first-order upwind schemes for energy including 
radiation. Momentum and pressure-based continuity equations were solved simultaneously with the 
coupled algorithm.  

A significant difference between the models is that for the Fluent model emissivity for four wavelength 
bands could be defined for the media, i.e. carbon dioxide, ZnS and acrylic plastic.The differences 
encountered while modeling the cases and simulation result from using both CFD softwares are 
summarised in Table 1 and Table 2, respectively [12]: 

Table 1: Comparison of case model using COMSOL Multiphysics and ANSYS Fluent 

  COMSOL Model ANSYS Fluent Model 
Memory Allocation Not optimal (More simulation time) Less simulation time 
Meshing Physic-controlled automatic ICEM CFD  
The emissivity of 
CO2 

The average value is given for the 
whole domain 

Different values are given for all 
the four wavelength bands 

Natural convection 
Natural convection not assumed at 
the outer boundary of the upper 
window 

Natural convection is assumed. 

Boundary inputs Less input required  More input required  
Comments More user-friendly More accurate 

 

3 Results of the simulations 

3.1 Participating gas CO2 versus Air 

These flow fields in Figure 4 and Figure 5 show a cross-sectional plot of the velocity contours inside 
the skylight. The plots include the scale of airflow velocity (m/s). The contour plot in the fluid domain 
is colour coded and related to the CFD colour map, ranging from 0 to 0.07 cm/s.  

 

(8) 
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Figure 4: Velocity profile cooling: COMSOL                 Figure 5:  Velocity profile cooling: FLUENT 
 

A separation zone was observed around the middle window, which caused a sharp variation in velocity 
in this region. This is the result of of the buoyancy effect of free convection. Convection inside the 
window affects the heat transfer in many places in the skylight window: the upper surface, the lower 
surface, especially around the centre window. A cold interior glazing (upper window) surface cools the 
carbon dioxide gas adjacent to it giving the passive cooling effect aimed at. This denser gas then falls 
back to the lower space, starting a convection current. The gas, which flows between the glass layers, 
can remove heat from the space below it (the vehicular interior). The cooling capacity of the window is 
determined by the temperature gradient across the window.  

Figures 6 and 7 display a cross-sectional plot of the temperature distribution inside the skylight. The 
average temperature inside the room was 310.4 K when the ambient temperature was set at 318 K. The 
temperature is as low as 309 K inside the skylight. The figure illustrates that temperature in the upper 
gas volume decreases close to the centre window before increasing. It shows that the centre window 
loses energy by convection in the lower gas volume.  
 

   
Figure 6: Temperature profile cooling: COMSOL     Figure 7:  Temperature profile cooling: FLUENT 

Figures 8 through 11 give the simulation results when the skylight is in insulation mode (middle window 
closed over the whole width of the skylight) with carbon dioxide as participating gas. The figure shows 
that there is some convection current within both sections of the skylight (upper section of the middle 
window and lower section of the middle window).  
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Figure 8: Velocity profile insulating: COMSOL           Figure 9:  Velocity profile insulating: FLUENT 
                      

                 
 

Figure 10: Temperature profile insulating:             Figure 11: Temperature profile insulating: 
                 COMSOL                                                 FLUENT 

If the results for passive cooling mode are compared with using air as the participating gas, it is observed 
that the velocity of convective current formed are relatively slow in case of air. Besides, the temperature 
profile for the air case demonstrates that temperature decreases of only 1-3 oC lower is achieved within 
the skylight, meaning that less of a cooling effect is obtained than when CO2 is used.   

3.2 Heat fluxes through the skylight 

The results of the COMSOL and ANSYS Fluent model calculations were processed to give heat transfer 
in W/m2. The following expression is given at the upper window (outside boundary) for the calculation 
of the passive cooling effect: 

�̇� = −𝑁𝑒𝑡 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒 ℎ𝑒𝑎𝑡 𝑓𝑙𝑢𝑥 − 𝜀 𝜎𝑇 + 𝑁𝑒𝑡 𝐶𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑣𝑒 ℎ𝑒𝑎𝑡 𝑓𝑙𝑢𝑥          (9) 

The above expression gives the net effect of the radiative and convective heat transfer from the skylight 
to the sky and to the ambient surroundings. The software itself calculates the net radiative heat flux and 
net convective heat flux at the outer boundary of the upper window at the end of the simulation. The 
results are summarised in Table 2 for the the skylight used in the cooling mode. 
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For the sake of comparison, the skylight was analysed using air as participating gas. The detailed results 
of the analysis are given in a separate report [12]. Also, when the middle window inside the skylight is 
titled at various angles (7o, 10o, 11o), an obvious upstream of gas is obtained in all the cases. Only a 
slight change in the velocity of the gas is observed.  

Table 2: Summary of simulation results from COMSOL Multiphysics and ANSYS Fluent: cooling mode 

CFD 
software 

Width 
(m) 

Inclination 
angle 
(middle 
window) 

Participating 
gas 

Gas 
emissivity 

Tg at top 
surface 
of 
window 
(OC) 

Tg at 
bottom 
surface of 
window  
(OC) 

Passive 
Cooling 
(W/m2) 

COMSOL 0.01 7 CO2 0.055 2.3 7.6 27 
ANSYS 
FLUENT 

0.01 7 CO2 0.055 9.6 15 18 

COMSOL 0.01 0 CO2 0.055 2 5.75 14 
ANSYS 
FLUENT 

0.01 0 CO2 0.055 13.2 10.9 7 

COMSOL 0.01 7 Air 0.7 8 14 10 
ANSYS 
FLUENT 

0.01 7 Air 0.7 7 15 8 

4 Conclusions 

A commercial general-purpose CFD software COMSOL Multiphysics and ANSYS FLUENT is used in 
this study to analyse the engineering design of the proposed vehicular skylight window, in the car. The 
simulation is conducted at steady-state and with a two-dimensional computational domain. The study 
revealed many significant findings, including that passive cooling effect of almost 27 W/m2 (COMSOL) 
from the vehicular skylight is attainable for the summer season in Finland. However, its efficiency 
depends on the car type, indoor conditions, and weather conditions (e.g., air temperature, relative 
humidity, velocity and direction of winds). Thus, the annual energy consumption of a car may reduce 
when a car uses skylight for passive cooling. There are more parameters that will influence the effectiveness 
of the skylight window but are not taken into account in this study. For instance, simulation for the height 
effect. In addition, the cavity width will influence the gas temperature and internal flow profile, therefore 
altering the energy flow.  
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Abstract 

The effect of surface temperature distribution on net force acting on reacting particles is investigated 
in this work. A simplified model to account for the surface temperature non-uniformity in point-
particle simulations is formulated based on the experimental data. The model is implemented into a 
computational fluid dynamics code and tested. Our preliminary analysis shows rather weak, but 
nevertheless non-negligible force resulting from the non-uniform temperature distribution on the 
particle surface due to Stefan flow from surfaces of non-uniformly reacting particles. 

1 Introduction 

Solid fuels, mostly fossil, have a large share in global primary energy supply and electricity 
production. A good understanding of processes occurring during fuel conversion is required due to 
economic, environmental and energy efficiency related reasons. Nowadays, much of the research on 
solid fuels combustion is carried out through mathematical modelling. It is therefore important to 
ensure that models reflect the investigated processes with satisfactory accuracy. In numerical 
simulations of pulverized solid fuels combustion and gasification systems it is usually assumed that 
the reacting particle is characterized by a single, uniform temperature [1]. According to this 
assumption, surface reactions occur with the same rate over the entire particle surface. Consequently, 
the flow induced by the production of chemical species at the surface (the so called Stefan flow) is 
also symmetric and there is no net force acting on the particle due to this transport phenomenon. In 
order to account for the effect of Stefan flow and the resulting force in numerical simulations, one 
typically needs to resolve the particle surface on a numerical grid. Such an approach is 
computationally very expensive and often limited to small-scale systems. Using such an approach, it 
was shown that the Stefan flow can have a significant effect on the particle drag coefficient [2] and 
flame structure [3] surrounding the particle, and therefore should be included in the models. Similarly 
in a majority of experiments, only single (average) particle surface temperature is typically measured, 
even for quite large particles. Among experimental studies in which temperature variations at a single 
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particle surface were observed are e.g. [4]-[7]. In all these works the authors compare combustion 
characteristics of the pulverized coal in O2/N2 with O2/CO2 atmosphere in order to better understand 
the process of oxy-fuel combustion. The investigations provided valuable data on combustion 
behaviour of a single particle in different conditions, however, they do not provide the temperature 
distribution on the particle surface in a quantitative manner. This was achieved in recent experiments 
presented by Küster et al. [8], where advanced optical methods (Raman spectroscopy and thermal 
imaging) were used to measure both temperature and species distribution on milimeter-sized particle 
surfaces in gasification conditions. A significant variation at the surface temperature can be observed 
in their data, but the authors did not study its further implications. It has been also shown 
experimentally by Sładek et al. [9] that considerable temperature variation occurs at pulverized 
(~100 μm) char particles’ surfaces during combustion in both O2/N2 and O2/CO2 atmospheres. The 
observed temperature non-uniformity can result in non-uniform Stefan flow, which in turn gives rise 
to net force acting on the burning particles. This is associated with a non-uniform composition and 
thus reactivity at the surface and induce different velocity at which the combustion products leave the 
particle surface. The non-uniform Stefan flow can influence the particle trajectory, and hence may 
further affect the combustion characteristics. In this work we examine the effect of the temperature 
non-uniformity and incorporate it into a computational fluid dynamics model, so that the influence of 
temperature non-uniformity on forces acting on the particle can be quantified. 

2 Modelling 

In  the  context  of  solid  fuel  combustion,  Stefan  flow  is  the  net outflow of  species produced at 
the fuel particle surface due to heterogeneous reactions. Unless this outflow is uniform on the entire 
particle surface, Stefan flow will result in a force acting on the particle. In order to account for the 
force acting on the particle due to Stefan flow in a numerical simulation, the particle surface needs to 
be resolved. This can be done if the simulated system contains one or several particles.  However, in 
industrial-scale simulations one typically deals with a large number of particles, which cannot be 
treated this way. In such simulations particles are most often represented as point sources, thus, the 
Stefan flow and its effect are neglected. Therefore, in the following an attempt is made to account for 
the forces due to Stefan flow acting on point particles and examine consequences of doing so. For that 
purpose the effect was included in a CFD model in which individual reacting particles are examined. 
The CFD model was formulated based on the experimental data provided by Sładek et al. [9]. Based 
on the measurements, probability distributions were constructed that describe how the temperature is 
likely to be distributed on a surface of the particle. The following correlation for the standard deviation 
of temperature 𝜎  as a function of mean particle temperature 𝑇  was found to fit best the experimental 
data: 

𝜎 = 0.187𝑇 − 110.0 (1) 

 

where 𝑇  should be provided in K. Correlation (1) is used in our numerical studies described below. 

The rate of change of momentum of a reacting particle is equal to the sum of forces �⃗� acting on the 
particle. Applying the Reynolds transport theorem, for a moving and reacting particle this can be 
expressed as 

�⃗� =
𝜕

𝜕𝑡
𝜌 �⃗� 𝑑𝑉 + 𝜌 �⃗� �⃗� ∙ 𝐴  (2) 

where 𝑡 is time, 𝑉 is particle volume, 𝜌  and �⃗�  are the density and velocity vector of the reacting 
particle, and  𝜌  and �⃗�  are the density and velocity of gases leaving or inflowing through the particle 
external surface element 𝐴 . In the above it was assumed that the particle external surface can be 
divided into a number of surface elements 𝐴 . The last term in equation (2) represents the rate of 
change of momentum due to flow of gases through the particle surface. This is related to the reactions 
occurring in the particle and at its surface. The mass flow rate of the gases for a given discrete surface 
can be expressed as 
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𝑟 = 𝜌 �⃗� ∙ 𝐴  (3) 

where 𝑟  is the rate of change of the particle mass in reaction 𝑘 and 𝑛  is the number of reactions. 
Using equation (3), the Stefan flow velocity in the direction normal to the surface element can be the 
computed as 

𝑣 =
1

𝜌 𝐴
𝑟  (4) 

Note that if the particle surface is not resolved, 𝜌  is generally unknown as it is different from the 
density of the surrounding fluid (cell density). In the present work, we compute it such that 𝜌  
represents density in the particle boundary layer using the ideal gas equation, based on the mixture 
molecular weight 𝑀  from the grid cell in which the particle is located, and on the average 
temperature between the particle 𝑇  and the grid cell 𝑇 : 

𝜌 = 𝑝𝑀 R 𝑇 + 𝑇 /2⁄  (5) 

where 𝑝 is the absolute pressure and 𝑅 is the universal gas constant. The rate of change of the particle 
mass due to heterogeneous reaction 𝑘 on the surface element 𝑗 can be computed using the kinetic-
diffusion model [10] as 

𝑟 = −𝐴
𝑝 ,

1 𝑅 ,⁄ + 1 𝑅 ,⁄
 (6) 

where 𝑝 ,  is the partial pressure of the oxidizer, 𝑅 ,  and 𝑅 ,  are the diffusion and kinetic rates, 
respectively. The reaction rate due to diffusion is modelled as    

𝑅 , =
𝐶

𝑑
𝑇 + 𝑇 2⁄

⁄
 (7) 

where 𝐶  is a reaction-dependent constant and 𝑑  is the particle diameter. The kinetic rate is expressed 
as    

𝑅 , = 𝐴 𝑒𝑥𝑝 −𝐸 𝑅⁄ 𝑇  (8) 

where 𝐴  is the pre-exponential factor, 𝐸  is the activation energy, and 𝑅 is the universal gas constant. 
The last term in equation (2) for discrete particle surface area 𝐴  can now be computed as 

𝜌 �⃗� �⃗� ∙ 𝐴 = �⃗� 𝑟  (9) 

The above term represents the force acting on the particle surface element due to the Stefan flow. The 
last term in equation (2) was implemented to a commercial CFD code ANSYS Fluent as a source term 
to the particle force balance equation using the User Defined Function (UDF) mechanism. The 
particles were tracked in a Lagrangean frame of reference using the Discrete Phase Model [10]. The 
N2/O2 atmosphere is considered for which a simple one-step mechanism is employed: 

C + O → CO  (10) 
 
Kinetic parameters and constant 𝐶  used for computing rate due to diffusion are given in Table 1.  
 

Table 1: Kinetic parameters and diffusion constant 
Reaction 𝐴 [𝑠 𝑚⁄ ] 𝐸 [𝐽 𝑘𝑚𝑜𝑙⁄ ] 𝐶 𝑠 𝐾 ⁄⁄  

C + O → CO  0.002 7.9 ⋅ 10  5 ⋅ 10  

The following procedure is employed to calculate the Stefan flow-induced force. Based on the 
computed temperature deviation and known mean particle temperature, a normal temperature 
distribution is assigned to the particle. From this distribution, a certain number of temperatures are 
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drawn randomly and each of them is assigned to the particle surface element. To simplify the analysis, 
we assumed that the particle surface area can be represented by a cube, thus the particle external 
surface area is divided into six equal parts oriented perpendicularly to each other. This is quite crude 
an approximation and it might compromise the accuracy of the results, however it can be easily 
extended to a larger number of surfaces. Having assigned temperature to each surface element, the 
resulting acceleration and force can be computed based on equations presented above. The net force is 
then obtained as the vector sum of forces acting on each surface element. 

3 Results 

Three atmospheres are considered that differ by the oxygen concentration and are equivalent to the 
atmospheres examined in the experiment. Also, the coal composition corresponds to the hard coal used 
by Sładek et al. [9] for their measurements. The data is obtained by inserting single particles of the 
size of 100 μm at a room temperature into a cuboid domain at different ambient temperatures ranging 
from 1073 to 2073K. The domain’s dimensions and boundary conditions are schematically shown in 
Fig. 1. Figure 2 presents the resulting force acting on the particle due to the non-uniform Stefan flow 
as a function of the particle mean temperature. To obtain these results properties from the particle 
boundary layer were used (Eq. (5)). The injected coal particle undergoes heating, drying, 
devolatilization and combustion. During this last stage, the UDF is activated and the net force acting 
on the particle is computed for every step of the particle tracking. Also, the acceleration corresponding 
to the obtained net force is shown in Fig. 2, i.e. 𝒂𝒑 = 𝑭𝒑 𝒎𝒑⁄ . 

Figure 1:  Geometry and boundary conditions of the case set-up 
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(a)  
 

(b)  
 

(c)  
 
 

 

Figure 2: Force and acceleration resulting from temperature non-uniformity on the particle surface 
(a) 10% O2/90% N2 , (b) 15% O2/85% N2 , (c) 21% O2/79% N2 

As expected, the higher the oxygen fraction, the higher mean temperature is reached by the particle 
and the higher mean temperature means a broader temperature distribution that is assigned to the 
particle (see Eq. (1)). For the atmosphere containing 10% of oxygen a relatively weak force is 
obtained, although even for that low oxygen content the force is not negligible. After doubling the 
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oxygen content, the model predicts that the resulting acceleration can be even 2-3 times greater than 
the gravitational acceleration for sufficiently high mean particle surface temperature (>2000 K). The 
summary of the mean particle accelerations for the studied cases is presented in Table 2. While the 
obtained magnitudes should be treated with caution due to all simplifications that were made, it is 
nevertheless a strong evidence that the force due to the Stefan flow is not always negligible. 

Table 2: Mean acceleration obtained for studied cases 
Oxygen fraction 10% 15% 21% 

Mean particle acceleration 𝑎 , m /s 0.45 1.40 3.82 

4 Conclusion 

Solid fuels’ particles burned in combustion and gasification systems are inherently non-spherical and 
characterized by non-uniform properties. This can lead to non-uniform temperature distribution at the 
particle surface during combustion, and thus non-uniform Stefan flow from the particle surface. It was 
shown in the current study that this phenomenon can lead to a non-negligible net force acting on the 
particles, which in turn can affect the particles dispersion and combustion characteristics. This effect 
was observed to be the strongest for particles reacting in high temperature atmospheres and in lean 
conditions. It can be therefore concluded that the effect will be strongest in diffusion dominating 
combustion regime, where one of the important parameters that affect this process is the particle 
diameter. This influence was however not studied yet. It will be a subject of our future research along 
with the investigation of  the effect of O2/CO2 atmosphere and application of  the developed model to 
practical, large-scale cases. 
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Abstract 
In the paper measurement results of surface particle temperature distribution are presented. 
Measurements have been conducted using horizontal, laminar drop furnace. Temperature at the 
particle surface was measured using self-developed two-color pyrometer. Two types of coal – hard 
coal and lignite have been analyzed. Fuel particles were monofractional with diameter around 100 µm. 
Measurements have been carried out in O2/N2 and O2/CO2 atmospheres in the range of oxygen 
concentration between 10 and 30%.  
It has been shown that for analyzed particles, surface temperature distribution is not uniform and 
temperature differs even more than hundred Kelvins. Also standard deviation of the distribution 
changes with increasing of the mean temperature of the particle. Such variability of the temperature at 
particle surface probably results from different reactivity (due to composition non-uniformity, 
porosity, ash content and surface shape). Variable reactivity leads also to differences in Stefan flow at 
the outer surface of particle. This phenomena can affect the momentum balance of particles leading to 
change of the particle trajectory during combustion process. Results of the presented measurements 
can be included in mathematical models of combusting particles tracking. 

1 Introduction 

The knowledge of particle temperature during the combustion process is necessary for accurate 
determination of kinetic parameters used in mathematical models. Determination of pulverised coal 
particles temperature is not trivial task taking into account their small size and influence of local gas 
parameters on reaction rate. Most of methods used for such research are based on non-invasive optical 
systems such as single-color, two-color or three-color pyrometers [1]-[5]. The authors investigated 
average temperature of sample or temperature of individual particles, but the distribution of 
temperature at the particle surface was not investigated. Also most numerical models which can be 
applied to large scale systems of solid fuels combustion assume that the temperature of individual 
particles is uniform. There is a need to study particle temperature and reactivity non-uniformity to 
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expand the knowledge about small particles combustion process and to collect data allowing for 
numerical models improvement.  

The  work  presented  in  the  paper  is  continuation  of  research  described in [6], where  the  
experimental  rig  and  measurement  procedure  was described.  Since the last publication some 
improvements  to the analysis were introduced and based on it final results were obtained. 

2 Experimental rig and measurement procedure 

Test stand used for char particles temperature determination is a high temperature, laminar flow 
furnace with a narrow channel. The rig was constructed in order to measure kinetic parameters of the 
char combustion process based on its mass loss. Methodology and results of those studies were 
described in [7]. The experimental setup was upgraded to measure temperature of particles based on 
two-color pyrometry method. The rig composed of high temperature chamber and visualisation system 
was described before in [8]. Methodology of particle temperature measurement was described in 
details in [6]. This paper provides only brief description necessary to understand measurement 
methodology. The schematic of experimental setup is shown in Figure 1. Experiments can be 
conducted in O2/N2 or O2/CO2 atmospheres. First the carrier gas is mixed in a gas mixer equipped with 
two automatic flow controllers. The gas mixture is then heated up in an electrical heater with 
maximum operating temperature 1650C. After that the heated gas flows through heated segments of 
narrow (15 mm wide) channel, with side walls made of quartz glass. Char particles are dropped into 
the channel using precise feeder through ports localized in the top of chamber segments. Fuel particles 
can be observed through a widow localised in the side wall of chamber. Particles are recorded with 
two fast cameras Vieworks VC-4MCM180 producing monochromatic images with maximum 
resolution 2048x2048 pixels and frame rate up to 180 Hz. Both cameras are equipped with Rodenstock 
APO-Rodagon D120 lenses and extension tubes which allow for proper reproduction scale. 
Temperature is determined based on the ratio of radiation intensity in two different wavelength 
therefore the light beam is split by the dichroic filter localised between cameras and observed object.  

 

Figure 1: Schematic of the temperature detection system in top view 

 

In two-color pyrometry temperature can be determined based on the relation to the radiation intensity 
ratio 𝑆  which can be described with the equation: 

 

𝑆 =
𝑆 − 𝑆 , 𝑡

𝑆 − 𝑆 , 𝑡
                                                                        (1) 

𝑆 pixel intensity value, 
𝑆   black level of the sensor,  
t exposure time for individual camera, s 
1, 2 index  camera number. 
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The relation between particle inversed temperature and natural logarithm of intensity ratio is linear, 
thus the temperature can be calculated from the equation: 

𝑙𝑛(𝑆 ) =
𝛽

𝑇
+ 𝛽                                                                          (2) 

𝑇  particle temperature, K 
𝛽 , 𝛽   function parameters. 
 

Parameters 𝛽  and 𝛽  depend not only on the theoretical ratio of radiation intensity in given 
wavelengths but also on spectral transmittance of optical elements between camera and observed 
object and on spectral responsivity of the camera sensor. Taking this into account, parameters of linear 
function have to be determined in calibration process. Calibration methodology have been described in 
[6]. Since that publication silicon carbide heating element (SiC) used in calibration device has been 
replaced by the tungsten lamp. Reason of that were problems in exact determination of SiC element 
temperature. Due to the known spectral emissivity of tungsten its temperature was determined based 
on fiber optic spectrometer. The obtained calibration line can be seen in Figure 2. 

 

Figure 2: Logarithmic intensity ratio in function of inversed temperature 

3 Results 

Measurements were conducted for two types of Polish coal – hard coal from Janina mine and lignite 
from Bełchatów mine. Fuel was devolatilized before measurements. Char particles were 
monofractional with diameter around 100 µm. Analyses were made in O2/N2 and O2/CO2 atmospheres 
with an oxygen content from 10% to 30%.  

Experimental setup allows for determination not only mean temperature of individual particles but 
also temperature distribution at particle surface due to the use of high-resolution cameras. Figure 3 
shows sample images of particles with marked temperature values in Kelvins. Left image represents 
char particle from Janina mine and right image shows lignite from Bełchatów mine. Samples were 
measured in O2/N2 atmosphere with 21% of O2, gas temperature was set to 1273K. It needs to be 
highlighted that pixels near the border of particle on the image are excluded from the analysis because 
pixel values can be affected by the environment of the particle. It can be seen that temperature values 
changes by several hundred Kelvins at the surface of a single particle. Temperature gradients between 
neighbour pixels can also be counted in hundreds of Kelvins.  

 

311



 

 

 

Figure 3: Images of particles with marked temperatures values in Kelvins– Janina char on the left, 
Bełchatów char on the right 

Average temperature of particles recorded in different atmospheres are shown on Figure 4. As 
expected, in most cases particles temperature is higher for O2/N2 atmosphere in comparison to O2/CO2, 
what results mainly from higher heat capacity of CO2 and lower diffusivity of oxygen in O2/CO2 
mixture when compared to N2. Under similar conditions Bełchatów char particles have higher average 
temperature comparing to Janina char. Due to the higher content of volatile matter in raw coal, 
Bełchatów char has higher porosity in comparison to Janina char, what leads to higher reaction rate 
and higher temperature.  

 

 

Figure 4: Mean temperature of char particles 

 

High temperature differences over single particle evidence non-uniform reaction rate at the surface, 
what can be effected by its morphology and differences in ash content. To determine the impact of 
particle mean temperature on temperature distribution, analyzes were made for particles grouped by its 
average temperature in intervals of 100 K.  

Figures 5 and 6 show samples of temperature distributions of Janina and Bełchatów char particles in 
different ranges of average temperature, in O2/N2 atmosphere (with 15% of O2). The distributions were 
generated based on group of temperature values determined in individual pixels of particle images, in 
given temperature ranges. For that purpose several thousands of particles were recorded in different 
conditions. The obtained data points were approximated by the Gaussian distribution. It can be seen 
that standard deviation of temperature at the surface increases with higher average temperature of 
particles, what can be observed for both hard coal and lignite. 
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Figure 5: Distribution of particle surface temperature for Janina hard coal for 15%O2 and 75% of N2 

 

 

Figure 6: Distribution of particle surface temperature for Bełchatów lignite for 15%O2 and 75% of N2 

 

Results of performed analyzes are presented in Figures 7 and 8 which show the standard deviation of 
temperature depending on average temperature of particles and oxidizer composition. Strong 
dependence between temperature deviance and average temperature can be observed, however 
dependence on the atmosphere type and O2 content in the oxidizer is ambiguous. Calculated 
temperature deviations generally changes from 200 to 400 K in the range of average temperature 
between 1500 and 2600 K for all samples irrespective of coal type. It should be noted that only 
monofractional particles with diameter around 100 m were analyzed. Influence of oxidizer 
composition may be noted for particles with different size, especially of smaller particles. 
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Figure 7: Standard deviation of temperature depending on the mean temperature and oxidizer for 
Janina hard coal 

 

 

Figure 8: Standard deviation of temperature depending on the mean temperature and oxidizer for 
Bełchatów lignite 

 

According to the obtained results main parameter influencing the standard deviation of temperature at 
particle surface is the average temperature, and in addition this relationship is linear. Simplifying, one 
universal function can be generated for both coal types and different environment condition based on 
measurement results. Standard deviation of surface temperature can be calculated from: 

𝜎 = 𝛾 𝑇 + 𝛾                                                                              (3) 

𝜎  standard deviation of temperature, K, 
𝑇   mean particle surface temperature, K, 
𝛾 , 𝛾  function parameters. 
 

Calculated values of 𝛾 and 𝛾  are shown in Table 1. This simplified correlation can be used in 
numerical studies to predict influence of various reactivity of individual particles on particle tracking, 
taking into account differences in Stefan flow in different points of particle surface. 

 

Table 1: Values of function parameters in equation (3) 

𝛾  0,187 
𝛾  -110,0 

4 Conclusions 

Based on the performed measurements of temperature distribution on individual char particles, it can 
be concluded that the main parameter influencing the standard deviation of temperature is the average 
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temperature of the particle. Influence of oxidant composition is significantly smaller, however only 
monofractional particles with diameter around 100 m were analyzed. For further research, particles 
with different diameters need to be taken into account. Obtained correlation for the standard deviation 
of temperature as a function of mean particle temperature can be used in numerical analysis to include 
influence of various reactivity over individual particles. Different net flow of species around the 
particle can affect its force balance and for that reason it may have impact on the particle dispersion 
during combustion process. 
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Abstract 
The analysis of pressure changes in water and steam flow along the entire once-through steam boiler 
tube system was carried out. An efficient advanced method is developed and presented for the 
prediction of once-through boiler thermalhydraulics, which is based on the steam-water two-fluid 
model with mass, momentum and energy balance equations and mechanistic correlations for the 
steam-water interface transfer processes. The model is suitable for the fluid flow parameters prediction 
in the span from single and two-phase flow conditions under subcritical operating conditions to 
supercritical and near critical flow conditions. Conducted calculations provide detailed insight in the 
fluid pressure, velocity and temperature change in the boiler tube system. The numerical results are 
validated by comparison with data measured at the boiler tube system. The thermalhydraulic analysis 
shows that a significant increase in hydraulic resistance occurs in boiler evaporator tubes, while this 
increase in the steam superheater tubes is lower. The increase of hydraulic resistance in the evaporator 
tubes, both in the water heating zone and in the evaporation zone with the two phase mixture flow is 
due to the fouling deposited on the inner wall of tubes. The pressure drop in evaporating tubes almost 
doubles in comparison to the design values after the long operational period. The presented results are 
a support to boiler’s design, operational procedures and maintenance.  

1 Introduction 

Once-through steam boilers are used commonly in coal-fired thermal power plants (TPPs) of a large 
capacity [1]. The steam generation is arranged in a number of parallel tubes of relatively small 
diameter under high heat fluxes. New plants are designed for the operation with supercritical steam 
parameters without water boiling in boiler tubes, while at the older designs the subcritical steam is 
mainly generated with the presence of water boiling in the evaporating tubes. The once-through boilers 
are characterized with higher water-steam velocities in evaporating tubes in comparison to the natural 
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circulation boilers [2] and with the possibility of rapid changes of steam generation rate [3]. At the 
same time they are more vulnerable to burn-out of evaporating and steam superheating tubes [4] and 
increased pressure drop in water-steam flow through tubes [5].  

Thermalhydraulics of steam boilers has been a topic of extensive research due to its importance for 
safety, reliability and efficiency of operation. There are many results on this topic to mention but a few 
recent ones are reported here. A simulation and analysis of the loss of feedwater accident at the gas-
fired steam boiler was reported in [6] with the aim of safety analysis. Thermalhydraulics was a part of 
the nonlinear mathematical model for the simulation of coal-fired steam boiler operating conditions 
[7]. A boiler transient behaviour under a rapid flow rate increase of the live steam was reported in [8]. 
CFD simulations of the boiler fire side were coupled with pipe flow model in the heat exchanger of the 
steam boiler with the aim of predicting the tube wall temperature [9]. The two-phase flow in a rifled 
boiler tube was investigated experimentally with the aim of the thermalhydraulic design and safe 
operation of a supercritical circulating fluidized bed boiler [10]. Previously, an overview of the steam 
boiler thermalhydraulic design was reported in [11] with the application of standard engineering 
calculation methods for steam boiler hydraulics presented in [12].  

The present paper shows an analysis of the pressure drop increase in the water-steam flow in once-
through boiler tubes that was observed at the utility boiler of the lignite-fired thermal power plant 
“Nikola Tesla” Unit B1 with initially designed power of 620 MWe [13]. The boiler is of the similar 
design as the steam boilers in the Neurath lignite-fired power plant Units D and E [14]. The water and 
steam flow is modelled with the two-fluid model of two-phase flow and corresponding closure laws 
for the prediction of momentum transfer at the water-steam and fluid wall interfaces. The governing 
balance equations are written both for water and steam phase and the derived model is a set of 
differential equations that is solved numerically by the Runge-Kutta method. The applied modelling 
approach is different from the commonly utilized standard method for the calculation of boiler 
hydraulics [12]. The standard method [12] is based on the empirically derived nomograms for the 
prediction of two-phase multipliers in equations for the prediction of frictional pressure drop and void 
fraction in two-phase flow, while the present model is based on empirical and semi-empirical closure 
laws in analytical form. In addition, the standard method applies algebraic expressions for the pressure 
change calculation along the predefined finite lengths of the flow channels, while the present model is 
applied in differential form that is integrated with the small spatial step along the flow channel and it is 
suitable in cases of rapid changes of two-phase flow parameters. Hence, the model is able to take into 
account the rapid changes of water and steam thermophysical parameters, which occur especially in 
the thermodynamic domain close to the critical point. The numerical results are validated by 
comparison with the plant measured data. The results show a significant increase of the pressure drop 
in the feedwater heating and evaporating tubes after a longer operational period of more than a decade, 
while the pressure drop increase in the steam superheating sections is lower. The large pressure drop 
in the evaporating tubes, both in the water heating zone and in the evaporation zone, is caused by the 
formation of a magnetite fouling layer with a substantial increase of roughness of the tube wall 
surface.  

2 Boiler tube system  

The once-through steam boiler of the tower type is observed with steam superheating and one steam 
reheating stage. The components of the boiler tube system are presented in Figure 1 and their spatial 
arrangement in Figure 2. The boiler is fired with the pulverized lignite. The feedwater is pre-heated in 
the high pressure feedwater heaters in front of the steam boiler. The feedwater inflows the boiler at the 
economizer that is positioned at the top of the boiler tower structure. The economizer has two stages in 
serial connection, where each stage is a tube bank formed by the parallel pieces of serpentine tubes. 
The feedwater flows from the exit header of the second economizer stage downward through two 
parallel downcomer tubes, which join into one downcomer tube at a certain level. Further, the 
feedwater flows through the header and inflows into 40 tubes at the bottom of the boiler below the 
furnace. These tubes end into the common inlet headers of the 400 furnace parallel evaporating tubes 
that form the furnace water walls. The evaporating tubes in the furnace water walls are inclined by 17 
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degrees and 26 minutes to the horizontal. Under full load operation, the feedwater is heated along 
about two-thirds of the inclined tube length, and upon reaching the saturation, water evaporates. At the 
end of the furnace zone at 72 m from the boiler ground level, the inclined evaporating tubes continue 
as 1200 vertical evaporating tubes till the high of 84 m and further as 800 vertical tubes till 113 m near 
the top of the boiler convection channel. Further, the steam-water mixture flows downwards through 
non-heated downcomer tubes till the lower end of the convection channel. These downcomer tubes 
end into inlet headers of the vertical tubes that support tube bundles of the steam superheaters (SSH) 
and reheaters. Under the full load conditions the water completely evaporates in these support tubes 
and inflow into four separators. The steam superheating continues in four stages of superheaters. Each 
stage consists of four parallel tube banks, while the bank consists of parallel pieces of serpentine tubes. 
In Figures 1 and 2 the tube banks of reaheters’ stages are not presented since they are not involved in 
the feedwater-steam once-through flow path of the boiler tube system. Steam flows counter-currently 
to the flue gas flow in steam superheaters 1 and 2 (SSH1 and SSH2) and co-currently in superheaters 3 
and 4 (SSH3 and SSH4). Between superheaters 2 and 3 steam flows through the steam heat exchanger 
– biflux. In the biflux the heat is transferred from the superheated steam to the reheated steam. The 
superheated steam outflows from the outlet headers of the superheater 4 (SSH4) and flows as the live 
steam towards the high pressure turbine. Direct-contact spray attemperators are located between the 
superheaters 1 and 2, between the biflux and the superheater 3 and between the superheaters 3 and 4 
with the aim of steam temperature control. The boiler design parameters are presented in Table 1.  

 

Figure 1: Water-steam tube system at the once-through 
steam boiler 

 

Figure 2: Isometric view of the steam 
boiler tube system 

 
Table 1: Steam boiler design parameters 

Live steam flow rate   522 kg/s Reheat steam flow rate   473 kg/s 

Live steam pressure   186 bar Reheat steam pressure at the exit  42 bar 

Live steam temperature   540 oC Reheat steam temperature at the exit  540 oC 

Feedwater temperature   260 oC Flue gas temperature at the boiler exit  160 oC 
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3 Thermalhydraulic model of single phase and two-phase flow in the tube 
system of once-through steam boiler  

Single phase water or steam tube flow is described with the mass momentum and energy balance 
equation as follows:  

- Mass balance 

( )
0

d u

dx




 
(1) 

- Momentum balance 
2( )

sinw w
d u dp

a g
dx dx

  
   

 
(2) 

- Energy balance 
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v

d hu
q
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where 𝑥 is the spatial coordinate, 𝜌 is the density of water or steam, 𝑢 is the velocity and 𝑝 is the 
pressure. The second term on the right hand side of Eq. (2) represents the momentum loss due to the 
fluid friction on the tube wall. Parameter 𝑎  denotes the fluid-wall interfacial area concentration and 
for the tube flow it is calculated as 𝑎 = 4/𝐷 , where 𝐷  is the tube inner diameter. The friction 
shear stress on the tube inner wall is denoted as   and it is calculated as 

2

2w
u
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where 𝑓 denotes the Fanning friction coefficient. The friction coefficient is calculated with the 
following empirical correlation [15] 
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The tube wall roughness is depicted as  in Eq. (5), 𝐷  is the hydraulic diameter and the Reynolds 
number is calculated as 

Re huD
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where  denotes kinematic viscosity. According to the available experimental results [16], Eq. (5) is 
applicable also to the supercritical water flow conditions. The last term on the right hand side of Eq. 
(2) predicts the influence of the hydrostatic pressure on the momentum change. The pipe inclination to 
the horizontal is depicted as  and the gravity acceleration is 𝑔.  

In Eq. (3) ℎ is the fluid specific enthalpy and �̇�  is the volumetric heat flux  
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where �̇�  is the heat flux per unit tube length.  

In case of water and steam two-phase flow the mass, momentum and energy balance equations are 
written for each phase as follows 

- Water mass balance 

1 1 1
21 12

( )d u

dx
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- Steam mass balance 
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- Water momentum balance 
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- Steam momentum balance 
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- Water energy balance 
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- Steam energy balance 
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In Eqs. (8-13) index 1 denotes water and 2 steam. The volume fraction of the phase is denoted with . 
The evaporation rate is denoted as   in (𝑘𝑔/𝑚 𝑠) and the condensation rate as  . The parameter 
𝑎  is the water-steam interfacial area concentration and   is the water-steam interfacial shear stress. 
The volume balance equation is added in the form  

1 2 1    (14) 

Dependence of the density of subcooled water and the superheated steam on pressure and enthalpy are 
calculated with the polynomials according to [17]. The saturated water and steam parameters are also 
calculated by appropriate polynomials [17]. The terms on the right hand side of Eqs. (8-14) are 
predicted by the closure laws presented in Table 2.  

Equations (8-13) are transformed in the form presented by Eqs. (21-24), which is suitable for the 
numerical integration [18]. Equations (21-24) are written for 𝑘 = 1,2 and they form a set of seven 
ordinary differential equations that is solved with the method of Runge-Kutta for defined initial 
conditions. The initial conditions are the phases’ volume fractions, the velocities, the enthalpies and 
the pressure at the tube inlet, i.e.  , , 𝑢 , , ℎ , , 𝑝   in the cross section for 𝑥 = 𝑥 .   

 

Table 2: Closure laws for two-phase flow [18] 
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Table 2: Closure laws for two-phase flow [18] (continued) 
 
 
 
 

Water-steam interfacial area 
concentration 
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Transitional pattern (void  0,3) 
Fluid-wall interfacial area 

concentration  
The same model as in case of bubbly flow, Eq. (15) 

Wall shear stress The same model as in case of bubbly flow, Eq. (16) 
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Rate of evaporation The same model as in case of bubbly flow, Eq. (19) 
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The numerical integration provides the flow parameters along the tube length: the water and steam 
volume fractions   and  , the water and steam velocities 𝑢  and 𝑢 , the pressure 𝑝 and the water 
and steam enthalpies ℎ  and ℎ . Assuming the saturated steam in the two-phase mixture, there is no 
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need for the solving of the steam energy equation. In addition, the application of the volume balance 
equation (14), there is no need for the solving of steam mass balance. Therefore, the system of 
differential equations is reduced to five. In case of the single phase flow the system of differential 
equations is reduced to three, which numerical integration provides the fluid velocity 𝑢, the pressure 𝑝 
and enthalpy ℎ.  

Various types of tube junctions, tube diameter changes, elbows, tube and header junctions, and other 
flow channel elements are locations of the flow discontinuities, which lead to local pressure drops. 
These local discontinuities are described by the finite balances 

- Mass balance  

  0 uA  (25) 

- Momentum balance 
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- Energy balance   
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where 𝑝  is the local pressure drop. The coefficients of the local pressure drops are predicted 
according to the correlations presented in [19]. The two-phase flow is observed as homogeneous at the 
local resistance and it is calculated as  
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 (28) 

where 𝐺 = 𝑢  is the two-phase mixture mass flux, ′ and " are the densities of saturated water and 
steam respectively, 𝑥 is the quality of two-phase mixture and  is the coefficient of local resistance 
calculated according to [19].  

In cases of fluid flow through parallel tubes, such as in the economizer, the evaporating tubes, the 
steam superheaters, the flow is calculated through one tube with corresponding flow rate and it 
represents the flow through all parallel tubes.  

4 Results and discussion 

Predictions of fluid pressure changes in the tube system of the steam boiler were performed for the 
design operating condition under maximum continuous load and for the various loads under the 
analysed operation with fouled tubes. The application of the developed code assumes input of 
complete geometry of boiler tube system, pipe by pipe, with lengths, diameters, inclination angels, 
pipe roughness, as well heat loads and definition of junctions with upstream and downstream pipes or 
vessels. The initial values of the dependent fluid flow parameters are defined for the feedwater inlet at 
the corresponding economizer header. The presentation of the obtained results follows. Figure 3 shows 
the fluid pressure change versus enthalpy in the boiler tube system under design conditions and 
maximum continuous load. As shown, the evaporation occurs in the narrow two-phase region near 
critical point (critical parameters are pressure 220.64 bar and temperature 373.95 oC). A detailed 
insight into the numerical results shows that the evaporation takes place along the last 50 m of the 
inclined evaporating tube in the furnace and about 7 m in the vertical evaporating tube. Hence, the 
total length of evaporation is about 57 m. The total pressure drop from the feedwater inlet into the 
economizer till superheated steam outlet from the steam superheater 4 (SSH4) is 45.4 bar. The heat 
fluxes on the tubes are predicted according to the thermal calculation of the boiler presented in [20]. 
The assumed absolute roughness of the tubes is 0.05 mm according to [19]. The results presented in 
Figure 3 are in very good agreement with the boiler vendor data. The maximal difference between the 
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calculated temperature and the design value is 1.9 oC and it is obtained for the exit of steam 
superheater SSH1. The maximum difference between calculated and design pressure data at the inlet 
and outlet of all heat transfer surfaces and tube system parts is lower than 0.5 bar. Figure 4 shows also 
the pressure change under the maximum continuous load, but with the fouled tubes (the fouling 
occurred at the plant during the long 30 years period of operation without the chemical cleaning of the 
boiler tube system). The total pressure drop from boiler inlet to outlet in the operation with fouled 
tubes is 74 bar. Therefore, due to fouling, the pressure drop in the boiler tube system increased from 
45.4 bar to 74 bar. i.e by 63%. The increases of pressure drops due to fouling are not to the same 
extent in the water heating and evaporating parts of the tube system and the steam superheating parts 
as shown in Table 3. The greatest fouling is in the economizer and evaporating tubes, while it is lower 
along the steam superheating line. The corresponding absolute roughness is presented in Table 4. As 
shown, the absolute roughness in water heating and evaporating tubes increased more than 10 times, 
while in steam superheating parts the absolute roughness is about 6 times higher in comparison with 
the clean new tubes. The calculated pressure drops are validated by comparison with measured data, as 
presented in Figure 5. This observation is consistent with the previous observations reported years ago 
in [5]. It had been observed that a magnetite layer is being deposited on the inner walls of the tube 
during the longer operating periods. Due to the relatively high fluid velocities in the tube system of the 
once-through boiler, a wavy surface of the magnetite layers is formed, which leads to a significant 
pressure drop.  

The increase of the absolute roughness of the same order as numerically predicted is also observed by 
microscope scanning, as presented in Figure 6. It is shown that the peaks of roughness are between 0.5 
mm and 1 mm.  

Detailed insight into the flow parameters change along the tube system is presented for the 
evaporating tubes in Figures 7-10 under different heat loads (in the figures denoted are live steam 
mass flow rates in kg/s as the indication of the boiler load). Figure 7 shows that the pressure rapidly 
decreases in the evaporating tubes, while the change is negligible in the downcomer tubes that connect 
the vertical evaporating tubes and the support tubes. In addition, the pressure level in the evaporator 
decreases with the load decrease. Figure 8 shows water temperature rapid increase along the heating 
length of the inclined tube in the furnace. Upon water saturation in the exit part of the inclined tube, 
the fluid temperature slightly decreases at the end of the inclined evaporating tube and along the 
vertical evaporating tube. This decrease is caused by the pressure drop and the decrease of the pressure 
related saturation temperature. The rapid density decrease along the evaporating tubes is shown in 
Figure 9, while the density change with the load is small. Water and steam velocities are shown in 
Figure 10. Obviously, the steam velocity is higher than the water velocity in upward flow, while 
reverse holds in downward flow in downcomer tube. 

 
Figure 3: Pressure change in the boiler tube system under design full load operation (live steam flow 

rate 522 kg/s, feedwater injection after SSH1=0, after biflux=20.9 kg/s, after SSH3=10.4 kg/s)  
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Figure 4: Pressure change in the boiler tube system with fouling (live steam flow rate 522 kg/s, 

feedwater injection after SSH1=0, after biflux=25 kg/s, after SSH3=13 kg/s) 

 
Table 3: Pressure drops in the steam boiler tube system for design conditions and after long period of 

operation with tubes’ fouling (maximum continuous load) 

 
Pressure drop (bar) (increase compared 

to the design condition in %) 

  
Design 

condition 
Fouled tube system  

From the economizer inlet to cyclones (bar) -20 -39 (95%) 
From cyclones to the steam superheater 4 outlet  (bar) -25 -35 (40%) 
From the boiler inlet to outlet (bar) -45.4 -74 (63%) 

 

Table 4: Absolute roughness in the fouled pipes 

 Roughness (mm) 

 Economizer, downcomer 
tubes, connecting tubes 

Evaporator Steam superheaters 
1,2,3,4 and biflux 

Fouled tube system 0,7 0,7 0,28 
Design data 0,05 0,05 0,05 

 
Figure 5: Measured and calculated pressure in the boiler tube system versus live steam mass flow rate 
(  - measured in the feedwater line after the control valve, - calculated for the feedwater line after 

the control valve, ■ – measured in the cyclones,  - calculated for the cyclones, ▲ – measured in 

front of the turbine,  - calculated for the turbine inlet) 
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Figure 6: Measured absolute roughness in the evaporating tube 

 

 
Figure 7: Fluid pressure along evaporating tubes’ length under different loads 

 
Figure 8: Fluid temperature along evaporating tubes’ length under different loads 
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Figure 9: Fluid density along evaporating tubes’ length under different loads 

 
Figure 10: Water and steam velocities along evaporating tubes’ length in operation with 475 kg/s live 

steam mass flow rate 

5 Conclusion 
The efficient numerical method is developed for the prediction of thermalhydraulic parameters in the 
boiler tube systems. The method is based on both the single-phase flow model and the two-fluid model 
of two-phase flow with appropriate closure laws for the prediction of steam-water and fluid wall 
interface transfer processes. The developed method is applied to the simulation and analyses of the 
once-through steam boiler operational conditions. It is shown that the significant increase of pressure 
drop occurs in the water heating and evaporating tubes due to fouling by magnetite layers after the 
long operational period, while the fouling is lower in the steam superheating line. The absolute 
roughness of tube walls is predicted by comparison of calculated and measured pressure drop values. 
The obtained high values of wall roughness were confirmed with the microscopic evidence of the tube 
samples. The developed model and numerical computational method enable fast computer simulations 
and reliable predictions of complex boiler thermalhydraulic conditions. The system of governing mass, 
momentum and energy balance equations of the developed model is transformed in the system of 
differential equations that is numerically integrated. The numerical integration with small spatial steps 
of integration, applied in the present paper is suitable and reliable for the prediction of boiler flow 
parameters especially in the steam and water thermodynamic domain close to the critical point that is 
characterized with rapid changes of fluid thermophysical parameters. The developed method can be 
applied during steam boiler design, analyses of operational conditions under various loads, as well as 
in planning of steam boiler tube system maintenance. Namely, iterative numerical calculations with 
the presented method and matching with measured data enables the prediction of the fouling layer 
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thickness, as a support to the planning of chemical procedure that has to be applied for the tube system 
cleaning.  

Acknowledgements 
The presented research was supported by the Ministry of Education, Science and Technological 
Development of the Republic of Serbia (Grant 451-03-68/2020-14/200105). 

References 
[1] Leithner R.: Once-Through Boilers. In Boilers, evaporators and condensers. Edited by Kakac S., 

John Wiley&Sons, Inc., New York, (1991).  
[2] Hossain M.N., Ghosh K., Manna N.K.: A multiphase model for determination of minimum 

circulation ratio of natural circulation boiler for a wide range of pressure. International Journal of 
Heat and Mass Transfer Vol. 150, 2020, article 119293.  

[3] Taler J., Zima W., OcłoP., Gradziel S., Taler D., Cebula A., Jaremkiewicz M., Korze A., Cisek 
P., Kaczmarski K., Majewski K.: Mathematical model of a supercritical power boiler for 
simulating rapid changes in boiler thermal loading. Energy Vol. 175, 2019, pp. 580-592. 

[4] Yu C., Xiong W., Ma H., Zhou J., Si F., Jiang X., Fang X.: Numerical investigation of 
combustion optimization in a tangential firing boiler considering steam tube overheating. 
Applied Thermal Engineering Vol. 154, 2019, pp. 87–101. 

[5] Schoch W., Wiehn H., Richter R., Schuster H.: Investigation of pressure drop increase and 
magnetit fouling in Benson Boiler. VGB Vol. 50 Issue 4, 1970, pp. 277-294. (in German) 

[6] Lyria A., Cheridia D., Chakerb A., Loubar A.: Numerical simulation of a 374 tons/h water-tube 
steam boiler following a feedwater line break. Annals of Nuclear Energy Vol. 97, 2016, pp. 27-
35. 

[7] Trojan M.: Modeling of a steam boiler operation using the boiler nonlinear mathematical model. 
Energy Vol. 175, 2019, pp. 1194-1208. 

[8] Zima W.: Simulation of rapid increase in the steam mass flow rate at a supercritical power boiler 
outlet. Energy Vol. 173, 2019, pp. 995-1005. 

[9] Modliński N., Szczepanek K.,  Nabagło D., Madejski P., Modliński Y.: Mathematical procedure 
for predicting tube metal temperature in the second stage reheater of the operating flexibly steam 
boiler. Applied Thermal Engineering Vol. 146, 2019, pp. 854–865.  

[10] Zhu X., Yang Z., Bi Q: Experimental study on the pressure drop characteristics of steam-water 
two-phase flow at a low mass velocity in a four-head rifled tube. Applied Thermal Engineering 
Vol. 122, 2017, pp. 148–157.  

[11] Lin Z.H.: Thermohydraulic Design of Fossil-Fuel-Fired Boiler Components. In Boilers, 
evaporators and condensers. Edited by Kakac S., John Wiley&Sons, Inc., New York, (1991).  

[12] Lokshin V.A., Peterson D.F., Schwarz A.L.: Standard methods of Hydraulic Design for Power 
Boilers. Energia Publishing House, Moscow, (1978). (in Russian) 

[13] Stevanovic V., Wala T., Muszynski S., Milic M., Jovanovic M.: Efficiency and power upgrade 
by an additional high pressure economizer installation at an aged 620 MWe lignite-fired power 
plant. Energy Vol. 66, 2014, pp. 907-918. 

[14] Vetter, H., Leithner R.: Operational experience with the lignite-fired steam boilers at Neurath 
Power Plant Unites D and E. Jahrbuch der Dampferzeugungstechnik, Vulkan-Verlag, Essen, 
1980, pp. 813-822.  

[15] White F.M: Viscous Fluid Flow. McGraw-Hill, New York, (1991), pp. 428. 
[16] Pioro I.L., Duffey R.B., Dumouchel T.J.: Hydraulic resistance of fluids in channels at 

supercritical pressures (survey). Nuclear Engineering and Design Vol. 231, 2004, pp. 187-97. 
[17] Wagner W., Kretzschmar H.J.: International Steam Tables, Springer-Verlag, Berlin, (2007). 
[18] Stevanovic V., Prica S., Maslovaric B.: Multi – Fluid Model Predictions of Gas – Liquid Two – 

Phase Flows in Vertical Tubes. FME Transactions Vol. 35, Issue 4, 2007, pp. 173-181. 
[19] Idelchik I.E.: Handbook of Hydraulic Resistance. Mashinostroenie, Моscow, (1992). (in 

Russian) 
[20] Kuznetsov N.V., Mitor V.V.: Heat Calculations of Boiler Plants (Standard Method). Energiya 

Publishing House, Moscow, (1973). (in Russian) 

328



6th International Conference on Contemporary Problems of Thermal Engineering 
CPOTE 2020, 21-24 September 2020, Poland 

The influence of electricity consumption in 
automatic solid fuels-fired boilers on the seasonal 

space heating energy efficiency  

Katarzyna Matuszek1, Piotr Hrycko1, Janusz Lasek1* 

1Institute for Chemical Processing of Coal, ul. Zamkowa 1, 41-803, Zabrze, Poland  
e-mail: jlasek@ichpw.pl 

Keywords: Automatic solid fuels-fired boilers, Biomass, Coal, Seasonal space heating energy 
efficiency, Ecodesign 

Abstract 

Commission Regulation (EU) 2015/1189 of 28 April 2015 implementing Directive 2009/125/EC of the 
European Parliament and of the Council with regard to ecodesign requirements for solid fuel boilers 
presents the way to determine the seasonal space heating energy efficiency (SSHEE, s). The value of 
SSHEE depends on (inter alia) a negative contribution to the SSHEE by auxiliary electricity 
consumption. In the current work, the analysis of sensitivity of electricity consumption measurement on 
SSHEE has been presented. The experimental and analytical investigations of 69 boilers (52 coal-fired 
and 17 biomass-fired) was carried out in the range of power of 2.8–517 kW and thermal efficiency of 
83.1–96.3%. It was proved that the available relative uncertainty of electricity consumption gauge (i.e. 
< 5%, guaranteed by suppliers) is acceptable to obtain accurate analysis. The electricity consumption in 
automatic solid fuels-fired boilers was experimentally determined for 69 units and the electricity 
consumption demand was less than 1% of nominal thermal power. 

1 Introduction 

The investigation of household stoves and domestic scale boilers are of great interest due to their 
common availability and usage. Usually, the investigations focus on such areas like combustion 
performance and boiler efficiency [1, 2]. The investigations scope can be divided into two main groups: 
(1) the impact of fuel properties on combustion performance, boiler efficiency and pollutants emission, 
(2) impact of process parameters (e.g. temperature, air distribution, oxygen excess ration) on combustion 
performance, boiler efficiency and pollutants emission. These two groups of investigations overlap and 
correspond each other. Verma and co-workers [2] investigated the dependence between biomass type, 
boiler efficiency and emission of gaseous pollutants and particulates. It was found that SO2 emission 
from domestic boiler fired by straw pellets (wheat straw pellets made of 100 % straw) can be almost 70 
times higher comparing to the combustion of wood pellets using the same boiler [2]. Lasek and co-
workers [3] noticed the significant decrease of gaseous pollutants (NOx, SO2, TOC, PAHs, and B(a)P) 
and particulates from the heating devices when hard coal was substituted with a smokeless obtained by 
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the application of the controlled devolatilization of specially selected hard coal. Liu and co-workers [4] 
focused on the control of NOx emissions from a domestic/small-scale biomass pellet boiler by the 
application of air staging inside combustion chamber. The investigations of gaseous pollutants (CO, 
CO2, NOx, PAHs) and particulates emission from a domestic biomass boiler under various operating 
conditions were presented by many researchers [5-9]. Horák and co-workers investigated the impact of 
boiler type on particulates (PM) and ultrafine particles (PM0.1) emission [9]. Emissions of polycyclic 
aromatic hydrocarbons (PAHs) from domestic-scale boilers were investigated by Colom-Diaz and co-
workers [6] and Horák and co-workers [5]. Caposciutti and co-workers [7] determined the air excess 
effect on CO, CO2 and NOx from a small size fixed bed biomass boiler. The main goal of these presented 
investigations is to obtain environmental-friendly firing technology at domestic scale. These efforts were 
also implemented in European Legislation as ecodesign idea. 

Commission Regulation (EU) 2015/1189 of 28 April 2015 implementing Directive 2009/125/EC of the 
European Parliament and of the Council with regard to ecodesign requirements for solid fuel boilers 
presents the way to determine the seasonal space heating energy efficiency (s). To determine the s, 
the four sub-factors should be estimated, i.e. son (seasonal space heating energy efficiency in active 
mode), F(1) (accounts for a loss of seasonal space heating energy efficiency due to adjusted 
contributions of temperature controls; F(1) = 3 %), F(2) (accounts for a negative contribution to the 
seasonal space heating energy efficiency by auxiliary electricity consumption, expressed as a 
percentage) and F(3) (accounts for a positive contribution to the seasonal space heating energy efficiency 
by the electrical efficiency of solid fuel cogeneration boilers, expressed as a percentage) (see Equation 
1). For manually stoked solid fuel boilers that can be operated at 50 % of the rated heat output in 
continuous mode, and for automatically stoked solid fuel boilers the son and F (2) are calculated from 
Equation 2 and Equation 3 respectively. F(3) accounts for a positive contribution to the seasonal space 
heating energy efficiency by the electrical efficiency of solid fuel cogeneration boilers, expressed as a 
percentage. F(3)=0 for boilers that are not integrated with electricity generator. The ηn/ηp is useful boiler 
efficiency values at nominal (Pn) at minimal (Pp) heat output. The elmin/elmax is electric power 
requirement at minimum/maximum heat output. It means the electric power consumption of the solid 
fuel boiler at applicable part load, expressed in kW, excluding electricity consumption from a back-up 
heater and from incorporated secondary emission abatement equipment. PSB is standby mode power 
consumption. It means the power consumption of a solid fuel boiler in standby mode, excluding from 
incorporated secondary emission abatement equipment, expressed in kW. Pn and Pp is the useful heat 
output values at nominal and minimal heat output respectively, expressed in kW. 

s= son – F(1) – F(2) – F(3)      (1) 

 

son = 0,85 p + 0,15 n       (2) 

 

F(2) = 2,5  (0,15  elmax + 0,85  elmin + 1,3  PSB)/(0,15  Pn + 0,85  Pp)    (3) 

 

The measurement of electric parameters (inter alia) is necessary to determine the seasonal space heating 
energy efficiency (s). Especially, to calculate F(2) (accounts for a negative contribution to the seasonal 
space heating energy efficiency by auxiliary electricity consumption) the measurement of electric power 
requirement is necessary. Thus, the measurement of these electric parameters influences the uncertainty 
budget of s determination. Nevertheless, the research question is what is the sensitivity of elmin/elmax 
measurement in terms of s evaluation. In the modelling of boilers or other devices (e.g. chemical 
reactors), an analysis of the model's sensitivity is often carried out. The impact of the input parameters 
of the model (e.g. heat and mass transfer coefficients) on the output parameters (e.g. boiler efficiency or 
temperature distribution) changes is tested [10, 11]. 

The implementation of the Commission Regulation (EU) 2015/1189 of 28 April 2015 with regard to 
ecodesign requirements for solid fuel boilers generated new investigation questions. From the one point 
of view, the experimental determination of electric parameters to determine s requires the formal 
consistence of an experimental setup, including determination of uncertainty budget of electric 
parameters. From the second point of view, the sensitivity of the elmin/elmax change on the s value can 
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present how reasonable requirements against the uncertainty of electric power determination should be 
defined. Beside some analytical and experimental analysis, this article has very strong practice 
application. Namely, according to our experience, some laboratory auditors accused the formal 
inconsistency of the determination of seasonal space heating energy efficiency (s) due to lack of the 
calibration certificate (from accredited unit) of electric power gauge. In this paper the sensitivity of the 
seasonal space heating energy efficiency (s) against the change of electric power requirement of a boiler 
is analyzed and discussed. 

2 Experimental 

The experimental and analytical investigations of 69 boilers (52 coal-fired and 17 biomass-fired) were 
carried out in the range of power of 2.8–517 kW and thermal efficiency of 83.1–96.3%. The 
experimental investigations were carried out using an experimental setup placed in the Institute for 
Chemical Processing of Coal. The experimental setup is equipped with a stack made of steel (inner 
diameter of 0.3 m and length of 6 m), heat exchangers system and flue gas analyzers. The temperature 
of the inlet and outlet circulating water was measured using a resistance thermometer (Pt-100, accuracy 
below 0.5°C). The composition of the exhaust gas from the boiler was measured continuously using a 
mobile set of analysers manufactured by Siemens, consisting of two types of analysers: Ultramat (non-
dispersive infrared spectroscopy) and Oxymat 61 Siemens (paramagnetic). The flue gas was analysed 
for CO (0-5 vol.%), CO2 (0-25 vol.%) and NO (0-1000 ppm) contents. The flue gas from the boiler stack 
was continuously sampled by a probe system with a heated ceramic filter, a heated hose and a gas 
conditioning system (PSS-5, M&C Products). Heat from the boiler was removed by cooling towers. The 
boiler efficiency was determined using formulas from the standard PN-EN 303-5:2012. All mentioned 
investigations (excluding determination of electric parameters points 5.7 – 5.10 and 5.8.5 in PN-EN 
303-5:2012) were carried out in the accordance of Accreditation Certificate No. PCA AB 081. 

3 Results and discussion 

Figure 1 presents the impact of the uncertainty of electric power measurement (elmin/elmax) on the value 
of the seasonal space heating energy efficiency (s) and F(2) factor. The calculations were carried out 
using equation (1) – (3) for a boiler of 25 kW thermal capacity. It was assumed that the increase of 
electric power uncertainty caused the increased of really measured electric power value. For example, 
if measured electric power requirement at nominal heat (elmax) output is 0.08 kW and the relative 
uncertainty of elmax is 50% then determined value of elmax is 0.12 kW. Such approach is very often used 
in the uncertainty budget (e.g. see standard PN-EN 14792, 2017). Namely, the final determined value 
of the parameter is the sum of measured value and all partitive uncertainties that had significant influence 
during the analysis of uncertainty budget. It is clear that the increase of elmax causes the increase of F(2) 
factor and decrease of s. It can be noticed in Figure 1 that the increase of relative uncertainty of elmax 
to the level of 10% has no significant influence on the s value. In the case of 10% elmax uncertainty, the 
decrease of s is only by 0.11%. The analysis were carried out for the boiler of nominal output capacity 
of 25 kWth that elmax, elmin and PSB (standby mode power consumption) were 0.08 kW, 0.04 kW and 
0.0043 kW respectively. The presented values of elmax, elmin and PSB are 0.32%; 0.16% and 0.0017% of 
the nominal boiler capacity. It should be underscored that the used maximal relative uncertainty of 100% 
(see Figure 1) is rather theoretical assumption. In real, if the electric parameters gauge is used correctly 
(i.e. according to the manual, provided by manufacturer) the obtained  relative uncertainty is usually 
lower than 5%. Table 1 presets the examples of uncertainty, estimated according to the manufacturers 
procedures. 
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Figure 1: The influence of electric power requirement relative uncertainty on the seasonal space 
heating energy efficiency (s) and F(2) factor, calculation for boiler at output nominal capacity of 25 

kWth  

 

Table 1. The examples of uncertainty of electric parameters gauge, estimated according to the 
procedure provided by gauges manufactures 

Gauge Procedure of uncertainty 
estimation (according to 
the manufacturer)  

Maximal value of 
relative uncertainty, % 

Conditions and assumptions  

A ± 1% +0.5, W 1.5 Measurement range of 99 W 

B ±(2.52 + 2)0,5, % 2.5 - additional uncertainty due to 
error of phase measurement 
between voltage and current 
harmonics =100×(1–
cos(+)/cos()); 
Assumptions: the error of phase 
recorder <1°, frequency range 
no more than 200 Hz; for these 
assumptions <0,16 %,  

 

The demand of electric power requirement depends on a boiler capacity. Figure 2 presents 
experimentally determined the dependence of maximal electric power requirement in function of 
nominal power of a boiler. It can be noticed that the increase of electric power requirement has 
monotonic character. For bigger units, the maximal level of electric power requirement is no higher than 
800 W. For smaller units (thermal output power up to 100 kW) the maximal level of electric power 
requirement is no higher than 300 W. Nevertheless, from practical point of view, the one of most crucial 
parameter in terms of the s determination is the ratio of electric power requirement and a boiler heat 
output. The dependence of ratio of electric power requirement (elmax as well as elmin) and the useful heat 
output values at nominal and minimal heat output (Pn as well as Pp) is presented in Figure 3. The ratio 
was calculated using the following equation (4): 

 

Ratio of electric power requirement= (electric power requirement / measured boiler output)×100% (4) 

 

It can be noticed in Figure 3 that in most cases the “ratio” value is no higher than 0.6% for the nominal 
boiler output and the “ratio” is no higher than 1.1% for the minimal boiler output. Moreover, the 
measured standby mode power consumption, PSB W was not higher than 11.2 W in the case of coal-fired 
boilers and 6.3 W in the case of wood pellets-fired boilers (see Figure 4) and it was less than 0.06% and 
0.04% of nominal heat output for coal-fires and wood pellets-fired boiler respectively. It should be 
noticed that in the majority of cases, the determined boilers efficiency was higher than 88% (see Figure 
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5). A few cases of lower efficiency were achieved when boilers were operated under minimal heat 
output.  

 

 

Figure 2: Experimentally determined the dependence of maximal electric power requirement (at 
nominal heat output, elmax, kW) in function of nominal power of a boiler, kW 

 

 

Figure 3: The dependence of ratio of electric power requirement (at nominal and minimal heat output, 
elmax/elmin, kW) in terms of measured boiler heat output 

 

 

Figure 4: The measured standby mode power consumption, PSB for coal and wood pellets-fired boilers 
in terms of boiler nominal output 
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Figure 5: Experimentally determined boiler efficiency in terms of boiler nominal output 

The presented analysis has very important meaning from the practice of the determination of the 
seasonal space heating energy efficiency. Basing on own experience of being under auditors supervision, 
it should be mentioned that some auditors suggested the necessity of very frequent calibration of 
electrical parameters gauge in external institution that is able to provide accredited certification. The 
calibration of measurement equipment is obviously necessary and recommended. Nevertheless, the 
scope, range and place of calibration as well the duration between the calibration test should be 
reasonable considered. The crucial point is the impact of measured parameter on the final estimated 
parameter, like the seasonal space heating energy efficiency (s). Some of the auditors suggested to 
refuse the procedure of the determination of the seasonal space heating energy efficiency (s). They 
argued that measurement gauge was not calibrated by the external institution that has accreditation 
certificate as well as they proclaimed that the measurement of electric parameters had to be confirmed 
by accreditation. Thus, basing on these issues they proclaimed insufficient procedure of s 
determination. It should be explained that properly use of measurement gauge (i.e. according to the 
producer manual) does not generate significant measurement error. It has been presented that 
professional-class measurement gauges generated the relative uncertainty at level of 3%. It was indicated 
that even the relative uncertainty is 10% (that is rather less probable) then total uncertainty of s is 0.11% 
(i.e. 0.12% of relative uncertainty). Thus, internal calibration and properly usage of electric parameters 
gauge according to the producer suggestions is enough to keep the proper uncertainty of elmax/elmin 
measurement that is consistent with the proper uncertainty budget of s determination. 

The efficiency of boiler is depended on specific heat losses, namely heat loss in flue gas, ζk, %, heat loss 
from CO, ζCO, %, heat loss due to unburned combustibles in slag ζC, and heat losses due to radiative and 
convective heat transfer by boiler outside walls, ζot, %. Figures 6 and 7 shows the values of the specific 
efficiency losses during combustion of biomass at nominal and minimal heat output respectively. The 
main component of heat losses is heat loss in flue gas, ζk, %. Nevertheless, during boiler operation at 
minimal heat output the crucial role in losses budget played also heat losses due to radiative and 
convective heat transfer by boiler outside walls, ζot, %. The content of combustible matter in slag 
influences the ζC. In the case of coal-fired boilers, combustible matter in slag were in range of 0.7–47.6 
% and 3.2–62.5% for nominal and minimal boiler load respectively. Ash content in coal was in range of 
3.1–6.4%. In the case of biomass-fired boilers, combustible matter in slag were in range of 7.2–80.1 % 
and 7.5–73.6% for nominal and minimal boiler load respectively. Ash content in biomass was in range 
of 0.3–0.4%. Figure 8 shows the dependence between combustible matter in slag, % and heat loss due 
to unburned combustibles in slag ζC, % for biomass-fired boilers at nominal and minimal heat output. It 
can be noticed the content of combustible matter in slag less than 40% generates heat loss lower than 
0.35%. 
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Figure 6: The specific efficiency losses during combustion of biomass at nominal heat output 

 

 

Figure 7: The specific efficiency losses during combustion of biomass at minimal heat output 

 

 

Figure 8: The dependence between combustible matter in slag, % and heat loss due to unburned 
combustibles in slag ζC, % for biomass-fired boilers at nominal and minimal heat output 

4 Conclusions 

The impact of uncertainty of electric power requirement measurement on the determination of the 
seasonal space heating energy efficiency (s) was analyzed and discussed. Basing on sensitivity analysis 
it was proved that the guaranteed measurement uncertainty of electric parameters gauge by this 
equipment producers (i.e. relative uncertainty less than 5%) is enough to obtain sufficient uncertainty of 
the seasonal space heating energy efficiency (s). Namely, the impact of the uncertainty of electric 
power requirement does not have strong influence on F(2) parameter and, as a consequence the seasonal 
space heating energy efficiency (s). The experimental and analytical investigations of 69 boilers (52 
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coal-fired and 17 biomass-fired) was carried out in the range of power of 2.8–517 kW and thermal 
efficiency of 83.1–96.3%. Crucial parameters in terms of s estimation, i.e. nominal (Pn) at minimal (Pp) 
heat output, useful boiler efficiency (ηn and ηp) values at nominal (Pn) at minimal (Pp) heat output. 
electric power requirement at minimum/maximum heat output (elmin/elmax) and standby mode power 
consumption (PSB) were experimentally determined. The determination of the energy requirements of 
the analysed boiler is very important during the estimation of the seasonal space heating energy 
efficiency (s). Nevertheless, the fraction of measured energy requirements against nominal heat output 
is not very high. The maximal value does not exceed 1% and usually this fraction is less than 0.6%. 
Finally, this paper discusses the necessity of the frequently measurement gauge calibration by the 
external institution that has accreditation certificate. It is suggested that the consideration of the rules 
included by gauge producer is enough to obtain sufficient uncertainty of s determination. 
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Abstract 

Flows through the cavities takes place in many machines and devices. The most popular examples 
include: landing gear cavities, bomb hatches, open car windows or gaps in car bodies. Those examples 
relate to open flows. In addition, this type of flow occurs in many elements of a gas or steam turbine 
blade system such as labyrinth seals or rim seals applied between the stator and rotor disks of the 
turbine stage. In those cases the influence of the flow channel walls on the mechanism of generation 
and propagation of disturbances should be additionally considered. The flow over cavities is 
characterized by a strong flow field instabilities associated mainly with the formation of a vortex 
shedding in the inlet area and strong pressure pulsations which are the source of generated noise. The 
vortex path that is being formed is often characterized by large coherent structures. Their number 
directly affects the frequency of the generated acoustic wave. 

The presented research is a continuation of the authors' work on this type of flows. The aim of this 
paper is a detailed comparison between numerical and experimental research which will cover a wide 
range of flow conditions including two basic modes of cavity acoustic response along with the 
transition between these modes. 

1 Introduction 

Flow through cavities is a complex phenomenon difficult to investigate using computational fluid 
dynamics (CFD) techniques. Applied numerical models need to be carefully validated based on 
experimental studies. Research on this phenomenon presented in the literature concerns a wide range 
of flow conditions including subsonic, transonic and supersonic flows where strong wave phenomena 
occur. Very different geometries and scales of the cavities are considered, depending on their 
application. The most frequently analysed cases relate to open flows. Nevertheless, this type of flow 
occurs in many elements of machines and devices such as gas or steam turbines, where additionally 
influence of rotational effects need to be considered. An example of this type of flow is the rim seals 
between the gas turbine stator and rotor blades. The current effort is focused on the development of 
appropriate models and tools that will allow full understanding and correct modelling of the presented 
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phenomenon. For this purpose, CFD models based on the solution of the average or filtered Navier-
Stokes equations are adopted. The problem in all type of analysis is the correct modelling of the 
coupling between the acoustic and the flow field. Hence, high time and spatial discretization are 
required. The methods based on the solution of the averaged Navier-Stokes equations usually make it 
possible to determine only tonal noise with a single fundamental frequency. LES (Large Eddy 
Simulation) [1][2][3] methods and SAS (Scale Adaptive Simulation) [4][5] or DES (Detached Eddy 
Simulation) [6][7] methods allow the determination of broadband noise without clearly marked basic 
frequencies. This type of noise is most often associated with turbulence generated in high Reynolds 
flows. 

The research presented in this paper is an extension of the work presented in [8][9][10]. The purpose 
of these works was acoustic and flow analysis using CFD methods as well as analysis of heat transfer 
conditions in the case of heated cavities. The authors pointed to the relationship between strong non-
stationary effects generated within the cavity and heat transfer conditions. The studies were 
supplemented with partial validation of the applied CFD model, which was presented in [11]. 
However, the tests were limited to only one basic flow condition. The aim of this paper is a detailed 
comparison between numerical and experimental research which will cover a wide range of flow 
conditions including two basic modes of cavity acoustic response along with the transition between 
these modes. 

2 Test stand and measuring system 

The test stand with an air preparation system is presented in Figure 1. The installation is designed to 
work in under pressure. The test stand consists of three main segments. The first is the converging 
inlet part with an opening angle of 60. The next part is a rectangular channel with a 50x40 mm cross-
section. The cavity is located in the middle part of the channel. The last element of the test stand is the 
transition from a rectangular to circular cross-section and connection to the air preparation system. The 
main element of the air preparation system is the Roots DR124T blower with a maximum flow rate of 
12.4 m3/min. It is powered by a 13.2 kW synchronous electric motor and the maximum under pressure 
possible to obtain is 50 kPa. It is directly connected to the 3.2 m3 air tank. The air tank is additionally 
equipped with two control valves which control the mass flow rate in the main pipeline. The tank 
compensates pressure fluctuations associated with the operation of the Roots blower. 

 

 

Figure 1: Scheme of the test stand and the air preparation system 

The remaining part of the air system is based on an aluminium pipeline with a diameter of 105 mm. 

The measuring system  of the test stand consists of three main blocks: 

- fast-changing signals measuring block, 

- measuring block for slow-changing process parameters, 

- data visualization and acquisition block - PC with software. 
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For measurements of the acoustic signals, a set of miniature electret microphones with a diameter of 
=6 mm was used. The microphones make it possible to record sound pressure levels up to 150 dB 
(632 Pa). Each of the microphones works with a separate microphone amplifier with adjustable gain. 
The calibration of the microphone measuring track was carried out on a prepared stand with a high-
power pistonphone. The set of eight microphone amplifiers works with the National Instruments NI 
USB-6216 measuring module. It is a universal system containing a 16-channel, 16-bit AC converter 
with 400 kS/s sampling and communication with a master computer via a serial USB port. 

Process signals include reading parameters from two orifices and one thermoanemometer installed on 
the pipeline. They enable the precise measurement of the flow rate. In addition, the pressure and 
temperature of the flowing gas are measured. Direct measurement of velocity on the test stand is 
possible with the use of Prandtl tubes. The system includes two measuring lines for cooperation with 
two Pitot probes. All process signals are fed to the ICP DAS universal M-7019 module. It contains a 
16-bit, 8-channel converter with a sampling frequency of 8 samples/s. Communication with the master 
computer is via a serial RS-485 based on the Modbus protocol. 

A dedicated program was prepared in LabView environment to support gathering information from 
the described measuring modules. The program provides online visualization of fast and slow-
changing signals, FFT analysis and data recording. 

3 Applied CFD model 

The developed CFD model was prepared in the Ansys CFX. The software is based on the finite 
volume method for spatial discretization of Navier-Stokes equations. Time discretization is based on 
the implicit backward second order Euler method. The simulations presented in this paper concern the 
solution of unsteady averaged Navier-Stokes equations (URANS). The air properties were assumed 
based on the ideal gas law. The viscosity and thermal conductivity of air were dependent on 
temperature in accordance with the Sutherland formula [13]. The basic equations solved during the 
analysis include continuity (1), momentum (2) and energy (3) equations. 
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In equation (4) Prt is a turbulent Prandtl number. Total enthalpy in equation (3) is defined as: 

ℎ = ℎ +
1

2
𝑈 𝑈 + 𝑘 , (5) 

where ke is a turbulence kinetic energy defined according to (6). 

𝑘 =
1

2
𝑢  (6) 
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The obtained system of equations is closed using the Boussinesq hypothesis. In this case, the Reynolds 
stress tensor is expressed based on the average velocity gradient by the introduction of turbulent 
viscosity μt [14] according to equation (7): 

−𝜌𝑢 𝑢 = 𝜇
𝜕𝑈

𝜕𝑥
+

𝜕𝑈

𝜕𝑥
−

2

3
𝛿

 
𝜌𝑘 + 𝜇

𝜕𝑈

𝜕𝑥
. (7) 

Taking into account Boussinesq hypothesis averaged momentum equations can be written as: 
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where μe is a viscosity defined as a sum of molecular μ and turbulent μt viscosity according to (9): 

𝜇 = 𝜇 + 𝜇 . (9) 

Additionally p’ is a modified value of pressure according to (10): 

𝑝 = 𝑝 +
2

3
𝜌𝑘 +

2

3
𝜇

𝜕𝑈

𝜕𝑥
. (10) 

The last term in equation (10) is a velocity divergence and was omitted in the calculations. A two-
equation Shear Stress Transport (SST) turbulence model proposed by Menter [15][16] was adopted for 
calculations. This model is actually a combination of two turbulence models and combines the 
advantages of the Wilcox k- model near the wall and the standard k- model in the far field. 

The scheme of the adopted computational domain is shown in Figure 2. The length of the inlet section 
and its height were assumed according to Figure 1. The computational domain contains two buffer 
zones where relatively coarse numerical mesh was used. The buffer zones eliminate reflections of the 
acoustic waves from the assumed boundary conditions. 

 

Figure 2: Computational domain 

Two main CFD models were investigated including basic two-dimensional and a fully three-
dimensional computational domain. The numerical mesh was the same in both cases. However, three-
dimensional analysis required proper spatial discretization of cavity span. For this purpose, 50 
elements along the span were used. This made it possible to take into account the viscosity effects 
associated with the presence of the lateral walls of the channel and cavity. The two-dimensional 
domain consisted of 231 000 nodes, while the three-dimensional mesh had 5.9 million nodes. For most 
of the cases obtaining a stable periodicity of pressure fluctuations generated by the cavity required 
more than 100 ms of simulation. 

Table 1: Applied boundary conditions 

Inlet 
Velocity: 30-80 m/s 
Static temperature: 150C 
Turbulence intensity: 1% 

Outlet Average static pressure: ~1 bar 
Cavity and lateral walls Adiabatic 
Heat transfer Total Energy equation including viscous work terms 
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According to the analyses presented in [10], a time step equal to 10-5 s was adopted for the simulation. 
It provides 87 time steps for one period of the acoustic wave generated by the cavity in case of 
velocity in the main channel equal to 50 m/s. To ensure correct time discretization for cases with the 
main flow velocity above 60 m/s, calculations were carried out for a time step of 2.5·10-6 s. This 
results in 110 steps per one period of the acoustic wave in case of main flow velocity equal to 80 m/s. 
Depending on the adopted time discretization and the investigated main flow velocity, the process of 
establishing the amplitude of the generated acoustic wave required from 5000 to 24 000 iterations, 
which translates into a considerable calculation time. The adopted boundary conditions are 
summarized in Table 1. 

4 Experimental and numerical results 

Numerical and experimental studies were conducted for a velocity range of 30-80 m/s. This allowed a 
detailed validation of the adopted numerical models. The analysed working conditions of the cavity 
included typical velocity range at which strong pressure pulsations occur as well as transition range 
where pressure fluctuations vanish. This is a certain distinction from other experimental studies which 
are most often limited to a narrow range of velocity. The strong pressure pulsations are associated with 
various sound generation mechanisms, e.g. the Rossiter feedback mechanism. For each of the analysed 
variants, Fast Fourier Transform (FFT) analysis was performed for both numerical and experimental 
tests enabling determination of the basic components of noise emitted by the cavity. 

  

a) 2D k-ω SST b) 3D k-ω SST 

Figure 3: Spectral analysis of SPL for velocity equal to 30 m/s – CFD models 

 

Figure 4: Spectral analysis of SPL for velocity equal to 30 m/s – experimental data 

Figure 3 and Figure 4 show the results of the FFT analysis obtained in the case of numerical and 
experimental studies for an average main channel velocity of 30 m/s. The results of numerical 
simulations include a two- and three-dimensional model and were obtained for three control points 
located in the centre of each cavity wall. At this flow rate, as expected, the cavity does not emit strong 
tonal noise. This is confirmed by experimental research and three-dimensional CFD analysis. In both 
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cases, a complex SPL course was obtained without clearly marked fundamental frequency. The results 
obtained on the basis of a two-dimensional CFD model varies significantly. In this case, a single 
fundamental frequency of 781 Hz and subsequent harmonics are visible. However, it is worth 
emphasizing that the significant differences result from the strongly non-linear nature of the 
investigated phenomena. This means that pressure pulsations can occur rapidly at a slightly different 
velocity than predicted by the CFD model. 

Strong pressure pulsations well visible in both CFD models (Figure 5) and in the case of experimental 
data (Figure 6) are obtained for the velocity equal to 40 m/s. In this case, the spectrum of the sound 
pressure level obtained based on numerical simulations is similar to experimental tests. The basic 
frequency is determined correctly in all cases. The only difference is the lack of a strongly defined 
second harmonic for the three-dimensional numerical model. 

Figure 7 shows a course of the acoustic pressure fluctuations for a flow velocity of 50 m/s, while 
Figure 8 presents the results obtained based on experimental research. Analysing the experimental 
data, it can be seen that the acoustic pressure pulsations at 50 m/s are strongly periodic. The 
waveforms for all three analysed measuring points, including the centre of the left (L), right (R) and 
bottom cavity wall (B), are of sinusoidal shape. 

  

a) 2D k-ω SST b) 3D k-ω SST 

Figure 5: Spectral analysis of SPL for velocity equal to 40 m/s – CFD 

 

Figure 6: Spectral analysis of SPL for velocity in channel equal to 40 m/s – experimental data 

The analysis of measurement data also shows that the amplitude of acoustic fluctuations for individual 
points remains almost unchanged. The obtained acoustic pressure fluctuation waveforms for all 
investigated CFD models are very similar and are characterized by well visible periodicity of the 
analysed phenomenon. It is also visible in the case of experimental data. For all three measuring 
points, the waveforms of acoustic pressure fluctuations are in phase despite the slight differences in 
the amplitude. This indicates that this type of cavity acts as a Helmholtz resonator and pressure 
pulsations occur evenly throughout the cavity volume. However, this does not exclude the existence of 
an additional type of resonance resulting from the feedback mechanism described by Rossiter [12]. 
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a) 2D k-ω SST b) 3D k-ω SST 

Figure 7: Acoustic pressure fluctuations for velocity in the main channel equal to 50 m/s – CFD 

 

Figure 8: Acoustic pressure fluctuations for velocity in the main channel equal to 50 m/s – 
experimental data 

The corresponding FFT analysis is shown in Figure 9 and Figure 10. It is worth emphasizing the good 
agreement between the two-dimensional model, which is significantly simplified, and the extensive 
three-dimensional model. The highest sound pressure level was obtained for point B, located on the 
bottom wall of the cavity, while the lowest for point R, located on the right wall of the cavity. 

The relatively low value of sound pressure for this point is due to the fact that it is much below the 
place where the vortices hit the wall, hence the higher pressure pulsations on the right wall of the 
cavity will be observed rather in the vicinity of the main flow channel. 

  

a) 2D k-ω SST c) 3D k-ω SST 

Figure 9: Spectral analysis of SPL for velocity in channel equal to 50 m/s – CFD 
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Figure 10: Spectral analysis of SPL for velocity in channel equal to 50 m/s – experimental data 

The largest difference between the sound pressure level values for the analysed measuring points was 
obtained in the case of two-dimensional analysis. A velocity range of the biggest importance is 60-
70 m/s where the strongly non-linear characteristic of the described phenomenon occurs. Within this 
range, the pressure fluctuations extinguished and re-excite. It is accompanied by a significant increase 
in the frequency of the generated sound wave. The exact point of transition is very difficult to predict. 
However, analysing Figure 11 and Figure 12 it can be seen that the results obtained for the three-
dimensional numerical model are in fairly good agreement with experimental research. The amplitude 
of the generated acoustic wave is significantly smaller in comparison to velocities of 40 m/s and 
50 m/s. In addition, a strong second harmonic component with a frequency of about 3500 Hz is visible 
in case of experimental results and three-dimensional CFD analysis. Full extinction of the acoustic 
pressure fluctuation was obtained in the case of two-dimensional analysis. 

  

a) 2D k-ω SST  b) 3D k-ω SST  

Figure 11: Spectral analysis of SPL for velocity equal to 60 m/s – CFD 

 

Figure 12: Spectral analysis of SPL for velocity equal to 60 m/s – experimental data 
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Despite the discrepancies between CFD models, it should be noted that a small change in velocity 
equal to 1-2 m/s can lead to the complete extinction of pressure pulsations as in the case of a two-
dimensional model. 

Figure 13 compares the course of the acoustic pressure fluctuations obtained in the case of two-
dimensional and three-dimensional CFD simulation for a flow velocity of 70 m/s and Figure 14 shows 
corresponding experimental data. Analysis of the pressure fluctuations course for three measuring 
points located inside the cavity shows that sinusoidal wave is obtained similarly to the velocity of 
50 m/s. There are, however, several significant differences between the nature of the pressure 
fluctuation at 50 m/s and the considered higher flow rates. The results of the CFD analysis show that 
at 70 m/s and 80 m/s, the acoustic pressure fluctuations at the bottom of the cavity (point B) are in the 
opposite phase to the points located on the side walls of the cavity (points L and R). Therefore, in this 
case, there is a classic feedback mechanism, which was described by Rossiter. The second important 
difference is the significant variations in the waveform of sound pressure fluctuations obtained on the 
basis of two- and three-dimensional analysis. 

In the case of two-dimensional analysis for a velocity of 70 m/s, the obtained pressure fluctuations 
achieve the same amplitude for all three measuring points, although there is a phase shift between 
point B and points L and R. This amplitude is about 100 Pa. Three-dimensional numerical analysis 
shows significant differences in the course of the acoustic pressure fluctuations, especially on the side 
walls of the cavity. The pressure fluctuations amplitude is much smaller, although the fluctuation 
course itself is also sinusoidal. 

  

a) 2D k-ω SST b) 3D k-ω SST 

Figure 13: Acoustic pressure fluctuations for main flow channel velocity equal to 70 m/s – CFD 

 

Figure 14: Acoustic pressure fluctuations for velocity in channel equal to 70m/s – experimental data 

For point B the pulsation amplitude reaches about 200 Pa and for points L and R it is about 80-100 Pa. 
Similar results were obtained on the basis of experimental research. It is also worth emphasizing that 
for a velocity of 70 m/s, the obtained pressure fluctuations values for a three-dimensional model 
coincide with experimental research, and two-dimensional analysis gives underestimated results. 
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Figure 15 and Figure 16 show the corresponding sound pressure level spectrum for the main channel 
velocity of 70 m/s. The step change in the frequency of the generated acoustic wave, which reaches the 
value of 3663 Hz is visible. For velocity of 50 m/s, it was 1235 Hz. The beginning of the change in the 
frequency of the generated acoustic wave was already visible at a velocity of 60 m/s (Figure 12). 

  

a) 2D k-ω SST b) 3D k-ω SST  

Figure 15: Spectral analysis of SPL for velocity equal to 70 m/s 

 

Figure 16: Spectral analysis of SPL for velocity equal to 70 m/s – experimental data 

In this case, two well-marked harmonics were visible, but the component with a frequency of 1257 Hz 
and a sound pressure level of 110.6 dB was still dominant. Very good agreement was obtained in 
terms of frequency and sound pressure level between experimental and numerical studies including 
applied two-dimensional CFD model. Figure 17 shows the spectral analysis of the sound pressure 
level for a flow velocity of 80 m/s and Figure 18 presents the corresponding results of experimental 
tests. 

  

a) 2D k-ω SST  b) 3D k-ω SST 

Figure 17: Spectral analysis of SPL for velocity equal to 80 m/s 
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Figure 18: Spectral analysis of SPL for velocity equal to 80 m/s – experimental data 

For all analysed CFD models, the value of the sound pressure level was close to 150 dB, while during 
the experimental tests the obtained value reached only 120 dB. The jump in frequency is associated 
with the appearance of a second vortex within the cavity neck. This phenomenon was discussed more 
extensively in [9]. The frequency and sound pressure level of the first harmonic for the flow velocity 
range in the main channel equal to 30-80 m/s are summarized in Table 2. 

Table 2: Parameters of the generated acoustic wave for the velocity range 30-80 m/s 

u, m/s Experiment 
k-ω SST 
2D 

k-ω SST 
3D 

Experiment 
k-ω SST 
2D 

k-ω SST 
3D 

 f, Hz f, Hz f, Hz SPL, dB SPL, dB SPL, dB 

30 - 781 - - 125.9 - 

40 1021 977 1025 141.3 135.4 140.4 

50 1235 1148 1156 138.5 138.8 137.4 

60 1257 - 1270 110.6 - 119.5 

70 3663 3418 3613 143.7 131.2 141.5 

80 3663 3613 3613 119.4 149.7 145.7 

 

Analysing the obtained data, it can be seen that both two- and three-dimensional models give similar 
results that are consistent with experimental research except for a velocity of 80 m/s. For this velocity, 
CFD models greatly overestimate the sound pressure level and the difference from experimental 
studies is 26.3-30.3 dB which is 22-25.4%. Higher discrepancies compared to experimental studies 
were obtained for the analysed two-dimensional model, which additionally in some velocity ranges 
imprecisely determines the point of excitation and extinction of the acoustic pressure fluctuations. The 
best agreement was obtained for 40 m/s and 50 m/s. In this case, for a two-dimensional model, the 
difference from experimental research in terms of frequency determination is 4.3-7.0%, while for the 
sound pressure level it is 0.2-4.2% respectively. For the applied three-dimensional model, it is 
respectively 0.4-6.4% for frequency and 0.6-0.8%, in the case of sound pressure level. 

5 Summary 

The experimental and CFD research presented in this paper concerned a velocity range of 30-80 m/s. 
The applied numerical models included simplified two-dimensional and advanced three-dimensional 
models. They were based on the solution of averaged Navier-Stokes equations, and the two-equation 
model of turbulence k-ω SST was used to model the Reynolds stress tensor.  

The obtained numerical results are characterized by good agreement with experimental data taking 
into account the frequency and amplitude of the generated acoustic wave. For the velocity range of 30-
70 m/s, the maximum difference in comparison to experimental data was 6.7% taking into account 
predicted frequency and 8.7% respectively for sound pressure level. In addition, the three-dimensional 
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model correctly captured the transition from the first to the second mode of pressure pulsations 
generated by the cavity. This transition is also visible in the case of the adopted two-dimensional 
model but the moment of the transition is slightly shifted which is reflected in the discrepancy in the 
results obtained for a velocity of 60 m/s.  

The highest difference between experimental and numerical studies was obtained for a velocity of 80 
m/s. In this case, all numerical models correctly predict the sound wave frequency but they greatly 
overestimate the sound pressure level The maximum difference reaches 25.4%. It is also worth 
emphasizing that the three-dimensional numerical model correctly determines the differences between 
the sound pressure level calculated for each of the cavity wall, which results from the limited cavity 
span. 
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Nomenclature 

h specific enthalpy, J/kg 
ke turbulence kinetic energy, J.kg 
p pressure, Pa 
T temperature, K 
t time, s 
U velocity, m/s 
xi,j coordinates 
 
λ thermal conductivity, W/mK 
μ dynamic viscosity, Pa·s 
μt turbulent viscosity, Pa·s 
ρ density, kg/m3 

τ stress tensor, Pa 
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Abstract 
Nowadays, the most difficult technological challenge in energy sector is connected with the gas micro-
CHP units, dedicated to the distributed power generation. They are expected to be of high efficiency 
and at the same time of compact in size. Regarding the first reason, significant increase in 
microturbine efficiency can only be achieved by increase in the engine operating temperature. 
Therefore, one of the critical elements in such installation is the recuperator, which contributes to the 
overall microturbine efficiency in considerable part. Taking into account the system size and its 
efficiency, only the compact heat exchangers with passive techniques of the heat transfer 
intensification can fulfil strict requirements. Very promising are the cylindrical/plate heat exchangers 
with minichannels or heat exchangers with jets/microjets technology. 
In the paper an own construction of plate heat exchanger with minichannels, proposed for high-
efficiency gas microturbine engines with external combustion chamber is considered. It consists of a 
set of steel plates with the channels of rectangular crossection, with 3 mm width and 1.5 mm depth. 
This unit can be supplied with air at temperature about 1000 C and transfer the thermal energy to air 
at temperature close to the ambient level. A numerical model was developed for the entire unit and 
validated with the experimental results, coming from the analysis conducted on the prototype in the 
“cold” conditions (at 18 C) and normal operating conditions (at 957 C). The experimental and 
numerical results, referring to the pressure drop, agreed within 2%-14% range, while referring to the 
heat rate – within 1%-7% range. Analysis of local thermal and hydraulic results was a source of few 
ideas, concerning an optimization of the heat exchanger construction, oriented at the improvement of 
its performance. 
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1 Introduction 

High temperature heat exchangers, classified in literature as working above 500 C [1], are key 
components in many technological and power generation systems. As the recuperators, they are 
present, for example in the systems with a high temperature nuclear reactor or high temperature fuel 
cells, petrochemical processes or power units based on the Brayton cycle, including those using  
transcritical carbon dioxide [2] or they are considered to cooperate with fuel cells [3].  

Systems with external combustion chamber belong to a kind of gas cycles and form a new group of the 
gas micro-CHP units. This solution is very promising for prosumer and distributed power generation, 
in particular when the units are powered with biofuels [4]. In such systems, there are two main 
important aspects, which should be considered – the first one is connected with increase in the 
efficiency, the second one with the small size of the system. Significant increase in microturbine 
efficiency can only be achieved by increase in the engine operating temperature. Therefore, one of the 
critical elements in such installation is the recuperator (sometimes called a regenerative heat exchanger 
(RHX)), which contributes to the overall microturbine efficiency in considerable part. Taking into 
account the system size and its efficiency, only the compact heat exchangers with passive techniques 
of heat transfer intensification can fulfil strict requirements. 

In the literature, the plate and shell-and-tube heat exchangers are described as the most common units 
for high temperature applications. Regarding the plate heat exchangers, there are variety of their 
constructions but very often the classical chevron-type or plate-fin ones are mentioned. These two 
types of plate heat exchangers are predominantly applied in industry [1]. Considering the shell-and-
tube heat exchangers [2], they are also widely used, however, they are characterised by lower 
compactness. This parameter is represented by the heat transfer area density defined as a ratio of heat 
transfer area to the fluid volume. In the modern constructions of heat exchangers, the most interesting 
are heat exchangers with microchannels, with the hydraulic diameter of channels below 200 m [5]. 
Their compactness can be higher than 10000 m2/m3 [6]. Such apparatus requires very expensive and 
advanced manufacturing techniques, like metal laser sintering, selective laser melting or photo-
chemical etching for metal plates manufacturing, which are then joined by diffusion method. In 
authors opinion, in the gas micro-CHP units, heat exchangers with jets/microjets technology can be 
implemented. Their high performance is confirmed in the low-temperature gaseous media [7]. Very 
promising are also the cylindrical/plate heat exchangers with minichannels technology. They are kind 
of compromise between mentioned above classical plate and microchannels heat exchangers. Ratio 
between the cost of manufacture and the performance is a great advantage, which is noticed by 
industrial partners. 

It should be mentioned, that numerical studies of entire 3D heat exchanger geometry is still a 
computational challenge. In the literature some examples referring to the classical plate heat exchanger 
[8] or compact heat exchanger [9] can be found. Non of these examples was compared with the 
experimental data or referred to the minichannels type. Interesting analysis was presented in [10], 
where experimental and numerical studies of plate heat exchanger with microchannels are reported. 
The shortage of numerical analysis comes from consideration of 2D geometry of 1 plate and only 
related to the hydraulic performance. In this paper an own construction of plate minichannels heat 
exchanger, proposed for high-efficiency gas microturbine engines with external combustion chamber 
was considered. Numerical analysis of complete geometry of prototype unit is presented. It is based on 
the results coming from experimental investigations. Comparison of the numerical and experimental 
results is discussed and concluded.  

2 Experimental analysis 

Purpose of the experimental analysis was to check the prototype plate minichannels heat exchanger 
hydraulic and thermal performance. The hydraulic performance was investigated at the constant low-
temperature conditions (called “cold” conditions), while the thermal one at high-temperature 
conditions (called normal operation conditions). An additional aim of such studies was to get 
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necessary data for setting the boundary conditions in the numerical analysis and then to compare the 
results. Air was assumed as the working fluid on both sides of heat exchanger. 

The view of prototype plate heat exchanger with minichannels schematic is shown in Figure 1(a) and 
1(b). It consists of 25 plates on the hot and cold sides, giving the height about 128 mm and entire 
length of about 476 mm. The construction was welded. Working area of the plates is limited to the 
length of 300 mm and the width – 120 mm. Minichannel crossection is of 3 mm width and 1.5 mm 
depth. The plates are made of steel. 

Experimental analysis was conducted on the laboratory stand located at the Department of Energy and 
Industrial Apparatus at Gdansk University of Technology. Its representation is shown in Figure 2. 
Main part of the stand is the analysed prototype unit (1). It was connected with the combustion 
chamber (2), in which the gas burner (3) was located together with the heat exchanging coil (4). The 
exhaust gas outlet is marked as (5). Cold air flow was forced by the compressor (7). Its mass flow rate 
was measured by the flowmeter (6) before entering the heat exchanger. 
 

 

Figure 1: Schematic view of plate minichannels heat exchanger, all dimensions are in mm, (a) view 
from the side; (b) view from the top 

 

 
 

Figure 2: Representation of the experimental stand, 1 – heat exchanger, 2 – combustion chamber,  
3 – gas burner, 4 – heat exchanging coil, 5 – exhaust gas outlet, 6 – flowmeter, 7 – compressor 

 

Pre-heated in the heat exchanger, air flowed through the heat exchanging coil, in which it was heated 
by the exhaust gas. It became the hot medium and passed the heat exchanger on the hot side now. 
Temperature of air was measured at the cold air inlet and outlet and then at the hot air inlet and outlet. 
It was measured with the K-type termocouple of accuracy class equal to 1. Mass flow of air was 
measured using Siemens SITRANS FX330 vortex flowmeter with accuracy ±1% of measured value. 
Pressure drop was determined between the inlet and outlet of hot medium, but it should be again 
emphasized, that it ocurred, when the heat exchanger was at constant low-temperature conditions. The 
Testo 480 (TESTO SE & Co., Germany) was applied with accuracy ±0.3 Pa + 1% of the measured 
value. The heat rate was calculated from following equation: 
 

𝑄 = �̇�𝑐 ∆𝑇 (1) 

T 

T 

T 

T 
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where: 
Q  – heat rate, W; 
�̇�  – mass flow rate, kg/s; 
cp  – specific heat, J/(kgK); 
ΔT  – temperature difference, K; 

The heat rate was specified at each side of the heat exchanger, namely hot and cold, therefore 
temperature difference represents temperature difference between the inlet and outlet on particular 
side. The results will be presented together with the results of numerical analysis. 

3 Mathematical and numerical models 

3.1 Governing equations 

Mathematical model was constructed in a basis of following assumptions: stationary and non-
compressible flow, Newtonian fluid and 3D geometry. Processes of mass, momentum and energy 
transfer fulfil the respective conservation laws and can be described by the following budget equation 
of: 

mass 
𝜕𝜌𝑈

𝜕𝑥
= 0 (2) 

 

momentum 
 

𝜕

𝜕𝑥
𝜌(𝑈 𝑈 ) = −

𝜕𝑃

𝜕𝑥
+

𝜕

𝜕𝑥
2𝜇𝑆 − 𝜌𝑢 𝑢  (3) 

 

and energy 
 

𝜕

𝜕𝑥
𝑢 𝛩 =

𝜕

𝜕𝑥
𝑎
𝜕𝛩

𝜕𝑥
− 𝑢 𝜃  (4) 

 

where: 
Ui,j  – average velocity components, m/s; 
ρ  – density, kg/m3; 
P  – average pressure, Pa; 
μ  – dynamic viscosity, Pa·s; 
Sij  – deformation tensor, 1/s; 

' '
i ju u   – Reynolds stress tensor, m2/s2; calculated from equation 

 

−𝑢 𝑢 = 2𝜈 𝑆  (5) 
 

νt  – turbulent viscosity, m2/s; 
Θ  – average temperature, K; 
  – temperature fluctuation, K; 
a – thermal diffusivity, m2/s, 

'
ju    – turbulent heat flux, K∙m/s, calculated from equation: 

 

−𝑢 𝜃 = −
𝜈

𝜎

𝜕𝛩

𝜕𝑥
 (6) 

 

σt  – turbulent Prandtl number, –  . 
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The Reynolds stress tensor, precisely turbulent viscosity, was modelled with the Realizable k-ε model 
(k indicate the turbulent kinetic energy, while ε – dissipation of k). It was selected as the one, which 
can give good results, but does not require very fine mesh. This conclusion came from previous 
analysis of complex geometries and also was confirmed by the literature report [11]. 

3.2 Geometry and boundary conditions 

Model of geometry, reflecting the real geometry of the prototype unit, is presented in Figure 3. 
Number of plates and channels together with the dimensions agreed with the prototype heat 
exchanger.  
 

 
Figure 3: (a) Modelled geometry of heat exchanger, (b) view of heat exchanger crossection 

 

The next step of numerical model construction was related to the division of computational space and 
generation of the mesh. It was the most demanding task, due to the large differences in a size of 
particular elements. A lot of problems have been met, because in the heat exchanger crossection, there 
were 750 channels. Finally the mesh consisted of about 10 milions of elements, after the mesh 
sensitivity studies. 

Solution of equations set was obtained with SIMPLE algorithm. Numerical schemes of second order 
upwind type were utilized. Applied boundary conditions, based on the experimental data, are listed in 
Table 1 for the cold and normal operation conditions. In the case of cold conditions, the constant 
properties of air were considered, while in the case of normal conditions, the air was treated as the 
ideal gas with properties dependent on temperature. The OpenFoam environment was used to 
construct the model, while PLGrid Infrastructure to conduct the calculations. 

 

Table 1: Boundary conditions 

 
Parameter 

Cold 
conditions 

Normal 
conditions  

Unit Value 

Mass flow rate of cold fluid 25.2 25.2 g/s 
Inlet temperature of cold fluid 18 31 °C 
Mass flow rate of hot fluid 25.2 25.2 g/s 
Inlet temperature of hot fluid 18 957 °C 
Outer wall heat flux 0 0 W/m2 

Reference pressure 1006 1006 hPa 
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4 Results 

Experimental and numerical analyses started with the case of cold operation conditions. Air on both 
sides of plate minichannels heat exchanger was at the same temperature of 18 C. This part was 
oriented on the hydraulic performance of the prototype unit. The results are presented in Table 2. 

 

Table 2: The results for the “cold” operation conditions 

 
Pressure drop 

Cold side Hot side  
Unit Value 

Experimental analysis 685.7 607.3 Pa 

Numerical analysis 589 595 Pa 

 

Very good agreement between experimental and numerical results can be found. The results differed 
in the range of 2% - 14%. Interesting is discrepancy between cold and hot sides pressure drop in the 
case of experimental studies. Such tendency was not exhibited by the results of numerical studies. 
Actually there should not be such difference, because geometrically both sides were identical and the 
properties of working fluid were the same. Therefore, the conclusion, which came from these results, 
refers to some construction imperfections of real prototype unit. It is hard to guess, what kind of 
imperfection occurred there, but it can be supposed that some channels could be partially or fully 
blocked. 

Second stage of the analysis was connected with the case of normal operation conditions. The air 
temperature on cold and hot inlets to heat exchanger were 31 C and 957 C, respectively. Comparison 
of the experimental and numerical results in regard to the outlet temperature of cold and hot media is 
presented in Table 3. 

 

Table 3: The outlet temperature results for the “normal” operation conditions 

 
Outlet temperature  

Cold 
medium 

Hot 
medium  

Unit Value 

Experimental analysis 692 240 °C 

Numerical analysis 841 164 °C 

 

Considering thermal investigations of prototype plate minichannels heat exchanger, agreement 
between the outlet temperature values obtained experimentally and numerically is not satisfactory. The 
difference is in the range 22%-32%. There can be a few reasons of such discrepancy: firstly, some 
obstructions in minichannels, which could be also a basis for pressure drop values differences; 
secondly, the adiabatic boundary conditions, assumed at the outer heat exchanger surface, probably 
should take into account some heat losses; thirdly, the radiation heat transfer should be a part of 
numerical model. All these reasons will be a scope of further considerations. 

Exemplary velocity distribution in two selected rows of minichannels on the hot and cold sides of heat 
exchanger are shown in Figure 4. Figures 4(a) and 4(b) refers to the hot side top and bottom plates, 
respectively, while Figures 4(c) and 4(d) to the cold side top and bottom plates. In Figure 4(a), 
presenting the velocity field in the top plate of hot side, it can be seen that the fluid accelerates when 
entering narrow space of collector before flowing to the minichannels, in which the velocity value 
gradually decreases. Outlet collector is divided in two regions: just behind the minichannels is a region 
of low velocity, nearly rectangular in shape and triangular region of higher velocity values, which is 
located close to the wall. Region of low velocity values creates kind of barrier, therefore in the outer 
region the fluid can move faster. In the outlet, the velocity contours look like spinning, what suggests 
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tornado-like flow of the fluid. Figure 4(b) represents velocity field in the bottom plate of hot side. The 
area of very low velocity can be seen, what looks like a recirculation zone. Velocity in the collector 
reaches very high values (about 40 m/s). In the minichannels, the velocity values decrease. The outlet 
region has similar velocity distribution like in Figure 4(a). The velocity field in the top plate of cold 
side is presented in Figure 4(c). On the cold side velocity values are increasing, what can be clearly 
visible by the velocity contours colour changes. Outlet region also possesses similar features like in 
the case of hot side (Figures 4(a) and 4(b)), where velocity values decreases at the outlets of 
minichannels and this region causes increase of velocity values (up to 45 m/s) in the area close to the 
collector wall. In the outlet, the spinning of velocity contours can be also found. It suggests, the 
rotational flow in it. In Figure 4(d), velocity field in the bottom plate of cold side is shown. In the inlet, 
velocity is characterised by very low value, definitely it looks like stagnation or recirculation zone. It 
influences velocity distribution inside the minichannels, where although velocity values increases, but 
big part of the plate is characterised by low velocity values in comparison with Figure 4(c). The 
velocity distribution in the outlet collector exhibits similar tendency like in previous figures, it means 
the area of low velocity just behind the minichannels and triangular area of higher velocity values. 
Very low velocity values can be found in the outlet. 

Cross-sectional temperature field is presented in Figure 5. Three planes were selected to show 
temperature distribution in the fluid minichannels and also in the solid construction material. The 
particular cross-sections are shown in Figures 5(a), 5(b) and 5(c), respectively. Selected planes are 
schematically visualized above the results. In each sub-figures, the temperature scale is different, 
because, temperature values vary in a wide range and utilization of just one scale flattened a fine 
pattern of minichannels temperature. In Figure 5(a), big difference in temperature values, within Plane 
1, can be observed. In Plane 2 (Figure 5(b)), temperature field is divided into two nearly symmetrical 
parts. The axis of symmetry is diagonal. In Figure 5(c), temperature range is very narrow, what 
suggests very effective heat transfer. 

Temperature distribution across the top plate on the hot (left column) and cold (right column) sides is 
presented in Figure 6. Three lines were selected to show temperature values of the wall and fluid. In 
Figure 6(a), the results for Start line are presented. It should be pointed out, that on the hot and cold 
sides, the Start line is located at opposite ends of the plate. In Figures 6(b) and 6(c) the results for 
Middle and End lines are shown, respectively. The results are shown in relation to central axis of the 
plate minichannels heat exchanger unit, therefore a distance is in the range from -0.06 m to 0.06 m, 
what gives 0.12 m of working area width. In the left column, temperature values of the fluid are higher 
than of the wall, while in the right column, temperature values of the wall are higher than that of the 
fluid. Close to the inlet of hot fluid, temperature difference between the fluid and the wall is relatively 
low in the area close to -0.06 m. On opposite side (close to 0.06 m), the temperature difference is 
larger. In the right column (cold side), distribution of wall temperature is almost constant. Cold fluid 
temperature distribution exhibits some inclination, but is also nearly constant. The lowest temperature 
value could be found in the region close to the cold fluid inlet. Middle line temperature distribution 
(Figure 6(b)) for both hot and cold sides represents small temperature difference and what is more 
important, this difference is almost constant along the plate width. However temperature values differ 
significantly in the regions close to -0.06 m or 0.06 m. Figure 6(c) shows the results along End lines. 
In the case of hot side (left column), the temperature distribution is almost constant for the wall and 
nearly constant for the fluid. In the case of cold side (right column), temperature difference between 
the fluid and wall, close to the outlet (-0.06 m), takes lower values than on the other side of the plate 
(0.06 m).  

Considering the thermal performance of plate minichannels heat exchanger, the experimentally 
obtained heat rate was determined in the basis of Equation (5), while the numerically obtained one was 
calculated as the average value over the wetted area. This area in the hot and cold sides was equal to 
2.029 m2. The results are presented in Table 4. 
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Figure 4: Velocity field in the case of normal operation conditions in the minichannels of (a) top plate 
of hot side, (b) bottom plate of hot side, (c) top plate of cold side, (d) bottom plate of cold side 

(a) 

(b) 

(c) 

(d) 
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Figure 5: Temperature field in the case of normal operation conditions in the heat exchanger 
crossections (a) Plane 1, (b) Plane 2, (c) Plane 3 

 

(a) 

(b) 

(c) 
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Figure 6: Temperature distribution in the case of normal operation conditions in the top plate of heat 
exchanger hot side – left column and cold side – right column at three selected lines, (a) Start line, (b) 

Middle line, (c) End line 
 

Table 4: The heat rate results for the “normal” operation conditions 

 
Outlet temperature  

Cold 
medium 

Hot 
medium  

Unit Value 

Experimental analysis 18000 19500 W 

Numerical analysis 19278 19276 W 

 

The cold side exhibits about 8% of discrepancy in comparison with the hot side, what can confirm the 
conclusion coming from analysis of pressure drop (Table 2) about some imperfections of heat 
exchanger manufacturing. On the hot side, the experimental and numerical results agreed within 1%, 
while on the cold side within 7%.  
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5 Summary 

The numerical analysis of plate heat exchanger with minichannels was conducted in the basis of 
analysis of boundary conditions coming from the experimental case. Good agreement between the 
experimental and numerical results was obtained, however some discepencies were also found. They 
were mainly related to the fluid temperature values at the outlet, cold side pressure drop and the heat 
rate. Experimental and numerical results, in reference to the outlets temperatrure values agreed within 
22%-32% range, pressure drop agreed within 2%-14% range, while the heat rate – within 1%-7% 
range. Referring to the outlet values of fluid temperature, few issues, which could contribute to the 
discrepencies were pointed out, namely non-ideal construction of heat exchanger unit, adiabatic 
boundary conditions, assumed at the outer heat exchanger surface, and the lack of radiation heat 
transfer in the numerical model. In regard with cold side pressure drop and heat rate, the results 
suggest again some problems with manufacture or assembly of the heat exchanger. Additionally, some 
conclusions referring to the velocity and temperature field are formulated. Considering the velocity 
field at the inlets on both sides of plate minichannels heat exchanger, the recirculation or stagnation 
zones could be identified in the area close to the bottom plates. These zones influence the velocity 
distribution in the minichannels. Close to the top plates, also on both sides of analyzed unit, spinning 
velocity contours suggest tornado-like movement of the fluid. Considering the temperature, its 
distribution on the plates of the hot and cold sides, exhibits inequalities along and across the plates. 
Middle part of heat exchanger unit is characterised by the constant temperaure difference between the 
fluid and the wall, on both sides. Presented temperature fields, varying in the space, suggest heat 
transfer not only through the wall, but also along it, therefore the phenomena of axial conduction [12] 
should be taken into account. Analysis of local thermal and hydraulic results, was a source of few 
findings (stagantion, recirculation zones of the fluid or axial conduction), which can help to improve 
construction of plate minichannels heat exchanger and to optimise its performance. 

Nomenclature 

a – thermal diffusivity, m2/s, 
cp  – specific heat, J/(kgK), 
�̇�  – mass rate, kg/s, 
P  – average pressure, Pa, 
Q  – heat rate, W; 
Sij  – deformation tensor, 1/s, 
ΔT  – temperature difference, K; 
Ui,j  – average velocity components, m/s, 

' '
i ju u   – Reynolds stress tensor, m2/s2, 

'
ju    – turbulent heat flux, K∙m/s, 

Θ  – average temperature, K; 
  – temperaturę fluctuation, K; 
μ  – dynamic viscosity, Pa·s; 
νt  – turbulent viscosity, m2/s; 
ρ  – density, kg/m3; 
σt  – turbulent Prandtl number, –   
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Abstract 

The steam reforming reaction is widely used for obtaining syngas, a mixture of hydrogen and carbon 
monoxide. The process consists of two reactions - the reforming and water-gas-shift reaction. The 
reforming reaction has a strong endothermic character, which means it requires a considerable and 
continuous heat supply to proceed. Due to the process character, a highly non-uniform temperature 
field develops inside the reactor. It has a consequence in large temperature gradients, leading to the 
catalyst degradation and a reduced lifetime of the reforming unit. The aim of the presented research is 
to unify the temperature field developing in the reactor, for easier control of the process and extension 
of the reformer's life expectancy. A conventional plug-flow reactor consists of a cylindrical pipe body 
filled with catalyst. The presented methodology included optimizing the catalyst distribution in the 
reactor to acquire the most uniform temperature field possible. A genetic algorithm was chosen to be 
the mean of finding the most advantageous alignment of the catalyst. It is an example of evolutionary 
algorithms, basing on rules similar to natural selection. The algorithm generates a random, initial 
population of reactors and calls the reforming simulation over each of them. The computation results 
are then evaluated and ranked using predefined fitness functions. The ranked reactors parameters' are 
further recombined with selection probability based on the fitness values, until a whole new 
population is created and the algorithm's loop restarts. The higher the fitness value of a specific 
reactor, the higher are the chances of passing its segments composition to the proceeding generation. 
The fitness computation leaves a vast space for improvements, as it may be computed based on many 
different process' parameters. This work focuses on distinguishing differences in the algorithm 
performance, depending on the formula for fitness calculation. The algorithm's converging speed, 
overall fitness values of specimens and optimization results were investigated and compared. 

1 Introduction 

The steam reforming reaction is currently the most favored method for acquiring hydrogen used 
worldwide [1]. Until the 1980', the hydrogen was mostly produced for ammonia production on the 
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way of the Haber-Bosch process [2]. Nowadays, due to the growing interest in fuel cells and clean 
energy technologies, hydrogen is increasing in its popularity. Hydrogen has a promising perspective 
for being used to store surplus energy produced from renewable sources such as biogas and biofuels 
[3],[4]. As long as no proper distribution network for hydrogen will be set up, the only valid choice is 
to produce hydrogen in its exact demand [5]. The most suitable solution is setting up micro-scale 
reforming reactors, which can convert different types of hydrocarbon-based fuels into syngas. 
However, the reaction conditions have to be altered regarding the fuel used. The most crucial issue 
occurring during the reforming reaction is carbon deposition [6]. It has been proven that proper 
handling of the ratio of fuel and steam fed to the reactor, as well as thermal conditions in the reactor, 
might help with reducing or even eradicating the carbon formation phenomenon. However, the 
conditions differ regarding the fuel used for the reforming reaction and they have to be optimized 
separately for each kind of feedstock [7]. What is more, the improvement of the reactor's thermal 
conditions was already proved to enhance the reforming reaction rate [8]. The issue of the thermal 
management in the steam reforming reactor was addressed by researchers, who introduced a structured 
catalyst [9], separate catalytic zones [10], or insertion of metallic foams for an improved heat transfer 
during the reforming process [11]. Although the given concepts are promising, they are not universal 
for all the possible feedstocks, and the reactor needs to be optimized for each of them separately. Our 
research team has already conducted an optimization of a catalyst distribution in a macro-patterned 
methane/steam reforming reactor, using a genetic algorithm [12]. The genetic algorithm is chosen as a 
tool for the optimization, as thanks to its non-deterministic nature and a vast search region, it is 
expected to handle even with adversely conditioned problems with a large number of local optima 
[13]. The genetic algorithm originates from the natural selection process and operates based on the 
survival of the fittest. Each solution considered by the algorithm is evaluated, basing on user-defined 
fitness functions, and placed in a ranking, deciding which of them have the highest plausibility of 
passing their parameters to the subsequent generations. Due to the incorporation of a complex 
reforming's heat and mass transfer model, the algorithm's operation requires quite a long time. 
Calculation of a relevant amount of generations can take up to 800 hours. Therefore, a proper 
improvement of the algorithm is required, as to allow it for faster converging and possibly finding 
better-optimized solutions, than ones found by now. The presented research aimed to test two different 
approaches to the evaluation of the specimens considered during the algorithm's operation. The first 
method analyzed the temperature gradients in a single reactor globally, while the second one took into 
account only local values of temperature gradients. The conduced analysis consisted of: 

 composing two different strategies for the fitness calculation and their incorporation into the 
genetic algorithm, 

 calculation of thirty subsequent generations for both of the algorithms, 

 analysis of the acquired results and comparison of the two strategies by the most optimal 
solution found, overall populations’ fitness and converging characteristic of the each 
algorithm. 

 

Figure 1: The computational domain 

364



2 Mathematical model 

The geometry of the reactor incorporated into the mathematical model is presented in Fig. 1. The 
considered reactor consists of a cylindrical pipe. Thus, axial symmetry is assumed and the geometry is 
simplified to a two-dimensional case. The reactor is divided into 30 separate segments. Each of the 
segments has the same dimensions and may be filled with a metallic foam or a catalyst material. Both 
materials may differ in their porosity. The catalyst used in the analysis was chosen to be a fine powder 
mixture of nickel and yttria-stabilized zirconia (Ni/YSZ). A steel foam was picked to be the second 
media. The arrangement of the materials is the most crucial aspect of the moderation of the 
temperature distribution inside the reforming unit. The catalytic segments are expected to cause the 
most significant temperature gradients, as the occurring reaction has a strong endothermic character 
[14]. The introduction of the non-catalytic segments is supposed to limit this phenomenon's level, as 
metallic foams have good thermal conductivity and the considerable surface of heat exchange, 
allowing the gas mixture to reheat while passing through a non-catalytic segment [15, 16]. 

2.1 Chemical Reactions Model 

The steam reforming reaction’s model has to consider the chemical reactions. The two preeminent are 
the methane/steam reforming reaction (Eq. (1)) and the water-gas shift reaction (Eq. (2)) [14], which 
are described below: 

 methane/steam reforming reaction (MSR):  

 
(1) 

 water-gas shift reaction (WGS): 

 
(2) 

The MSR reaction occurs rather slowly. Thus, calculation of the MSR reaction rate is essential for a 
reliable analysis (Eq. (3)). Our team had conducted an experimental analysis of the process previously, 
and basing on the acquired results the MSR reaction rate equation can be formulated as follows [17]:  

 
(3) 

The WGS reaction has a swift character and is assumed to be in equilibrium at the reforming 
temperature [14, 18]. The assumption of equilibrium maintenance was validated by Ahmed and Foger 
[19]. However, they reported that it is possible only under specific circumstances. Thus, the analysis 
was designed to meet the requirements described by their work. The adequateness of the proposed 
approach was confirmed by other researches [18, 20]. Moreover, the acquired numerical results have 
been found to be in good agreement with the experimental results [17, 21]. As the presented analysis 
approach corresponds to the assumptions described in the given literature review, the WGS reaction is 
assumed to be in equilibrium. Therefore, CO, CO , H and H O have to satisfy the Arrhenius’ equation 
(Eq. (4)), described below: 

 

(4) 

2.2 Heat and Mass Transfer Model 

The mathematical model, of the process being the subject of the analysis, is based on the fundamental 
transport equations (Eqs. (5) - (8)). The governing equations are incorporated into the model using the 
volume-averaging method, as the porous structure of the material is not applied directly into the 
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model. The volume-averaging method is a comprehensive solution, assuming local averaging of the 
process’ parameters for a representative volume [22]. 

 
(5) 

 

(6) 

 
(7) 

 
(8) 

The rates of mass consumption and production during the MSR and the WGS reactions (Eqs. (1) - (2)) 
are calculated basing on the reaction kinetics [11, 17] and are further applied to the mass transfer 
equation (Eq. (8)). The heat generation rates at the MSR and the WGS reactions depend on their rates, 
and are described by the following equations (Eqs. (9) - (10)): 

 
(9) 

 (10) 

3 Genetic Algorithm 

The method chosen to be the mean of the presented optimization is a genetic algorithm (GA). The GA 
is a comprehensive search technique developed by John Holland and his associates [13]. The GA 
originates from the natural selection and is based on the survival of the fittest. As the algorithm is 
inspired by natural processes, a vocabulary specific for genetics is introduced. Thus, a single 
parameter has named a gene, a whole set of parameters for a single solution is called a chromosome, a 
single solution is called a specimen and the whole set of solutions goes by the name of a population 
[13]. The algorithm starts its operation with the generation of an initial population of specimens 
having their chromosomes fully randomized. Afterward, the methane/steam reforming simulation is 
called over each of the specimens. The simulation results are evaluated and each of the specimens has 
a specific fitness value assigned. In the presented analysis, the reactors are ranked by the percentage of 
methane converted during the reaction and temperature differences occurring in the reactor. After 
having calculated the fitness of each specimen, the crossover procedure begins. The crossover is an 
operation leading to the formation of subsequent populations. The specimens are randomly paired with 
a selection probability defined by the calculated fitness. Thus, the higher the fitness, the higher the 
chance for a specimen to be selected for the crossover procedure. After the pairing is done, the 
chromosomes are translated into bit strings, split in a randomly selected point and interchanged. The 
crossover procedure is ready when a new population of a corresponding amount of specimens is 
formed. Then, the time comes for a random mutation. The mutation changes a single character in the 
bit string for the introduction of new genes into the population. This operation is meant to prevent the 
algorithm from settling in a local optimum of the search space [13]. The whole procedure is repeated 
until the convergence criteria are met. The operation of the genetic algorithm was summarized in Fig. 
2. The algorithm used in the presented analysis is developed to modify segments composition in a 
single reactor. Thus, it randomizes the porosity of segments and if a specific segment should be a 
catalytic or a non-catalytic one. Then the catalyst density �̇�  is calculated for the catalytic segments 
(Eq. (11)), basing on the information of the porosity 𝜀 and base nickel density 𝜌 , as follows: 

 
(11) 
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The Ni/YSZ mixture in the presented analysis was chosen to be in ratio 60 : 40. Thus, the base nickel 
density is equal to 5.3448 · 106  g m-3, resulting from multiplying solid state nickel density by 60 %. 

 

Figure 2: The principles of the genetic algorithm 

3.1 Fitness functions 

The fitness value for each of the reactors may take real values between 0 and 1. To compute the 
overall fitness the weighted average is used (Eq. (12)). 

 
(12) 

where 𝜔  and 𝜔  are weights and 𝑓  stands for the thermal fitness and 𝑓  for the methane 
conversion rate. For the analysis, the weights are chosen to be 𝜔  = 0.4 and 𝜔  = 0.6, respectively. 

3.1.1 Methane Conversion Rate 

The methane conversion rate for each of the specimens is calculated using a simple formula, using 
information about the mole fraction of methane at the inlet and the outlet of a single reactor, as 
follows: 

 

(13) 

3.1.2 Temperature Difference 

The presented analysis regards analysis of the algorithm’s converging speed, considering different 
functions evaluating the temperature difference in the reactor. Two different functions are proposed, as 
follows: 

 The algorithm (A) - fitness function analyzes the temperature difference globally, meaning 
that the function seeks for the highest and the lowest temperatures occurring in a single 
reactor, then subtracts the values and saves the acquired result. 

 The algorithm (B) - fitness function analyzes local temperature gradients. It checks the exact 
difference of temperature between neighboring control volumes in the reactor. After all of the 
differences are computed, the function selects the highest value found and saves it for further 
computation of the final fitness value. 

367



Both functions use the same formula for the fitness calculation (Eq. (14)): 

 
(14) 

where ∆𝑇 stands for the saved value, calculated by each of the functions and ∆𝑇  stands for the 
highest possible temperature difference, specified by the user. 

3.2 Convergence Criteria 

The described algorithms are set to operate until the convergence criteria are met. The criteria are 
based on the described most fit functions and are analyzed for the fittest specimen in each of the 
subsequent populations. The first criterion regards the methane conversion rate 𝑓 . It was required 
to exceed 0.6. The second criterion considered thermal fitness 𝑓 , which was required to exceed 0.65. 
It is mandatory to meet both criteria for the algorithm to break its operation. For both of the 
algorithms, the criteria were identical, as to allow their reliable comparison and analysis of the 
acquired results. 

4 Numerical Results 

The prepared mathematical model and the optimization algorithm are used to perform two separate 
sets of numerical calculations. The analysis is mainly focused on the behavior of the algorithms with 
different approaches to the calculation of thermal fitness (Eq. (14)). The first set of calculations is 
executed for the algorithm with temperature gradients analyzed globally. The second, for the algorithm 
in which local temperature gradients are taken into account. The operation of both of the algorithms is 
analyzed regarding their converging speed, the fitness of the most optimal specimen found and the 
average fitness value acquired for subsequent populations. To allow defining if an actual optimization 
of the thermal conditions is achieved, the definition of a reference case is essential. 

4.1 Reference Case 

Before the calculations can be commenced, a proper reference case has to be specified. The reference 
case will serve as an exemplary conventional reactor for further comparison of the optimization 
results. Only with having it defined, it is possible to measure whether an actual improvement of the 
thermal conditions was acquired during the optimization process. The reference reactor is set to be a 
conventional one, with a homogeneous distribution of the catalytic material and no metallic foams 
introduced. The total length L of the reactor was equal to 0.3 m, it’s radius R was settled at 0.05 m. 
The porosity of the catalyst in the reference case was set to be equal to 0.5. The simulation of the 
reforming process was conducted for the described reactor. The acquired methane conversion rate was 
equal to 0.73 and the thermal fitness reached 0.1. The temperature distribution for the reference case is 
presented in Fig. 3: 

 

Figure 3: Temperature distribution in the reforming reactor - reference case (𝑓  = 0.73, 𝑓  = 0.1, L 
= 0.3 m, 𝑇  = 900 K, 𝑢  = 0.15 m s-1, SC = 2.0) 
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After having analyzed the temperature profile, presence of gradients can be easily observed. 
Moreover, a notable temperature decrease is spotted at the inlet of the reactor, due to activation of the 
reforming reaction. 

4.2 Initial Population 

The developed genetic algorithms start their operation with randomization of thirty separate reactors, 
as described in section 3. Afterward, the reforming simulation is called over each of the composed 
reactors. The initial population was generated only once and then used by both of the GAs to make a 
comparison of the algorithms as reliable as possible. The fitness distribution, acquired for the initial 
population, is presented in Fig. 4. The part of the search space including the most fit solutions is 
labeled as the pursued region. 

 

Figure 4: Fitness distribution in the initial population for both of the genetic algorithms 

Two of the initial population specimens are chosen for the presentation of the temperature profile, 
forming inside the reforming reactor (Fig. 5). The segment composition for these reactors is fully 
random and the results serve only to demonstrate the overall improvement of the population fitness 
among the subsequent generations. Thus, no specific conclusions can be drawn for now. 

 

Figure 5: Temperature distribution in the reforming reactor - a) first specimen (𝑓  = 0.48, 𝑓  = 
0.50), b) second specimen (𝑓  = 0.45, (𝑓  = 0.52) (L = 0.3 m, 𝑇  = 900 K, 𝑢  = 0.15 m s-1, SC = 

2.0) 

369



4.3 Optimization results 

The simultaneous operation of both of the algorithms was maintained until both of them converged. 
The algorithm in which thermal fitness was based on temperature differences analyzed locally 
converged two generations earlier than the second algorithm. The algorithms operated continuously 
for thirty subsequent generations, starting with an identical set of initial specimens. The fitness 
distribution acquired in the 30th generation, for both of the algorithms, is presented in Fig. 6. 

 

Figure 6: Fitness distribution in the 30th
 generation: a) algorithm (A), b) algorithm (B) 

Basing on the Fig. 6., it can be concluded that the algorithm with thermal fitness analyzed locally 
tends to return better results. However, the algorithm (B) converged two generations earlier, thus the 
presented results are post-convergent. Due to partially random nature of the genetic algorithm, faster 
convergence, may be suspected to be coincidental. Therefore, an analysis of fitness change through the 
subsequent generations is essential. The average and best fitness values acquired in every fifth 
generation are summarized in Fig. 7. 

 

Figure 7: Change of the fitness value among the subsequent generations 
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After analyzing the Fig. 7., it is clear that the sole change of the approach to the fitness calculation 
may bring significant improvements. The converging speed and overall fitness values acquired during 
the optimization are considerably better for the algorithm (B). Moreover, the algorithm (B) returned 
the most fit solution, with a fitness notably higher than the one returned by the algorithm (A). The 
temperature distribution for the most fit specimens found is presented in Fig. 8. 

 

Figure 8: Temperature distribution for the most fit specimens - a) algorithm (A) (𝑓  = 0.67, 𝑓  = 
0.58), b) algorithm (B) (𝑓  = 0.72, (𝑓  = 0.63) (L = 0.3 m, 𝑇  = 900 K, 𝑢  = 0.15 m s-1, SC = 

2.0) 

5 Conclusions 

The conducted research aims to define if different approaches to the calculation of the thermal fitness 
may influence the overall operation of a genetic algorithm, in the case of optimization of the 
temperature distribution in a reforming reactor. Two different algorithms are proposed. Algorithm (A) 
with temperature differences analyzed globally, and algorithm (B) analyzing the local change of 
temperature between neighboring control volumes. The algorithm's converging speed and the fitness 
of the final solution found are the exact subject of the analysis. After the computation of thirty 
subsequent generations, the returned results revealed that the temperature gradients' local analysis 
gives better results than the global one. Comparing the results with the reference case shows that both 
of the algorithms managed to improve the thermal conditions in the reforming reactor, with only a 
slight decrease in the methane conversion rate. The algorithm (B) performed better, considering both 
the converging speed and the fitness of the most optimal solution found. However, the fitness value in 
the algorithm (B) earned only a minor improvement through the closing generations. The noticeable 
stagnation may be caused by settling into a local optimum. Thus, further improvements have to be 
introduced into the algorithm procedure. The most important factor needed to be further investigated is 
the mutation rate. Settling in the local optimum may be caused by an insufficient pool of genes in a 
considered population. Thus, the implementation of an adaptive mutation rate may improve the 
process of introducing new genes to the population and eradicate the phenomenon of the 
optimization's stagnation. 
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Abstract 
The presented study focuses on a numerical simulation of the charge transport phenomena inside a solid 
oxide fuel cell anode. The classical mathematical model leads to a notable discrepancy between 
measured and predicted overpotentials. One of the possible reasons is the assumption of the constant 
electrochemical reaction charge transfer coefficient. A modified formulation of the problem includes 
data-driven correction of reaction charge transfer coefficients in the electrochemical reaction model. A 
dedicated computational scheme was developed in which a deep-artificial neural network updates the 
charge transfer coefficients depend on operational conditions and available data sets. Neural network 
was trained on twelve experimental data points of polarization curve of an anode obtained from 
literature. Training set contained data for the anode operating in two different temperatures - 800 and 
900 degree Celsius. Test set contained six data points for anode operating in 1000 degree Celsius. 
Coefficients' form proposed by the ANN differ from typically used in the literature. Instead of being 
independent from temperature and withdrawn current, ANN proposed coefficients that change 
nonlinearly with these variables. Change of coefficients with temperature and withdrawn current is in 
accordance with electrochemical laws. The results of predictions are juxtaposed with the experimental 
data from the literature, giving an excellent agreement and indicating improvement of the mathematical 
model of SOFC. Mean square error on training data set was 5.151e-05 and on test data points equal to 
6.682e-05. It was shown that such a combined approach could lead to successful prediction of anode 
overpotential and could be a useful tool in the optimization-design process. 

1 Motivation 

Solid oxide fuel cells (SOFCs) are devices that convert the chemical energy of fuel and oxidant directly 
to electricity. Recently, SOFCs are becoming increasingly more popular due to their prominent features 
such as high efficiency, fuel flexibility, low emission of pollutants, hybrid energy system capacity, 
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multiple geometrical configurations. On the other hand, high operating temperatures and complex 
interaction between cell elements constitute the main challenge. A single cell combines positive and 
negative electrodes separated by a gas-tight solid-state electrolyte. The direct conversion of fuel and 
oxidant occurs at the microscale contact line of pores with the electrons and ions conducting phases - 
the so-called Triple Phase Boundary (TPB). Although some experimental techniques can be used to 
analyze and understand the underlying electrochemistry, numerical simulation remains a dominant non-
invasive method of study. However, numerical analysis of the solid oxide fuel cell constitutes a 
formidable task. The foremost barriers stem from multiscale, multiphysics, and highly non-linear nature 
of the underlying phenomena. Another challenge arises from uncertainties regarding the description of 
electrochemical reactions kinetics, especially empirical parameters in the electrochemistry model that 
are obtained from the fitting to the experimental data. Those parameters, even though very sensitively, 
carry unavoidable experimental errors and often fail to predict the cell characteristic under modified 
physical and geometrical properties (microstructure) of the electrode used. The rate at which the charge 
is transferred from one phase to another is often approximated using the Butler-Volmer formula: 

 
𝑖tpb = 𝑖 𝑒𝑥𝑝

𝛼𝑛𝐹

𝑅𝑇
𝜂act − 𝑒𝑥𝑝

−𝛽𝑛𝐹

𝑅𝑇
𝜂act , (1) 

where F=96 485.3415 s A / mol is the Faraday constant, T is the temperature (K), and α and β are the 
charge transfer coefficients (1) that are obtained by fitting to the experimental data [1], 𝜂act is activation 
overpotential (V), i0 exchange current density (A/m3), n is the number of electrons participating in the 
electrochemical reaction, which is 2 in this study.  

 

In this paper, we focus on the empirical parameters in the above equation, namely charge transfer 
coefficients. The problem will be approached by the integration of an artificial neural network with a 
mathematical model. The artificial neural network will replace only a part of the mathematical model - 
reaction transfer coefficients. We will show that such an approach leads to significant improvement in 
the prediction of electrode overpotential while keeping the adjusted parameters within their physical 
boundaries. 

2 Literature survey 

The most common form of the Butler-Volmer formula assumes α = 0.5 and β = 0.5. This form of the 
equation can be found in multiple numerical works related to the numerical analysis of solid oxide fuel 
cells, as evidenced by the references [2-6].  

The alternative was proposed by Kawada et al. [7] over thirty years ago. They reported that the 
combination of α = 1 and β = 0.5 best reproduces experimental data obtained for solid oxide fuel. The 
Butler-Volmer equation in the form proposed by Kawada et al. [7] is still vastly used in numerical 
simulation of SOFC, as evidenced by the references [8-11], even tough original work restricted those 
parameters to use with cell’s temperature equal to 1000 ℃ [7]. 

Other values such as α = 0.7 and β = 0.4 [12] derived based on data from de Boer [13].  

There are many numerical works in which the values of charge transfer coefficients are not reported at 
all. Neglect of charge transfer coefficients in model description might build the impression that those 
parameters are not essential for the calculations. However, as will be shown in the following part of the 
paper, the polarization curve of SOFC anode is extremely sensitive to those parameters, and it is crucial 
to provide their value to assure reproducibility. 

To summarize the literature review, it is apparent that the SOFC white-box models are not free from 
fitting parameters. The empirical parameters present in the electrochemical model vary in the literature 
and are often chosen to reproduce the authors' measurements better. 
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3 Mathematical Model 

3.1. Mathematical model of transport phenomena  

The calculation is based on the fundamental conservation laws of mass and electrical charge. A system 
of four Poisson differential equations and the Butler–Volmer equation was set up to analyze the transport 
phenomena. Two equations for electric potential are included—one for the electron current in the 
metallic phase and one for the ion current in the oxide phase—as well as a diffusion equation for every 
species of the binary gas mixture within the electrode’s open porosity. The complete set of equations is 
presented below: 

 

 

(2) 

where itpb is the exchange current density per unit volume associated with TPB reaction in anode (A/m3), 
𝜎ele/ion
eff  the effective electric conductivity in the electron/ion conductive phase (S/m), Pi the partial 

pressure of the gas component i (Pa), ϕele/ion the electric potential of the electron/ion conductive phase 
(V), εi the volume fraction of the phase i (1), τi the tortuosity factor of the phase i (1), L anode depth (m), 
F is the Faraday constant (C/mol), j is the electrode’s current density (A/m2) and i0 is the exchange 
current density per unit volume associated with the TPB reaction in the anode (A/m3) and it is estimated 
based on the fitting to the experimental data [12]. In the proposed approach, the values of the charge 
transfer coefficient α is approximated by an artificial neural network, as it will be described in detail in 
the following section. An artificial neural network used instead of simple fitting results in the possibility 
of a nonlinear functional dependency from all of the provided input variables such as temperature, 
withdrawn current, fuel composition, or even microstructure parameters. The final form of the charge 
transfer coefficient is not assumed and is chosen by an ANN by trial and error. Therefore many nontrivial 
types of dependency are examined and compared, resulting in most trustful functional dependency based 
on training and test data. 

3.2. Artificial Neural Network 

3.2.1. Data pre-processing 

Before being used in network training, experimental data is divided into separate training and test data 
sets. As a training set, experimental measurements from 800°C and 900°C have been assigned. These 
would be used to teach the network the patterns and correlations between the input and output data. 
Measurements from 1000°C are assigned as test data. These will be used to check how the network 
performs on data it has never seen and investigates overall performance. The training data was 
subsequently scaled to the range (-1, 1) to improve the error surface shape. 

3.2.2. Network architecture 

The neural network is made up of fully connected layers, where the input layer has two neurons 
corresponding to the entered temperature and current. The network contains one hidden layer consisting 
of three neurons. The number of hidden layers and neurons contained in them was selected by the trial 
and error method. The output layer has one neuron corresponding to the output of the network, which is 
the charge transfer coefficient α. Each neuron in the neural network has Bent Identity as an activation 
function except for the output neuron where there is a SoftPlus. The preliminary values of weights and 
biases are randomly selected according to the Xavier initialization [14]. 
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3.2.3. Training algorithm 

The neural network has been trained using the CMA-ES library in Python version 3.0.3 [15]. This 
acronym denotes the covariance matrix adaptation evolution strategy. The CMA-ES is an evolutionary 
algorithm for difficult non-linear non-convex black-box optimization problems in a continuous domain. 
It was used to find optimal values of weights and biases in the network so that the transmitted α values 
to the model would lead to final results reflecting the experimental data. During the calculation, the 
library's default values were used except for the population size λ of 50 individuals and step size σ of 1. 
The vector of start-up values from which the algorithm executes is the initialized network weights and 
bias. The objective function combines the sum of two errors. One error is the mean square error on 
experimental data and the second error is the sum of squares of the coefficient proposed by the network 
with a value exceeding 2. The second error is the requirement that the values predicted by the network 
will be consistent with the range of numbers describing the actual phenomenon. 

4 Results 

First, the sensitivity study of charge transfer coefficients was performed. Charge transfer coefficients 
affect source term (Eq. (5)), which is present in all system equations (Eqs (1)-(4)). In literature, usually, 
both parameters are selected independently to match experimental results. However, in theory, these 
parameters are connected [16]. Figure 1 shows overpotential changes with the change of one transfer 
coefficient α for constant temperature and withdrawn current. α was taken from [0,1] and β parameter 
was then estimated with relation β=1-α. As can be seen in figure 1, changing the transfer coefficient 
inside physical boundaries result in highly different outputs of the numerical model. From the conducted 
sensitivity analysis, the impact of the transfer coefficient on the predicted cell overpotential is 
particularly strong for 800 ℃, which from three investigated is the most common operational 
temperature of SOFC. 

 

Figure 1: Overpotential change with charge transfer coefficient with constant current density for three 
operating temperatures. Experimental values were taken from [18] 

Training of the Artificial Neural Network was performed as described in section 3. The ANN proposed 
values of the charge transfer coefficient α for a given temperature and current density. The best ANN 
resulted in the form of charge transfer coefficient presented in Figures 2 and 3. Figure 2 presents the 
approximated relations between transfer coefficient and withdrawn current for three different 
temperatures. For higher current densities charge transfer coefficients are almost constant, which is in 
good agreement with the theory [17].   
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Figure 2: The values of the charge transfer coefficient proposed by the neural network for three 
different temperatures of the cell's operation 

Figure 3 presents the approximated relations between transfer coefficient and temperature for three 
different current densities. The transfer coefficient is linearly dependent on temperature. For a high 
current density charge transfer coefficient values approach to a unit. Such estimations of transfer 
coefficient are common in the open literature. The estimate differs significantly from being constant and 
tends to decrease with the increase of temperature when currents are kept at the same level. High 
temperature promotes reaction kinetics, and to maintain the current flow at a constant level, the network 
decreases the charge transfer coefficient. Proposed values depend nonlinearly from the current density 
and linearly with temperature. The decrease of charge transfer coefficient with temperature is in 
accordance with the literature [17]. 

Figure 3: The values of the charge transfer coefficient proposed by the neural network for three 
different temperatures of the cell's operation 

 

Comparison of polarization curves predicted by the model with standard parameters’ values and with 
parameters’ values predicted by the ANN are presented in Figure 4. Parameters’ values and experimental 
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data points were taken from literature [18]. Even with additional constraints imposed on transfer 
coefficients’ values in the form of β=1-α, ANN supported mathematical model was better in the 
prediction of the anode’s performance. The prediction accuracy improves for all three investigated 
temperatures and the entire range of electric currents flows.   

 

Figure 4: Comparison of the I-V curves predicted by the standard mathematical model and the 
IMANN solution proposed in this paper for different temperatures. Experimental values were taken 

from [18]. Points from 800 °C, 900 °C were used during neural network training and 1000 °C are the 
test data set  

For qualitative analysis the overall performance has also been checked in the form of errors on the test 
and training data. As a metric of error, mean squared error (MSE) and sum squared error (SSE) were 
used. The MSE for the test data was 6.682e-05 and for the training data 5.151e-05. The SSE for the test 
data was 4.009e-4 and for the training data 6.181e-4. 

5 Conclusions 

In this study, the Artificial Neural Network was used as a support for the SOFC's anode's mathematical 
model. In the presented approach, the ANN learned the best form of charge transfer coefficient, based 
on the mathematical model performance.  The CMA-ES algorithm was used to search for optimal ANN 
weights and biases values to achieve this goal. The proposed form of charge transfer coefficient was in 
agreement with the literature and increased the mathematical model's overall accuracy. The obtained 
results indicated that the nonlinear functional relation between the transfer coefficient and withdrawn 
current and linear relation between the transfer coefficient and temperature resulted in the smallest 
discrepancy between experiment and simulation.   It was proven that the grey-box approach could be 
used to improve prediction accuracy in SOFC modeling. Obtaining stable and reliable estimation of a 
function that is a part of the electrochemical model, is a milestone for further integrating the solid oxide 
fuel cell model with an artificial neural network. Therefore, the presented approach is the first step in 
integration between SOFC mathematical model and ANN. In a future work ANN could be used to 
predict the exchange current density or solution of one or more of the differential equations. 
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Abstract 

In the recent literature the influence of lean fuel, type of fuel, velocity profile and the flow direction on 
the performance operation of solid oxide cells (SOCs) is commonly investigated. SOCs operate at 
elevated temperature, typically above 600°C. They consist of several layers including two porous 
electrodes which are separated by gas-tight electrolyte. SOCs generate electricity when operated in fuel 
cell mode (SOFC – Solid Oxide Fuel Cell) or produce hydrogen in electrolysis mode (SOEC – Solid 
Oxide Electrolyzer Cell). The typical porosity of anode (fuel electrode in SOFC mode) varies in the 
range from 20% up to 50% (after sintering process). The value of porosity may limit the mass transport 
and the overall performance of SOC. Within this work, the diffusion mechanism in porous electrode 
was investigated computationally. A set of mass transport models (Fick’s laws, modified Fick’s law, 
Maxwell-Stefan Model, Dusty Gas Model), which are used for modelling of SOCs, were analyzed. They 
were thoroughly described and discussed in order to demonstrate their similarities and differences, 
advantages, disadvantages and restrictions in usage. Finally, a detailed computational fluid dynamic 
(CFD) model of the diffusive transport in porous electrode was elaborated in order to determine the 
influence of temperature and the significant concentration gradients of gas components on the mass 
transport in porous medium, like SOC’s electrode. Investigations were performed using anode supported 
SOC, fabricated in the Institute of Power Engineering in Poland. The developed model will be validated 
using experimental data collected at Institute of Power Engineering. Comprehensive analysis of specific 
operating conditions allows the elaboration of the list of guidelines and parameters which can enhance 
gas diffusion at high temperature and in the regime of significant concentration gradients of gas 
components. Results of analysis and models review summarize the best approaches to model the mass 
transfer processes in high temperature membranes, separators, selective sieves or porous filters. 
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1 Introduction 

As Mahatma Gandhi used to say, constant development is the law of life. Development of cities, 
technologies and industries results in constant increase in demand for energy. Being aware of finite 
fossil fuels resources and progressing air quality deterioration, it is needed to take care of the future 
environmental conditions in energy sector. Particularly noteworthy are Solid Oxide Cells (SOC), which 
stand out with high electrical efficiency in Solid Oxide Fuel Cell mode (over 58 %) with minimal 
negative impact on the environment due to high rate of conversion of fuel in the electrochemical 
reaction. 

Nowadays, a lot of efforts are put in prolonging SOFC stability and increasing the generated power. To 
achieve these goals computational fluid dynamic (CFD) simulations were conducted. Modeling of 
diffusion transport mechanism in porous anode requires incorporation of mathematical model of mass 
transport. Many of them are available in literature: Fick laws, modified Fick law, Maxwell-Stefan Model 
and Dusty Gas Model. A comprehensive analysis was carried out to indicate the most appropriate 
mathematical model of gas diffusion in porous media at high temperature and in the regime of significant 
concentration gradients of the gaseous components, taking into consideration structure properties of 
anodes. Anode, treated as a porous medium is one of SOC’s interlayers (Figure 1). Porous electrode is 
made of ceramic-metal composite (cermet) containing yttria-stabilized-zirconia YSZ and nickel oxide.  

   

Figure 1: The interlayers of anode supported SOC (AS-SOC - left) and the view of AS-SOC (middle) 
and anode support (right). Anodes and cell manufactured by Ceramic Branch CEREL of Institute of 

Power Engineering. 

A regime of mass transport throughout the pores is defined by the value of Knudsen number (Eq. (1)) 
and is associated with the diameter of the pores. Three mass transport regimes may be considered: as 
Kn does not exceed 0.1, it is bulk diffusion, if Kn is in the range between 0.1 and 10, it is a transition 
flow, in which bulk diffusion is as much important as Knudsen diffusion, and when Kn is over 10, 
Knudsen diffusion dominates bulk diffusion which means that molecule-wall collisions prevail over 
molecule-molecule collisions [1-2]. In SOFC fuel electrodes the average diameter of pores is usually 
10-7 m order of magnitude and it implicates transition regime of diffusion [3]. 

 

𝐾𝑛 =
𝜆

𝐿
 

 

𝜆 =
𝑘 𝑇

√2𝜋𝑑 𝑝
 

(1) 

A porous medium is characterized also by porosity and tortuosity. The first parameter describes a 
contribution of void space in a material volume. High porosity materials are easily penetrated by the 
fluid and low porosity materials are of high viscosity resistance, but provide large specific surface, 
relevant for surface reactions. The latter parameter, tortuosity concerns the ratio of the diffusion path 
length to the length of a straight channel [4]. Its value increases with the complexity of diffusion path. 
It is one of the factors that confine diffusion transport and is strongly associated with porosity. 

In the remaining part of this paper advantages, disadvantages, validity and computational cost of each 
previously mentioned mathematical model of mass transport in porous media are considered. Further, 
the chosen model was implemented in the 2D simulation model of diffusion across anode in Fluent 
Software. Examined anode was produced in the Institute of Power Engineering in Poland.  
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2 Models of mass transport in porous media 

2.1 Fick’s laws 

In case of Fick’s laws some limitations in validity go with its simplicity. Nevertheless, these laws are 
readily used in many studies [5-8] because of no coupling between expressions for different species 
fluxes that is attractive in terms of use in commercial CFD software and analytical solutions feasibility 
[3]. The second Fick’s law (Eq. (2)) describes unsteady equimolar counterdiffusion in stationary fluid 
[9]. Transport of the components proceeds down the concentration gradient. 

 
𝜕𝑐

𝜕𝑡
= 𝐷 ∇ 𝑐  (2) 

When analysing the diffusion process in a porous fuel cell electrode, it can be assumed that fluid is 
stationary in its volume, mass transport proceeds solely by diffusion and convective transport may be 
neglected. Since diffusive transport in SOFC performance is steady, equimolar counterdiffusion, the 
second Fick’s law simplifies to the first Fick’s law (Eq. (3)) relative to the stationary coordinates for 

binary system [10]), assuming that the concentration profile does not develop with time = 0. 

 𝑁 = −𝑐𝐷
𝜕𝑦

𝜕𝑥
+ 𝑦 (𝑁 + 𝑁 ) 

 
(3) 

Even though I and II Fick’s law meet assumptions mentioned above there are some restrictions that limit 
the applicability of these laws to following cases [11]: 

1. binary diffusion, 
2. diffusion of species that exhibit significant dilution in multicomponent system, 
3. no centrifugal or electrostatic force fields. 

Within porous anode one can observe multicomponent diffusion between high-concentrated hydrogen, 
diluted in inert gas, and water vapour, formed as a result of electrochemical reaction. Furthermore, 
partial pressure gradient of inert gas between porous medium and fuel channel induces diffusion of inert, 
what together with high concentration of hydrogen is inconsistent with condition no. 2 above. If the 
provided fuel is of 100% concentration, binary diffusion occurs. Then application of the first Fick’s law 
with incorporation of porosity and tortuosity influence by introducing effective diffusion coefficient 
(Eq. (4) [12]) is appropriate.  

 𝐷 =
𝜀

𝜏
⋅ 𝐷   (4) 

2.2 Modified Fick’s law 

Modified Fick’s law is based on the assumption originally proposed by Williford et al. [13] that the 
factor limiting current density is surface diffusion of adsorbed fuel components to active centres of the 
electrochemical reaction, where three phases contact with each other: ceramic YSZ (solid electrolyte), 
cermet YSZ-Ni (anode) and gas (fuel). Competitive adsorption occurs between reagents (e.g. 𝐻 , 𝐶𝑂), 
water vapour or other fuel components (e.g. 𝐶𝑂 , 𝑁 , 𝐶𝐻 ). It is worth to mention that species whose 
diffusion is examined must be diluted in multicomponent system to obey the second condition of validity 
listed before. Modified Fick’s model was applied in works of Gholaminezhad et al. [14] and Brus et al. 
[15].  

The parameter that differs modified Fick’s model from standard Fick’s law is the formula of diffusion 
coefficient 𝐷 ,  used in Fick’s law that incorporates influence of bulk and surface diffusion by 
exponential weighted average (Eq. (5)), recommended at high current densities [14]. Obtaining the 
relative surface coverage Θ  (Eq. (6)) is preceded by calculation of the Langmuir parameter 𝑏  and partial 
pressures 𝑝  of the species (Eq. (7) ang Eq. (8)) [15]. 

 𝐷 , = 𝐷 , ⋅ 𝐷 ,  (5) 

where 
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 Θ = 𝜃 / 𝜃  (6) 

 
 

𝜃 =
𝑏 𝑝

1 + ∑ 𝑏 𝑝
 

(7) 

 

 

𝑏 =
𝑁 𝜋𝑟 𝜏

2𝜋𝑅𝑇𝑀
exp (𝑄 /𝑅𝑇) (8) 

The surface diffusion coefficient by Vignes concept modified by thermodynamic factor Γ is expressed 
by Eq. (9) [13], where 𝐷 , ,  corresponds to zero coverage Θ ≈ 0 and 𝐷 , ,  is related to full coverage 
Θ ≈ 1  

 𝐷 , =
𝐷 , , ⋅ 𝐷 , ,

1 − Θ
 (9) 

It is noteworthy that modified Fick’s diffusivity 𝐷 ,  can be used exclusively to reactants concentrations 
at Triple Phase Boundary (TPB), other species such as inert gas or products affect only surface coverage 
by competitive adsorption [14]. Products are formed just at TPB sites, so they do not undergo surface 
diffusion to TPB [13].  

Modified Fick’s model distinguishes simplicity connected with satisfactory results compliance with 
experiments, even more accurate than the most sophisticated mathematical model of mass transport in 
porous media such as Dusty Gas Model (DGM) at high current densities, according to Gholaminezhad 
et al. results [14]. Bearing in mind that all modifications concern diffusion coefficient, one may conclude 
that such a consistency with experiment data is an effect mostly attributed to competitive adsorption 
concept not to Fick’s law. As a drawback, one may consider fitting the activation energy of adsorption 
and surface diffusion coefficients at zero and full surface coverage what may not guaranty reliability in 
another reaction case. This model accurateness is determined by the compliance between values of fitted 
parameters and experimental data. 

2.3 Maxwell-Stefan Model 

One of the assets of SOFC technology is fuel flexibility. With fuel cell performance one may use gaseous 
or liquid fuels, which are reformed to obtain hydrogen. Commonly used fuels are natural gas, biogas, 
methanol, ethanol, glycerol or ammonia [16, 17]. Various products form as a result of reforming process 
e.g. 𝐶𝑂 , 𝐶𝑂, 𝐻  or 𝑁  accompanied by unreacted substrates. Another chemical compound is produced 
in electrochemical reactions such as water vapour. Therefore, in most cases, when pure hydrogen is not 
used as fuel, one deals with at least 3-component gas mixture. If species are not diluted, then following 
process may occur for ternary gas mixture [11]: 

 Osmotic diffusion – at the beginning of the process (t=0), component A, whose gradient is zero, 
undergoes diffusion 

 Reverse diffusion – present from 0 to t1, component A diffuses in higher concertation direction, 
opposite to that what Fick’s law assumes 

 Diffusion barrier – occurs at 𝑡 , when concertation curve of A component in both bulbs archives 
plateau, diffusion does not undergo even though there is a concentration gradient between bulbs 

We encourage to further analysis of diffusion experiment with ideal ternary gas mixture conducted by 
Duncan and Toor [18] for better understanding limitations of Fick’s law. 

Maxwell-Stefan (MS) model was derived over 150 years ago from kinetic theory of gases and describes 
diffusion in multicomponent systems. It assumes that gas consists of vast number of molecules, whose 
collisions are perfectly elastic and the volume of single molecule is negligible compered to considered 
volume of the system. Moreover, the base of MS model is an equilibrium of thermodynamic interaction 
and molecular friction [19]. MS model is expressed by Eq. (10). 
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 ∇𝑦 =
𝑦 𝑁 − 𝑦 𝑁

𝑐 ⋅ Ð

 

 (10) 

In MS equations there is Maxwell-Stefan diffusivity Ð  that corresponds to Fickian diffusivity as 
follows in Eq. (11) [19]. Maxwell-Stefan diffusivity considers concentration impact in isothermal and 
isobaric conditions. 

 Ð =
𝐷

Γ
 (11) 

Where thermodynamic factor Γ is expressed by Eq. (12) 

 Γ = 𝛿 + 𝑦
𝜕𝑙𝑛𝛾

𝜕𝑦
,

 (12) 

When ideal gas or mixture approximation is assumed then Γ = 1 and it is valid in SOFC performance 
conditions such as nearly atmospheric pressure and relatively high temperature, well above critical 
temperature of present gases. In this situation the use of MS model is simplified. Also, analytical 
solutions are available [20]. This model is mostly used in modeling diffusion in nonporous media [21]. 
In some cases, when pore size diameter is large enough to neglect Knudsen diffusion, MS model is 
appropriate as in Huang and Goodenough’s work [22]. 

2.4 Dusty Gas Model 

None of the previously discussed mass transport models included Knudsen diffusion because these 
models were developed before this type of diffusion was experimentally investigated. Dusty Gas Model 
(DGM) is a synthesis of previously known models: multicomponent diffusion, Knudsen diffusion and 
viscous flow coupled with the diffusion which triggers pressure gradient. Dusty Gas Model owes its 
name to the consideration of porous medium as consisted of large, spherical and motionless dust 
particles. The DGM equation is expressed by Eq. (13) [21]. 

 
𝑁

𝐷 ,

+
𝑦 𝑁 − 𝑦 𝑁

𝐷 ,

= −
𝑃∇𝑦

𝑅𝑇
−

𝑦

𝑅𝑇
1 +

1

𝐷 ,

𝐵 𝑃

𝜇
∇𝑃 (13) 

The first term of the left-hand side (LHS) of the Eq. (13) includes molecule-wall collisions (Knudsen 
diffusion). The second term of LHS considers molecule-molecule collisions (MS model of 
multicomponent diffusion). The first term of the right-hand side (RHS) of the DGM equation represents 
concentrations gradient as driving force for diffusion. The next term relates to pressure gradient as 
driving force for permeation, based on Darcy’s law. To obtain this term from Darcy’s law average mass 
velocity was used, whereas on the LHS all quantities were expressed in molar units. This discrepancy 
might be neglected when molecular masses of mixture components are similar. This condition is met on 
the cathode side of SOFC. On the anode side there is a significant difference in molecular mass between 
hydrogen and any other chemical compound. It may lead to some numerical errors in simulations and it 
is worth to consider this aspect while validating numerical model [23]. 

The full form of DGM leads to a system of coupled non-linear differential equations. To simplify this 
model, shorten the calculation time and enable the implementation of flow equations for each component 
in computational fluid dynamics software, an additional assumption of constant pressure in the porous 
medium is often used. When the pressure gradient is assumed to be zero then Eq. (13) rearranges to  
Eq. (14). 

 
𝑁

𝐷 ,

+
𝑦 𝑁 − 𝑦 𝑁

𝐷 ,

= −
𝑃∇𝑦

𝑅𝑇
 (14) 

Writing Eq. (14) for all component leads to Grahams law that is inconsistent with DGM model [24]. To 
avoid presuming Grahams law one recommends consideration of Eq. (14) for n-1 components instead. 
Further, molar fraction of nth component is calculated from the condition that all molar fractions must 

387



 

sum to 1. The comparison of results from the literature obtained from full DGM and DGM with constant 
pressure assumption shows that neglecting the pressure gradient does not lead to considerable errors 
[21,25]. 

3 Numerical methodology 

Among the presented mass transport models currently the most popular in modeling SOFC performance 
are Fick’s law and Maxwell-Stefan model. However, they have some limitations and depending on the 
complexity of gas mixture, parameters of porous medium and flow regime categorized by Knudsen 
number they cannot be always used. The lower the porosity of the medium and the smaller diameter of 
pores, the more complicated calculation. Identically is when the high current density is considered. Then 
the more complicated model is required such as DGM or surface diffusion should be considered. In case 
of low hydrogen concentration and dynamic changes of concentration polarization values, caused by 
insufficient amount of diffusing hydrogen to electrochemical reaction surface, better is to use DGM 
[26]. 

Simulations of mass transport of pure hydrogen and pure carbon dioxide through porous anode in 
opposite directions were conducted with use of DGM in order to include diffusive transport as well as 
permeation. Viscous flux occurs as a result of pressure gradient resulting from diffusion and various 
pressure drop along the channels due to different density and viscosity of the fluid. Moreover, 
simulations were focused on transport phenomena not intensified by electrochemical reaction to 
examine solely mass transport and to identify what may affect the most concentration polarization during 
SOFC performance. Moreover, DGM allows taking Knudsen diffusion into consideration. Comparing 
the ratio of mean free path of considered molecules to the anode average pore diameter of 3.077⋅10-
7 [m] Knudsen number was obtained in the range of 0.2942÷0.5528, hence the transition flow was 
assumed. 

Analysed computational domain of SOFC anode was discreditized into 34 880 cells. Parameters of 
generated mesh are presented in Table 1. Simulations were conducted in 2D, representing the cross-
section of the experimental stand, which is the plane of symmetry, where the components are uniformly 
distributed. 

Table 1: Parameters of generated mesh 

max aspect ratio max skewness min orthogonal quality 
2.7215 1.3236⋅10-10 1 

 

Dusty Gas Model was incorporated into Fluent software by implementing the UDF which defined 
overall effective diffusivity by Bosanquet (Eq. (15) [27]) considering molecular diffusion coefficient 
expressed by Chapman-Enskog formula (Eq. (16) [27]) as well as Knudsen diffusion coefficient 
obtained from (Eq. (17) [27]).  

 𝐷 , =
1

𝐷
+

1

𝐷 ,

 (15) 

 

 
𝐷 =

1,86 ⋅ 10 𝑇
1

𝑀
+

1
𝑀

𝑃Ω 𝜎
 

(16) 

 

 𝐷 , =
𝜀

𝜏
⋅

𝑑

3

8𝑅𝑇

𝜋𝑀
 (17) 

There are as many Knudsen diffusion coefficients as the components, therefore one need to average the 
contribution of them weighted by mole fractions in each computational cell of porous medium. In other 
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regions only molecular diffusivity was calculated. Permeation flux was considered in computation 
process by momentum source term in porous medium generally expressed by Eq. (18). Only viscous 
resistance term was taken into account due to laminar flow and was defined based on Darcy’s law (Eq. 
(19) [28]) and structure parameters of anode material.  

 𝑆 =  − 𝐵 𝜇𝜈 + 𝐶
1

2
𝜌|𝜈|𝜈   (18) 

 

 
𝛻𝑝 = −

𝜇

𝛼
𝜈 

 
(19) 

The momentum source term then occurred in momentum conservation equation Eq. (20) [28,29]. 
Gravitation influence was numerically verified and due to minor changes, it was decided to neglect it. 

 
𝜕

𝜕𝑡
(𝜌𝜈) + ∇ ⋅ (𝜌𝜈𝜈) = −∇𝑝 + ∇ ⋅ (�̿�)+] + 𝜌�⃗� + 𝑆   

 
(20) 

Simulated mass transport was examined in isothermal conditions. Then diffusive mass flux was 
expressed by Eq. (21). Species transport with no surface reaction was formulated as in Eq. (22) [28]. 

 𝐽 = − 𝜌𝐷 ∇𝜔  (21) 

  

 
𝜕

𝜕𝑡
(𝜌𝜔 ) + ∇ ⋅ (𝜌𝜈𝜔 ) = ∇ ⋅ 𝐽 + 𝑆  (22) 

It is worth to mention that diffusive flux was calculated relative to mass average velocity, then units on 
both sides of DGM equation are maintained in the same convention. Furthermore, mass diffusivity 
coefficient is of the same value as diffusion coefficient relative to molar average velocity or volume 
average velocity in case of binary system [11,30]. 

4 Results and discussion 

Mass transport of pure hydrogen and carbon dioxide was investigated in various flow rates from 10 
[ml/min] to 200 [ml/min] in order to determine the impact of residence time in the system on the outlet 
concentrations. Conducted simulations are summarised in Table 3. Parameters of examined anode are 
shown in Table 2. 

Table 2: Anode structure parameters 

𝜀 [%] 𝜏 [−] 𝑅 [1/𝑚 ] 

46.616 2.141 4.37E+15 
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Table 3: Summarised numerical cases 

𝑄 [𝑚𝑙/𝑚𝑖𝑛] 𝑣 [𝑚/𝑠] 𝑅𝑒   𝑅𝑒  𝑦  𝑦  

10 1.3263E-02 0.76 0.07 0.496 0.594 
20 2.6526E-02 1.52 0.14 0.469 0.795 
30 3.9789E-02 2.29 0.21 0.419 0.904 
40 5.3052E-02 3.05 0.28 0.371 0.942 
50 6.6315E-02 3.81 0.35 0.332 0.959 
75 9.9472E-02 5.72 0.53 0.261 0.976 

100 1.3263E-01 7.62 0.71 0.215 0.983 
150 1.9894E-01 11.43 1.06 0.160 0.989 
200 2.6526E-01 15.24 1.42 0.128 0.992 

 

As it can be seen from Figure 2 the most noticeable changes in hydrogen mole fraction values in the 
bottom channel are for small flow rates 10-20 [ml/min]. It indicates that CO2 needs much more time to 
diffuse through the anode. 

It is prominent that hydrogen diffuses more effectively through the porous anode. It is visible in velocity 
field contour plot in Figure 3 for Q=40 [ml/min]. As the amount of hydrogen increases in the upper 
channel, the velocity of the medium increases due to a bigger flow rate and decreases respectively in the 
bottom channel (Figure 3). 

 

Figure 2: Mole fractions of hydrogen at outlets depending on the flow rate 

 

Figure 3: Velocity field for Q=40 [ml/min] 
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Figure 4 presents how the concentration of hydrogen slightly changes in the bottom channel. It indicates 
that carbon dioxide migrates in minimal amount to this channel. In Figure 4, one may notice a huge 
difference in effectiveness of diffusion in channels and within the anode, where Knudsen diffusion is 
considered. In the porous zone value of diffusion coefficient decreases by a one order of magnitude.  

The minor contribution of convective transport in the mass transport through a porous medium is 
evidenced by pressure field contour plot (Figure 5). The average pressure gradient across the anode is 
equal to 0.2 Pa. Pressure gradient is increasing along the channel insignificantly, what can be observed 
in Figure 5. 

 

Figure 4: Mole fraction of hydrogen distribution for Q=40 [ml/min] 

Figure 5: Pressure field in anode for Q=40 [ml/min] 

5 Planned further research 

Further development of model depends on validation process of numerical results. It is planned to 
perform experiments with a usage of a set of planar 50 x 50 mm anodes of SOC, delivered by Ceramic 
Branch CEREL of Institute of Power Engineering. Manufactured anodes have two thickness: 1 mm and 
0.6 mm which reflect standard parameter of anode in anode supported cells (AS-SOC). Initial (before 
NiO reduction) porosity is in the range from 15% up to 35%. In the first step nickel oxide will be reduced 
to nickel, with a usage of a standard activation procedure for AS-SOFC. In the following step, material 
will be experimentally investigated in order to determine the effectiveness of gas diffusion mechanism 
in porous media. The anode will be placed inside a metal housing made of Crofer 22APU. The 
construction of housing is an extended version of reactor proposed by Hecht [31], and it has been already 
implemented in current numerical analysis.  
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6 Conclusions 

Performed in Ansys Fluent software numerical campaign delivered a set of results which indicate the 
tremendous influence of mass transfer processes in porous anode of solid oxide fuel cell. Simulations 
were focused on transport phenomena not intensified by electrochemical reaction to examine solely 
mass transport and to identify what may affect the most concentration polarization during SOFC 
performance. Mass transport of gas components through porous anode in opposite directions were 
investigated with a usage of DGM in order to include diffusive transport as well as permeation. 
Moreover, in DGM Knudsen diffusion was also incorporated.  

As a result of Knudsen diffusion the diffusion coefficient value decreased by an order of magnitude in 
the anode volume. It reflected the difficulty of diffusion transport in pores with a diameter smaller than 
the mean free path of gas molecules.  

During SOFC performance, at high temperature and in the regime of significant concentration gradients 
of the gaseous components, the hydrogen partial pressure decreases in the vicinity of surface reaction. 
Simultaneously the product (H2O) partial pressure increases and due to ineffective diffusion of product 
from porous medium it can lead to enhanced adsorption of product on the surface reaction and thus to 
reduction of a SOFC efficiency. In numerical campaign, due to similarity in molar mass, carbon dioxide 
reflected steam – product of electrochemical reaction. It was proven that carbon dioxide diffusion is 
much slower than hydrogen diffusion. 

Comprehensive analysis of specific operating conditions and models review summarize the best 
approaches to model the mass transfer processes in high temperature membranes, separators, selective 
sieves or porous filters. Moreover numerical results allowed further improvement of the design of 
experimental housing which will be used in experimental campaign with porous anodes in order to 
validate the developed model. 
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Abstract 

The paper presents the improvement of the recycling process of precious metals, rare earth metals and 
nickel by using magnetic-electrostatic separation, which aims to improve the performance of the 
industrial waste processing chain, primarily by obtaining more valuable products dedicated to molten 
carbonate fuel cells. The using of electronic scrap - Waste Electric and Electronic Equipment (WEEE) 
based additives can reduce the manufacture cost of molten carbonate fuel cells. Two various fractions 
of the separated electronic scrap were investigated as the additives to the cathode layers of Molten 
Carbonate Fuel Cell (MCFC). 

The experimental results were obtained in the single cell investigation of the size of 25 cm2 fed by 
hydrogen and a mixture of air and carbon dioxide. The performances were tested in two various fuel 
flows (indicated as reference and maximum flows) as well as various temperatures. The differences 
between the additives mainly based on the way of electrostatic separation (by positive or negative 
electrostatic field used). Prior to the application to the fuel cell layers, the additives were milled one 
more time to meet the fuel cell layers manufacturing requirements. 
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1 Introduction 

Environmental aspects play an increasingly important role in the energy industry, focusing more and 
more attention on the issues of reducing CO2 emissions, while increasing the efficiency of electricity 
generation [1,2]. For this reason, the use of Molten Carbonate Fuel Cells (MCFC) for this purpose is 
more and more seriously considered, which allow the separation of CO2 from the exhaust gases while 
producing electricity [3–6] according the fact that MCFC have already achieved a high degree of 
commercialization. Captured CO2 can be further processed into alternative fuels [7] using hydrogen 
obtained from renewable sources or directly by co-electrolysis [8], making carbon dioxide an energy 
carrier. Further on, MCFC is considered as heat source for other technologies (steam turbines, gas 
turbines) creating the binary systems [9–11] with ultra high efficiency of power generation. The issues 
of improving performance as well as MCFC service life are widely discussed in the literature. The 
improvement of MCFC performance parameters is attempted in various ways, eg by enhancing the 
mechanical strength of selected elements [12]. Other problem is the evaporation of the liquid 
electrolyte, which is trying to be refilled by using the various techniques [13]. One of the possibilities 
for overcoming the mentioned above issues lays in rare-earth metals as additivities for MCFC 
components. The available literature reports positive impact of rare-earth metals on MCFC, e.g. 
Frangini et al. [14] examined the influence of rare earth oxides (La2O3 and Gd2O3) as an addition to 
electrolytes of MCFC. The studies were focused on the impact on oxygen solubility as well as on the 
corrosiveness of the electrolyte. The research revealed that the addition of both these metals increased 
3 times oxygen solubility for Li/K and almost 9 for Li/Na at the cell's operating temperature and 
decreased the corrosivity of the electrolyte based on lithium and sodium carbonates. 

In [15], the effect of adding rare-earth oxides to molten carbonates to improve the electrolyte in order 
to stabilize the MCFC cathode was studied. The following metals were examined: La, Ce and Gd, in 
the form of oxides: La2O3, CeO2 and Gd2O3. The best results were achieved when lanthanum oxide 
La2O3 was added to the electrolyte. 

Paper [16] reports the effect of addition of rare earth oxides (Ho, Yb, Nd, La) to the electrolyte 
(lithium and sodium carbonates) of the MCFC on the solubility of NiO (cathode material). Similarly as 
in previous reported studies, lanthanum oxide turned out to be the best addition. Satisfactory results 
were also obtained for neodymium and gadolinium. 

Huang et al. [17] examined the effect of impregnation of MCFC cathode with rare earth oxides (Ce, 
La, Pr, Nd) for the electrolyte 62% mol Li2CO3 + 38% mol K2CO3  eutectic at 650°C. Cathodes 
impregnated with rare-earth oxides show almost the same porosity, pore size and morphology as the 
reference nickel cathode. Stability tests of nickel oxide impregnated cathodes with rare-earth oxides 
show that this additive can dramatically reduce the solubility of nickel oxide in an eutectic mixture of 
carbonates under standard operating conditions of MCFC. Such additives show also catalytic 
properties in relation to oxygen reduction. Optimal parameters (due to low solubility of the cathode 
material and lower value of electrical resistance of the cathode) was for the cathode material 
containing 1% of rare earth oxides by weight. 

Table 1: The summary of rare-earth metals as additives for components of MCFC 

Cathode Anode Electrolyte Source 
  Gd, La [14] 
  La, Ce, Gd [15] 
  Ho, Yb, Nd, La [16] 

Ce, La, Pr, Nd   [17] 
La Ce, Dy, La La [18] 

The overview of the effects of rare-earth elements used as additive materials for various MCFC 
components is reported in [18]. Lanthanum oxide turned out to be the best additive to the cathode. The 
best additions to the anode were Ce and Dy. Authors claim that La and Ce may support catalyst 
stability in the reforming process. Lanthanum oxide is the best addition to the electrolyte.  The 
summary of possible rare-earth metals as additives to the carbonate elements of fuel cells in listed in 
the Table 1.  
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To sum up, the paper novelty lays in an examination of the possibility of reusing noble and rare-earth 
metals obtained from recycling of electric and electronic scrap for manufacturing cathode for MCFC. 
As MCFC components are not so sensitive for ceramic and metal impurities, the addition of noble 
metals as catalyst are very welcome as they are economically justifiable, i.e. recovered from electronic 
scrap. This will give big impetus for both: reducing electric and electronic scrap in the environment as 
well as increase performance (efficiency, power density, lifetime) of MCFC.  

To utilize the potential of adding the rare earth metals to MCFC without rising the costs, we propose 
to use the recycled materials form of Waste Electric and Electronic Equipment (WEEE) by using a dry 
process treatment which is under development utilizing shredding, milling, screening, magnetic and 
electrostatic separation/classification of the material. Due to very low impact for the environment, the 
process is based on mechanical techniques that does not need neither heating (performs in ambient 
temperature) nor chemical treatment of WEEE. Recycling rate, energy consumption and CO2 emission 
levels is very low comparing to the pyrometallurgical or hydrometallurgical technology. Dusts 
generated during WEEE treatment are returned into product. 

2 Magnetic and electrostatic separation of rare earth metals from WEEE 

The stages of the process which may be used in various sequence and / or repeated are as follows: 

1. Manual disassembling of WEEE and separation of hazardous parts (e.g. batteries) 

2. Shredding (one shaft-shredder)  

3. Shredding (the same one shaft-shredder used in 1st step, additionally 20 mm sieve included) 

4. Milling (fast rotation mill or ball mill) 

5. Screening 

6. Magnetic separation 

7. Electrostatic separation. 

 

Figure 1: Cross-section of the grinding chamber with blade used to carry out grinding processes of 
electro-scrap 

2.1 Shredding  

Initially, electronic scrap was shredded into pieces of about 1 cm2 using manual sheet metal shears. 
The size of the elements was selected so that they could fit into the grinding chamber of the mill. 

The grinding of the shredded pieces was carried out using a food grinder. The mill was equipped with 
a double-sided blade with a radius of about 25 mm bent in half and 3/4 of its length so that it moves 
along the bottom of the grinding chamber during rotation. The end of the blade is approximately 3 mm 
above the bottom of the chamber and at a distance of approximately 5 mm from the wall of the 
chamber, the connection between the bottom of the chamber and the wall of the chamber being made 
with a radius of approximately 3 mm. The cross-section of the grinding chamber and the position of 
the blade are shown below. 

The blade is mounted on a shaft connected directly to a 200 W electric motor. The motor is adapted to 
the parameters of the Polish distribution network 230 V, 50 Hz. The motor and blade speed is 3000 
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rpm. The diameter of the grinding chamber is about 72 mm. The grinding of the ground pieces was 
carried out as long as optical particle size assessment allowed the largest fragments to reach a size of 
about 1 mm in length, as most of particles were defibrated and their thickness reached 0.1 mm. More 
accurate particle size measurements were made using the laser diffraction method. Samples containing 
particles initially separated from the ground granules by sieving through a sieve with a mesh size of 
0.70 mm were analyzed. Based on the results of the chemical composition tests, it was assumed that 
the composition of each of the samples was dominated by copper, therefore for both lasers the 
refractive indexes determined for copper were assumed and set to be ηRB = 0.6-3.6i. The measuring 
medium was distilled water, for which the refractive index in the real form was assumed to be ηW = 
1.333. The most common sizes of particles gathered during shredding were those of 6, 20, 200 and 
600 µm. The distributions measured for each of the samples are characterized by large values of the 
standard deviation in relation to the average values, which may indicate a large heterogeneity of the 
particle size. 

2.2 Magnetic and electrostatic separation 

Magnetic separation was used to separate magnetic metallic (ferrous) particles from non-magnetic 
particles (i.e. plastics, glass, Al, etc.). Magnetic separation was performed using neodymium magnet 
(fraction obtained was called 1/2). The next stage of the process after magnetic separation was 
electrostatic separation, which separates conductive materials (other metals) from non-conductive 
materials (ceramics). The prototype of electrostatic separator (Figure 2) was built as the research 
equipment. 

Electrostatic separation separates materials with different electrical conductivity. Electrostatic 
separation was performed in two steps – firstly negative charge has been applied using ebonite 
(fraction called 4/1), then positive charge has been applied using glass (fraction called 4/2). Some 
particles remained after all three steps of separation, and for further analysis they were called 4/3. 
Process steps and fraction designations have been presented below. 

Step 1: Magnetic separation - neodymium magnet. 

Step 2: Electrostatic separation (positive charge) – ebonite. 

Step 3: Electrostatic separation (negative charge) – glass. 

 

Figure 2: The prototype electrostatic separator 

 

 

Figure 3: Separation steps and fraction symbols 

 

The fraction with the highest nickel content was obtained after first step of separation (fraction 1/2), 
where weight share of nickel reached over 12%, with 53% of copper and the rest of other elements. In 
other fractions, amount of nickel was below 1% and amount of copper was 72%, 79% and 58% in 
each next step respectively. 
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Figure 4:Chemical composition of the recycled powder 

The chemical composition of the recycled powder was analyzed using Olympus DELTA Professional 
XRF Analyzer. The results show that the sample was composed of non-ferromagnetic elements such 
as copper, tin and also cerium (see Figure 4). 

The powder after separation was also investigated in terms of particle size distribution using HORIBA 
LA-950 Laser Particle Size Analyzer. The results indicate bimodal distribution of powder particles 
with significant amount of large fraction (see Figure 5). 

 

 

Figure 5: Particle size distribution of the recycled powder 
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3 Cathode preparation 

The cathode was fabricated in 2 stage procedure, where the green tape is first cast and then heat 
treated. Tape casting method was used to obtain elastic green tape. The slurry for casting was 
composed of water solved polymeric binder, plasticizer and 80:20 weight proportion of nickel and 
recycled powders. Before the addition to the slurry recycled powder was ball milled for 15h using 
Retsch PM400 instrument. In order to enhance elasticity of the cathode nickel foam (porosity about 
90%, pore size about 250 m) was used as a substrate, which is infiltrated by the slurry [19]. The 
process of casting is illustrated in Figure 6. 

 

 

Figure 6: Schematic illustration of the cathode green tape fabrication process 

Ball milling of the recycled powder enabled to obtain fraction of powder particles similar to those 
relevant for nickel (average particle size about 6 m) - see Figure 7.  

 

Figure 7: Particle size distribution of the recycled powder after ball milling 

The elastic green tape was subjected to a three-step heat treatment in a reducing atmosphere of  N2/5% 
H2 mixture: annealing at 200°C for 4 hours in order to remove the volatile components, heating at 
400oC for 4 hours to burn out the organic compounds and sintering at 800oC for 1 hour (see Figure 8). 
Such procedure provides partly sintered cathode with high porosity (porosity 70-80%). 
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Figure 8: Illustration of the cathode green tape firing process 

The microstructure of the cathode fabricated within these studies was analysed by scanning electron 
microscopy using Hitachi SU8000 microscope. The cross section of the material confirms that the 
catalytic layer composed of nickel and recycled powders forms on the substrate nickel foam also partly 
infiltrating its pores (see Figure 9).  

a)    b)  

Figure 9: Scanning electron microscopy image of the cathode, a) cross-section, b) surface 

4 Experimental investigation 

4.1. Cell assembly, start-up and shut-down procedure 

Two cathodes with the addition of rare earths obtained from electrowaste obtained by different 
separation methods were tested. They were named by 4/1 (additive obtained by separation with a 
negatively charged object – ebonite) and 4/2 (additive obtained by separation with a positively charged 
object – glass). The cathodes containing these additions were named KREC41 and KREC42, 
respectively. Both tested cells consisted of "AR255_7_ADO" anodes, 5.2g of electrolyte made of a 
mixture of Lithium and Potassium carbonates, two layers of matrix named "OR123" and cathodes 
considered in this article. Collectors supplying gases to the cells were made of 310 steel. The active 
surface of the tested cells was 20.25 cm2. Vermiculite was used as a seal in both cases. 

The cell before the first start-up must be subjected to a start-up procedure, during which not only the 
cell is heated to the operating temperature (about 650°C), but also the cathode is oxidized and 
porogens from the matrix are burned. The duration of the start-up procedure is about 1600 min. The 
course of temperature rise together with the change of cell voltage is shown in Figure 10. 
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Figure 10: Fuel cell (with KREC41 cathode) temperature changes during the start-up procedure; 
TI02 - anode temperature, TI03 - cathode temperature, VCELL - measured cell voltage 

After the tests, the cell was cooled to ambient temperature by means of an air stream. Changes in 
temperature during cell shut down are shown in Figure 10. After cooling, the cell was dismantled.  

The start and shut down procedure were shown on the example of fuel cell with a KREC41 cathode. 
Due to the similar course of these processes, it was not shown for the cell with KREC42 cathode. 

4.1 Performance tests 

The effect of the 4/1 (KREC41) and 4/2 (KREC42) powder containing cathodes on fuel cells 
performance was estimated by comparing these cells with a reference cell. The tests were carried out 
for reference flows (anode side: 2.77 ml/min/cm2 of H2, 0.67 ml/min/cm2 of CO2; cathode side: 2.67 
ml/min/cm2 of CO2, 6.42 ml/min/cm2 of air) at an operating temperature of approx. 650°C. The 
comparison of the current-voltage curve is shown in Figure 11. It can be seen here that the sample 
with the addition of KREC41 has a slightly lower performance compared to the reference cell, 
however, the disturbance of the current-voltage curve of the KREC41 cell at high currents may lead to 
the conclusion that the measurement was disturbed. The sample with the addition of KREC42 has 
lower performance compared to the reference KREC41 cell, however, the disturbance of the current-
voltage curve of the cell with KREC42 at high currents leads to the conclusion that the measurement 
was disturbed. 
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Figure 11: Comparison of KREC41 cell performance for reference flows and 650°C 

The maximum current density for the KREC41, KREC42 cell and the reference cell are 0.08 A/cm2, 
0.05 A/cm2 and 0.1 A/cm2 respectively and OCV values – 0.9 V, 0.77 V and 0.93 V. You can see here 
that the performance of the reference cell is slightly better than that of the KREC41 cell and the 
reference cell is much better than that of the KREC42 cell. 

Then, the tests were repeated for maximum flows (anode side: 16.73 ml/min/cm2 of H2, 4.19 
ml/min/cm2 of CO2; cathode side: 16.46 ml/min/cm2 of CO2, 38.23 ml/min/cm2 of air) for a 
temperature of about 650°C. For maximum flows, the cell containing the 4/1 powder is characterized 
by slightly better performance than the reference cell – see Figure 12. The cell containing the 4/2 
powder is characterized by worse performance than the reference cell. 

 

Figure 12: Comparison of KREC41 cell performance for maximum flows and 650°C 

The maximum values of current density and OCV at the maximum possible flows showed that the 
reference cell and KREC41 cell have almost the same performance – 1.01 V OCV and power density 
of 0.13 A/cm2. The KREC42 cell has the worst performance – current density of 0.09 A/cm2 and OCV 
of 0.97 V 

The performance of the cells at a lower temperature (550°C) was also compared. The results of such 
experiment are shown in Figure 13. The much better performance of the cell with the 4/1 powder can 
be noticed, which indicates the catalytic properties of this additive. 
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Figure 13: Comparison of KREC41 cell performance for reference flows and 550°C 

5 Discussion and conclusions 

As a result of the processes as grinding, milling, magnetic separation and electrostatic separation, four 
samples of powders containing selected rare earth metals from electronic scrap (mother boards of 
cellular mobile phones) were obtained. Since the modification of MCFC electrolyte with rare earth 
oxides requires the use of very high purity additives, and the level of contamination resulting from the 
process of magnetic or electrostatic separation is unacceptable from this point of view, the obtained 
powders were used as electrode additives such as cathode. 

Tests were carried out for both additive layers used as cathodes in the MCFC. These studies were 
conducted in relation to the selected configuration of other materials that were considered as reference. 
On this basis, current-voltage curves were obtained for MCFC with electrodes containing catalytic 
additives based on electronic scrap. The studies concerned two cases: different electrostatic separation: 
negative ions (ebonite) and positive (glass). As a result, two experimental test results and reference 
conditions were obtained. 

The powder used as cathode additive contains increased amount of cerium what suggest positive 
influence on MCFC performance. These results are consistent with the data that can be found in the 
literature [20]. Rare earth metal oxides impregnated cathodes exhibit almost the same porosity, pore 
size, and morphology as the reference nickel cathode. Tests for the stability of nickel oxide cathodes 
impregnated with rare earth oxides show that this additive can reduce the solubility of nickel oxide in 
the eutectic carbonate mixture under standard MCFC cathode operating conditions. Such additives 
also have catalytic properties in relation to oxygen reduction. The addition of 4/2 powder to the 
cathode slightly deteriorated the properties of the MCFC. Because powder 4/2 contains less cerium 
than powder 4/1, it may contain more other components of the electro breakage that have a negative 
impact on the properties of the MCFC. 

The above research shows that cerium can bring the greatest benefits when added to the MCFC 
cathode. However, attention should be paid to avoiding some of the pollutant contaminants that may 
affect the performance of the MCFC. 

Thus, as a result of the research, the effect of catalytic additives obtained using a rare earth precious 
metal recycling plant from electric/electronic scrap using magnetic-electrostatic separation for the 
production of catalytic additives used for the production of high-temperature electricity sources: 
MCFC fuel cells was determined. 
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Abstract 

A novel numerical method to predict the electrochemical characteristics of a practical-size solid oxide 
fuel cell (SOFC) is proposed. The core idea is to divide the practical-size cell into a group of 
independent one-dimensional (1D) unit cells and to express the characteristics of the practical-size cell 
as an agglomeration of the local unit cell performance. The proposed method consists of two steps. 
The first is to construct a database of the electrochemical characteristics of the unit cells at a 
comprehensive range of operating conditions. For this purpose, a 1D numerical simulation model is 
developed and validated by comparing the predicted values with experimental data. It has been 
confirmed that the current-voltage characteristics of the unit cell is accurately reproduced by the 
developed model. The second is to reproduce the performance of the practical-size cell using the 
constructed database. The cell is considered as a group of unit cells and the electrochemical 
performance of each unit cell is determined by referring to the constructed database. Subsequently, the 
macroscopic characteristics of the entire cell are evaluated by using the derived theoretical expressions 
correlating the macroscopic characteristics with the local electrochemical characteristics. The 
predicted cell characteristics fairly agree with the experimental data in the literature. 

1 Introduction 

Solid oxide fuel cells (SOFCs) are one of the promising high-temperature energy conversion devices 
that can realize efficient energy conversion from chemical energy to electrical power. Although they 
have been introduced into the commercial market in the past decade, further improvement in their 
efficiency and cost reduction are still required. In the research and development of SOFC systems, 
numerical simulation plays an important role to understand not only the macroscopic behavior of the 
systems but also their internal state, such as temperature and reaction distributions within the cells and 
stacks. This is because direct and detailed measurement of the physicochemical quantities inside the 
SOFC systems is practically difficult. 
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Numerous studies on numerical modeling of SOFCs can be found in the literature. They can be 
categorized into several groups depending on the length scale of their interest: atomic scale, electrode 
scale, cell scale and stack scale. In the atomic scale analysis [1, 2], electrochemical reactions around 
the reaction sites in the electrodes, i.e., triple-phase boundaries (TPBs) and double-phase boundaries 
(DPBs) are modeled by taking into account elementary heterogeneous reactions. They offer valuable 
insights into the reaction kinetics in the electrodes so that the dependency of their electrochemical 
activity on the operating conditions is predicted. In the electrode scale analysis [3, 4], conservation 
equations of electrons, ions and gas species are solved in the porous electrodes, and the distribution of 
these quantities in the electrodes are predicted in the length scale of a few tens of micrometers. In the 
cell scale analysis [5], the fuel and air channels are combined to the electrode models, which enables 
to analyze various distributions on the cells in larger length scale. The macroscopic performance of the 
cells with practical sizes can be reproduced under realistic boundary conditions and operating 
conditions. In the stack scale analysis [6, 7], several layers of cells are considered to reproduce much 
larger-scale distributions of temperature and gas concentration. Results will be useful to detect hot 
spots and local fuel starvation within the stacks.  

As increasing the scale of the analyzed system in the numerical model, the computational cost 
inevitably increases because strong coupling occurs among the governing equations for heat transfer, 
flow dynamics and electrochemistry. Therefore, it is unrealistic to perform exhaustive parametric 
analysis of SOFCs on the entire cell/stack scales. Nevertheless, strong demand exists for enabling 
numerical investigation of practical SOFC cells/stacks to identify their optimal operating conditions 
and also to predict possible degradation behavior over time.  

In this study, therefore, we propose a novel method of a numerical simulation of practical-size SOFCs 
to predict their macroscopic performance with low computation cost. The model assumes that the cell 
consists of a group of one-dimensional (1D) unit cells. A 1D numerical model of an SOFC unit cell is 
developed, based on which performance database is constructed by calculating the unit cell 
performance at a comprehensive range of operating conditions. Theoretical expressions to correlate the 
macroscopic cell performance, such as cell current, power output, fuel utilization and conversion 
efficiency, with the local unit cell characteristics are derived and used to predict the overall cell 
performance. The results are compared with experimental results in the literature for validation. By 
using the proposed numerical method, the dependency of the macroscopic cell performance on the 
operating conditions is investigated. 

2 Numerical Model 

2.1 Unit Cell Model 

In this study, a steady-state numerical model of a 1D unit cell of SOFCs was first developed to 
reproduce its overpotential characteristics. This will be used to construct a database of the unit cell 
performance for the analysis of practical-size SOFCs. The unit cell consists of a Ni-YSZ (yttria-
stabilized zirconia) anode, a YSZ electrolyte and an LSCF (lanthanum strontium cobalt ferrite) 
cathode. The electrode microstructure was considered homogeneous and represented by 
microstructural parameters, such as volume fraction, tortuosity factor, TPB density and DBP density. 
The conservations of electrons, ions and gas species were considered and coupled by the 
electrochemical reaction. A model for the anode component was already proposed and validated in our 
previous report [8, 9], and the model was extended to the entire cell in this study. 

The conservation of electrons and ions is described as follows in terms of the electrochemical potential 
of the electrons 𝜇  and ions 𝜇 . 

d

d𝑥

𝜎

𝐹

d𝜇

d𝑥
= 𝑖  (1) 

d

d𝑥

𝜎

2𝐹

d𝜇

d𝑥
= −𝑖  (2) 
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where 𝜎  and 𝜎  are the effective electron and ion conductivities, respectively; and 𝑖  is the 
charge-transfer current associated with the electrochemical reaction in the electrodes. 

The conservation equation of the gas species is described as follows. 

d𝑁

d𝑥
= �̇�  (3) 

where 𝑁  is the molar flux; and �̇�  is the sink/source term associated with the electrochemical reaction 
in the electrodes as follows. 

�̇� = − ,  �̇� = ,  �̇� = − ,  �̇� = 0 (4) 

The dusty-gas model (DGM) [10, 11] was used to evaluate the molar flux in the porous electrodes. 

𝑁

𝐷 ,

+
𝑋 𝑁 − 𝑋 𝑁

𝐷
,

= −
𝑃

𝑅𝑇

d𝑋

d𝑥
−

𝑋

𝑅𝑇
1 +

𝐾𝑃

𝜇𝐷 ,

d𝑃

d𝑥
 (5) 

where 𝑋  is the molar fraction; 𝐷 ,  and 𝐷  are the effective Knudsen and molecular diffusivities, 
respectively; 𝑃  is the total pressure; 𝐾 is the permeability; and 𝜇 is the viscosity. 

The effective conductivities and gas diffusivities were evaluated by modifying the bulk transport 
coefficients by using the volume fraction 𝑉  and the tortuosity factor 𝜏  of the corresponding phases. 

𝛤 =
𝑉

𝜏
𝛤     (𝛤 = 𝜎 , 𝜎 , 𝐷 , 𝐷 , ) (6) 

The electrochemical reaction was assumed to take place at the Ni-YSZ-Pore triple-phase boundaries in 
the anode, whereas at the LSCF-Pore double-phase boundaries in the cathode, and they are described 
by the Butler-Volmer-type equations as follows [12, 13]. 

𝑖 , = 𝑖 , , 𝑙 , exp
2.0𝐹

𝑅𝑇
𝜂 , − exp −

𝐹

𝑅𝑇
𝜂 ,  (7) 

𝑖 , = 𝑖 , , 𝐴 , exp
1.2𝐹

𝑅𝑇
𝜂 , − exp −

𝐹

𝑅𝑇
𝜂 ,  (8) 

where 𝑖 ,  and 𝑖 ,  are the exchange-current density per unit TPB length and unit DPB area, 
respectively; 𝑙  and 𝐴 are the TPB density and the DPB density, respectively; and 𝜂  is the 
activation overpotential defined as follows. 

𝜂 , = −
1

2𝐹
(2𝜇 − 𝜇 ) −

𝑅𝑇

2𝐹

Δ𝐺

𝑅𝑇
+ ln

𝑃

𝑃
− 𝜂  (9) 

𝜂 , = −
1

2𝐹
(2𝜇 − 𝜇 ) −

𝑅𝑇

4𝐹
ln 𝑃 − 𝜂  (10) 

where Δ𝐺  is the Gibbs free energy for the hydrogen oxidation reaction; 𝑃  is the gas partial 
pressure at the electrode surfaces determined as a boundary condition; and 𝜂  is the concentration 
overpotential evaluated as follows. 

𝜂 , =
𝑅𝑇

2𝐹
ln

𝑃

𝑃

𝑃

𝑃
 (11) 

𝜂 , =
𝑅𝑇

4𝐹
ln

𝑃

𝑃
 (12) 

The boundary conditions are summarized in Table 1. 𝑉  is the terminal voltage of the cell. 
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Table 1: Boundary conditions. 

Parameters Anode Surface Cathode Surface 

H2 partial pressure 𝑃 = 𝑃  ― 

H2O partial pressure 𝑃 = 𝑃  ― 

O2 partial pressure ― 𝑃 = 𝑃  

N2 partial pressure ― 𝑃 = 𝑃  

Electrochemical potential of electron 𝜇 = 0 𝜇 = 𝐹𝑉  

Electrochemical potential of oxide ion 
d𝜇

d𝑦
= 0 

d𝜇

d𝑦
= 0 

2.2 Practical-size Cell Model 

A novel methodology to predict the performance of a practical-size SOFC cell is proposed in this 
study. The core idea is to express the practical-size cell performance as an aggregation of the unit cell 
performance. For this purpose, the 1D numerical analysis described above was first conducted under a 
comprehensive range of operating conditions to construct a performance database. Next, the practical-
size cell was considered to consist of multiple 1D unit cells as shown in Figure 1, by assuming that the 
transport of electrons, ions and gas species in the in-plane direction was negligible. On this 
assumption, the electrochemical performance of each unit cell can be determined by referring to the 
database with the cell temperature, the gas partial pressures at the surface, and the terminal voltage 
being used as indexes. Subsequently, the macroscopic performance of the entire cell was evaluated by 
aggregating the performance of the unit cells.  

 

 

Figure 1: Schematic image of the practical-size SOFC cell model represented as a group of unit cells. 

The detailed procedure is as follows: (i) the electrochemical performance of the unit cell was evaluated 
using the 1D unit cell model at a comprehensive range of operating conditions by varying the terminal 
voltage, cell temperature, and hydrogen concentration at the anode surface to construct a database; (ii) 
the cell temperature, the terminal voltage, and the supplied gas composition and flow rate were set as 
an operating condition of the practical-size cell; (iii) the performance of the unit cell at the most 
upstream (the first unit cell) was determined by referring to the database using the temperature, the cell 
terminal voltage and the supplied fuel compositions; (iv) hydrogen consumption in the first unit cell 
was calculated using the generated current, and the fuel concentration on the second unit cell was 
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obtained; (v) the performance of the second cell was similarly determined by referring to the database 
using the temperature, the terminal voltage and the calculated fuel compositions; (vi) by repeating 
(iii)-(v), the performance of all the unit cells were determined one by one from the upstream; and (vii) 
the macroscopic performance of the entire cell was evaluated by aggregating the performance of the 
unit cells.  

Since this study aims to prove the novel numerical method for the simulation of practical SOFCs, 
several simplifications were applied. First, the complex thermo-fluid dynamic simulation was not 
performed within the fuel and air channels; instead, a simple mass balance was considered under the 
assumption of the constant and homogeneous temperature. Second, the variation in the oxygen 
concentration on the cathode side was omitted. This assumption is acceptable because practical SOFCs 
are usually operated with excess oxygen (air) supply to carry away the heat generated from the 
electrochemical reaction. Under these simplifications, the dimension of the database constructed in 
this study was reduced to three; the cell temperature, the cell terminal voltage and the hydrogen 
concentration on the anode side. 

The macroscopic performance of the entire cell was evaluated by aggregating the performance of the 
unit cells. Detailed expressions that correlate the macroscopic performance with the unit cell 
performance are explained as follows. First, the following equation holds in all the unit cells. 

𝑉 = 𝐸 − 𝑟 𝑖  (13) 

where 𝑉  is the terminal voltage of the cell, and 𝐸 , 𝑟 , and 𝑖  are the electromotive force, the area-
specific resistance in  m2 and the current density in A m-2 of the unit cell. By rearranging eq. (13), the 
following expression is obtained. 

𝑉 =
∑

𝐴
𝑟

𝐸

∑
𝐴
𝑟

−
∑ 𝐴

∑
𝐴
𝑟

∑ 𝑖 𝐴

∑ 𝐴
 (14) 

where 𝐴  is the apparent surface area of the unit cell. The performance of the entire cell can then be 
evaluated as follows. 

𝐸 =
𝐴

𝑟
𝐸

𝐴

𝑟
 (15) 

𝑟 = 𝐴
𝐴

𝑟
 (16) 

𝑖 = 𝑖 𝐴 𝐴  (17) 

where 𝐸 , 𝑟  and 𝑖  are the electromotive force, the area-specific resistance and the current 
density of the entire cell. Also, from the practical view point, several performance measures were 
evaluated and discussed. The power density was defined simply as the product of the terminal voltage 
and the current density as follows. 

𝑃 = 𝑉 𝑖  (18) 

The energy conversion efficiency was evaluated as the ratio of the power output to the chemical 
enthalpy of the supplied fuel as follows. 

𝑒 =
𝑉 𝑖 𝐴

𝑁 , ∆𝐻
 (19) 

where 𝑁 ,  is the molar flow rate of the supplied hydrogen in mol s-1, and ∆𝐻 is the lower heating 
value (LHV) of hydrogen at the standard state (241.6 kJ mol-1 at 0°C, 1 atm). The fuel utilization was 
evaluated as the ratio of the amount of consumed fuel to that of the supplied fuel as follows. 

𝑈 =
𝑖 𝐴

2𝐹𝑁 ,
 (20) 
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3 Experimental 

3.1 Cell Fabrication 

To validate the developed 1D unit cell model, the predicted current-voltage characteristics were 
compared with those obtained from an experiment using an anode-supported button cell. The cell 
consisted of a Ni-YSZ anode, a YSZ electrolyte, a GDC (gadolinium-doped ceria) barrier layer and an 
LSCF cathode, and was fabricated in our laboratory described as follows. 

First, 60 wt.% NiO powder (FUJIFILM Wako Pure Chemical Corp., Japan) and 40 wt.% YSZ powder 
(TZ-8Y, Tosoh Corp., Japan) were mixed by planetary ball milling in isopropanol with zirconia balls 
( 4.0 mm) at 300 rpm for 3 h. After evaporating the isopropanol, NiO-YSZ mixture powder was 
sieved with 53 µm mesh to remove agglomeration. Then, mixture powder, ethanol as an organic 
solvent, Triton X-100 (MP Biomedicals, LLC, U.S.A.) as a dispersant were mixed with zirconia balls 
( 4.0 mm) at 200 rpm for 24 h. After that, polyvinyl butyral (PVB, Mowital B60H, Kuraray Co., Ltd., 
Japan) as a binder and polyethylene glycol 400 (PEG 400, FUJIFILM Wako Pure Chemical Corp., 
Japan) and glycerin (Nacalai Tesque, Inc., Japan) as plasticizers were added and then mixed for 
another 24 h to form a homogenous anode slurry. To remove the dissolved gas inside the slurry, the 
slurry was degassed under a pressure of about 0.15 atm for 10 min with magnetic stirring in a vacuum 
desiccator. The composition of the anode slurry is shown in Table 2.  

Table 2: Composition of the NiO–YSZ anode slurry in wt%. 

Powder Solvent Dispersant Binder Plasticizer 
NiO YSZ Ethanol Triton X-100 PVB PEG 400 Glycerin 
31.8 21.2 33.8 1.06 6.36 2.89 2.89 

 

By using the prepared anode slurry, the anode support layer was fabricated using the tape casting 
technique. The slurry was cast on a glass plate at a casting speed of 10 mm s-1 and a blade gap in a 
doctor blade of 2 mm. After fully drying the casted slurry at 20°C and 80%rh in a constant temperature 
and humidity chamber, a green tape was cut into a disk shape with a diameter of 30 mm. Finally, the 
disk was presintered at 1200°C for 2h with heating and cooling rates of 200°C h-1.  

On top of the presintered anode disk, a YSZ electrolyte thin film was prepared by spin coating. A 
mixture of 10.0 wt.% YSZ powder, 0.8 wt.% PVB (Sigma-Aldrich Co., LLC, U.S.A.) and 89.2 wt.% 
ethanol was dropped on the anode disk and immediately spun at 3,000 rpm for 30 s; this was repeated 
by 20 cycles. The coated anode disk was then cosintered at 1350°C for 5 h with heating and cooling 
rates of 120 and 200°C h-1, respectively. After that, a GDC barrier layer was applied on top of the YSZ 
electrolyte by screen printing. A GDC ink composed of 50 wt.% GDC (GDC-10(AU), Shin-Etsu 
Astech Co., Ltd., Japan) and a 50 wt.% ink vehicle (VEH, Nexceris. LLC, U.S.A.) were mixed by 
planetary ball milling at 600 rpm for 30 min. The prepared GDC ink was screen-printed on the surface 
of the YSZ electrolyte with a mask of 20 µm thickness and then sintered at 1250°C for 2 h.  

Finally, an LSCF cathode was fabricated on the GDC barrier layer by screen printing. An LSCF ink 
composed of 67 wt.% LSCF powder (LSCF-6428-N, Kceracell Co., Ltd., South Korea) and the 
33 wt.% ink vehicle was prepared by the same procedure as that for the GDC ink. The prepared ink 
was screen-printed on the surface of the GDC barrier layer with a circular mask of 60 µm thickness 
and 10 mm diameter, and then sintered at 950°C for 5h. 

3.2 Electrochemical Characterization 

The electrochemical performance of the fabricated cell was evaluated at 750°C and 800°C. The 
prepared cell was held between two alumina tubes with pyrex glass rings for gas sealing. The cell 
temperature was controlled by an electronic furnace. Humidified hydrogen was supplied to the anode 
side, while the synthetic dry air to the cathode side. Steam was added to the fuel by using a bubbler. 
The flow rate of each gas was controlled by mass flow controllers. Total flow rate was 100 mL min-1 
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for both electrodes. Platinum mesh was used for current collection. A commercial silver ink (Nexceris, 
LLC, U.S.A.) was painted to the surface of the electrodes to improve an electrical connection. 

Prior to the electrochemical testing, NiO in the anode was reduced in a reducing atmosphere at 800°C 
for about 2 h. Subsequently, the current-voltage characteristics of the cell were measured using a 
Solartron Celltest System 1470E (Solartron Analytical, U.K.). The cell terminal voltage was varied 
from the open-circuit voltage to 0.4 V with 5 mV interval. 

4 Results and Discussion 

4.1 Validation of the Unit Cell Model 

To validate the developed 1D unit cell model, the current voltage characteristics was compared 
between the experiment and simulation. The thickness of the anode, the electrolyte, the GDC barrier 
layer and the cathode layers were measured from a 2D cross-sectional SEM image as 453 µm, 8 µm, 6 
µm, and 35 µm, respectively. Note that the thickness of the GDC barrier layer was included in the 
electrolyte thickness in the form of an equivalent YSZ thickness considering the ionic conductivity of 
the GDC phase [14] and the porosity of the barrier layer (~50%). In the numerical model, the 
tortuosity factor of the pore phase was treated as a fitting parameter, and its value was tuned so that the 
simulation results agree with the experimental results. 

Figure 2 shows the comparison of the current-voltage characteristics between the experiment and the 
simulation at 750°C and 800°C. After calibrating the unit cell model at 750°C, the numerical results 
perfectly agree with the i-V characteristics in the experiment. Moreover, fair agreement was also 
obtained at 800°C without further tuning the model parameters. 

 

Figure 2: Comparison of the i-V characteristics of the anode-supported button cell between the 
experiment and the simulation. (a) 750°C and (b) 800°C. H2:H2O = 97:3 for the anode and O2:N2 = 

21:79 for the cathode.  

4.2 Validation of the Practical-size Model 

The current-voltage characteristics reported by Comminges et al. [15] were used for validation of the 
proposed novel methodology that predicts the electrochemical performance of the practical-size SOFC 
cells. Since microstructural parameters of the electrodes used in [15] was not reported, parameters 
reported in another literature study [16], where a similar cell provided from SOLIDpower S.p.A. 
(Italy) was analyzed in 3D using the FIB-SEM (focused ion beam scanning electron microscopy), 
were alternatively used in this study. The cell consists of a Ni-YSZ anode, a YSZ electrolyte, an 
LSCF-GDC cathode function layer and an LSCF cathode current collection layer, whose thicknesses 
are 240, 9, 15 and 35μm, respectively. In [15], a short stack consisting of five cells was used in the 
experiment and the electrochemical performance of each cell was measured. In this study, the 
performance of the cell located at the middle of the short stack was used for comparison. Since the 
cathode material in [15] was not LSCF but LSCF-GDC composite in the function layer, the 
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electrochemical reaction model described by the following Butler-Volmer-type equation was 
alternatively used [17] instead of eq. (8). 

𝑖 , = 𝑖 , , 𝑙 , exp
2.0

𝑅𝑇
𝜂 , − exp −

2.0𝐹

𝑅𝑇
𝜂 ,  (21) 

𝑖 , , = 3.23 × 10 𝑃 . exp −
8.59 × 10

𝑅𝑇
 (22) 

Figure 3 shows the comparison of the i-V characteristics between the experiment and the simulation. 
Although there is a small deviation in the high current density range, fair agreement is obtained. The 
reason of the deviation can be associated with the fact that the temperature of the cell in the 
experiment was higher than that set by an electric furnace. The temperature in the middle of the short 
stack is likely to increase because of the exothermic electrochemical reaction in the stack, and this 
raises the electrochemical activity of the electrodes. Further validation with a comprehensive dataset 
of experimental and microstructure data will be performed in our future study. 

  

Figure 3: Comparison of the i-V characteristics obtained from a practical-size anode supported cell in 
experiment [15] and those from the simulation at 800°C. 

4.3 Prediction of a Practical-size Cell performance 

Using the proposed numerical model, macroscopic performance of a practical-size cell was predicted 
under various operation conditions. The terminal voltage was set at 0.6, 0.7 and 0.8 V, and the fuel 
utilization was up to 90%. The size of the cell was assumed to be 10 x 10 cm. The inlet composition 
was 3% humidified hydrogen on the anode side and the dry air on the cathode side. The cell 
temperature was assumed to be constant at 800°C. To construct the unit cell performance database, the 
1D numerical simulation was performed at the terminal voltage of 0.6, 0.7 and 0.8 V, with the 
hydrogen concentration from 5% to 95% with 5% interval and 97% at 800°C. 

Figure 4 shows the relationships between the energy conversion efficiency and the output power 
density at several terminal voltages. The inlet fuel flow rate was varied to adjust the fuel utilization. 
Note that the dotted lines in the graph indicate the isolines that connect the operation points with the 
same fuel utilization. It is found from the figure that (i) when the fuel utilization is increased at the 
constant terminal voltage, conversion efficiency is improved by sacrificing the output power density; 
(ii) at the same fuel utilization, output power density can be increased by lowering the terminal 
voltage, however, it decreases the conversion efficiency; and (iii) when the terminal voltage is low (0.6 
V in this analysis), the line is flattened at the low flow rate region and hence high conversion 
efficiency cannot be achieved.  

Those findings mentioned above are rather intuitive; however, it should be emphasized that such a 
parametric study is practically difficult in the conventional numerical simulation approaches owing to 
their heavy computation load. In comparison, the computation time required to the numerical analysis 
of the practical-size cell using the proposed method only takes a few seconds per one operation 
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condition because there is no iterative process involved. Although decent amount of time is required to 
construct the unit cell performance database, the computational load is rather low because each 1D 
unit cell simulation was decoupled with the thermo-fluid simulation. Such an advantage on the 
computation load will become more significant when exhaustive parametric studies, such as in Figure 
4, is performed in a practical-size cell and stack. 

  

Figure 4: Macroscopic performance of a practical-size cell. Each solid line represents the 
relationship between energy conversion efficiency and the output power density at a certain terminal 

voltage. The dotted lines are the isolines connecting points having the same fuel utilization. 

5 Conclusions 

A novel numerical method to predict the macroscopic performance of practical-size SOFCs has been 
proposed and verified. The core idea is to express the practical-size cell performance as an aggregation 
of the unit cell performance. The proposed method consists of two steps. The first is to construct a 
database of electrochemical performance of a 1D unit cell at a comprehensive range of operating 
conditions. For this purpose, a 1D numerical simulation model has been developed and validated by 
comparing the simulation results with the corresponding experimental data obtained from an anode-
supported button cell. It has been confirmed that the current-voltage characteristics of the cell is 
accurately reproduced by the developed unit cell model. The second is to reproduce the practical-size 
cell performance using the constructed database. The cell is divided into several unit cells and their 
electrochemical performance is determined by referring to the constructed database. The macroscopic 
characteristics of the entire cell are estimated by using the derived theoretical expressions correlating 
the macroscopic cell characteristics with the local electrochemical characteristics. The predicted cell 
characteristics fairly agree with the experimental data in the literature. 

The proposed method is used to perform a comprehensive parametric study of a practical-size SOFC 
cell to predict its macroscopic performance and its dependency on the operating conditions. 
Correlation among the conversion efficiency, power density and fuel utilization of the cell is 
discussed. Such an exhaustive study can only be executable with the proposed numerical method 
considering the realistic computational resource. 
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Abstract 

Performance of solid oxide cells (SOCs) is investigated under both fuel cell and electrolyzer operations 
to understand their asymmetric behavior between the two operation modes. The current-voltage 
characteristics and the electrochemical impedance of a hydrogen-electrode-supported cell are measured 
at the open circuit potential and also at the biased conditions. The partial pressure of the supplied gas 
and the load current are varied to evaluate their effects on the cell performance. The gas partial pressure 
of hydrogen and steam supplied to the hydrogen electrode are kept equivalent so that the performance 
can be compared under the same gas utilization between the fuel cell and electrolyzer modes when the 
same current density is applied. The polarization resistance obtained from the impedance measurement 
is separated into several internal resistance components by performing equivalent circuit fitting and the 
factors that are related with the asymmetric behavior of the SOCs are discussed. It is found that the 
asymmetry of the cell performance is caused by multiple factors, such as the activation resistance and 
the diffusion resistance in the hydrogen electrode. 

1 Introduction 

Solid oxide cell (SOC) is a device that enables mutual conversion of electrical energy and chemical 
energy through electrochemical reactions. When SOCs are operated in the fuel cell (FC) mode, the 
chemical energy of fuel is converted to electrical energy, and their conversion efficiency is usually 
higher than that of other types of fuel cells because of their high operating temperature around 700°C. 
On the other hand, when SOCs are operated in the electrolysis (EC) mode, steam is electrochemically 
reduced to hydrogen. Owing to their high operating temperature, thermal energy is effectively utilized 
for the reduction reaction and hence the amount of the electrical energy can be reduced [1]. Since the 
SOC systems are potentially operated in a reversible manner between the FC and EC modes, cost 
reduction can be realized compared with the cases where the power generation and the electrolysis are 
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performed in different devices. Reversible operation also expands the application of the SOCs to energy 
storage devices [2,3]. 

Typical SOCs consist of a Ni-YSZ (yttria-stabilized zirconia) hydrogen electrode, a YSZ electrolyte, 
and an LCSF (lanthanum strontium cobalt ferrite) oxygen electrode. The electrodes of SOCs are porous 
material and their microstructure, which is characterized by volume fractions, surface density, reaction 
site density, etc., has an influence on the electrode performance [4-6]. In addition, it is reported that their 
performance depends on their operating conditions [7,8], such as the supplied gas compositions and the 
current in the FC and EC modes. Therefore, optimal electrode microstructure and operating conditions 
need to be identified for both operation modes to realize reversible operation of SOC systems. 

An asymmetric behavior of the SOCs between the FC and EC modes are reported in the literature [9-
12], meaning that the overpotential at a certain power generation current in the FC mode is often 
different from that at the same electrolysis current in the EC mode. This indicates that the cell showing 
high power generation performances in the FC mode does not always show good electrolysis 
performance in the EC mode, and vice versa. In the experimental investigations, Yan et al., [9] 
investigated a hydrogen-electrode-supported cell with CO-CO2 gas mixture in the FC and EC modes 
and found that the overpotential is smaller in the FC mode. Morales-Zepata eat al., [10] operated a 
tubular SOC in both operation modes and reported smaller overpotential in the EC mode. On the other 
hand, approaches using numerical simulation of SOCs are also reported in the literature. Njodzefon et 
al., [11] developed a numerical model of a hydrogen-electrode-supported cell to predict the current-
voltage characteristics in both operation modes and suggested that the asymmetric behavior was 
originated from the effect of Knudsen diffusion in the porous electrodes, and also from the dependency 
of the electrode electrochemical activity on the gas compositions. Li et al., [12] investigated the effect 
of the cathode structure and the operating temperature on the asymmetric behavior and found that the 
overpotential tended to be smaller in the EC mode in a thick cathode (~300 µm).  

Although there are several works in the literature on the asymmetric behavior of the SOCs from both 
experimental and numerical approaches, the origin of the asymmetric behavior has not been clearly 
identified. Therefore, the aim of this study is to investigate the origin of the asymmetric behavior of the 
SOCs in the FC and EC modes. The electrochemical performance of a hydrogen-electrode-supported 
cell is experimentally evaluated in both operation modes at several gas compositions to investigate their 
influence on the asymmetric behavior. The gas composition on the hydrogen electrode is carefully 
chosen so that fair comparison between the two operation modes can be performed. In addition, 
numerical simulation of the cell is performed to analyze the overpotential components. Numerical 
experiment is also conducted by artificially varying the model parameters to investigate their effect on 
the asymmetric behavior. 

2 Experimental Approach 

2.1 Cell Preparation 

A hydrogen-electrode-supported button cell was fabricated in-house and its electrochemical 
performance was evaluated both in the FC and EC modes. The cell consisted of a Ni-YSZ hydrogen 
electrode, a YSZ electrolyte, a GDC (gadolinium-doped ceria) barrier layer and an LSCF oxygen 
electrode. The details of the fabrication process are described as follows. 60 wt% NiO powder 
(FUJIFILM Wako Pure Chemical Corp., Japan) and 40 wt% YSZ (Y0.08Zr0.92O1.96) powder (TZ-8Y, 
Tosoh Corp., Japan) were mixed with zirconia balls ( 4.0 mm) in isopropanol at 300 rpm for 3 h by 
planetary ball milling. After volatilizing the isopropanol from the mixed powder, the resultant powder 
was sieved through a 53 μm sieve. It was then mixed with ethanol as an organic solvent and Triton X-
100 (MP Biomedicals, LLC, USA) as a dispersing medium, and they were ball-milled at 200 rpm for 
24 h with zirconia balls ( 4.0 mm). Subsequently, polyvinyl butyral (PVB, Mowital B60H, Kuraray 
Co., Ltd.) as binder and polyethylene glycol 400 (PEG400, Fujifilm Wako Pure Chemicals Co., Ltd., 
Japan) and glycerin (Nacalai tesque Co., Ltd., Japan) as plasticizers were added and mixed by ball 
milling for another 24 h to form a homogeneous slurry. The composition of the slurry used in this study 
is shown in Table 1. The slurry was degassed in a vacuum desiccator for 10 min under a pressure of 
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0.15 atm during magnetic stirring. The slurry was then cast on a glass substrate, with a casting speed 
and a doctor blade gap being set at 10 mm s-1 and 2 mm, respectively. The cast slurry was completely 
dried overnight at 20°C, 80%rh in a thermostatic chamber, and then the obtained green sheet was cut 
into disks of 30 mm diameter. The disks were pre-sintered at 1200°C for 2 h at a heating and cooling 
rate of 200°C h-1. 

The YSZ electrolyte was prepared on the pre-sintered disks using the spin coating method. The YSZ 
solvent used in this study was composed of 89.2 wt% ethanol, 10 wt% YSZ powder, and 0.8 wt% PVB 
(Sigma-Aldrich Co., LLC, USA). The solvent was dropped onto the anode disk and spun at 3000 rpm 
for 30 s. This process was repeated 20 times and then sintered at 1350°C for 5 hours to fabricate a dense 
YSZ electrolyte layer of about 10 μm. The heating and cooling rates were 120 and 200°C h-1, 
respectively. 

Subsequently, the GDC (Ce0.9Gd0.1O1.95) barrier layer and LSCF (La0.6Sr0.4Co0.2Fe0.8O3-δ) oxygen 
electrode were fabricated using a screen printing method. The inks consisting of 50 wt% GDC powder 
and 50 wt% ink vehicle (VEH, Nexceris, LLC, USA), and 67 wt% LSCF powder (LSCF-6428-N, 
Kceracell Co., Ltd., Korea) and 33 wt% ink vehicle, respectively, were mixed at 600 rpm for 30 min by 
planetary ball milling. The prepared GDC ink was printed on the YSZ electrolyte with a mask thickness 
of 20 µm and sintered at 1250°C for 2 h. Finally, LSCF ink was printed on the surface of the GDC 
barrier layer with a mask thickness of 60 µm and sintered at 950°C for 5 h to fabricate the LSCF oxygen 
electrode. The apparent geometrical area of the oxygen electrode was ca. 0.785 cm2. 

Table 1: Composition of the NiO–YSZ hydrogen electrode slurry in wt%. 

Electrode material Solvent Dispersant Binder Plasticizer 
NiO YSZ Ethanol Triton X-100 PVB PEG 400 Glycerin 
31.8 21.2 33.8 1.06 6.36 2.89 2.89 

2.2 Electrochemical Characterization 

To evaluate the electrochemical performance of the fabricated cells, we used an SOC electrochemical 
testing system as schematically shown in Figure 1. The cell was sandwiched between two alumina tubes 
with glass rings for gas sealing. Both electrodes were in contact with a Pt mesh current collector, which 
was connected to the electrochemical measurement device through the Pt wires. The flow rate of the gas 
supplied to the electrodes was controlled by mass flow controllers. The total gas flow rates were kept at 
100 ml min-1 for both electrodes. 

 

 

Figure 1: Schematic view of the electrochemical testing system. 

 

Prior to the electrochemical testing, NiO in the hydrogen electrode was reduced in a reducing 
atmosphere at 800°C for 2 h. Subsequently, mixture gases of H2 : H2O : N2 = x : x : 100-2x (x = 10, 20, 
30 and 40) was supplied to the hydrogen electrode, and the synthetic dry air, O2 : N2 = 21 : 79, to the 
oxygen electrode. Here, the concentration of the reaction gases, i.e., hydrogen and steam, supplied to 
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the hydrogen electrode was set equal in order to compare the performance at the same gas utilization 
under the FC and EC modes. 

Current–voltage (i–V) characteristics and impedance characteristics were measured using a Solartron 
1455A frequency response analyzer and a Solartron 1470E potentio/galvanostat electrochemical 
interface (Solartron Analytical, UK). The applied frequency was in the range from 0.1 MHz to 0.1 Hz 
with a current amplitude of 10 mA. The impedance characteristics were measured at the open-circuit 
voltage (OCV), and also with bias current from 0 to 200 mA cm-2 in both operation modes. In this study, 
the electrolysis current is shown with the negative sign. 

2.3 Results and Discussion 

Figure 2(a) shows the current-voltage characteristics of the cell in the FC and EC modes at 700°C 
supplying the fuel composed of H2 : H2O : N2 = 10 : 10 : 80 or 40 : 40 : 20to the hydrogen electrode, and 
the synthetic dry air to the oxygen electrode. Figure 2(b) shows the overpotential characteristics of the 
cell, which is calculated as the voltage difference from the open-circuit voltage. Note that the current 
density in the horizontal axis is shown in the absolute values. It is clearly seen that the asymmetry exists 
in the curves, regardless of the gas compositions, and that the overpotential is always larger in the EC 
mode. In addition, the overpotential rapidly increases as the current density increases when the hydrogen 
and steam concentration is 10%, which indicates gas diffusion limitation within the hydrogen electrode. 

 

(a) (b)  

Figure 2: (a) Current-voltage curve and (b) overpotential curve obtained by the experiment at 700°C. 

 

The impedance characteristics of the cell are shown in Figure 3. The gas compositions are the same as 
those in Figure 2. It is clearly seen that the total impedance that appears at the lower-frequency intercept 
on the horizontal axis is found to be smaller in the FC mode at all the gas compositions considered in 
this study. In the FC mode, the polarization resistance that is obtained from the size of the impedance 
semicircle first decreases as the current, and then turns to increase when the gas concentration of 
hydrogen is 10%. This is because the diffusion resistance that appears in the lower-frequency semicircle 
starts to increase at high current densities. When the gas concentration of hydrogen is 40%, the size of 
the impedance semicircle monotonically decreases mainly because the size of the high-frequency 
semicircle, which is associated with the activation resistance, decreases as the current; the diffusion 
resistance remains almost unchanged.  

In the EC mode, on the other hand, the polarization resistance monotonically increases as the current. 
When the steam concentration is 10%, the diffusion resistance in the lower-frequency range significantly 
increases as the current density, which makes a remarkable difference from the FC mode. Combining 
the results in Figure 2, where the gas composition on the hydrogen electrode has a large influence on 
the overpotentials, the gas diffusion in the hydrogen electrode is one of the major reasons of the 
asymmetric behavior of the cell. 
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(a)  

(b)  

Figure 3: Nyquist plot of the electrochemical impedance in experiment at 700°C. (a) H2:H2O:N2 

=10:10:80, (b) H2:H2O:N2=40:40:20. 

To analyze the overpotentials more quantitatively, the equivalent circuit fitting analysis was performed 
using the equivalent circuit shown in Figure 4, where L1 is the inductance, R1 is the ohmic resistance, 
R2 is the activation resistance, and R3 is the diffusion resistance. The CPE represents the constant-phase 
element, whose impedance is expressed as 𝑍 = 1 (𝑗𝜔) 𝑄⁄  with 0 < 𝑛 < 1.  

First, Figure 5(a) shows the ohmic resistance of the cell. It is found that the ohmic resistance is almost 
constant and irrespective of the operation mode. Therefore, the ohmic resistance is not the major reason 
of the asymmetric behavior of the cell. Also, the gas concentration does not influence on the ohmic 
resistance. Second, Figure 5(b) shows the activation resistance of the cell. In the FC mode, the activation 
resistance gradually decreases as the current, whereas in the EC mode it increases as the current. The 
extent of increase is more significant when the gas concentration is lower. Third, Figure 5(c) shows the 
diffusion resistance of the cell. In the FC mode, the diffusion resistance is almost unchanged with the 
current when the hydrogen concentration is 30% and 40%, but it slightly increases with the current when 
10% and 20%. On the other hand, in the EC mode, it significantly increases as the current particularly 
in lower steam concentrations. When the steam concentration is 10%, the diffusion resistance is 
1.39 Ωcm2 at -150 mA/cm2 and 4.19 Ωcm2 at -200 mA/cm2. In summary, the asymmetric behavior 
observed in Figure 2 is attributed to both activation and diffusion resistances of the cell. 

 

 

Figure 4: Equivalent circuit for the fitting analysis. 

L1 R1 R2

CPE1

R3

CPE2
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(a) (b)  

(c)  

Figure 5: Overpotential components in the cell at 700°C obtained through the equivalent circuit 
analysis. (a) ohmic resistance, (b) activation resistance, and (c) diffusion resistance. 

3 Numerical Approach 

3.1 Numerical Model 

Numerical simulation of the hydrogen-electrode-supported SOC was performed to reproduce the 
current-voltage characteristics of the cell and hence to obtain insights into the origin of the asymmetric 
behavior observed in the experiment. The simulation was conducted in the thickness direction of the 
cell, and the cell temperature was assumed constant and uniform. The electrode microstructure was also 
assumed homogeneous and represented by the microstructural parameters summarized in Table 2. These 
microstructural parameters were quantified through a three-dimensional microstructure analysis using 
focused ion beam scanning electron microscope (FIB-SEM). The reconstructed microstructure of the 
electrodes is shown in Figure 6. Details of the microstructure analysis can be found elsewhere [13]. 
Conservation equations for the electrons, ions and gas species were considered and coupled by the 
electrochemical reaction in the electrodes. 

Table 2: Microstructure parameters of the electrodes. 

  Hydrogen electrode Oxygen electrode 
Parameter  Ni YSZ Pore LSCF Pore 

Volume fraction [−] 0.330 0.389 0.281 0.546 0.454 

Tortuosity factor [−] 3.43 2.33 7.89 2.17 1.82 

Average diameter [µm2] 1.50 1.12 0.96 0.218 0.211 

Surface-to-volume ratio [µm2/µm3]   4.17  19.0 

TPB or DPB density 2.29 [µm/µm3] 6.07 [µm2/µm3] 
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(a)  (b)  

Figure 6: Reconstructed microstructure of (a) the Ni-YSZ hydrogen electrode and (b) the LSCF 
oxygen electrode. 

 

The conservation of electrons and ions is described as follows in terms of the electrochemical potential 
of the electrons 𝜇  and ions 𝜇 . 
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where 𝑖  is the charge-transfer current associated with the electrochemical reaction in the electrodes; 
and 𝜎  and 𝜎  are the effective electron and ion conductivities, respectively.  

The conservation equation of the gas species is described as follows. 

𝑑𝑁

𝑑𝑥
= �̇�

 
(3) 

where 𝑁  is the molar flux; and �̇�  is the sink/source term associated with the electrochemical reaction 
in the electrodes as follows. 

�̇� = − ,  �̇� = ,  �̇� = − ,  �̇� = 0 (4) 

The dusty-gas model (DGM) [14] was used to evaluate the molar flux in the porous electrodes. 
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where 𝑋  is the molar fraction; 𝐷 ,
 and 𝐷  are the effective Knudsen and molecular diffusivities, 

respectively; 𝑃  is the total pressure; 𝜇 is the mixture viscosity; and 𝐾 is the permeability. 

The effective conductivities and gas diffusivities were evaluated by modifying the bulk transport 
coefficients by using the volume fraction 𝑉  and the tortuosity factor 𝜏  of the corresponding phases. 

𝛤 =
𝑉

𝜏
𝛤     (𝛤 = 𝜎 , 𝜎 , 𝐷 , 𝐷 , )

 
(6) 

The electrochemical reaction was assumed to take place at the Ni-YSZ-Pore triple-phase boundaries in 
the anode, whereas at the LSCF-Pore double-phase boundaries in the cathode, and they are described 
by the Butler-Volmer-type equations as follows [15,16]. 

𝑖 , = 𝑖 , , 𝑙 , exp
2.0𝐹

𝑅𝑇
𝜂 , − exp −

𝐹

𝑅𝑇
𝜂 ,

 
(7) 
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𝑖 , = 𝑖 , , 𝐴 , exp
1.2𝐹

𝑅𝑇
𝜂 , − exp −

𝐹

𝑅𝑇
𝜂 ,

 
(8) 

where 𝑖 ,  and 𝑖 ,  are the exchange-current density per unit TPB length and that per unit DPB area, 
respectively; 𝑙  and 𝐴 are the TPB density and the DPB density, respectively; and 𝜂  is the 
activation overpotential defined as follows. 

𝜂 , = −
1

2𝐹
(2𝜇 − 𝜇 ) −

𝑅𝑇

2𝐹

Δ𝐺

𝑅𝑇
+ ln

𝑃

𝑃
− 𝜂

 
(9) 

𝜂 , = −
1

2𝐹
(2𝜇 − 𝜇 ) −

𝑅𝑇

4𝐹
ln 𝑃 − 𝜂

 
(10) 

where Δ𝐺 is the standard Gibbs energy change for formation of steam; 𝑃  is the gas partial pressure 
at the electrode surface; and 𝜂  is the concentration overpotential evaluated as follows. 

𝜂 , =
𝑅𝑇

2𝐹
ln

𝑃

𝑃

𝑃

𝑃

 
(11) 

𝜂 , =
𝑅𝑇

4𝐹
ln

𝑃

𝑃

 
(12) 

The boundary conditions are summarized in Table 3. 𝑉  is the terminal voltage of the cell. The 
simulation was conducted in the ambient pressure at 700ºC with gas composition of H2 : H2O : N2 = 10 : 
10 : 80 and 40 : 40 : 20 in the hydrogen electrode and N2 : O2) = 79 : 21 in the oxygen electrode.  

 

Table 3: Boundary conditions. 

Parameters Hydrogen electrode surface Oxygen electrode Surface 

H2 partial pressure 𝑃 = 𝑃  ― 

H2O partial pressure 𝑃 = 𝑃  ― 

O2 partial pressure ― 𝑃 = 𝑃  

N2 partial pressure ― 𝑃 = 𝑃  

Electrochemical potential of electron 𝜇 = 0 𝜇 = 𝐹𝑉  

Electrochemical potential of oxide ion 
𝑑𝜇

𝑑𝑥
= 0

 𝑑𝜇

𝑑𝑥
= 0

 

3.2 Results and Discussion 

Comparison of the current-voltage characteristics between the simulation and the experiment is shown 
in Figure 7(a). It is clearly seen that the developed model can reproduce the electrochemical performance 
of the cell not only in the FC mode but also in the EC mode. Figure 7(b) shows the area-specific 
resistance (ASR) of the cell as a function of the current density. The ASR was evaluated as a derivative 
of the current-voltage curve in Figure 7(a). Although there is a deviation between the simulation and the 
experiment, the qualitative trend in the experiment having a peak in the EC mode is reproduced in the 
simulation. The deviation in the location of the peak in Figure 7(b) can be associated with the choice of 
the symmetric factor in eq. (7) and (8) as discussed later.  The large deviation in the high-current range 
in the FC mode is associated with the evaluation of the gas diffusion and gas conversion resistances on 
the hydrogen electrode side, which are not fully taken into account in the numerical simulation, and 
hence will not be focused in this study. 
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(a) (b)  

Figure 7: Comparison of the electrochemical performance between the simulation and the experiment. 
(a) current-voltage characteristics and (b) area-specific resistance. Gas composition is H2 : H2O : N2 

= 10 : 10 : 80 on the hydrogen electrode and N2 : O2 = 79 : 21 on the oxygen electrode. 

 

(a) (b)  

Figure 8: Comparison of the overpotential components in the electrodes between the FC and EC 
operations. (a) the electrode overpotentials and (b) the activation and concentration overpotentials in 
the hydrogen electrode. Gas composition is H2 : H2O : N2 = 10 : 10 : 80 on the hydrogen electrode and 

N2 : O2 = 79 : 21 on the oxygen electrode. 

 

Note that the sum of the electronic current and the ionic current is confirmed to be constant at any cross 
sections perpendicular to the thickness direction of the cell, and that the grid-size dependency is 
negligibly small in the grid used in this analysis; there partially ensures validity of the simulation 
conducted in this study. 

Figure 8 shows the comparison of the overpotential components between the FC and EC modes. First, 
Figure 8(a) shows the overpotential of the hydrogen electrode and the oxygen electrode. It is found that 
the behavior of the hydrogen electrode shows noticeable asymmetry, whereas that of the oxygen 
electrode is almost symmetric. To understand the origin of the asymmetric behavior of the hydrogen 
electrode, the breakdown of its overpotential, namely the activation overpotential and the concentration 
overpotential, is shown in Figure 7(b). It is found that both overpotentials show asymmetric behavior. 
The magnitude of asymmetry is larger in the activation overpotential, and that in the concentration 
overpotential is only visible in higher current densities. 

Figure 9 shows the comparison of the overpotential components in the hydrogen electrode between the 
FC and EC operations in the two gas compositions, i.e., H2 : H2O : N2 = 10 : 10 : 80 and 20 : 20 : 60. It 
is seen in both overpotentials that the magnitude of asymmetry decreases as the hydrogen and steam 
concentration increases. In particular, the concentration overpotential is almost identical between the 
FC and EC modes in H2 : H2O : N2 = 20 : 20 : 60. 
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From the results in Figures 8 and 9, the asymmetric behaviour of the cell observed in the current-voltage 
characteristics is mostly attributed to the hydrogen electrode, and the magnitude of asymmetry in the 
hydrogen electrode increases as the hydrogen and steam concentration decreases.  

 

(a) (b)  

Figure 9: Comparison of the overpotential components in the hydrogen electrode between the FC and 
EC operations. (a) the activation overpotential and (b) the concentration overpotential. Gas 

composition is H2 : H2O : N2 = 10 : 10 : 80 and 20 : 20 : 60. 

 

To further investigate the origin of the asymmetric behavior of the cell, numerical experiment is 
conducted by deliberately changing the parameters in the model. First, as it is expected that the 
asymmetry in the activation overpotential is originated from the electrochemical reaction kinetics in the 
electrodes, all the symmetric factors in the Butler-Volmer equations are modified to unity and the results 
are shown in Figure 10. As is seen in Figure 10(a), the asymmetry that is observed in Figure 8(a) in the 
lower current density range is found to diminish on this condition. In addition, the peak in the ASR is 
located almost at the zero-current position as shown in Figure 10(b). Therefore, it is found in this analysis 
that the asymmetric behavior that is seen in the lower-current density range is mostly attributed to the 
electrochemical reaction kinetics in the hydrogen electrode. 

 

(a) (b)  

Figure 10: (a) Comparison of the overpotential components between the FC and EC modes and (b) 
ASR as a function of the current density. Gas composition is H2 : H2O : N2 = 10 : 10 : 80. All the 

symmetric factors in the Butler-Volmer equations are modified to unity. 

 

In addition to the modification of the symmetry factors in the Butler-Volmer equations, the effect of gas 
diffusion in the electrodes were omitted and the results are shown in Figure 11. As clearly seen in Figures 
11(a) and (b), the asymmetric behavior completely diminishes on this condition, indicating that the 
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asymmetry observed in the high-current density range is attributed to the gas diffusion in the hydrogen 
electrode.  

 

(a) (b)  

Figure 11: (a) Comparison of the overpotential components between the FC and EC modes and (b) 
ASR as a function of the current density. Gas composition is H2 : H2O : N2 = 10 : 10 : 80. All the 

symmetric factors in the Butler-Volmer equation are modified to unity. The gas diffusion is not solved 
in the electrodes. 

4 Conclusions 

Electrochemical performance of solid oxide cells (SOCs) is investigated under both FC and EC modes 
to understand their asymmetric behavior between the two modes. The current-voltage characteristics 
and the electrochemical impedance of a hydrogen electrode-supported cell are measured. The partial 
pressure of the supplied gas and the load current are varied to evaluate their effects on the cell 
performance.  

It is found from the experiment that the overpotential is always larger in the EC mode regardless of the 
gas compositions considered in this study, which causes noticeable asymmetry in the current-voltage 
characteristics between the two operation modes. From the impedance analysis, the reason of the 
asymmetry is attributed to both activation and diffusion resistance in the hydrogen electrode. The 
activation resistance of the hydrogen electrode in the FC mode gradually decreases, whereas that in the 
EC mode monotonically increases as the current. In addition, the diffusion resistance in the hydrogen 
electrode is remarkably larger in the EC mode particularly when the hydrogen and steam concentration 
is low. 

To understand the origin of the asymmetric behavior more quantitatively, a numerical model of the cell 
is developed. For the validation of the numerical model, the model is first confirmed to be able to 
reproduce the current-voltage characteristics obtained from the experiment. It is found from the 
numerical simulation that the origin of the asymmetry is mostly from the hydrogen electrode; both 
activation and concentration overpotentials show asymmetric behavior, which agrees with the 
experiment. Numerical experiment is also conducted by deliberately changing the parameters in the 
model, and it is found that the symmetric factor in the Butler-Volmer equation has an influence on the 
asymmetric behavior in the low-current-density range, whereas the gas diffusion has an influence on the 
high-current-density range. 
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Abstract 

Many installations integrating high-temperature fuel cells with a gas turbine have been proposed. By 
nature, these are systems whose power depends on the power of the available solid oxide cells. 
Therefore, these are low-power hybrid installations that can be used in distributed systems of 
electricity and heat generation, as power supply units for public buildings or as backup power units. 
They can also be modules of more complex installations, integrated with hydrogen production 
systems, powered from various sources. The literature analyzes the characteristics of both hydrogen 
and natural gas systems with internal or external reforming. The article analyzes various technological 
structures of installation of hierarchical high-temperature cells with a gas turbine, including 
cogeneration systems. The production efficiency, optimal power ratio of the cell and gas turbine as 
well as the heat to power ratio were compared. The analysis was carried out for various degrees of fuel 
conversion in the fuel cell. Also, the optimum levels of pressures in the gas cycle and the optimal 
values of the fluid streams were determined. Energy indicators were compared in the models selected 
for detailed analysis. The selected models differed, inter alia, in the way the unburned fuel from the 
fuel cell was used. In the analyzes, attention was drawn to technical limitations related to heat 
exchange, pressure drops and temperature levels in individual elements of the system. The summary 
compares the energy indicators of the analyzed models with theoretical values and compares the 
advantages and disadvantages of individual configurations. 

1 Introduction 

The economic development of the world is possible, inter alia, thanks to the access to cheap and safe 
electricity. At present, it is particularly important in new energy technologies to achieve high 
efficiency of electricity generation, which enables obtaining relatively cheap and clean energy. 
Renewable energy sources are increasingly used, and energy storage systems are being developed. 
These systems often significantly reduce pollutants emissions, use of fossil fuels and greenhouse gas 
emissions. 

Among modern technologies, hydrogen energy is being intensively developed. The research covers, 
inter alia, topics related to the construction of reliable and cheap electrolysers, enabling the production 
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of hydrogen from electricity; construction of durable and efficient fuel cells that enable the effective 
conversion of hydrogen into electricity. Intensive development of fuel cells has been observed since 
the 1960s, although a lot of scientific work and research is still carried out, especially in the field of 
technology applications in transport and energy. 

The main advantage of fuel cells is their high efficiency of electricity generation achievable for low 
and medium power technology, comparable to the efficiency of large conventional installations. 
Besides, this technology is characterized by low emissions of pollutants resulting from both the fuel 
used and the low temperatures of the process. Another advantage of the technology is the limited 
number of moving parts, which significantly affects the operating and repair costs. 

In the field of small and medium power, technologies with fuel cells are not cheap in terms of 
investments and operation. For this reason, it is important to strive to increase their efficiency by 
optimizing their modules. 

The intensive development of renewable energy sources, in particular wind and solar energy, and the 
limitation of the use of petroleum products in transport, may lead to the spread of hydrogen as an 
energy carrier. Efficient use of hydrogen energy is possible primarily in high-temperature fuel cell 
technologies. Currently, this technology is available. However, for economic reasons, not used 
commercially. Preparation for changes taking place in the energy sector requires research on this 
technology also in terms of determining the construction of optimal hierarchical systems, which is the 
subject of the analyzes presented in the article. 

The high operating temperatures and high-efficiency values of the oxide and carbonate fuel cells 
enable their efficient integration into gas turbine systems. On the other hand, low-temperature 
polymer-type cells are considered as modules cooperating with ORC installations [1-3]. In both cases, 
we are dealing with hierarchical systems, but working with heat sources of different temperature. The 
interest in the group of hybrid energy technologies with a gas turbine has been observed with varying 
intensity since the last decade of the last century. Various technological structures were analyzed. The 
most common fuel in the tested systems was natural gas, which required the use of external or internal 
reforming (most often using steam). The steam generation in the system enables the introduction of a 
steam turbine into the installation and the consequent construction of a complex hierarchical system 
[4]. An important research area is a search for optimal solutions for the integration of high-temperature 
fuel cells with coal gasification and carbon dioxide separation installations [5-14]. Systems with direct 
carbon cells are also analyzed [15]. 

The synergistic effect in terms of efficiency occurs when, in hierarchical systems, the power of the 
source operating in the higher temperature zone is much higher than the power of the installation 
operating in the lower temperature zone. For this reason, the implementation of high-power coal 
gasification systems integrated with high-temperature fuel cells is currently unlikely. However, the 
construction of low-power installations can be considered [16]. 

Many installations integrating high-temperature fuel cells with a gas turbine have been proposed [17–
51]. By their very nature, they are systems whose power depends on the power of the available oxide 
cells. These are, therefore, low-power hybrid installations that can be used in distributed electricity and 
heat generation systems, as power supply units for public utility buildings or backup units 
guaranteeing continuity of power supply. They can also be modules of more complex installations, 
integrated with hydrogen production systems powered from various sources. The characteristics of 
both hydrogen and natural gas systems with internal or external reforming are analyzed. The work [52] 
reviews various technological configurations for integrating a ceramic cell with a gas turbine with 
natural gas as a fuel. Issues distinguishing between external and internal reforming and the problems 
of cell modelling were discussed. The part of the article, which characterizes the existing simulators 
for testing hybrid systems and demonstration installations, is also worth mentioning. 

The research presented in the article is motivated by the definition of the structures and characteristics 
of installations enabling the combined production of heat and electricity using fuel cells. The research 
focused in detail on determining the parameters of the air turbine cycle, rarely considered in the 
literature, powered by hot flue gases from SOFC. The proportions possible to achieve between the 
electric power of the fuel cell and the air turbine system, the streams and parameters of the factors 
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necessary for effective operation, and the proportions between the heat fluxes transmitted in the 
system were determined. 

2 Fuel cells 

In fuel cells, the chemical energy of the fuel is directly converted into electricity. This type of 
conversion is an important advantage of cells because the efficiency of converting one form of energy 
into another is not limited by the theory of heat engines. Thus, there is a potential possibility of 
obtaining efficiencies exceeding the efficiency of heat conversion into mechanical energy at the 
currently mastered temperatures of heat supply to the cycle in which the heat engine operates (gas, 
steam turbine). 
Table 1 presents selected features of the most popular types of fuel cells. The significant differences in 
parameters mean that the different types have different applications. 

Table 1: Parameters of fuel cells 

Technology Power  Efficiency  Investment 
outlays 

Service life 
(durability) 

Development 
stage 

Alkaline cells < 250 kW 
 

~50%(HHV) 200-700 
USD/kW 

5-8 thou. h Initial market 
stage 

Polymer cells 0.5-400 kW 32-
49%(HHV) 

3000-4000  
USD/kW 

60 thou. h Initial market 
stage 

Solid oxide 
fuel cells 

< 200 kW 50-70% 
(HHV) 

3000-4000 
USD/kW 

< 90 thou. h Demonstration 
installations 

Phosphate 
cells 

< 11 MW 30-40% 
(HHV) 

4000-5000 
USD/kW 

30-60 thou. h Ready for 
implementation 

Molten 
carbonate cells 

kW- a few 
MW 

>60%(HHV) 4000-6000 
USD/kW 

20-30 thou. h Initial market 
stage 

 

As can be seen, SOFC cells are characterized by high efficiency, adequate power, high durability and 
moderate price. These features, together with the high operating temperature, make them very 
interesting and perspective when used. 

Oxide-ceramic cells are high-temperature cells. Working temperature: t = 1000 ° C. The reaction 
system can generally be represented as follows: 

Anode side: 

    


ebabCOOaHObabCOaH 222
2

2  (1) 

Cathode side: 

      

  2
2 2

2

1
ObacbaOba

 
(2) 

Net reaction: 

  22222

1
bCOOaHbCOHOba 

 
(3) 

The electrolyte is zirconium oxide (ZrO2) doped with Y2O3 (8-10 mol /%). Instead of yttrium oxide, 
the use of caesium dioxide (CeO2) and Gd2O3 (Gd - gadolinium) is also considered. The anode is 
made of NiZrO2 porous structure (porosity 20 - 40%). The cathode is made of La1-X SrX MO3 
oxides (M is manganese or cobalt). Porosity is in the same order as in the anode, X takes values from 
0.1 - 0.15.  

The analyzes used models of high-temperature oxide fuel cells to obtain high efficiency of electricity 
generation in a hybrid system.  
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The fuel cell model is based on the value of energy production efficiency defined by the equation: 

𝜂 , =
𝑁 ,

𝑚 , 𝐿𝐻𝑉
 (4) 

where: mf,u - stream of fuel used; LHV - fuel calorific value; Nel, FC: - electric power of the cell. 
The fuel stream used is proportional to the fuel stream: 

𝑚 , = 𝜂 𝑚  (5) 

where: mf–fuel stream; con – the degree of fuel use. 

The thermal efficiency of the cathode defines the ratio of thermal energy released at the cathode in 
relation to the chemical energy of the fuel: 

𝜂 , =
𝑄

𝑚 , 𝐿𝐻𝑉
 

(6) 

where: Qc – thermal energy supplied to the product stream from the cathode 
The anode heat output defines the ratio of heat energy released at the cathode in relation to the 
chemical energy of the fuel: 

𝜂 , =
𝑄

𝑚 , 𝐿𝐻𝑉
 

(7) 

Where: Qc – thermal energy supplied to the product stream from the anode 
Heat losses to the environment are defined by the ratio of heat energy released to the environment in 
relation to the chemical energy of the fuel: 

𝜂 , =
𝑄

𝑚 , 𝐿𝐻𝑉
 

(8) 

Where: Qamb – thermal energy transferred to the environment. 

3 Gas turbine cycle 

One of the possibilities to increase the efficiency of a fuel cell installation is the use of hierarchical 
systems in which the thermal energy of the products from the cell is used to produce additional 
electricity. The cycle that uses this heat can be e.g. a steam cycle or a gas cycle. Since supplying a fuel 
cell with high-temperature substrates allows for obtaining a large amount of high-temperature waste 
heat energy, a gas turbine cycle seems to be particularly suitable for this type of installation. 
Circulation of this type, in which the working medium is air, is considered e.g. as a superstructure of 
gas turbine installations, in substance drying installations, in installations that do not require water as a 
cooling or working medium. A characteristic feature of this type of systems is the use of a high-
temperature heat exchanger that allows heat transfer from a high-temperature and low-pressure 
medium to a low-temperature and high-pressure medium, enabling the production of additional 
mechanical energy. If a high-temperature fuel cell is used as a superior system, it is possible to add an 
air system according to the diagram shown in Fig. 1. Such a connection enables the fuel cell system to 
be supplied with uncontaminated air at an increased temperature, which enables the air overpressure to 
flow through subsequent system elements up to the exhaust gas outlet to the surroundings. 

The mathematical model of the air turbine module was built based on mass and energy balance. 
Isentropic efficiencies were used in flow machines to determine the parameters of the factor. 
Modelling of heat exchangers was based on the energy balance assuming constant values of 
temperature differences of the hot inlet and cold outlet medium. Turbomachinery was characterized by 
mechanical efficiency representing friction losses. The losses in the energy generator were determined 
based on the value of the generator efficiency. Pressure losses are taken into account in the heat 
exchangers.  
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4 Hybrid systems - diagrams and assumptions 

The first configuration is the simplest solution of a fuel cell system with an air turbine system (Fig. 
1a). This configuration uses a high temperature fuel cell. System is powered by hydrogen at a 
temperature close to the ambient temperature. The air to supply the cell comes from the gas turbine 
cycle. This medium has a high temperature due to the configuration of the system. The model assumed 
a constant value of the air stream supplying the cell at the level of 1 kg / s. In order to ensure real 
temperature values in the cell, the fuel flow was controlled so that the exhaust gas outlet temperature 
was 950 ° C. This temperature value enables high efficiency of the fuel cell and enables the use of 
exhaust gas heat in the exchanger of the air system. 

The air system consists of a compressor C, the heat exchanger HTHE and an expander T. The air after 
expansion in the expander has a relatively high temperature, also, the turbine system allows to obtain 
the overpressure required for the flow of the medium through the fuel cell and other system 
components. After cooling down in the heat exchanger, the exhaust gases from the fuel cell are burned 
up in the catalyst DB and finally cooled down to recover the heat Qu for heating purposes. 

In the next configuration (Fig. 1b), to increase the efficiency of electricity generation, two compressors 
with inter-cooling (heat exchanger CO) were used. In such a case, thanks to the reduction of the 
compression work, the electric power of the system should be increased and, at the same time, low-
temperature heat is dissipated to the environment, which contributes to the reduction of the total 
efficiency. 

 

 

Figure 1: Schemes of hierarchical cogeneration systems - a) variant 1; b) variant 2 

In the third variant (Fig. 2), compared to the first variant, the use of high-temperature heat was 
increased by applying sequential heat supply in front of two expanders. 

b) a) 
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Figure 2: Hybrid cogeneration system of fuel cell and air system with two turbines 

The parameters of the mathematical model of the fuel cell are presented in Table 2. 

Table 2: Fuel cell module parameters 

Electricity generation efficiency 𝜂 ,  0,6 
Relative heat loss to the environment 𝜂 ,  0,02 
Relative heat flux at the cathode 𝜂 ,  0,3 
Relative heat flux at the anode 𝜂 ,  0,08 
Hydrogen conversion rate η  0,8 
DC / AC conversion efficiency η  0,97 
Pressure drop on the anode side Δp ,  0,1bar 
Pressure drop on the cathode side Δp ,  0,1bar 
Exhaust gas temperature t  950°C 

 

It was assumed that the cell operates at a pressure close to the environment. The pressure value results 
from the pressure drop occurring in the system elements through which the exhaust gases flow and 
amounts to about 1.2 bar. To obtain gas flow and minimize the stress value in the cell components, air 
and fuel pressure must be similar. To obtain high efficiency of generating electricity in the system, it 
was assumed that the fuel cell operates without external cooling, and the operating temperature is 
achieved by appropriate selection of the fuel stream. Combustion gases from the anode part and air 
from the cathode part, after mixing, supply the high-temperature exchanger of the air turbine system. 
Table 3 presents the main parameters of the remaining machines and devices. 

Table 3: Fuel cell module parameters 

Compressors C, C1, C2 Isentropic efficiency i = 0.8, mechanical efficiency m = 0.99 
Turbines T, T1, T2 Isentropic efficiency i = 0.85, mechanical efficiency m = 0.99 
Intercooler CO Air outlet temperature t3 = 30 ° C, relative air pressure loss 
Heat exchanger Exhaust gas outlet temperature t3 = 90 ° C, relative air pressure loss 
High-temperature heat 
exchangers HTHE, HEHE1, 
HEHE2 

Upper-temperature difference t = 30 ° C, the pressure loss of the hot 
medium, the pressure loss of the cold medium 

Afterburning chamber DB Adiabatic chamber 
Electricity generator G Generator efficiency g = 98.65% 
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5 Results 

Due to significant differences in the prices of heat and electricity, many systems aim to maximize 
electricity production. In the considered variants, it was assumed that the fuel cell efficiency and the 
fuel conversion rate are constant, which causes the energy generation efficiency of the fuel cell 
module 𝜂 ,  to be 46%. This efficiency was defined by the formula: 

𝜂 , =
𝑁 ,

𝑚 𝐿𝐻𝑉
 (9) 

One of the main parameters influencing the efficiency of electricity generation in the air system is the 
pressure p2 in the process of heat supply to the medium. Figure 3 shows the dependencies of the 
efficiency of electricity generation and total efficiency as a function of downstream pressure for 
variant 1. These efficiencies are defined by the following formulas: 

𝜂 =
𝑁 , +𝑁 ,

𝑚 𝐿𝐻𝑉
 (10) 

𝜂 =
𝑁 , +𝑁 , + 𝑄

𝑚 𝐿𝐻𝑉
 

(11) 

Nel,AT   electric power of gas cycle generator; 

Qu   useful heat. 

  

Figure 3: Variant 1 - a) influence of pressure p2 on the efficiency of energy generation; b) influence of 
pressure p2 on the overall efficiency 

Similar results were obtained for variant 2 - Fig. 4. 
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Figure 4: Variant  2 - a) influence of pressure p2 on the efficiency of energy generation; b) influence of 
pressure p2 on the overall efficiency 

It can be seen that variant 2 is characterized by only a slight increase in the efficiency of electricity 
generation and a significant decrease in the total efficiency compared to variant 1. Due to the increase 
in the amount of heat transferred to the environment as the pressure p2 increases, a decrease in the total 
efficiency was observed in variant 2. 

One of the important parameters of the fuel cell is the degree of fuel conversion, the effect of this 
parameter on the efficiency is shown in Fig. 5. 

  

Figure 5: Effect of the degree of fuel conversion on efficiency - a) variant 1; b) variant  (FC-el,FCt; 
FC+AT- el; TOT – tot) 

The most effective variant in terms of electricity generation efficiency was variant 3. Thanks to the use 
of two turbines and two heat exchangers, it was possible to achieve high efficiency of energy 
generation, el=62,8% and total tot=81,6%. These results were obtained for the optimal values of the 
pressures p2= 2,35 bar and p4=1,6 bar. This system was also characterized by the highest temperature 
of the inlet air to the fuel cell t6 (in variant 1 t6 = 616 ° C; in variant 2 t6 = 658 ° C). This property 
makes it relatively easy to obtain high efficiency of the cell per unit area in condition 3. The presented 
results concern the search for optimal solutions from the point of view of efficiency. An economically 
rational choice of parameters can be made taking into account also the investment outlays that are 
affected by specific work. In this respect, an initial assessment of the variants can be made by 
comparing the specific work for the system, fuel cell and air system (Table 5). The main factor 
influencing specific work of fuel cells is the temperature of the supply air. An increase in temperature 
causes a decrease in specific work. The unit work of air systems is highly dependent on the pressure in 
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the process of heat supply to the thermal cycle. The optimal pressure values in terms of unit work are 
higher than the optimal values in terms of efficiency, which prompts the search for economically 
optimal solutions for higher pressure values in further works. 

Table 4: Factor parameters at individual points in the system, variant 3 

Point Temperature, 
°C 

Pressure, 
bar 

Mass flow, 
kg/s 

Composition (mass fractions) 

f 15 1,2 0,004 H2 – 100% 
1 15 1 1 N2 – 75,05%; O2 – 22,99%; CO2 – 

0,04%; H2O – 0,64%; Ar -1,28% 2 114,1 2,35 1 
3 909,2 2,348 1 
4 813,4 1,6 1 
5 913,7 1,598 1 
6 845 1,2 1 
7A 757 1,1 0,033 H2O- 97,3%; H2- 2,7% 
7C 958 1,1 0,971 N2- 77,25%; O2 20,72%; CO2 

0,04%, H2O – 0,66% Ar – 1,32% 
7 943 1,08 1,004 N2 – 74,71%; O2 – 20,04%; CO2 – 

0,04%; H2O – 3,84%; Ar – 1,28; 
H2 – 0,09% 

8 848 1,06 1,004 

9 939 1,06 1,004 N2 – 74,69%; O2 - 19,32%; CO2 – 
0,04%; H2O – 4,46%; Ar – 1,28% 10 185,5 1,06 1,004 

11 90 1,059 1,004 

Table 5: Comparison of unit work of the system, fuel cells and air turbine 

 (Nel,FC+Nel,AT)/m1 
[kJ/kg] 

Nel,FC/m1 
[kJ/kg] 

Nel,AT/m1 
[kJ/kg] 

Variant 1 717,5 617,1 100,4 
Variant 2 897,3 758,9 138,4 
Variant 3 347,2 259,1 88,0 

 

6 Conclusions 

The oxide-ceramic fuel cell and air turbine systems are characterized by high efficiency of electricity 
generation as well as overall efficiency, which is difficult to achieve in other configurations of low and 
medium power hybrid systems. 

One of the main elements determining the efficiency of a cell is the degree of fuel conversion. Its high 
value makes it possible to achieve very high efficiency in electricity generation. 

The analyzed systems in its basic form are not too complicated, which justifies their use in low and 
medium power systems. 

The use of air systems with interstage air cooling seems unjustified due to the significant complication 
of the system and low energy effects. 

Significant differences in the electric power of a fuel cell per unit of oxidant stream require in-depth 
research to determine the optimal structures in economic terms. 

The article does not consider the issues of powering the fuel cell in terms of minimizing thermal and 
pressure stresses. Taking these issues into account may affect the parameters of the system due to the 
necessity to use additional measures, such as the use of air or fuel recirculation, additional heat 
exchangers for substrates or products. 
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Abstract 

This paper focuses on parametric optimization of a fuel cell/battery range extender implemented in 
trolleybus. In order to optimize the fuel cell/battery parameters a simulation model of the vehicle 
dynamics and the powertrain is developed in this study. It allows estimation of driving energy 
consumption as well as an analysis of energy management between the fuel cell and battery. A modified 
Millbrook London transport bus (MLTB) driving cycle is used in order to evaluate the driving energy 
consumption and average power demand. The weight of the trolleybus is varied within the range of 
13700 kg to 22500 kg. Battery nominal energy is determined on the bases of driving energy needed per 
cycle at gross vehicle mass and minimum battery state of charge of 0.6 at the end of cycle. Thus, the 
optimal battery energy accounts to 110 kWh. Finally, the impact of fuel cell size on hydrogen fuel 
consumption is evaluated. The results reveal that increasing the fuel cell nominal power leads to lower 
hydrogen consumption. The minimum fuel consumption was observed with the fuel cell of 135 kW 
when demanded fuel cell power accounts to 37.8 kW. The range extender further will be implemented 
in a trolleybus to demonstrate the advantage of technology. 

1 Introduction 

The transport sector is responsible for approximately 25% of total greenhouse gases (GHG) emitted in 
the atmosphere due to the fossil fuels burned in the internal combustion engines. Moreover, conventional 
vehicles pollute with CO, CH, NOx, particulate matter and etc. In order to reduce the pollution as well 
as the greenhouse gases effect a transformation of energy sources in the transport sector need to be 
applied. The public transport has been electrified years ago using tramway and trolleybuses in the urban 
areas. However, such electrification limits the operation range by the electricity supply infrastructure. 
The trolleybuses are highly used in the public transport due to high tank-to-wheels efficiency. They are 
powered by electricity from the grid which requires complicate infrastructure. Moreover, their autonomy 
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depends on the infrastructure – they cannot operate outside the grid. In order to overcome their 
disadvantages a range extender could be implemented such as: generator powered by internal 
combustion engines, batteries, supercapacitors or hybrid range extender consists of fuel cell and battery. 
Fuel cell/battery hybrid range extender produces electricity on the board of vehicle providing autonomy 
depends on the hydrogen storage [1]. The autonomy also is strongly related to the size of fuel cell and 
the battery capacitance as well as on driving conditions. Polymer exchange membranes fuel cells 
(PEMFC) are highly used for transport application [2]. They offer maximum efficiency of approximately 
60% which can be improved to 80% in case of cogeneration. PMEFCs are still not widely 
commercialized due to the high cost and low durability. 

In order to increase the on board energy efficiency in case of hybrid range extender a complex 
optimization need to be carried out. Teng et al. [3] presented a comprehensive review of energy 
management strategies (EMS) used for multi-objective optimisation of fuel cell hybrid electric vehicle 
(FCHEV) with battery energy storage. Fathabadi in [4] studied FCHEV powered by 90 kW PEMFC and 
19.2 kWh Li-on battery as energy storage. It was reported a vehicle maximum speed of 155 km/h and 
autonomy of 530 km. Wang et al. studied fuel cell/battery hybrid vehicle in terms of fuel cell and battery 
degradation [5]. The results revealed that fuel cell life time decreases significantly when the power 
demand and fluctuation is higher. Both fuel consumption and durability of fuel cell/battery powertrain 
in bus application was studied in [6]. Mebarki et al. [7] studied hybrid powertrain consists of PEMFC 
and battery where each part was simulated separated and then a power control strategy was applied to 
manage the power sources.  

This study aims to optimisation of fuel cell-battery range extender applied to trolleybus using 
standardized driving cycle related to public transport.   

2 Description of the considered hybrid driveline 

The most commonly used topology for the hybrid range extender including fuel cell (FC) is shown in 
Figure 1. According to [8]  this configuration enables independent and flexible control of both the fuel 
cell (FC) branch and the battery branch depending on the vehicle energy requirements. As the powers 
from the alternative energy sources should match the demanded power a suitable control of both DC/DC 
convertors is needed. This topology enables the control of the DC-bus voltage, prohibiting large voltage 
swings on the DC-bus, and as a result the inverter DC/AC requirements for its DC-voltage link are less 
stringent.  

Figure 1: Topology of the considered propulsion system 

 

For simulation purpose a Millbrook cycle is used, including both inner and outer London cycle. The 
main trolleybus data used in the vehicle dynamic model are listed in Table 1. 

 
Table 1: Main trolleybus data 

Parameter m, kg fr, - Af, m2 Cd, - δ, - rt, m iFD, - 

Value 
13700-
22500 

0.012 6.5 0.65 1.0 
0.475 
(275/70R22.5) 

7.16 

M
G

FC

Bat

FDi
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3 Components models and their local efficiency maps 

The modeling of energy transfer processes requires an assessment of existing power losses in the 
propulsion lines during the energy transformation from chemical energy form through the electrical one 
to the mechanical energy and vice versa depending on trolleybus mode of operation. The benefits of 
such hybrid systems are directly linked with their drivelines efficiency, which determine the aim of the 
present part: a suitable description of those losses and determination of the local efficiency of the main 
components (transformers and energy storage) in an appropriate form for investigation of the power 
flows taking into account the condition for reversibility. 

3.1 Main traction motor and AC/DC inverter 

The motor that was used in this study is a brushless DC (BLDC) with rated power of 240 kW, maximum 
torque of 2500 Nm and maximum speed of 2600 rpm. The efficiency maps are presented in Figure 2. 

 
a)  motor/generator efficiency map 

 
b) AC/DC inverter efficiency map 

Figure 2: Efficiency maps of the main traction electric motor and coupled AC/DC inverter 

3.2 DC/DC converters 

In order to evaluate the efficiency performance of the battery DC/DC converter it is used the data, 
reported in [9]. These data are from the response surface model 𝜉(𝐼, 𝑃) calculated as a function of two 
parameters, current 𝐼 and power 𝑃 through the converter. The specific values for 𝜉(𝐼, 𝑃) are given in the 
Appendix and the corresponded efficiency map is shown in Figure 3. The authors state that the presented 
efficiency map may be slightly different from a real DC/DC converted, but it can be used for evaluation 
of the converter performance. 
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Figure 3: Efficiency map of battery DC/DC converter 

3.3 Battery model and its efficiency map 

Battery state of charge 𝑆𝑜𝐶  is considered as a main parameter for determination of the battery 
condition. In [10] this parameter is explained as a “fuel tank level indicator” and some of OEMs use the 
same visualization on the instrument clusters to represent its state. In the theory, this parameter is 
described by the ratio between the current battery capacity (quantity of charge) and the nominal one as:  

𝑆oC = 1 −
Q

Q
= 1 −

1

Q
I dt (1) 

 

where 𝑠𝑖𝑔𝑛 (𝐼) = " + " during battery discharging, 𝑠𝑖𝑔𝑛 (𝐼) = " − " in processes of battery charging 
and 𝑄  is the battery nominal capacity.  

Relation (1) does not consider actual battery capacity which changes as a function of the current rate 𝐼 
over the battery terminals (known as Peukert law). A possibility for estimation of the actual 𝑆𝑜𝐶  is 
treated in [11], where the Peukert number is used. For Li-Ion batteries Peukert number varies in the 
range of 1.03 1.05  depending on the battery load [12]. An alternative approach is presented in [13] 
where the battery life cycle and the battery working temperature are also included in the model. 

It is possible to combine the models mentioned above in the following form  
 

𝑆𝑜𝐶 = 1 − 𝐾 , 𝐼𝑑𝑡, (2) 

 

where 𝐾 ,  is a functional coefficient which describes the chosen model. 

All the models presented above use the current rate 𝐼 through the battery.  For the aims of the current 
investigation as the main point of interest is quasi-static process of energy transfers, the dynamics of 
battery cell voltage is neglected. A simplified Thevenin battery cell model, shown in Figure 4a, is 
accepted here [14]. The parameters used for description of the battery model depend on battery type and 
they usually are approximated by power series [15], for the battery cell open circuit voltage 𝐸 as: 

 

𝐸 = 𝑎 𝑒 + 𝑎 + 𝑎 𝑆𝑜𝐶 + 𝑎 𝑒 /( ), (3) 

 

and for the battery cell internal resistance 𝑅  respectively  

𝑅 = 𝑏 𝑆𝑜𝐶 ;   𝑅 = 𝑏 𝑆𝑜𝐶       (4) 
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where 𝑎 , 𝑏  are coefficients, corresponded to specific manufacturer (cell technology). Typical behavior 
of Li-Ion cell 26650m1, manufactured by A123 System is shown in Figure 4b, where It is considered a 
constant cell loads which leads to fully depletion of the cell over 10 hours.  

 

 
 

a) cell model b) cell behaviour 

Figure 4: Battery cell model and behavior 

 

By substituting the solution of power balance equation regarding to the current rate 𝐼, necessary for 
battery models (1) to (4) at a given output/input power rate 𝑃 ,  over battery [10] into battery 
state of charge, relation (2), it is possible to obtain the battery model in the following form 

 

𝑑

𝑑𝑡
𝑆𝑜𝐶 = −𝑘 ,

∓𝐸(𝑆𝑜𝐶 ) ± 𝐸 (𝑆𝑜𝐶 ) ± 4𝑅 (𝑆𝑜𝐶 )𝑃 ,

2𝑅 (𝑆𝑜𝐶 )
      

(5) 

 
where 𝑃 , = 𝑃 , , depending on the battery mode of operation. 

There are two standardized ways to express the battery efficiency named coulomb efficiency and energy 
efficiency for evaluating battery performance [16]. As the model parameters of the battery are already 
known, a different approach for battery efficiency is accepted as it is described in [17]. The internal 
losses in the battery depend on the direction of the power flow as it is described in accepted Thevenin 
model. At given internal losses the efficiency can be presented for both modes of battery operation as  

𝜂 , =
𝑃

𝑃 + 𝐼 𝑅 (𝑆𝑜𝐶 )
, and  𝜂 , =

𝑃 −  𝐼 𝑅 (𝑆𝑜𝐶 )

𝑃
    (6) 

 

and taking into account the presented data for Li-Ion battery, the battery efficiency map as a function of 
battery state of charge 𝑆𝑜𝐶  and applied power is presented in Figure 5. 

 

Figure 5: Battery local efficiency map as a function of its state of charge and applied external power 
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3.4 Fuel cell modelling 

A simplified model of PEM fuel cell operating with hydrogen is used in order to estimate fuel 
consumption. This model represents a fuel cell that operates at nominal conditions: temperature and 
pressure. It is based on equivalent circuit as the parameters of the model can be modified by means of 
the polarization curve. A typical output characteristic of a PEM fuel cell with nominal power of 60 kW 
is given in Figure 6.  

 

Figure 6: Fuel cell model used for fuel consumption 

4 Component sizing 

The vehicle energy needed to cover a specific drive cycle has well known description and it is defined 
by  

𝐸 = 𝑃 𝑑𝑡 + 𝑃 𝑑𝑡 + 𝑃 𝑑𝑡,  (7) 

 

where 𝑃 = 𝑚𝑣𝛿�̇� is a power for active change of the vehicle energy state, 𝑊; 𝑃 = 𝑓 𝑚𝑔𝑣 is a power 
for overcoming the roll resistance, 𝑊; 𝑃 = 𝑘 𝑣  is a power for overcoming the aerodynamic 
resistance, 𝑊, 𝑘 = 0.5𝜌𝐴 𝐶  is the air drag coefficient, 𝑣 is a current vehicle speed determined by the 
drive cycle, 𝑚/𝑠; 𝑚 is a vehicle mass, 𝑘𝑔; 𝑔 is the acceleration of gravity, 9.81 𝑚/𝑠 ; 𝜌 is the ambient 
air density, 1.202 𝑘𝑔/𝑚 ; 𝐶  is the vehicle drag coefficient, - ; 𝐴  is the vehicle frontal area, 𝑚 ; 𝛿 is 
a coefficient which gives an account on the rotating masses in the vehicle drive line, - ; 𝑓  is a rolling 
friction coefficient, - . 

For any drive cycle the vehicle movement can be described as a combination of three basic driving 
modes determined by the necessity for direction alteration of the energy flow [18]. The condition, which 
allows those modes to be strictly determined, could be obtained from the differential equation of the 
vehicle motion in case of free movement on horizontal road and without any disturbances.  

If the speed profile is given in discrete form for every time intervals from the drive cycle the solution of 
the equation above leads to the following expression: 

 

𝑣 =
𝑓 𝑔

𝑘
𝑡𝑎𝑛 𝑎𝑟𝑐𝑡𝑎𝑛

𝑘

𝑓 𝑔
𝑣 −

𝑘 𝑓 𝑔

𝛿
Δ𝑡  (8) 

 

The results from (8) can be used to define the operational mode of the vehicle during each discrete time 
interval from the cycle and the direction of energy flow respectively. The different modes are determined 
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by quantity comparison between defined speed at the end of every time interval 𝑖, 𝑖 + 1 from the drive 
cycle and estimated speed at the end of the same interval according to expression (8): 

𝑣 > 𝑣  - necessity for energy supply for fulfilment the defined motion (traction mode);  

𝑣 < 𝑣  - necessity for energy deprivation for fulfilment the defined motion (braking mode); 

𝑣 = 𝑣  - without energy transfer (coasting mode).  

In case of a discrete speed profile representation the energy required to accelerate a unit of the vehicle 
mass could be described as  

𝐸 =
𝛿

2
𝑣 − 𝑣 + 𝑔(𝑓 ± 𝑠𝑖𝑛𝛼) 𝑣𝑑𝑡 + 𝑘 𝑣 𝑑𝑡 . (9) 

 

Similarly, the energy available to be absorbed during braking could be presented as 

 

𝐸 =
𝛿

2
𝑣∗ − 𝑣∗ − 𝑔(𝑓 ± 𝑠𝑖𝑛𝛼) 𝑣𝑑𝑡

∗

∗
− 𝑘 𝑣 𝑑𝑡

∗

∗
, (10) 

where the time intervals 𝑡 , 𝑡  in 𝑠 correspond to the acceleration modes when the vehicle velocity 
satisfies the condition 𝑣 ≥ 𝑣 ; the time intervals 𝑡∗, 𝑡∗  in 𝑠 correspond to the braking modes if 
𝑣 < 𝑣 . The air drag coefficient is used in a new form as 𝑘 = 𝑘 /𝑚, 𝑚 , which represents the 
air resistance assigned  to an unit of the vehicle mass. 

It can be judged from the ratio between the expressions (10) and (9) how much of the exhausted energy 
for acceleration would be possible to recover in some kind of stored energy. This ratio is considered as 
a coefficient of energy recovery 𝑘  at the drive wheels, which is presented in the following form [19]: 

𝑘 =
∑ 𝐸

∑ 𝐸
  (11) 

 

where ∑ 𝐸  is the overall energy available for recuperation, relation (10), but ∑ 𝐸  is 
the energy required to fulfill  movement over the determined drive cycle, relation (9).   

Let to consider a conventional electric propulsion system where an electric battery is a main energy 
source. The described coefficient of energy recuperation, relation (11), which at this stage is simply a 
drive cycle characteristic, could be presented by battery energy in the following form: 

𝑘 =
∆𝐸

𝜂
.

1

𝜂 ∆𝐸
  (12) 

where 𝜂 = 𝜂 𝜂 / 𝜂 / 𝜂 ,  is the battery branch efficiency during energy recuperation in 

braking modes, but 𝜂 = 𝜂 , 𝜂 / 𝜂 / 𝜂  is the same branch efficiency at reversed energy 
flow.  

Taking into account the possibilities for energy recovery during brake modes and relation (12) for energy 
recovery coefficient 𝑘 , the energy ∑ 𝐸  needed to fulfil one cycle can be expressed by: 

 

∑ 𝐸 = 𝑚 ∑ 𝐸 − 𝑚 ∑ 𝐸 = 𝑚 1 − 𝑘 𝜂 𝜂 ∑ 𝐸   (13) 

   
where the term 1 − 𝑘 𝜂 𝜂  represents the possibilities for reduction of the necessary energy 
demands for covering the specific drive cycle, which requires minimum battery energy content [1]. 
 

𝐸 =
∆𝐸 − ∆𝐸

Δ𝑆𝑜𝐶
=

𝑚 ∑ 𝐸 1 − 𝑘 𝜂 𝜂

𝜂 𝑆𝑜𝐶 − 𝑆𝑜𝐶
 (14) 
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It is accepted that the battery working range is 𝑆𝑜𝐶 ∈ [0.5; 0.8]. Applying the presented components 
description battery state could be modeled over the cycle as a function of covered distance. The results 
are shown in Figure 7 for different trolleybus masses, which are considered constants over a cycle. 

 

Figure 7: Battery state of charge without fuel cell support 

 

Assuming FC as an energy source for covering energy demand over entire cycle it is possible to 
determine its averaged power as 

𝑃 =
𝑚 ∑ 𝐸 (1 − 𝑘 )

𝜂 ∑ 𝑡
 (15) 

 

where 𝜂 = 𝜂 / 𝜂 / 𝜂  is the efficiency of the FC branch to the drive wheels. Such a relation 
accounts an ideal energy transfer through the battery and should be considered as a lower boundary for 
FC power. 

In case of hybrid range extender, comprised of a battery and a fuel cell, it is assumed that the whole 
available for recuperation energy during braking modes is transferred to the battery, but the fuel cell just 
covers the energy demand during accelerations and cruising to reduce the battery loads. In such a case 
𝑘  can be expressed as 

 

𝑘 =
∆𝐸

𝜂
.

1

𝜂 ∆𝐸 + 𝜂 ∆𝐸
  (16) 

 

From the relation above it is obtained that the necessary FC energy support to cover the specific drive 

cycle, keeping an appropriate battery energy level ∆𝐸 = ∆𝐸 − ∆𝐸 , will be 

∆𝐸 =
1

𝜂 𝑘

∆𝐸

𝜂
− 𝜂 𝑘 ∆𝐸 = 𝑃 𝑑𝑡

∗

 , (17) 

 

where 𝑃  is the power supply from the FC, if the FC only covers the power necessary for movement 
over the cycle without charging the battery (𝑡∗is the overall duration of the periods of the cycle, when 
the condition 𝑣 ≥ 𝑣  is met). 

If the electric battery is considered as an energy buffer, it is common to assume that the initial battery 
energy level at the beginning of the cycle should be equal to the final battery energy level after fulfilling 
the drive cycle, i.e. ∆𝐸 = 0. Such a condition is possible to be satisfied only if the FC is used for 
direct battery charge. 
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Combining cycle condition, relations (17), and the buffer condition leads to the following expression 
regarding to the energy battery charge ∆𝐸   

 

∆𝐸 = 𝑘 𝜂 𝜂  ∆𝐸 + 𝑘 𝜂 𝜂 ∆𝐸 + 𝑘 𝜂 𝜂 𝜂 ∆𝐸  (18) 

 

where 𝜂 = 𝜂 / 𝜂 / 𝜂 ,  is the efficiency of the propulsion system between the FC and the 
battery.  

Initial condition for FC support assumes a constant FC power supply over the duration of the entire drive 
cycle which leads to 

∆𝐸 = 𝑃 ∑ 𝑡 and ∆𝐸 = 𝑃 ∑ 𝑡 . (19) 

 

Comparing nominators in expressions (11) and (12) it is evident that  

 

∆𝐸 = 𝜂 𝑚 ∑ 𝐸  , (20) 

and substituting (19) and (20) into relation (18) an expression for necessity FC power supply is obtained 
in the following form 

𝑃 =
𝑚 ∑ 𝐸 1 − 𝑘 𝜂 𝜂 /𝑘

𝜂 𝜂 ∑ 𝑡 + 𝜂 ∑ 𝑡

=
𝑚 ∑ 𝐸 1 − 𝑘 𝜂 𝜂

𝜂 𝜂 ∑ 𝑡 + 𝜂 ∑ 𝑡
 . 

(21) 

and this relation should be considered as an upper boundary for FC power.  

The solution for necessary FC power support 𝑃  for a given trolleybus mass could be found within the 
range between lower, relation (15), and upper, relation (21), limits by solving the evolution of dynamic 
state of the system over the cycle depicted by 

𝑆𝑜𝐶 = −𝑘 ,

∓ ( )± ( )± ( ) , ( )

( )
   

𝑃 (𝑚) = 𝑚𝛿𝑣�̇� + 𝑓 𝑚𝑔𝑣 + 𝑘 𝑣  (22) 

𝑃 , (𝑚) = 𝜂 /

±
𝑃 (𝑚)𝜂± 𝜂 /

± − 𝑃 (𝑚)𝜂 /   

𝑆𝑜𝐶 = 𝑆𝑜𝐶   

 

Exact unique value for 𝑃  exists for any given constant trolleybus mass, as it is presented in Figure 8a. 
This leads to the idea that every trolleybus mass deviation will generate a state which lies in the area 
bounded by maximum battery 𝑆𝑜𝐶  and its minimum state 𝑆𝑜𝐶 , corresponding to empty and full 
trolleybus, with their respective FC power support 𝑃 (𝑚 ) and 𝑃 (𝑚 ). 

Let to consider a trolleybus mass variation. An equivalent FC power support 𝑃 (𝑚 + ∆𝑚) corresponds 
to each trolleybus mass variation ∆𝑚 at trolleybus stations, Figure 8b. As a result the battery 𝑆𝑜𝐶 (𝑚) 
keeps its values into the permissible area between 𝑆𝑜𝐶  and 𝑆𝑜𝐶 , as it accounts to 𝑃 =
28007 𝑊. 
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a)  Battery state of charge with constant FC support depending on constant trolleybus mass 

 
b) Adaptive FC power depending on the trolleybus mass deviation 

 
c) Battery state of charge with adaptive FC support depending on the trolleybus mass 

 

Figure 8: Adaptive FC support proportional to trolleybus mass 

5 Fuel cell optimisation 

In order to choose the optimal FC size with respect to the hydrogen fuel consumption a study of fuel 
cell operation was carried out. Several fuel cells were studied with nominal power within the range of 
40 kW to 135 kW. The minimum value was chosen on the bases of average FC power demand by the 
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trolleybus driving with maximum mass of 22 500 kg. That power accounts to 37.8 kW. For each fuel 
cell the cumulative hydrogen consumption for the duration of the test cycle was estimated. The results 
are presented in Figure 9. It can be stated that increasing the FC nominal power leads to lower hydrogen 
consumption within the studied FC power range. The minimum consumption was observed with most 
powerful fuel cell as it accounts to 13 470 sl. Analysing the results by fitting curve reveals that increasing 
the power above maximum studied value could offer minor effect on the fuel consumption. Taking into 
account that the trolleybus mass is the maximum for very limited period of time as well as the investing 
cost of the FC which strongly depends on the power the optimal FC is within the range of 80 kw to 100 
kW. 

 

Figure 9: Hydrogen consumption vs FC nominal power 

6 Conclusions 

A parametric optimization of fuel cell-battery range extender for trolleybus was presented. The 
optimisation is based on the energy demand over Millbrook test cycle including inner and outer London 
cycles. The simulation model was developed in Matlab taking into accounts vehicle resistance forces, 
traction motor efficiency, inerter efficiency, DC/DC efficiency, battery efficiency and FC efficiency. 
The mass of the vehicle was varied within the range of 13700 kg to 22500 kg. Energy recovery in braking 
was also implemented in the model. Thus, energy recuperation coefficient was studied at different 
vehicle mass. The battery capacity was determined based on the battery SoC variation over the test cycle 
when the vehicle mass is the maximum. In this case the battery SoC varied within the range of 0.8 to 
0.6 at the end of the cycle. The upper and lower FC power limits were determined as the values 
corresponds to minimum and maximum vehicle mass. Two strategies were applied in FC control: with 
constant FC power support over the test cycle and with adaptive FC power control. In both cases the 
main target is to provide the same battery SoC at the beginning and the end of the cycle. The adaptive 
FC power control is needed when the vehicle mass varies during the cycle. The fuel cell hydrogen 
consumption was finally studied when vehicle mass is maximum. The FC nominal power was within 
the range of 40 kW to 135 kW. The most powerful FC leads to lower hydrogen consumption of 13 470 
sl per cycle. Taking into account that average vehicle mass is lower which means lower FC power 
demand than the maximum value as well as the investment cost, the optimum FC power is within the 
range of 80 kW to 100 kW.      
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Abstract 

Current requirements concerning the clean combustion technology both in automotive sector and 
energy industry force to search fuels with small molar concentration of carbon and sulphur. One of the 
best methods to obtain gaseous fuels is gasification of solid fuels and biomass together with municipal 
sewage. Dispersion of energy production requires smaller gasification reactors for local applications. 
The paper presents various small gasification systems with water-coal mixture and water-biomass 
mixture both with oxygen (air) and without oxygen. Mathematical modelling together with 13 kinetic 
chemical reactions enabled to apply them in CFD program. The chemical model is based on surface 
reactions given in the model of Equivalent Reactor Network (ERN) in Ansys Energetico . Simulation 
of gasification of different reactor designs enabled to obtain the mass concentration of chemical 
compounds on the outlet of the system. The work includes also general flow of the fluid inside 
gasifier. Increasing of internal turbulence inside the gasification system gives better and quicker 
gasification process than in the stationary flow about 30%. Additionally, heating of the gasifier walls 
by electrical system without air gives higher mass ratio of hydrogen (0.13) and carbon monoxide 
(0.55) at the outlet than in the system with the air. The air consumes some part of the fuel and a lot of 
carbon dioxide is produced. The paper shows comparison of mass concentration of CO, H2, H2O, H2S, 
CO2, O2, CH4, tar, C(s) and other chemical compounds in the syngas for solid fuels and municipal 
sewage. Computation of different gasification systems enabled to choose the best system to obtain 
higher concentration of hydrogen in the syngas. Generally, turbulence and internal heating of the 
water-fuel mixture enables higher concentration of hydrogen in the syngas. Application of the 
gasification reactor with external heated walls and without oxygen inflow produces the syngas without 
tar and volatile species in comparison to the systems with additional oxygen supply. In all considered 
cases the syngas contained a large amount of CO2 about 25 – 30% of total mass. Such system will be 
used in one of polish small enterprise for fuelling of special industrial piston engine. This article is the 
result of research work carried out in the project financed by polish National Centre of Research and 
Development. 
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1 Introduction 

For many years gasification of solid and liquid fuels in the presence of water is the known methods for 
obtaining the gaseous fuels, which are used in many energy devices in the combustion process. 
Recently the main problem of avoiding emission of solid particles, sulphur compounds, reduction of 
NOx emission and better use of fuel in the combustion process, particularly in internal combustion 
engines and burners. Combustion of gaseous fuels decreases emission of such components in the 
exhaust gases. Additionally, during gasification process of solid and liquid fuels the gaseous fuel is 
enriched with hydrogen coming from decomposition of water vapour. In the world there are many 
gasification systems of hard coal, biomass and sewage sludge for production of electric energy and 
heat. The most industrial applications of coal gasification were invented at the end of 20th century by 
Texaco [14] for production of synthesis gas or the Shell coal gasification process (SCGP) [15] which 
is a dry-feed, oxygen-blown, entrained flow coal gasification process. Production of syngas from 
bituminous and lignite coal is one of the ways to obtain clean gaseous fuel enriched additionally with 
hydrogen for combustion in medium and high power boilers. The gasification process is only one way 
for production a clean electric energy from the coal fuels avoiding large dusting of the environment in 
the combustion process and avoiding expensive catalytic devices. Fossil fuels are the basic fuels for 
energetic sector in many countries, because biomass combustion and renewable energy resources are 
not yet sufficient to meet energy needs. This applies to the combustion or gasification of biomass, the 
use of solar panels, wind energy and water energy. The basic problem of the gasification process of 
different fuels is to achieve high gasification efficiency, a large amount of flammable gases in the 
entire volume, low installation and operating costs.  

For many years plenty research works of gasification systems of solid fuels have been realized in 
whole the world e.g Texaco, Luirgi, BGL, HTW, Prenflo, Shell and many others and were described 
extensively in literature [1, 2, 3]. Recently also many authors made computational studies on 
gasification of coal fuels and biomass using CFD technique [3, 4] using kinetic reactions developed by 
scientific researchers [5, 11]. Gasification process of different fuels such as: hard coal, lignite, wood, 
willow, municipal sewage and even grain, was described and discussed globally by many authors [6, 
13, 17]. Gasification of solid fuels is associated with combustion process where pulverization of coal 
is needed and plenty of researches [8, 9, 12, 13, 21] described co-combustion of coal with biomass. 
Otherwise many engineering solutions of coal and biomass gasification were applied in practice. There 
are currently 74 plants under construction worldwide that will have a total of 238 gasifiers and 
produce power 83 GW.[22]. There are still unknown thermochemical parameters of kinetic reactions 
of processes taking place in the gasification reactors for more complicated fuels such as biomass with 
different material structure and wastewater. Gasification process of solid fuels proceeds in many 
phases. Usually, the Arrhenius reaction parameters are assumed to be constant, but in fact they depend 
on temperature and pressure. 

2 Purpose and scope of the work 

The purpose of the work was to check the influence of different methods of gasification on mass 
fraction of hydrogen, carbon monoxide, carbon dioxide, oxygen and other chemical compounds in the 
syngas. Particularly the mass fraction of hydrogen and carbon monoxide is important for caloric value 
of obtained gaseous fuel from the gasifier. Large amount of carbon dioxide, oxygen and nitrogen in 
the syngas decreases its caloric value. Three methods of gasification were used for comparison of 
mass fraction of chosen chemical compounds in the syngas with determination of thermal parameters 
in the gasifiers. Due to the inability to compare these indicators on a real object, simulation tests were 
carried out using the CFD program. The following systems have been checked: 

1. Gasification of hard coal particles with water in presence of the oxygen. The gasification system 
includes 3 inlet systems and one outlet system of syngas. There is two-stage coal and water supply into 
the gasifier, but with different mass flow rate of the coal-water mixture. The geometry of model of the 
gasification reactor considered in the paper is shown in Fig. 1. Total length of the reactor amounts 

454



2600 mm and its diameter 400 mm. The second stage of the inlet is placed in the contraction with 
diameter of 200 mm. 

2. Gasification of biomass particles with water also in presence of the oxygen. The gasification system 
is the same as in the first case. However different diameter of the biomass particles were assumed but 
the same mass flow rate and boundary conditions were applied in calculations. 

 

Figure 1: Reactor with two-stage inlet of fuel-water mixture and one fuel-oxygen inlet 

3. External heated gasification system with forced turbulence and without external participation of the 
air or oxygen shown in Fig. 2. The fuel-water mixture is delivered by one inlet system under certain 
angle to the main chamber. The walls of the gas generator can be electrically heated or heated as a 
result of burning of a gaseous fuel in the outer chamber surrounding the gasifier. The gasifier has two 
contractions which cause higher velocity of the gas and higher turbulence increasing the rate of 
chemical reactions. 

 

Figure 2: Model geometry of external heating gasification reactor 

Comparison of three considered cases gives more information which system has higher possibility to 
obtain the gaseous fuel with higher caloric value.  

3 Gasification process 

Gasification process of the solid fuel occurs in the presence of steam. Each solid fuel contains a 
significant amount of carbon, for example in the anthracite the carbon mass content can reach 80%. 
Higher rate of gasification process is reached by smaller diameter of fuel particles and at higher 
temperature above 1000 K. Gasification process requires some additional energy, so the whole process 
is endothermic reactions. The required amount of heat for the gasification can be obtained by 
combustion of the certain mass of fuel in the presence of oxygen or the air delivered to the chamber. 
Another possibility is heating of the walls of the gasification chamber. The heat is transferred to the 
fuel particles and the steam by conductivity and convection and partly by radiation. The wall thickness 
should not be too large but it must ensure safety due to mechanical stress caused by the prevailing 
pressure inside the chamber. The whole gasification process consists of several stages and was 
presented by Westbrook & Dryer [16] and their model does not show the heat needed for chemical 
reactions. The stages of gasification process shown in Fig. 3 are as follows: 

1. Atomization of fuel and water in the injection process.  
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2. Evaporation and boiling of the water – water goes into the steam.  

3. Pyrolysis process taking place at higher temperature – for bituminous coal the pyrolysis takes place 
at about 700 K. The pyrolysis is described by two competitive reactions:  

Coal = (k01 ,T01)  → Y1 {Light Volatiles} + (1 - Y1) {Char}     (1) 

   Coal = (k02 , T2) → Y2 {Heavy Volatiles} + (1 - Y2) {Char}        (2) 

where: 

  Y1  –  partitioning factor of the low temperature reaction,  

  Y2   –  partitioning factor of high temperature, 

k01, k02  – pre-exponential constants for coal and biomass, 
T01, T02  – local temperature of coal and biomass. 

During the pyrolysis a wide range of compounds are released, such as: a) light volatile species: CH4, 
C2H6, H2O, H2, H2S, CO2, CO etc., b) heavy volatile species, called tar: these species are volatile 
compounds at the pyrolysis temperature but they can be liquid or solid at room temperature, c) solid 
phase called char. The pyrolysis process is called sometimes as devolatilization process because all 
volatile species from the fuel particles are released. 

4. Heterogeneous chemical reactions – the involved volatile species react with each other and at the 
presence of oxygen and carbon monoxide there are many progressive and reverse reactions  

5. Homogeneous reaction - the fixed carbon contained in the so-called pseudo-gas species char reacts 
with steam, hydrogen, carbon dioxide and oxygen.  

6. Releasing of the synthesis gas from the outlet system with ash for the next purification process. 

 

Figure 3: Gasification model of solid fuels and water 

4 Mathematical model of gasification process 

Combustion and gasification of solid fuels were described by many authors, who published their 
mathematical models [4, 5, 16, 17]. Injection of small water droplets together with solid fuel particles 
into the inlet duct causes a fast movement of the mixture to the reactor, where due the high 
temperature the water droplets evaporate according to the following formula: 

    vllvvvvvv mm
t

 



u
       (3) 

where: v - vapour phase, 

  v  - vapour volume fraction, 

  v  - vapour density, 

  vu  - vector of vapour phase velocity, 

  lvm  - evaporation mass transfer rate [kg/(s m3)], 

  vlm  - the rate of mass transfer due to condensation [kg/(s m3)]. 

The mass transfer rate of evaporation takes place when Tl  > Tsat and is described as follows: 
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where fv is a coefficient and is interpreted as a relaxation time. The condensation rate is calculated 
when temperature vapour Tv is smaller than saturation temperature Tsat (Tv < Tsat): 
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          (5) 

Devolatilization of the fuel particles in the pyrolysis process due to high temperature in the reactor 
most often is determined by single rate model developed by Badzioch and Hawskley [17]: 

  0,0,0,1 pwvp
p mffmk

dt

dm


      (6) 

where mp is the fuel particle mass (kg), fv,0 is the fraction of volatiles initially present in the particle, 
fw,0 is the mass fraction of evaporating/boiling material (when wet combustion is modelled) and mp,0 is 
the initial particle mass (kg). k is the kinetic rate (s-1) defined from the Arrhenius formula with pre-
exponential factor A and an activation energy E: 

 )ˆ/(exp TREAk         (7) 

where R̂  is the universal gas constant and T is temperature. Gasification process is modelled as a 
turbulence-chemistry interaction with species transportation. It can be described by finite rate-eddy 
dissipation model given by Magnussen and Hjertager [16]. The net rate Ri,r of species i due to reaction 
r can be determined by smaller value of the two expressions: 
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where: PY  is the mass fraction of any product species P, Y  is the mass fraction of a particular 

reactant , A is an empirical constant (A=4.0), B is an empirical constant (B=0.5), k is turbulent 

kinetic energy,  is dissipation rate of turbulent energy, 'v  is stoichiometric coefficient for reactants, 
"v  is the stoichiometric coefficient for product and M is the molecular weight.  

5 Chemical reactions and properties of fuels 

Theoretically gasification process of solid fuels in which mass fraction of carbon predominates is the 
reactions between H2O, C<s>, CO and CO2. Gasification of carbon in the presence of steam requires 
additional heat 175.3 kJ/mol of C and CO with steam 2.9 kJ/mol of C and both endothermic reactions 
called sometimes as “water-gas shift reactions” can be written as follows: 

C<s> + H2O + 175.3 kJ  CO + H2      (9) 

CO + H2O +2.9 kJ  CO2 + H2      (10) 

These reactions determine minimal amount of heat which should be delivered to the reactor for full 
gasification of carbon in the solid fuel. This amount of heat may come from burning some of fuel in 
the presence of oxygen delivered to the reactor. 

C<s> + O2  CO2 + 393.5 kJ       (11) 

In other case at external heating of the reactor the same amount of thermal energy should give an 
electric heating system or external burning system. The chemical model considered in the paper takes 
into account 5 chemical elements: C, H, O, N and S and the following chemical compounds: CO, CO2, 
CH4, H2, O2, N2 and H2S but also monatomic compounds O and H as radicals. Mass balance equations 
of 5 elements C, H, O, N and S are determined on their content in the chemical compounds. Unknown 
7 chemical compounds should be calculated such as: CO, CO2, CH4, H2S, H2O, H2, O2 and N2. 
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In numerical calculations the single global combustion rate as a function of temperature T and pressure 
p the following formula is considered [11]: 

bann
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ˆ 2






       (12) 

where for many cases n = m = 0 for a specified range of T and p. The exponents a and b can be found 
in chemical tables for example in NSRDS-NBS 67 [18]. Among many chemical models of gasification 
process the model developed by Equivalent Reactor Network (ERN) dominates and is applied in 
Ansys Energetico [19] and was used for determination of mass fraction of the chemical compounds in 
the considered three gasification reactors.  

Heterogeneous reactions between gaseous chemical compounds are modelled as kinetic reactions and 
are simply presented as follows:  

1. Volatilization in pyrolysis process: Vol  CO + CH4 + H2S + H2 + N2 + H2O + O2 + Tar 
2. CO oxidation:     CO +0.5 O2  CO2 
3. Forward water-gas shift reaction (FWGS):  CO + H2O  CO2 + H2 
4. Reverse water-gas shift reaction (RWGS):  CO2 + H2  CO + H2O 
5. Hydrogen oxidation:    H2 + 0.5 O2  H2O 
6. Reverse of hydrogen oxidation:  H2O  H2 + 0.5 O2 
7. Methane oxidation:    CH4 + 1.5 O2  CO + H2O 
8. Steam methane reforming:   CH4 + H2O  CO + 3 H2 
9. Tar oxidation reaction:   Tar + O2  CO 

Homogeneous reactions occur on coal particle surface as char C<s> oxidation reactions and in the 
ERN model are presented in the following form: 

10. Char combustion: C<s> + 0.5 O2  CO 
11. CO2 gasification:  C<s> + CO2  2 CO 
12. H2O gasification:  C<s> + H2O  CO + H2 
13. C(s) gasification:  C<s> + 2 H2  CH4 

The rate of formation of the k-th chemical compound can be written as the sum of all chemical 
reactions in which this compound takes part. The constants in Arrhenius reactions (7) and constants of 
exponents ni in combustion rate formula (14) are presented in Table 1. 

Table 1: Constant data of Arrhenius reactions of gasification process 

React. No  A E [J/kmol] n1 n2 n3 Literature 
1 2.119e+11 2.027e+08 1.5 - - [5] 
2 2.239e+12 1.7e+0.8 1 0.25 0.5 (H2O) [5] 
3 2.35e+10 2.88e+08 0.5 1 - [23] 
4 1.785e+12 3.260e+08 1 0.5 - Eq. with FWGS 
5 9.87e+08 3.1e+07 1 1 - [20] 
6 2.06e+11 2.728e+08 1 - - Equil. with 5 
7 5.012e+11 2.0e+08 0.7 0.8 - [5] 
8 5.922e+08 2.09e+08 0.5 1 - [24] 
9 1.0e+15 1.0e+08 1 0.5 - estimation 
10 300.0 1.3e+08 0.65 (O2) - - [4] 
11 2224.0 2.2e+08 0.6 (CO2) - - [4] 
12 42.5 1.42e+08 0.4 (H2O) - - [4] 
13 1.62 1.5e+08 1 (H2) - - [4] 

The analysis of gasification process was carried out for two solid fuels with participation of water and 
oxygen. The main properties of hard coal and biomass taken for calculations are shown in Table 2. 
The ultimate analysis of coal (dry, ah free basis) of rank subbituminous B was given by Ragland & 
Bryden [11] and for biomass by Stolarski & Krzyzaniak [7].  

458



Table 2: Ultimate analysis of subbituminous (hard coal) [11] and biomass [7] 

Properties  Hard coal Biomass (willow) 
Mass fraction of total carbon % 80.51 53.0 
Mass fraction of Hydrogen % 5.68 5.8 
Mass fraction of Oxygen % 8.69 37.62 
Mass fraction of Nitrogen % 1.58 0.8 
Mass fraction of Sulphur % 3.54 0.2 
Low heating value J/kg 2.2343e7 1.8140e7 
Density kg/m3 1200.0 550.0 

6 CFD models and boundary conditions  

The CFD model of the reactor was created in fully 3D geometry. The reactor shown in Fig. 1 has three 
inlets of: 1) coal-oxygen (inlet1), 2) coal-water (inlet2), 3) coal-water (inlet3). Configuration of inlet1 
and inlet2 enables better mixing of coal or biomass slurry and swirl of both flowing media caused by 
eccentric placement of these inlets on the same level. The third inlet of coal or biomass slurry is placed 
in contraction with diameter 200 mm which give higher flow rate and higher turbulence of the fuel 
mixture. The amount of fuel delivered by inlet1 should enable the required heat for endothermic 
reaction (water-gas shift reactions) which is defined in eq. (9) and (10). Additionally, the heat from 
combustion should enable evaporation of liquid water and increase of steam temperature. The mesh of 
model created in Ansys contains 212914 tetrahedral cells. The inlet parameters for gasification 
reactors with hard coal slurry supply in oxidized and heated gasifiers are given in Table 3. Turbulent 
intensity was assumed as 15% and turbulent viscosity ratio equal 10 for all inlets. Temperature of the 
reactor’ walls with thickness 10 mm was assumed as 600 K. The biomass has a lower caloric value 
than hard coal. The other inlet parameters were given for biomass gasification in the reactor with the 
same geometry (Table 4). 

Table 3: Boundary conditions for hard coal slurry 

 Oxidized gasifier Heated 
gasifier 

Parameter Inlet1 Inlet2 Inlet3 - 
Mass flow rate O2 [kg/s] 0.01 - - - 
Mass flow rate H2O [kg/s] - 0.038 0.038 0.016 
Mass flow rate of coal [kg/s] 0.01 0.025 0.025 0.012 
Temperature O2 [K] 300 - - - 
Temperature H2O [K] - 300 300 300 
Temperature of coal [K] 400 300 300 300 
Velocity of coal [m/s] 5 5 5 5 
Velocity of H2O [m/s] - 5 5 5 
Mean coal particle diameter [mm] 0.01 0.01 0.01 0.01 
Mean H2O droplet diameter [mm] - 0.05 0.05 0.05 
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Table 4: Boundary conditions of oxygen gasification reactor for biomass slurry 

Parameter Inlet1 Inlet2 Inlet3 
Mass flow rate O2 [kg/s] 0.049 - - 
Mass flow rate H2O [kg/s] - 0.0375 0.075 
Mass flow rate of coal [kg/s] 0.025 0.025 0.05 
Temperature O2 [K] 500 - - 
Temperature H2O [K] - 300 300 
Temperature of coal [K] 400 300 300 
Velocity of air [m/s] - - - 
Velocity of coal [m/s] 10 10 10 
Velocity of H2O [m/s] - 10 10 
Mean coal particle diameter [mm] 0.01 0.01 0.01 
Mean H2O droplet diameter [mm] - 0.05 0.05 

The heated gasification reactor shown in Fig. 2 without oxygen supply has one inlet of coal slurry. The 
gasifier has two places of contraction for increasing the flow velocity and local turbulence. The small 
diameter of the gasifier was applied due to penetration of the heat from the external wall inside the 
chamber by conductivity and convection. The mesh was also created in Ansys meshing module with 
automatic adaptation and has 122425 tetrahedral cells. Temperature of external surfaces of the reactor, 
which is made from SiC (high temperature resistant material), was assumed with a value 1400 K for 
10 mm walls thickness. Such temperature value was given on the author’s experience with other 
systems, which ensures complete gasification process. Interaction of solid particles with continuous 
phase was calculated by using Discrete Phase Model (DPM) and was updated every 50 iterations. 

7 Calculation results 

The analysis of three gasification systems were carried out in the Ansys Fluent v. 16.0 double 
precision 64 bit program on 6 processors Intel 7i at 2000 iterations of calculation and with pseudo 
transient option. The ERN gasification model was used and additional material coal-volatiles-air was 
applied and additionally a special definition of thermal parameters for species tar and volatile fluid 
was created. The pressure-velocity coupling scheme was used in the solution method and all spatial 
discretizations were calculated in the second order upwind scheme. The three cases were modelled by 
application of k- standard turbulence model with the following constants: C= 0.09, C1= 1.44, C2= 
1.92 and Pr = 1. This k- model was applied at assumption of standard wall functions (u=0 m/s).  

7.1 Oxidation reactor of coal-water mixture 

The oxidation reactor enables delivering heat for endothermic gas-water shift reaction by combustion 
of certain amount of fuel. The two inlets with injected coal-water mixture and one inlet with oxygen 
and injected coal particles enable full gasification of the reactants. Mass fractions of burned gases in 
the syngas at the outflow determine chemical efficiency of the gasification system. With the above 
given inlet parameters with oxidation small amount of burned coal 0.01 kg/s the mass fraction of CO 
(Fig. 4a) at the outflow amounts about 0.3 (of total mass). Production of CO begins on the level of the 
first inlets and locally reaches value 0.43. There is also a large increase in H2 with distance from the 
inlets. The largest mass fraction of hydrogen is at the outlet where it reaches value 0.12 (Fig.4b). 
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     a)          b) 

Figure 4: Mass fraction of carbon monoxide (a) and hydrogen (b) 

Carbon dioxide is by-product of gasification process in presence of oxygen. As a greenhouse gas it can 
be assimilated by nature, however, in the syngas is not needed. Mass fraction of CO2 changes in the 
space of reactor from 0 even to the value of 0.7 (Fig. 5a) but at the outflow it amounts 0.25, which is 
almost equal CO mass fraction. Most of it is formed around the air and coal intake (inlet1). In the 
gasification process a small amount of methane is formed at the outflow of the reactor, where mass 
fraction reaches value 0.18 (Fig. 5b). 

  
      a)          b) 

Figure 5: Mass fraction of : a) carbon dioxide in the reactor, b) methane 

The release of volatile substances from the coal particles in pyrolysis process takes place in the middle 
part of the reactor. Gasification temperature changes along the reactor and its higher value 2300 K is 
reached in the initial part of the reactor. All amount of oxygen delivered in inlet1 and the one coming 
from decomposition of water is fully consumed on formation of CO and CO2. Gasification of hard coal 
in the oxygen presence enables achieving high contents of CO, H2 and CH4 but also a large amount of 
CO2. Internal combustion of a certain amount of fuel gives the heat needed for endothermic water-gas 
shift reaction. Gradual supply of the hard coal slurry enables almost full gasification of reactants 
giving a large mass fraction of gaseous fuel. The process is efficient due to lack of nitrogen. 

7.2 Oxidation reactor of biomass 

Gasification of biomass is similar to the hard coal gasification but with different chemical composition 
of the syngas. An even distribution of the mass fraction of CO is observed at the middle and final part 
of the reactor (Fig. 6a). The average mass fraction of CO in the reactor amounts 0.35. Hydrogen is 
formed in the inlet part and at the final part of the reactor (Fig. 6b). Very fast formation of H2 after the 
second dose of biomass slurry is caused by high content of oxygen in the biomass. The syngas leaving 
the reactor contains about 13% of H2 of the total mass. 

 
      a)          b) 

Figure 6: Mass fraction of: a) carbon monoxide, b) hydrogen 
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Delivering oxygen together with biomass through inlet1 causes a fast combustion process which 
manifests itself in the formation of a significant amount of CO2 (Fig. 7a) on the inlet level giving a 
sufficient heat for gasification process. The average mass fraction of CO2 at the outflow amount about 
25% and is close to value in the previous case. Gasification of biomass causes a significant content of 
CH4 in the syngas (Fig. 7b) about 14% of total mass. A local CH4 mass fraction reaches value 0.22, 
which indicate on reverse reactions (destruction of CH4). The two inlets of biomass+O2 and 
biomass+H2O cause a strong swirl and mixing of two jets. Devolatilization of biomass is very fast end 
finishes shortly after the second injection of the biomass slurry.  

  
     a)           b) 

Figure 7: Distribution of mass fraction of: a) carbon dioxide, b) methane 

Distribution of mass fraction of volatile species is shown in Fig, 12b with maximum value 
0.14.Combustion process in the inlet part of the reactor causes high temperature above 3000 K (Fig. 
8a) due to high content of O2 in biomass. Temperature of the gaseous species in the reactor is almost 
the same along the reactor and at the outflow region is about 2000 K. Despite small content of sulphur 
in the biomass H2S is formed very fast due to high temperature with high mass fraction 0.034 (Fig. 
8b). 

 
      a)         b) 

Figure 8: Temperature in oxidized biomass reactor (a) and mass fraction of hydrogen sulphide (b) 

Almost all oxygen is consumed in the reactor for production of CO and CO2 and mass fraction of 
oxygen at outflow is zero.  

7.3 External heated reactor of coal slurry 

Gasification process of hard coal fuel by external heating can be realized in a long tube reactor with 
two contractions. Temperature of external wall made of SiC with thickness 10 mm was assumed as 
1400 K. Simulation tests showed that mass concentration of CO on almost the entire length is constant 
and amounts above 0.5 (Fig. 9). Small tube diameter enables a good heat flow from the walls to the 
reactants. The hydrogen formation process is similar to formation of CO (Fig. 10), which shows that 
water-gas shift reactions are the main processes in this gasification system. The outflow mass fraction 
of H2 is 0.13 and is similar to two previous cases. 

 

Figure 9: Mass fraction of carbon monoxide 
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Figure 10: Mass fraction of hydrogen 

Despite the lack of oxygen at the inlet the gasification process produces much of CO2 in the forward 
water-gas shift reaction. Most CO2 is generated at the pipe inlet to the reactor’s tube, where mass 
fractions amounts almost 0.5 and decreases along the tube Fig.11). The CO2 mass fractions at the 
outflow amounts almost 0.3 and is higher than in two previous cases. The oxygen in the hard coal 
particles and released from the steam in chemical reactions is not fully consumed in formation of CO 
and CO2. In this way the syngas contains also about 5% of oxygen (Fig. 12). 

 

Figure 11: Mass fraction of carbon dioxide 

 

Figure 12: Mass fraction of oxygen 

7.4 Comparison calculation results of gasification systems 

The conducted simulation of three cases of gasification enabled determination of mass fraction of 9 
chemical compounds in the syngas leaving the reactors. The syngas also contains the rest of not 
burned fuel ash and moisture in the steam form. Figure 13 presents mass fractions of 9 species in the 
syngas at the outlet at the case of oxidized gasification of hard coal-water mixture, where the largest 
mass fraction occurs for CO, CO2 and CH4. There is also much amount of tar (7.5% of total mass 
fraction) which indicates on incomplete gasification. 

 

Figure 13: Mass fractions of chemical species on outlet in oxidized gasifier for coal slurry case 
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The same proportion of mass fractions individual species in the syngas is for the second case with 
biomass where also an incomplete gasification of fuel occurs (Fig. 14). A larger mass fraction of CO 
and slightly lower CO2 and CH4 is noted in comparison to the first case. The mass fractions of 
gasification products are quite different at the heated gasifier for reactant of hard coal and water. The 
syngas contains 3 main gases: CO, CO2 and H2 (Fig. 15). Complete gasification process occurs in this 
case because there is neither tar nor volatile species. 

 

Figure 14: Mass fractions of chemical species on outlet in oxidized gasifier for biomass slurry 

Much amount of H2S about 3.5% in all cases results from the assumed high content of sulphur in the 
hard coal (3.54% of dry fuel mass), but biomass contains only 0.2% of sulphur. The high content of 
H2S in the syngas in the case of biomass results in high temperature of the process (T > 3000 K). High 
content of tar at the outflow of the oxidized reactor both for coal and biomass gasification can be 
reduced by separation of tar and reverse flow to inlet or by a reactor design change. 

 

Figure 15: Mass fractions of chemical compounds on outlet in external heating gasifier for coal slurry 

8 Discussion of results and validation 

The conducted analysis of gasification of hard coal and biomass with internal heating have shown 
slight differences of mass fractions of products in the syngas. Both cases enable achieving of the 
syngas with the following chemical composition: 30-35% CO, 22.5-25% CO2, 15-18% CH4 and 13% 
H2 with small amount of H2S and steam. For the assumed design of the reactor much amount of tar 
(7.5% of total mass) is leaving the reactor indicating incomplete gasification process. Elimination of 
tar in the syngas is possible by higher mass of oxygen flowing into the reactor or by elongation of the 
reactor. The third case with external heating of the walls gives better results, because almost 70% of 
the syngas total mass are flammable gases (CO and H2) and almost 30% is the mass of CO2, which is 
the product of forward water-gas shift reaction. In gasification process with external walls heating the 
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syngas has higher caloric value because of higher content of CO and H2. The applied calculation 
model in CFD program has been verified by Ansys Inc. [20] by comparison of simulation the real 
model of gasification reactor applied in Wabash River Energy Ltd in USA [25]. Measurements were 
conducted on two stage gasification system, where coal is first slurried with water and fed with 95% 
pure oxygen. The coal is partially combusted giving temperature 1370°C. The majority of the coal 
reacts at this temperature with steam to produce the raw syngas. Additional coal slurry is added to the 
second gasification stage where it undergoes devolatilization, pyrolysis, and partial gasification to cool 
the raw syngas and enhance its heating value. The Ansys work [20] also concerns the gasification 
process of coal in the presence of oxygen only and comparison of dry volume fractions of CO, H2, 
CO2 and CH4 by measurements and by CFD simulation is presented in Fig. 16. 

 

Figure 16: Validation of Ansys CFD model on measurements in Wabash Power Plant (USA) [20] 

Mass fractions of the chemical compounds in the syngas are presented in the work because they are 
closer to physical and thermal issues than molar fractions. The experimental part of the research is 
currently under way in company Filen sp. z o.o and will be published in the near future. 

9 Summary and conclusions 

The work presents the reasons of solid fuels gasification, which are: obtaining of gaseous fuels 
enabling lower pollution, lower content of sulphur and more efficient fuelling system in internal 
combustion engines. Two oxidized gasification systems for hard coal and biomass and one for hard 
coal gasification by external heating of the walls are shortly described. Calculations of solid fuel 
gasification briefly required presentation of mathematical model of different stages of this process, 
which is included in a computer program. The experimentally proven Ansys ENR model of 13 
chemical kinetic reactions with Arrhenius constants was presented. Properties of solid fuels: 
subbituminous hard coal and willow biomass taken from ultimate and proximate analysis are included 
in tables. The geometries of two gasification reactors are shown in the figures with their short 
description. Boundary and initial conditions of simulations of 3 cases of gasification systems were 
defined. Simulation of gasification process in 3 systems were carried out in Ansys Fluent program 
until convergence of all thermodynamic variables reached very low values. The results of calculations 
are presented in figures showing mainly distribution of the main products in the reactors. The results 
of simulation tests were also discussed by comparison of gaseous components in the syngas for all 
cases. Based on simulation calculations carried out, the following basic conclusions can be drawn: 

1. External heating of the reactor’s wall without oxygen inflow gives higher mass fraction of CO 
(54%) than the cases with fuel oxidation, but with the same H2 mass fraction (13%). 

2. The syngas from the reactor with external heating of the wall contains also CO2 (about 30%) and 
gasification process is complete without tar and volatile species in the exhaust gases. The exhaust 
gases contain only small amount of methane 

3. Gasification of hard coal and biomass in the same reactor with inflow of oxygen together with fuel 
gives almost the same content of chemical compounds in the syngas. A large amount of methane is 
formed (about 3.5%) in these two cases as a result of chemical reactions 
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4. The oxidized reactor at the assumed boundary conditions characterizes with a large mass fraction of 
tar (7.5%) in the exhaust gases both at hard coal and biomass gasification. 

5. Local maximum temperature of the gases inside the reactor for the cases with internal combustion 
(for biomass T > 3000 K and for hard coal T>2000 K) is higher than for the case with external heating 
(1300 K). 

6. Gasification with external heating of the walls is more expensive and requires higher strength 
materials of the walls but gives flammable gases with higher caloric value. 

The paper gives only basic information for comparison of analysed gasification systems. The 
inspiration of this work was a cooperation with company Filen sp. z o.o in the research project 
POIR.01.01.01-00-0327/15 financed by National Research Development Centre (NCBiR) in Poland. 
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Abstract 

Anaerobic digestion is an efficient way of using a wet fraction of municipal solid waste (MSW) for 
energy purposes as it can produce biogas, which in turn could be used for the combined generation of 
power and heat or as a transportation fuel, after purifying to biomethane and compression. However, a 
digestate left after anaerobic digestion of the wet fraction of MSW is still considered waste and is a 
subject of strict regulations. The relatively high moisture content of the digestate, after application of 
mechanical dewatering, is still significant and makes it unsuitable for incineration with other fractions 
of waste, unless significant amount of heat is used for drying. Due to these reasons, current practice 
involves landfilling of the digestate, which introduces additional cost due to space requirements and 
size limitations of landfills. Wet torrefaction, also known as hydrothermal carbonisation (HTC) is a 
process that can potentially offer great benefits by improved mechanical dewatering and valorisation 
of the digestate into a better quality solid fuel. This study presents results of the experimental 
investigation on HTC of the digestate after anaerobic digestion of wet fraction of MSW in order to 
reach satisfactory parameters of the valorised solid fuel with minimising the energy losses and the 
overall size of the reactor for the industrial-scale process. Different process conditions as temperature 
(180,200 and 230°C) and residence time (30, 60 and 120min) were tested. In addition, a full mass and 
energy balance was carried out for different the process conditions to determine the optimum set. 
Results showed a reduction of solids content after the HTC up to 24%, and calorific values decreased 
up to 30%. The results showed that after thermal treatment, the carbon content decreased from 24.61% 
(original feedstock) up to 17.37%. The preliminary dewatering test showed a reduction of 20% in the 
moisture content. 
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1 Introduction 

Biomass represents a highly versatile and renewable resource with great potential for utilisation as a 
basis for hydrochar production. The production of hydrochar from biomass may be viewed as 
advanced exploitation of this traditional energy resource, with the potential to play an important role in 
sustaining the future energy demand. Ongoing efforts of the European Union to decrease the amount 
of municipal solid waste (MSW) directed to the landfills resulted in the development of different 
utilisation methods. For the wet fraction of MSW anaerobic digestion seems to be the most promising, 
as this fraction has a natural tendency towards decomposition, which in case of landfills releases 
landfill gas [1]. Digestate, coming from such treatment can be stabilised in a wide variety of ways [2-
4]. Additional problems, such as treatment of effluents, can also be solved in a wide variety of ways 
[5]. However, such digestate still has to be landfilled, as its use for energy purposes is difficult due to 
high moisture and ash content [6]. Recently hydrothermal carbonisation (HTC), also known as wet 
torrefaction, has been proposed, as a viable mean of valorisation of the digestate for its subsequent use 
as a solid fuel [6-8]. Process temperature, reported in the literature for wet torrefaction, usually ranges 
between 180°C and 260°C [9-21]. As the process takes place in subcritical water, pressure has to be 
higher than the saturation pressure of water for a specific temperature [9, 10, 14-17]. In these 
conditions, water behaves as a non-polar solvent and its ionic constant increases significantly [22]. A 
multitude of concurring reactions takes place during HTC, and a multitude of different products is 
obtained as a result [10, 14]. Solid products, called hydrochars, can be considered hydrophobic [23], 
which can potentially enhance dewatering by mechanical means [10, 24]. Moreover, grindability of 
the processed biomass can be significantly enhanced [25]. Therefore HTC can be considered as a 
prospective valorisation process for low-quality biomass, especially when wet biomass is concerned as 
a potential feedstock for biorefineries [11, 18-20, 26-31] or as a component of high-quality solid 
biofertilizers [26, 32, 33]. 

Therefore, the main objectives of this study are firstly, to evaluate the influence of treatment 
temperature and retention time on the hydrochar physical and energy properties from MSW digestate 
and secondly, to evaluate the influence of the HTC treatment on the dewatering properties of the 
Municipal Solid Waste Digestate (MSWD). 

2 Materials and methods 

2.1 Process description 

The experimental work was carried out on a bench scale. The sample homogenization was carried out 
by grinding the wet biomass with a Retsch GM 200 knife mill. The prepared biomass was treated with 
HTC under different conditions. The thermally treated was dewatered with a filter press at different 
conditions as well. The resulting products were quantified and characterized. 

2.2 Biomass 

The biomass used in this research was sewage digestate from the anaerobic digester of Municipal solid 
waste of Z.G.O Gać company located in Poland. All the samples were taken to the laboratory and 
stored in a fridge at 4-5°C until for no longer than 6 months to prevent any enzymatic or chemical 
activity. 

2.3 Hydrothermal treatments  

Thermal experiments were conducted in a customized non-stirred 136mL stainless steel batch 
reactor(see Figure 2). In each batch experiment, 100mL of sludge sample was loaded in the reactor 
and sealed. To reach the desired temperatures, the reactor was immersed in hot fluidized bed oven 
with band heaters used as the heat source. Bed temperature was monitored and controlled by 
thermocouples and an automatic regulator working in on/off mode. The temperature inside the reactor 
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was also monitored by a thermocouple and controlled manually by the level of the reactor immersion 
inside the bed. The pressure was measured by an electronic manometer but not controlled.  

Tests were carried out at 180 °C, 200 °C and 230°C with a retention time of 15. 30, 60 and 120min. 
The allowance for temperature fluctuation inside the reactor was in the range of +/- 5 °C. After 
treatment, the reactor was cooled down to 25°C.  

After every test, the solid fraction was removed mechanically by hand pressing and dried for 24 hours 
at 105°C before grinding. HTC products (Solid and liquid) were collected in a separate container and 
retired for further characterization. All experiments were carried out in triplicate. 

2.4 Dewatering test 

Special pressing assembly was designed and manufactured in order to perform mechanical dewatering 
of the digestate and hydrochar samples. This assembly was subsequently used, along with a hydraulic 
press (HBM Machines BV) equipped with a pressure gauge, to perform dewatering of hydrochars. The 
pressure tested was 30bar and was selected in agreement with the values reported by the project 
partner company. 

The moisture content of the drained material was subsequently determined in duplicates, at 105 °C, 
using the moisture analyzer, with a scale resolution of 0.001 g and a maximum sample mass of 50 g. 
The mass of the sample was considered to be in equilibrium when the first derivative of the mass 
(dm/dt) was equal or smaller than 1 mg/min.  

2.5 Characterisation of biomass  

Untreated and thermal treated biomass were characterized according to standard analytical methods 
for pH, Total Solids (TS) and Volatile Solids (VS) (APHA et al., 2005).  

Solids samples (Hydrochar and sewage solid fraction) were dried overnight at 40°C in an oven and 
weighed afterwards. A CHNS analyzer (Thermo Scientific, Flash 2000 Series) was used to perform 
ultimate analyses of dry hydrochars. Proximate analyses were performed in a Thermogravimetric 
analyzer to determine moisture, ash content and volatile matter. 

3 Results and discussion 

In figure 1, the mass balances of HTC of MSWD are shown for the different process temperature and 
residence time. The results showed that there was a solid reduction after the HTC treatment. The 
highest reaction temperature treatment (230°C) followed a trend in which the solid content reduced as 
the retention time increased. MSWD treated at 230°C presented the highest solid reduction of 9, 17 
and 25% at 30, 60 and 120 min retention time respectively. The treatment at 180°C did not show a 
significant difference in the solid reduction at different retention times, presenting values of 6, 5 and 
4% at 30, 60 and 120 min retention time respectively. Treatment at 200°C did not show a clear trend 
regarding the solid reduction with values of 4, 10 and 5% at 30, 60 and 120 min retention time 
respectively. Therefore, obtained mass yields are, to some degree inconclusive, as they do not follow 
the trend established in the literature that mass yield decreases with increasing residence time and 
temperature [8, 14]. This could be attributed to impurities, such as pieces of glass and grit that would 
be small enough not to be picked during sample homogenisation. Nonetheless, such a piece would 
definitely influence the measurement of moisture content. This, in turn, is, critical for determination of 
mass yield, as the respective formula for mass yield calculation requires a dry mass of feedstock and 
product.  
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Figure 1: Mass balance of the HTC treated MSWD. 

3.1 Elemental properties of the Hydrochar 

The elemental composition of the feedstock and hydrochars are presented in table 1. The range of 
carbon content of the hydrochars obtained from MSWD after hydrothermal treatment are similar to 
those reported by Parmar and Ross [34] (21.4– 23.8%). The results showed that after thermal 
treatment, the carbon content decreased from 24.61% (original feedstock) up to 17.37% (200 °C- 
120min-17 bar). The complexity of the sample (MSW) has led some authors to get different trends on 
the carbon densification during the HTC treatment. For instance, Parmar and Ross [34] reported a 
reduction on the carbon content after the HTC treatment and Berge, et al. [35] reported an increase of 
the carbon content within the hydrochar after the HTC treatment. 

Table 1: Ultimate analyses of the feedstock (MSWD) and hydrochar. 

Sample Ultimate analysis 

  C (%)       H (%)       N (%)       Oa (%)     

MSW Digestate RAW 24.61 ± 1.38   2.32 ± 0.27   1.56 ± 0.23   8.19 ± 1.88 
                                

HTC MSW Digestate                               

180 °C- 30min-10 bar 25.17 ± 0.55   2.93 ± 0.11   2.09 ± 0.27   8.66 ± 0.93 

180 °C- 60min-10 bar 20.97 ± 0.60   2.36 ± 0.06   1.79 ± 0.06   12.08 ± 0.63 

180 °C- 120min-10 bar 22.51 ± 0.01   2.56 ± 0.02   1.71 ± 0.04   13.09 ± 0.02 
                                

200 °C- 30min-17 bar 23.43 ± 1.00   2.52 ± 0.16   1.96 ± 0.16   12.20 ± 1.32 

200 °C- 60min-17 bar 19.95 ± 0.02   2.30 ± 0.01   1.63 ± 0.01   13.22 ± 0.01 

200 °C- 120min-17 bar 17.37 ± 0.26   1.94 ± 0.00   1.38 ± 0.01   15.57 ± 0.25 
                                

230 °C- 30min-27 bar 19.93 ± 0.58   2.21 ± 0.03   1.66 ± 0.05   13.30 ± 0.50 

230 °C- 60min-27 bar 21.06 ± 1.27   2.31 ± 0.21   1.65 ± 0.11   14.64 ± 1.55 

230 °C- 120min-27 bar 23.28 ± 0.61   2.53 ± 0.09   1.73 ± 0.06   17.65 ± 0.74 
aCalculated as difference between sum of C,H,N,ash.  
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3.2 Energy properties of the Hydrochar 

Table 2 presents the yields and energy characteristics of the feedstock and different hydrochars. 
Hydrochar yields are influenced by reaction temperature and time, and normally the hydrochar yields 
decrease with increasing temperature and reaction time [36, 37]. Hydrochar yields ranged from 75% at 
230 °C- 120min-27 bar to 96% at 180 °C- 60min-10 bar and 230 °C- 30min-27 bar (See Table 2). 
The High Heating Values (HHVs) and Low Heating Values (LHVs) were calculated based on the 
formulas reported by Channiwala and Parikh [38] and Nzihou, et al. [39]. The HHVs and LHVs of 
hydrochars coming from MSWD were lower in comparison with the original feedstock with the 
exception of the 180 °C - 30min treatment. The HHVs ranged from 6.67 to 11.18 Mj kg-1 and LHVs 
from 6.41 to 9.27 Mj kg-1. 
 

Table 2: Yields and energy characteristics of the feedstock and hydrochars. 

Sample 
  Hy 

Yield 
% 

HHV (Mj kg-1)a 
  LHV  (Mj kg-

1)b 

  

        

MSW Digestate RAW   NA   10.19 ± 1.20   9.18 ± 0.49   

                      

HTC MSW Digestate                     

180 °C- 30min-10 bar   94%   11.18 ± 0.51   9.27 ± 0.19   

180 °C- 60min-10 bar   96%   8.32 ± 0.31   7.74 ± 0.24   

180 °C- 120min-10 bar   91%   8.94 ± 0.03   8.30 ± 0.01   

                      

200 °C- 30min-17 bar   95%   9.37 ± 0.80   8.67 ± 0.36   

200 °C- 60min-17 bar   90%   7.69 ± 0.01   7.35 ± 0.01   

200 °C- 120min-17 bar   83%   6.67 ± 0.13   6.41 ± 0.10   

                      

230 °C- 30min-27 bar   96%   7.53 ± 0.25   7.36 ± 0.23   

230 °C- 60min-27 bar   95%   7.82 ± 1.01   7.78 ± 0.46   

230 °C- 120min-27 bar   75%   8.85 ± 0.45   8.50 ± 0.23   
                        
aHHV calculated based on Dulong equation reported by Channiwala and Parikh (2002). 
bLHV calculated based on the formula presented in Nzihou et al. (2014).  

3.3 Dewatering properties 

Figure 2 shows the preliminary results of the dewatering tests. It is shown the moisture content of the 
non-treated MSWD(no dewatered) and the dewatered MSWD after HTC at 230°C – 30 min. The 
initial moisture content of the non-treated MSWD was 70.94%, and after the HTC treatment, it 
reduced  20%, showing a significant amount of water can be recovered. This is in good agreement 
with results presented by Gao, et al. [24]. They obtained a reduction of moisture content between 27.7 
to 59.6%.  
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Figure 2: Results of initial dewatering trial. 

 

Overall, it could be stated that obtained results suggest that the use of HTC is beneficial, for the 
purpose of valorisation of the MSW digestate, mainly due to improvement in mechanical dewatering, 
which minimises the energy requirement for drying. From the point of view of carbon content, it does 
not seem justified to increase the treatment temperature above 180 °C as it would lead to the much 
higher pressure of the process with no gains in carbon content to justify it. This consideration is 
extremely important for industrial-scale installations. Unfortunately, HTC in temperatures higher than 
230 °C could not be performed, due to the limitations of the equipment in use. Also, ash composition 
analysis was beyond the scope of this study. Nonetheless, it seems to be a good recommendation for 
future research. 

4 Conclusions 

HTC treatment reduced the amount of solids contained in the original feedstock up to 25%. The HTC 
treatment reduced the a carbon content of the MSWD (up to 30%), leading  also to a reduction in the 
energy properties (HHV and LHV) of the solid fraction. The mechanical dewatering treatment showed 
a reduction of  up to 20% in the moisture content in the hydrochar allowing to recover more process 
water and decrease the energy required to dry the hydrochar. The complexity of the samples and some 
undesired material contented in it should be taken in terms of the analysis of the obtained samples, as 
small glass and grit can be found in abundance. Therefore, it might seem to be sensible to include a 
pre-treatment that ensures the homogeneity of the sample. 
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Abstract 
The use of alternative biofuels for Spark Ignition (SI) engines is done to diversify fuel sources, optimize 
engine performance and reduce fossil fuel consumption, as well as pollutant and CO2 emissions. 
Additionally, when these biofuels are extracted from low grade wastes, they solve an important 
environmental problem while providing value to an otherwise harmful waste. The use of biofuels as 
additives may change some of the properties associated with combustion characteristics. Therefore, to 
optimize engine performance, minimize fuel consumption and emissions with different biofuel 
properties, there are several parameters that need to be assessed, such as the ideal fuel combustion 
mixture, biofuel properties quality, fuel injection control and proper ignition advance on the engine.  
In this study an experimental analysis of the use of fuel blends involving commercial gasoline (RON95, 
RON98), ethanol and bio-gasoline obtained from the pyrolysis of low-grade wastes was performed on 
a Spark Ignition engine. This study involved laboratory experiments with these fuels in order to assess 
their performance in terms of emissions (HC, CO, and NOx), brake torque and power, fuel consumption 
and efficiency. A programmable electronic control unit (ECU) was used to regulate the air-fuel ratio / 
lambda (set for stoichiometry) and the ignition advance (for maximum brake torque, MBT). This was 
done for different engine speeds, for both maximum engine load and for a specified torque target. 
Experimental test results with the use of a mixture of bio-fuels, especially ethanol and bio-gasoline as 
additives with a maximum incorporation of 10% shown that torque, power, efficiency and emissions 
such as CO and HC tend to be better than those obtained with RON95, RON98 and other fuel blends, 
whereas NOx increases with the addition of ethanol and bio-gasoline to the blend. 
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1 Introduction 

Alternative fuels, especially biofuels such as ethanol, biodiesel and pyrolysis bio-gasoline or pyrolysis 
biodiesel (bio-oils) can be used in internal combustion (IC) engines blended in gasoline or diesel fuels.  
In recent years, renewable energy resources have been proposed for the partial substitution of petroleum-
based fuels. Various sources of raw materials can be optimized for biofuel production. Biofuels derived 
from vegetable oil, animal fat and biomass waste, are considered as an alternative renewable fuel for 
use in IC engines. Because of the volatility in crude oil market and supply, limited (non-renewable) 
resources of fossil fuels with its lack of fuel source diversity, along with the growing environmental 
concerns, there has been a renewed interest in the use of biofuels as partial or integral substitutes of 
petroleum-based fuel in internal combustion engines [1][2][3]. Pyrolysis bio-oil in general can be 
utilized with advantages relating to policy, techno-economics and the environment, especially in the 
case of the use of wastes to obtain added economic value and preserve environmental ecosystems, food 
prices and human health [2]. 

The use of a mixture of ethanol and bio-gasoline from pyrolysis into gasoline on spark ignition engine 
has physical and chemical properties that are different from the properties of gasoline. 

1.1 Gasoline and biofuel blends in spark ignition engines  

Pyrolysis bio-gasoline and ethanol are alternative fuels to gasoline or diesel, but normally they are used 
as additives rather than as main fuels, with the exception of ethanol that is being used in Brazil in the so 
called flex-engines [5]. By using pyrolysis bio-gasoline and ethanol blended with gasoline we aim to 
improve or at least maintain the engine performance and emissions levels. On the other hand, these fuels 
are considered to be somehow cleaner compared to the aforementioned fossil fuels because of their 
renewable nature and their short carbon cycle, therefore reducing fossil CO2 emissions [4]. For instance, 
a 5% reduction in the use of fossil gasoline in a car with a consumption of 5L/100km would translate 
into a reduction of around 6 g CO2 / km. 

Pyrolysis bio-gasoline has a complex composition which is divided into several groups, including 
alcohols, hydrocarbons, acids, esters, furans, phenols, ketones and other groups. Its composition can 
represent various compounds such as acids (C2H4O2S), alcohols (C7H16O), ketones (C3H6O2), aldehydes 
(C6H12O), phenols (C6H6O), esters (C9H18O3), sugars (C6H12O6), furans (C5H6O), hydrocarbons (C6H12) 
and large molecular oligomers [5][6].   

In the present work, the pyrolysis bio-gasoline was produced from used cooking vegetable oils that, 
because of its acidity, water content or other impurities, was not suitable to be transformed into biodiesel 
through the normal transesterification process.  

Ethanol is a source of renewable energy by fermenting biomass. It is an oxygenate octane booster for 
gasoline, replacing lead, and it can reduce emissions of CO, HC and perhaps NOx (regulated emissions) 
and can also reduce greenhouse gas emissions CO2 (unregulated emission). Ethanol (C2H5OH) is a pure 
substance so it has a single boiling temperature. The mixing of ethanol and gasoline (hydrocarbon) will 
give an azeotropic effect where the volatility or vapour pressure of the mixture is greater than the vapour 
pressure of the constituent components [7][8]. 

There are several properties of ethanol that affect the combustion characteristics of engine performance 
and exhaust emissions. The effect of ethanol fraction variation into pump fuels (RON95 and RON98) 
gasoline) is an increase in the octane number and may improve the engine performance. Their inherent 
oxygen compounds assist the combustion process in the cylinder and reduce exhaust emissions, 
especially CO and HC, as it improves the atomization of the fuel in air. Ethanol has a higher-octane 
number (117 RON) than gasoline, which only ranges from 88 to 98 RON [17]. 

For the aforementioned reasons, it seems to make sense to test combinations of ethanol, bio-gasoline 
and gasoline a check whether a global optimization may be obtained in terms of engine performance 
(torque, power), efficiency and emissions. 

In the present work experimental tests were run using 7 different binary and ternary blends of 4 fuels, 
namely pyrolysis bio-gasoline made from low grade waste biomass, ethanol, RON95 gasoline and 
RON98 gasoline. These blends were tested in a SI engine attached to a brake dynamometer both for 
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wide-open throttle (WOT) and prescribed torque conditions. To reduce the number of variables a since 
catalysts require it, the mixture was set at stoichiometric for all tests. 

The experimental results were evaluated in terms of engine performance (torque and power), efficiency 
and emissions (NOx, CO, unburned HC). The parameters used to ensure stoichiometry and to optimize 
engine performance and emissions were the fuelling map and the ignition advance map, so that 
maximum brake torque (MBT) would be attained without knock onset. 

2 Materials and methods 

2.1 Gasoline and biofuel for experimental tests 

The tests were performed using biofuel blends with the spark ignition injection engine at maximum 
engine load and at specified torque loads (partial load) for different engine speeds. The mixture was 
always stoichiometric (lambda 1) and the ignition advance was set for MBT or to avoid knock. RON95 
and RON98 commercial gasoline was used. Ethanol 99 %v/v was provided by LabChem company, 
Portugal. Bio-gasoline was obtained from biomass (low grade used vegetable oils) pyrolysis in the 
Biomass Laboratory of the Department of Science and Technology of Biomass, Universidade Nova de 
Lisboa. The bio-gasoline was the first distillation fraction of the pyrolysis bio-oils of lipid residues, 
distilled between room temperature and 195 °C. The composition and properties of the fuels tested in 
the laboratory are shown in Table 1. 

Table 1: Composition and properties of fuel test 

Fuels 
ρ 
(kg/cm3) 

HHV 
(MJ/kg) 

Elementary composition 
(% m/m) LHV 

(MJ/kg) 
pH 

A/F 
stoich 

C H N S O 

Gasoline 
RON95 

0.75 42.6 86.2 12.4 0.0 0.0 1.4 40 - 14.16 

Bio-
gasoline 

0.85 42.2 83.1 13.6 0.0 0.0 3.3 39.4 4.5 14.14 

Ethanol 0.80 27.5 46.9 13.1 0.0 0.0 38.0 24.6 - 8.29 

 

The tested fuels are presented in terms of the volume mass percentage in Table 2 and Table 3. Table 2 
shows the test fuel mixtures used for maximum engine load and Table 3 the ones for specific torque 
load (70 Nm and 50 Nm). 

Table 2: The various fuel mixtures used for WOT tests 

Test Gasoline 
RON95 
(G) 

Gasoline 
RON98 
(GS) 

Biogasoline 
(BG) Lipid 

Ethanol 
(E) 

Total 
% 

Name fuel 
mixture tests 

Legal CO2 
reduction 
(gCO2/L) 

1 100 %    100 G100 (RON95) 0 
2  100 %   100 GS100 (RON98) 0 
3 98%  2%  100 G98+BG2 47.9 
4 96 %  4%  100 G96+BG4 95.7 
5 98 %  1% 1% 100 G98+BG1+E1 47.9 
6 96 %  2% 2% 100 G96+BG2+E2 95.7 
7 96 %   4% 100 G96+E4 95.7 
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Table 3: The various fuel mixtures for specific part load test 

Test 
Gasoline 
RON95 
(G) 

Gasoline 
RON98 
(GS) 

Bio-
gasoline 
(BG) 

Ethanol 
(E) 

Total 
% 

Name fuel 
mixture tests 

Legal CO2 
reduction 
(gCO2/L) 

WOT, 
70 Nm, 
50 Nm 

100%    100 
G100 
(RON95) 

0 

 100%   100 
GS100 
(RON98) 

0 

90%   10% 100 G90+E10 239.3 

 90%  10% 100 GS90+E10 239.3 

95%  5%  100 G95+BG5 119.6 

90%  5% 5% 100 G90+BG5+E5 239.3 

 

The setting and testing parameters used during engine performance and emissions tests with the various 
fuel blends are shown in Table 4. 

Table 4: Test operating conditions 

Engine speed: 2000, 2500, 3000, 3500, 4000, 4500, 5000, 5500 
and 6000 rpm 

Lambda map setting 
Ignition map setting 

Stoichiometric volumetric efficiency 
set for MBT or knock onset 

Engine load WOT and specific torque (50 Nm and 70 Nm)  

2.2 Spark ignition engine and dynamometer  

The experimental tests were performed on a MPI, 1.6L, 4-cylinder spark ignition engine from PSA 
(Peugeot/Citroen). This engine was usually used in small sports cars, such as the Peugeot 106 GTI, 
Citroen Saxo CUP and Citroen C2, among others. This engine was originally built in 1996 and was also 
installed in subsequent years in the next generation of these models. It is a relatively small and 
lightweight engine which gives excellent performance in these small and light cars.  

The tests were performed in the Laboratory of Thermal Engines and Applied Thermodynamics 
(LaMoTA) of the Mechanical Engineering Department of the University of Minho. Detailed technical 
specifications of the PSA engine (Figure 1) are shown in Table 5. 

The engine was connected to an eddy current dynamometer through a drive shaft and coupling flanges. 
The engine speed was controlled by the dynamometer control unit manufactured in-house. The 
maximum engine speed was 6000 rpm for safety reasons. An accelerator was used to control the engine 
load as the control variable. The exhaust gas emission was measured using an AVL gas analyser DIGAS 
4000 LIGHT model (Figure 1). It could evaluate lambda (λ) and the concentrations of CO, CO2, O2, 
HC and NOx. The engine was also equipped with various levels of sensors to measure oil and water 
temperature, fuel pressure, exhaust gas lambda and engine knock. The engine and dynamometer are 
shown in Fig. 1.  
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(a) (b) 

Figure 1: (a) Spark ignition injection engine test on the dynamometer and (b) emissions analyser 

Table 5: Specifications of PSA, gasoline Peugeot / Citroên 

Model of engine TU5JP4 – Ignition controlled 
No of cylinders 4 cylinders 
Fuel Delivery  Multi-Point Injection (MPI) 
Cylinder volume (cm3) 1587 (cm3) 
Maximum power (kW/HP) 88/118 at 6600 rpm 
Maximum torque (N.m) 145 at 6600 rpm 
No of valves DOHC (Dual Over Head Camshaft) 16 valves 
Compression ratio 10.8:1 

2.3 Electronic control and measuring apparatus for the Spark ignition injection engine 
test 

To enable the different fuels to be tested in the engine it was necessary to use a programmable engine 
control unit, enabling the change of spark advance and fuel injection. The ECU is shown in Fig. 2 (a) 
and one map for volumetric efficiency (fuelling) in Fig. 2 (b). 

 

  
(a)            (b) 

Figure 2: (a) Engine management unit (EMU / ECU) and (b) volumetric efficiency map. 

The mass of fuel was continuously measured with an electronic weighing scale (Fig. 3 (a) and the various 
data were analysed through the LabVIEW software program and control board (Fig. 3 (b). There was 
also displays for torque, power and engine speed (Fig. 3 (c).  
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(a)      (b)        (c) 

Figure 3: Electronic weighing scale (a), data storage (LabVIEW) (b) and setup and display data 
boards (c)  

2.4 Energy balance calculations for the Present Experiment 

An energy balance was applied to the tests, measuring the amount of energy supplied by the fuel and 
how the engine uses that energy. The fuel combustion converts chemical energy into heat and part of 
that heat is converted into mechanical work. The rest are losses through the cooling water and enthalpy 
losses within the exhaust gases from combustion products. 

The heat supplied to the base engine is only in the form of calorific value of the fuel (fuel blends), (Q̇ ) 
in kW [13][14][15]: 

�̇� = ṁ × 𝐿𝐻𝑉  (1) 

�̇�  the mass flow rate of fuel supplied, g/s, 

𝐿𝐻𝑉  the lower heating value of the fuel, kJ/kg. 

�̇�  the engine brake Power, (kW), [10][11]  

 

�̇� = 2 × 𝜋 × 𝑁 × 𝜏 (2) 

𝑁  the engine speed, rev/s, 

𝜏 the brake torque, N.m. 

 

Engine efficiency is the ratio between the useful work or brake power and the thermal power released 
by the fuel [10]. 

The total relative air-fuel ratio (excess air), 𝜆  for fuels is given as [14][15][16]:  

𝜆 =
𝐴𝐹𝑅 × �̇�

�̇�
 (3) 

�̇�   fuel mass flow rate measured by an electronic weighing scale, g/s, 

𝐴𝐹𝑅   the stoichiometric air-fuel ratio (by mass) for the test fuel blend, 

�̇�  the mass flow rate of air (g/s). 

 

While brake specific fuel consumption is the ratio of the mass of fuel consumed by the engine in a 
certain period to the power produced by the engine and can be written as follows [14][15]: 

𝐵𝑆𝐹𝐶 = �̇�  /�̇�  
�̇� (𝑔/ℎ) = �̇� (𝑔/𝑠) × 3600 

(4) 

𝐵𝑆𝐹𝐶  brake specific fuel consumption, g/kWh. 
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However, as the different tests are performed with different fuels, which have different heating values, 
the concept of 𝐵𝑆𝐹𝐶 cannot be used as a comparison for different tests and conditions. Instead we will 
be using the concept of energy efficiency. 

The brake thermal efficiency can be expressed as: 

η =
Ẇ

ṁ × LHV
 (5) 

Ƞ  brake thermal efficiency, %, 

 �̇�   the mass flow rate of the fuel blend, g/s, 

𝐿𝐻𝑉  the low heating value of the fuel blend, MJ/kg. 

 

The 𝐻𝐻𝑉  and 𝐿𝐻𝑉  can be calculated based on the composition of the fuel from the equations [16][17]: 

𝐻𝐻𝑉 = 0.3491 × 𝐶 + 1.1783 × 𝐻 + 0.1005 × 𝑆 − 0.1034 × 𝑂 − 0.0151 × 𝑁 − 0.0211

× 𝐴 
(6) 

Where, C, H, S, O and N are the weight percentage of carbon, hydrogen, sulphur, oxygen and A is 
weight percent of ash in the fuel constituents. As our fuel does not have S or ash, the equation can be 
simplified to: 

𝐻𝐻𝑉 = (338.2 × 𝐶 + 1442.8 × (𝐻 − 𝑂/8)) × 0.001 

𝐿𝐻𝑉 = 𝐻𝐻𝑉  − 218.3 × 𝐻%(𝑤𝑡%) 
(7) 

The low heating value of the fuel blend, 𝐿𝐻𝑉 , results from the sum of the 𝐿𝐻𝑉  of each specific fuel 
multiplied by the corresponding percentage of mass (%m) in the fuel mixture and can be written as: 

𝐿𝐻𝑉 = 𝐿𝐻𝑉 × %𝑚 + 𝐿𝐻𝑉 × %𝑚 + 𝐿𝐻𝑉 × %𝑚  (8) 

AFR and lambda from the fuel mixture are selected as targets in engine operation for stoichiometric 
complete combustion. Complete combustion reaction of each fuel (gasoline, ethanol and pyrolysis bio-
gasoline with air. The gasoline used for the test is n-octane with C8H15 compound, ethanol compound 
C2H5OH and pyrolysis bio-gasoline into the alcohol group with the compound C7H16O with the chemical 
formula of complete combustion with air: 

 Gasoline: C8H15 + 11.75(O2+3.71N2) → 8CO2 + 7.5H2O + 43.59 N2 + heat 
Reaction and products Molecules: a = 11.75, b = 8, c = 7.5, d = 43.59 

 Ethanol: C2H5OH + 3(O2+3.71N2) → 2CO2 + 3H2O + 11.13N2 + heat 
Reaction and products molecules: a = 3, b = 2, c = 3, d = 11.13 

 Pyrolysis bio-gasoline: C7H16O + 10.5(O2+3.71N2) → 7CO2 + 8H2O + 38.96N2 + heat 
Reaction and products molecules: a = 10.5, b = 7, c = 8, d = 38.98 

To represent the fuel mixture reaction and the calculation of the air fuel ratio fuel blend, 𝐴𝐹𝑅  then a 
combustion reaction is displayed for the fuel mixture (BG2 + E2 + G96) 

The combustion reaction formula for fuels blend (BG2+E2+G96) is defined as [14][15]: 
%𝑚 𝐵𝐺 𝐶 𝐻 𝑂
%𝑚 𝐸  𝐶 𝐻 𝑂𝐻

%𝑚 𝐺 𝐶 𝐻
= %𝑚𝛴𝑎 (𝑂 + 3.71𝑁 )

→ %𝑚𝛴𝑏 𝐶𝑂 + %𝑚𝛴𝑐  𝐻 𝑂 + %𝑚𝛴𝑑 𝑁 + ℎ𝑒𝑎𝑡 

(9) 

 

The air fuel ratio of the blend, 𝐴𝐹𝑅  

𝐴𝐹𝑅 =
%𝑚𝛴𝑎 (32 + 103.88)

(%𝑚 B𝐺 × 116 + %𝑚 𝐸 × 46 + %𝑚 𝐺 × 111)
 

Or               𝐴𝐹𝑅 =  
(10) 
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where, %mΣafb, %Σmbfb, %mΣcfb and %mΣdfb are the sum of the mass percentages of air molecules 
needed for the complete combustion reaction and combustion result for each fuel (bio-gasoline, ethanol 
and gasoline), respectively. 

To calculate the air mass flow rate into the engine and the total mass flow rate of the combustion gases. 
The sum of the mass flow rates of fuel and air entering the engine gives the mass flow rate of exhaust 
gas ṁexh coming out of the engine, so that the mass flow rate of exhaust gas can be written as: 

�̇� = �̇� , 𝑎𝑛𝑑 �̇� = �̇� + �̇�  (11) 

 

Regarding pollutants, the specific emission, 𝑠𝑝  (g/kWh) of a given pollutant is defined as the 
ratio of the mass flow rate of the pollutant on an hourly basis (g/h) divided by the brake power of the 
engine (kW) [18][19][20]: 

sp =
𝑒 × �̇�

�̇�
 (12) 

    

And equation 12 above is described as     

𝑠𝑝 = 𝑒 , × 𝑝𝑝𝑚 𝑜𝑟 𝑣𝑜𝑙 % ×  ,

, , ,
𝑜𝑟  ,

, ,
×

̇

̇
   (13) 

 

𝑒   the emission concentration (percentage volume or ppm volume divided by a correction 
factor: ppm x 10-6 and volume % x 10-2),  

𝑀 , ,  the molecular mass of emission concentration i (g/mol),  

𝑀 . , ,  the total molecular mass of exhaust emission concentration (g/mol),  

𝜌 , ,   density of emission concentration i (kg/m3),  

𝜌 . , ,  the total density of exhaust emission concentration (kg/m3),  

�̇�   the exhaust gas mass flow rate (g/h).  

Note that the unit of �̇�  is (g/s) with 3600 factors being used to convert to (g/h). 

3 Results and discussion 

3.1 Analysis of engine performance and emission at maximum engine and torque load 

The testing of biofuel involves the determination of the performance of the Spark Ignition engine by 
measuring its power, torque, efficiency and exhaust emissions (lambda, CO, HC and NOx) through 
experiments. The engine was tested with different biofuel blends at various engine speed, at maximum 
engine load (WOT) and at two torque levels (50 Nm and 70Nm) with stoichiometric mixture. 

3.1.1 Performance and emissions for maximum load (WOT) 

The test was conducted on a spark ignition engine for different blends of bio-gasoline and ethanol with 
RON95 and RON98 pump gasoline. Analysis of engine performance and exhaust gas emissions such as 
brake torque, brake power, brake thermal efficiency, and exhaust gas emissions (CO, HC and NOx) 
were performed. The tests were made on the test bench and basically consisted on measuring the engine 
performance and exhaust emissions at a given engine load (WOT or specific value), for various engine 
speeds with stoichiometric mixture and the ignition map set for MBT or knock onset. Each test had an 
approximate duration of 20 seconds after speed and engine load stabilization. 

Test results using various biofuel blends with gasoline are shown in  Fig. 4 (a), (b), (c) and (d), where 
torque, power, efficiency and ignition spark advance are plotted as a function of engine speed, ranging 
from 2000 to 6000 rpm with an interval 500 rpm.  
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Fig. 4 (a) and (b) show the torque and power values for the engine at WOT and for the different fuel 
mixtures. All fuels show a similar trend. From the graph it can be seen that the addition of ethanol and 
bio-gasoline, in a small percentage to gasoline, can have a positive effect on the improvement of the 
combustion characteristics in the engine. If we look at the polynomial line, the average maximum torque 
for all mixtures occurs between 3000 to 5000 rpm. The maximum average torque is for the mixture 
G98+BG1+E1 followed by the mixture G98+BG2, G96+BG4, G96+E4, GS100 (straight pump gasoline 
RON98) and the two lowest torques are G100 (straight pump gasoline RON95) and G96+BG2+E2. 
Comparably to the torque curves, the same increasing trend can be seen on the power curves for the 
various engine speeds, although the lines are closer together.  

Engine brake efficiency is shown in Fig. 4 (c) for different fuel blends at WOT and with stoichiometric 
mixtures.  The maximum efficiency occurs at engine speeds between 3000 to 4000 rpm. The higher 
average efficiency is for the mixture of gasoline with bio-gasoline and ethanol in smaller proportions, 
namely the G96+BG2+E2, G98+BG1+E1 and G98+BG2, while the pump gasoline RON98 (GS100) 
and G96+BG4 shows lower efficiencies compared to others. Straight pump gasoline RON95 (G100) 
displays medium/low values within the various fuel blends. Fig. 4 (d) shows the ignition advance for 
conditions of MBT or required to avoid knock. The mixtures G98+BG2, G98+BG1+E1 and G96+E4 
were those with allowed higher spark advances, while pump gasoline RON95 showed the lowest 
advances. The other pump gasoline (RON98) was only slightly better than the RON95. This shows that 
the addition of ethanol and the bio-gasoline generally allow higher ignition advances, which promotes 
higher torque and power. 

  

  

Figure 4: Torque, Power, specific energy consumption and efficiency as a function of difference fuel 
use for maximum engine load (throttle position) and various engine speeds 

CO and HC emissions in exhaust gas depend on the quality of the combustion process that occurs in the 
combustion chamber. If incomplete combustion happens, CO and HC emissions will increase. The 
stoichiometry of the combustion and homogeneity of the mixture (atomization) are factors that we tried 
to eliminate in these experiments, as the mixture was always stoichiometric, and the injection occurred 
at the same crank angle.  

Looking at Fig. 5 (a) and (b), it seems that the addition of ethanol to the fuel (G96+E4, G96+BG2+E2, 
BG98+BG1+E1) reduces the emissions of CO and HC, whereas the addition of bio-gasoline (G96+BG4, 
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G98+BG2) tend to increase those emissions. In general, ethanol has a high oxygen content so that its 
incorporation will improve the combustion characteristics and reduce CO and HC emissions.  

The formation of nitrogen oxides Fig. 5 (c) is mainly influenced by the high temperatures of the 
combustion. The addition of ethanol to the fuel (G96+E4, BG98+BG1+E1, G96+BG2+E2) increases 
NOx production, probably because the combustion is faster (ethanol burns faster than gasoline) and the 
spark advance was increased (because of its higher octane number) leading to higher combustion 
chamber pressures and temperatures. Mixtures with bio-gasoline (G98+BG2, G96+BG4) produce lower 
NOx probably because the combustion characteristics (lower combustion speed) of the bio-gasoline 
deteriorates the combustion of the pump gasoline, although G96+BG4 was tested with the longer 
ignition advance. 

  

 

Figure 5: Specific CO, HC and NOx as a function of different fuel use for maximum engine loads 
(throttle position) and various engine speeds 

3.1.2 Performance and emissions for prescribed torque 

In the previous section the engine was tested at WOT, which is a condition seldom used in the day-to-
day conditions but helps to understand the way the different fuels behave in the engine. However, it is 
also important to test the fuels at conditions similar to those found on the road. A proper evaluation of 
the fuels would be to run the engine under the same road cycle with the different fuels. But this would 
require the engine to be in the car and the car to be on a rolling road dynamometer capable of performing 
specific driving cycles, which was unavailable for these tests.  

So, we decided to perform a series of tests where the engine speed and the load was kept constant at 
specified values that would be the same for all the fuels. Four part-load conditions, relevant to the actual 
driving on the road or motorway, were selected, two torque conditions of 50 and 70 Nm and two engine 
speeds of 2000 and 2500 rpm. Again, for each condition and for each fuel, the engine fuelling was 
optimised for stoichiometry. In terms of spark advance, all tests used similar advances for the different 
fuels, as it would be too complicated to set a torque level and then optimize the engine in terms of torque 
output.  

Different alcohol and bio-gasoline mixtures with pump gasoline RON95 (G100) and RON98 (GS100) 
were used (G90+E10, GS90+E10, G95+BG5, G90+BG5+E5). This time a mixture of pump gasoline 
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RON98 and ethanol was used (GS90+E10), in order to compare it to the mixture of RON95 and ethanol 
(G90+E10). 

It is commonly established that the pump gasoline RON98 is better that RON95. But the major 
difference between these commercial fuels is their influence in terms of knock onset, which is very 
important for the engine to produce high torque and power, but is of no significance when the engine is 
run at lower loads, which is the most conditions the engine is run. The specification for pump gasoline 
enables maximum percentages of 5% and 10% of ethanol for RON95 and RON98 gasolines. So, as the 
ethanol has a much lower energy density (in volume, which is the way the user buys the fuel) than 
straight gasoline, a higher proportion of ethanol would make the fuel to have a lower heating value and 
the engine would require a higher flow of fuel in order to attain the same power. Therefore, it seems 
that, for the same conditions away from knock, the pump gasoline RON98 would have a higher fuel 
consumption (in volume) than the RON95, unless the better combustion and efficiency enabled by the 
addition of ethanol would reduce the consumption.  

Fig. 6 (a) and (b) shows the resulting efficiency for the two pump fuels (RON98 and RON95) and for 
the various blends, for two torque conditions (50 and 70 Nm) and for the two engine speeds (2000 and 
2500 rpm). Also, in the same graphs are the values for WOT condition. For all cases, the fuels with 
ethanol (G90+E10, GS90+E10) yield better efficiencies than the base fuels (RON98 and RON95). The 
addition of biofuel (G95+BG5) to the RON95 also improved the efficiency for all the cases, but with 
lower improvements than with ethanol. The tests with addition of ethanol and bio-gasoline 
(G90+BG5+E5) were not conclusive. However, it was noticeable that the WOT tests of the mixture with 
ethanol and bio-gasoline produced more torque than any other mixture. Again, the tests with ethanol 
added to the pump gasoline performed with higher efficiency than those for the base gasoline.  

In terms of CO and HC emissions, the results can be seen in Fig. 6 (c), (d), (e) and (f). The addition of 
ethanol to gasoline generally improves combustion and therefore the emissions of CO and HC get 
improved. This effect is clear in these results where the values for the mixture with 10% of ethanol 
(G90E10, GS90E10) show values about half relative to those of pump gasoline. Also, generally, the 
RON98 gasoline has lower values than RON95, as it should have a higher percentage of ethanol in its 
composition. Strangely, the addition of bio-gasoline (G95+BG5) reduces the emission of CO and HC 
for all cases, but the mixture with bio-gasoline and ethanol (G90+BG5+E5) generally increases the 
emissions of these pollutants or have no effect.  

In terms of NOx (Fig. 6 (g) and (h), the trend is not evident as with previous emission results. Although 
the tests for WOT show that the addition of ethanol (G90E10, GS90E10) yields the higher values for 
NOx and the base gasoline RON95 have the lower emissions, which makes sense, the results for the 
partial load (50 and 70 Nm torque) are somehow meaningless. But we can find some trends, although 
not occurring for all cases. Gasoline RON98 seems to produce more NOx than RON95 and the addition 
of bio-gasoline (G95+BG5) seems to have a small detrimental effect. The addition of ethanol shows an 
increase in NOx when added to gasoline RON95 (from RON95 to G95+E10) but that effect is not 
evident for RON98 (from RON98 to GS90+E10).  

The NOx is mainly produced by the mechanism of the Zeldovich reaction [12], so it is mostly influenced 
by combustion temperature, but the oxygen content of the fuel also plays an important role. Therefore, 
alcohol addition to gasoline is expected to increase the level of NOx production by both effects (better 
combustion and existence of oxygen in the fuel). However, the higher latent heat of vaporization of the 
ethanol reduces the intake temperature of the mixture, as it vaporizes, lowering the potential higher value 
for maximum temperature during combustion.  

In terms of the effect of the bio-gasoline, it seems that it does not reduce the aptitude of the gasoline for 
good combustion. Looking at all the results (CO, HC, NOx, efficiency and torque), the addition of bio-
gasoline actually seems to improve combustion, although at a lower level than the addition of ethanol.  

It can be inferred from these results that the use of bio-gasoline produced from pyrolysis of low-grade 
waste vegetable oils that cannot be used for transesterification is a viable solution as an additive to petrol. 
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Figure 6: Efficiency, CO, HC and NOx as a function of torque load (prescribed torque / WOT) for 
2000 and 2500 rpm 

20%

25%

30%

35%

40%

45%

40 60 80 100 120 140

Ef
fic

ie
nc

y 
(%

)

Torque load (N.m)

Efficiency at 2000 rpm 

G90+E10
GS90+E10
GS100 (RON98)
G100 (RON95)
G95+BG5
G90+BG5+E5

(a)

20%

25%

30%

35%

40%

45%

40 60 80 100 120 140

Ef
fic

ie
nc

y 
(%

)

Torque load (N.m)

Efficiency at 2500 rpm 

G90+E10

G95+BG5

GS90+E10
G90+BG5+E5

G100 (RON95)

GS100 (RON98)

(b)

0

1

2

3

4

5

6

7

8

40 60 80 100 120 140

CO
 (g

/k
W

h)

Torque load (N.m)

CO at 2000 rpm
G100 (RON95)
G90+BG5+E5
GS100 (RON98)
G95+BG5
G90+E10
GS90+E10

(c)

0

5

10

15

20

25

40 60 80 100 120 140

CO
 (g

/k
W

h)

Torque load (N.m)

CO at 2500 rpm

G90+BG5+E5
GS100 (RON98)
G95+BG5
G100 (RON95)
GS90+E10
G90+E10

(d)

0,00

0,05

0,10

0,15

0,20

0,25

40 60 80 100 120 140

H
C 

(g
/k

W
h)

Torque load (N.m)

HC at 2000 rpm

G90+BG5+E5
G100 (RON95)
G95+BG5
GS100 (RON98)
G90+E10
GS90+E10

(e)

0,00

0,05

0,10

0,15

0,20

0,25

0,30

40 60 80 100 120 140

H
C 

(g
/k

W
h)

Torque load (N.m)

HC at 2500 rpm

GS100 (RON98)
G100 (RON95)
G95+BG5
G90+BG5+E5
GS90+E10
G90+E10

(f)

0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

4,0

4,5

5,0

40 60 80 100 120 140

N
O

x 
(g

/k
W

h)

Torque load (N.m)

NOx at 2000 rpm
G90+E10
GS90+E10
G90+BG5+E5
G95+BG5
G100 (RON95)
GS100 (RON98)

(g)

0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

4,0

4,5

5,0

40 60 80 100 120 140

N
O

x 
(g

/k
W

h)

Torque load (N.m)

NOx at 2500 rpm

GS90+E10
G90+E10
GS100 (RON98)
G90+BG5+E5
G100 (RON95)
G95+BG5

(h)

490



4 Conclusions 

This paper analyses a proposed biofuel additive for gasoline to be used in Spark Ignition engines. It is a 
bio-gasoline produced by pyrolysis of used cooking vegetable oils that, because of its acidity, water 
content or other impurities, is not suitable to be transformed into biodiesel through the normal 
transesterification process. 

Four different fuels (pyrolysis bio-gasoline, ethanol, RON95 gasoline and RON98 gasoline) were tested 
as 7 different binary and ternary blends in order to analyse if the referred bio-gasoline can be used as a 
gasoline additive, enabling the use of a higher percentage of biofuels use in transportation. It was 
assumed that the octane number of the referred bio-gasoline was lower than the current gasolines 
(RON95 or RON98) so a strategy was to mix it with ethanol in order to maintain the RON value of the 
mixture.  

The tests were divided into WOT tests and part-load tests, where the torque was kept constant (at two 
levels, 50 and 70 Nm) for two different engine speeds (2000 and 2500 rpm). The WOT tests were 
performed from 2000 to 6000 rpm in steps of 500 rpm. 

The tests for WOT allowed us to conclude that: 

 The addition of bio-gasoline and/or ethanol to gasoline increased torque, power and efficiency. 

 While the addition of ethanol reduced the emissions of CO and HC, the addition of bio-gasoline 
actually increased them. In terms of NOx, the emissions were increased when ethanol was used 
and reduced with the bio-gasoline. This seems to indicate a more problematic combustion of the 
mixtures containing bio-gasoline, leading to slightly longer and cooler combustions. 

The tests performed at constant torque allowed us to conclude that: 

 The addition of ethanol improved the efficiency of the engine at part load. The same, in less 
extent, occurred for the use of bio-gasoline, suggesting an improved combustion with the use of 
these additives. 

 The addition of bio-gasoline (G95+BG5) and of ethanol (G90+E10) reduces the emission of CO 
and HC for all cases. However, the mixture with bio-gasoline and ethanol (G90+BG5+E5) 
generally increases the emissions of these pollutants. In terms of NOx, the data did not evidence 
any specific trend.  

In overall, the results seem to confirm that the use of bio-gasoline as an additive to gasoline is beneficial 
for the combustion, improving efficiency and decreasing HC and CO emissions, however at a lower 
level than with the use of ethanol. In terms of NOx emissions, the results are somehow misleading, with 
tests showing higher values than the base gasoline and other displaying lower values. Although we had 
anticipated that the addition of bio-gasoline would require the addition of ethanol to maintain proper SI 
combustion, the data showed that there is no need for ethanol when a mixture of gasoline and bio-
gasoline are used in these types of engines. 

Therefore, the use of bio-gasoline produced from pyrolysis of low-grade waste vegetable oils that cannot 
be used for transesterification is a viable solution as an additive to pump gasoline. 
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Abstract 

Combining the biomass-fired power generation with the CO2 capture and storage lead to the so-called 
negative CO2 emissions. Negative CO2 emissions can already be obtained, when the coal is being co-
fired with biomass in a power plant with CCS at the fuel chemical energy share of 85% to 15%, 
respectively. The need of bioenergy with CO2 capture and storage have been identified as one of the key 
technologies to keep global warming below 2°C, as this is the only large-scale technology that can 
remove the CO2 from the atmosphere. According to the bioenergy with CO2 capture and storage 
definition capturing and storing the CO2 originating from biomass, and as the biomass binds carbon 
from the atmosphere as it grows, will results in net removal of CO2 from the atmosphere. Other option 
for the CO2 removal from the atmosphere is the direct air capture. The idea of the net carbon balance 
for different system (including bioenergy with CO2 capture and storage, and direct air capture) have 
been presented in literature. The goal of the paper is to provide methodology and assess the carbon 
dioxide removal technologies from the environmental point of view, taking into account the depletion 
of non-renewable natural resources. Thus, for this purpose the thermo-ecological cost analysis has been 
adopted and performed. The data concerning the investigated energy systems or specific processes were 
obtained from the life cycle inventories used in life cycle assessment studies. In addition to the 
operational part, also other phases of the whole life cycle were included in the thermo-ecological cost 
balance, which concluded be important in case of renewable energy based systems. 
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1 Introduction 

The reduction of GHG emissions (mainly CO2) may not be enough to fully mitigate observed climate 
change. It is predicted that in order to meet the target defined for climate change mitigation, the removal 
of 10 Gt of CO2 per year should be meet by 2050 and it should doubled by the end of century [1]. The 
technologies applied with this aim are known as Carbon Dioxide Removal (CDR) or Negative Emission 
Technologies (NETs), as they lead to achieve a negative balance of carbon in atmosphere. Two main 
technological pathways are proposed, viz. bioenergy with carbon capture and storage (BECCS) or direct 
air capture (DAC). 

Combining the biomass-fired power (and/or heat) generation with the CO2 capture and storage (and/or 
utilization) lead to the so-called negative CO2 emissions [2]. The idea of the net carbon balance for 
different energy system (including BECCS) have been presented in Fig. 1.  

 

Figure 1: Carbon balance for different energy systems (adapted from [2]) 

Negative CO2 emissions can already be obtained, when the coal is being co-fired with biomass at the 
share of 80% to 20%, respectively [3]. The need of biomass combustion with CO2 capture and storage 
have been identified as one of the key technologies to keep global warming below 2°C, as this is the 
only large-scale technology that can “remove” the CO2 from the atmosphere [4]. According to the 
BECCS definition capturing and storing the CO2 originating from biomass, and as the biomass binds 
carbon from the atmosphere as it grows, will results in “net removal of CO2” from the atmosphere [4]. 
Carbon dioxide direct air capture, besides BECCS, is the other option for capturing CO2 from the 
atmosphere, diluted gases and distributed sources of carbon via industrial processes [5].  

Within this paper, the idea of thermo-ecological cost (TEC) has been proposed to evaluate the ecological 
performance of the CDR technologies.  The TEC proposed by Szargut [6,7] is a measure of the efficiency 
of natural resources management. It combines the cumulative exergy of non-renewable natural resources 
burdening a given product, and the additional exergy consumption of non-renewable natural resources 
to abate or compensate the negative effects of harmful waste rejections (e.g. emissions) to the natural 
environment within the production process. The idea of the TEC has been developed over the last decade 
by Stanek [8] and Czarnowska [9], as well as other researchers who applied the TEC in their ecological 
analysis of various energy systems. 

2 Methods 

Within this paper, the idea of thermo-ecological cost has been proposed to evaluate the ecological 
performance of the CDR technologies. Different case studies has been selected, including new and 
retrofit power plants with co-combustion of coal with biomass or dedicated biomass-fired boiler, as well 
as three different configurations of DAC units. 
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2.1 Case studies selection 

2.1.1 Power plants 

Within the study, different retrofit options for existing coal-fired units with bio-energy CCS installations 
are investigated. The following coal-fired units were proposed as reference (REF) ones: 

 Hard coal power plant  – based on Łagisza 460 MW unit (HC_REF), 

 Lignite power plant – based on Bełchatów 380 MW unit (L_REF). 

The reference parameters of the investigate power plants have been summarized in Table 1 [10,11]. 

Table 1: Technical summary of analysed power plants 

Parameter Łagisza power plant Bełchatów power plant 

Gross electrical power 459.80 MWel 380.01 MWel 

Net electrical power 444.50 MWel 355.58 MWel 

Gross energy efficiency 45.16 %LHV 38.78 %LHV 

Net energy efficiency 43.66 %LHV 36.28 %LHV 

Chemical energy of fuel 1,018.2 MWch 980.0 MWch 

Specific CO2 emission 770.7 kg CO2/MWh 1,062.9 kg CO2/MWh 

For all of the analysed power plant cases, the 80% capacity factor has been assumed. 

2.1.2 Direct Air Capture installations 

In case of the DAC installation, two different technologies were considered [5]: 

 High-temperature aqueous (DAC_HT), 

 Low-temperature solid sorbent, with two option for heat supply: 

o waste heat from industrial processes (DAC_LTWH), 

o heat pump (DAC_LTHP). 

The data regarding the electricity and heat demand were take over from [5] and summarized in Table 2. 

Table 2: Technical summary of analysed direct air capture installations 

Parameter High-temperature aqueous 
Low-temperature solid sorbent 
waste heat heat pump 

Capacity 1,000,000 tpa 360,000 tpa 

Direct electricity demand 1,535 kWhel/t CO2 250 kWhel/t CO2 

Heat demand 0 kWhth/t CO2 1,750 kWhth/t CO2 

COP of heat pump - - 3.0 

Indirect electricity demand - - 583.3 kWhel/t CO2 

CO2 outlet pressure 1 bar 1 bar 

As presented in Table 2, the CO2 outlet pressure is 1 bar, which means that additional electricity 
consumption is required to compress the CO2 before transport to the storage site. 
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2.2 Process synthesis and design 

Within the power plants analysis, the reference models were adopted to reflect the decrease in energy 
performance due to the CO2 capture and compression installations. The approach presented in [12] was 
adopted, where the main assumptions are as follows: 

 MEA post-combustion CO2 capture technology, 

 CO2 capture efficiency of 90%, 

 reboiler heat duty equal to 3 MJ/kg with reboiler temperature of 130°C, 

 steam for reboiler is extracted on the crossover pipe and its pressure is adapted to fit with capture 
unit requirements by means of valve (retrofit cases) or dedicated turbine (new build), 

 steam de-superheating options considered are associated with mixing with a fraction of the 
condensate (retrofit cases) or introduction of additional heat exchanger (new build), 

 in new-build case the heat integration is acknowledged by means of partial replacement of 
condensate and boiler feedwater preheaters, 

 CO2 pressure for transport equal to 130 bar. 

In addition, different shares of biomass were analysed, from co-combustion with coal up to 30%LHV in 
existing boiler (options for Łagisza power plant), thru dedicated biomass boiler for 40%LHV of total 
thermal input to the power plant (option for Bełchatów power plant, so called duo-unit), ending with 
100%LHV biomass boiler in retrofitted Łagisza power plant and new power plant (based on Łagisza power 
plant design) with new dedicated biomass boiler.  

For the DAC installation, the same CO2 compression train is applied as in the case of the CCS power 
plants. In the analysed scenarios, the electricity can come from the national energy system (NES) or 
dedicated wind turbines (WT). 

2.3 Assessment methods 

Within the paper, the general assessment methods of the CCS technologies has been presented, which 
allow to determine the net energy efficiency decrease, as well as specific energy consumption per CO2 
avoided. In addition, two different methods of the negative emissions assessment has been presented, 
followed by the method for the thermo-ecological cost assessment of the carbon dioxide removal 
technologies. 

2.3.1 Performance indexes 

The overall performance of the analysed power plants can calculated by the following equations: 

 net electrical efficiency (ηnet, %LHV): 

𝜂 =
𝐸 ,

∑ 𝐸 ,

 (1) 

 loss of net electrical efficiency (Δηnet, % pts.): 

Δ𝜂 = 𝜂 , − 𝜂 ,  (2) 

 specific primary energy consumption for CO2 avoided (SPECCA, MJLHV/kg CO2): 

𝑆𝑃𝐸𝐶𝐶𝐴 =
𝑞 , − 𝑞 ,

𝑒 , − 𝑒 ,

=

3600 ×
1

𝜂 ,
−

1
𝜂 ,

𝑒 , − 𝑒 ,

 (3) 

where: 

𝐸 ,   annual net electricity production, MWhel, 
𝐸 ,  annual consumption of i-th fuel, MWhLHV, 
𝑞  unit fuel consumption per net electricity production, MJLHV/MWhel, 
𝑒  specific direct CO2 emission, kg CO2/MWhel. 
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2.3.2 Negative emissions calculation methods 

In [13] the method for the assessment of negative emission has been proposed, in which the negative 
emissions are achieved when anthropogenic (or non-biogenic) carbon dioxide emissions for the 
combustion processes are less than the biogenic CO2 that is permanently stored in geological reservoir. 
In discussed study [13], as well as in the presented paper, the biogenic CO2 emissions (𝑒 , tpa) are 
considered to be carbon neutral. Thus, actual CO2 emissions (𝑒 , tpa) must discount them from the 
total amount of CO2 released (𝑒 , tpa) which should account the CO2 from direct fuel combustions, 
as well as supply chain (upstream processed) and CO2 transport and storage (downstream processes). 
The amount of biogenic CO2 captured (𝑐 , tpa) is the total CO2 captured (𝑐 , tpa) minus the CO2 

from fossil fuels combustion (𝑐 , tpa). Thus the negative emissions (𝑒 , tpa) can be calculated as 
follows: 

𝑒 = 𝑒 − 𝑐 = 𝑒 − 𝑒 − 𝑐 − 𝑐  (4) 

For the BECCS power plants, the carbon intensity (CI, kg CO2/MWhel) can be calculated [13], which 
relates to the amount of negative CO2 emissions per MWh of electricity generated: 

𝐶𝐼 =
𝑒 − 𝑐

𝐸 ,
 (5) 

For the DAC, similar coefficient can be proposed. The carbon removal intensity (CRI, kg CO2/MWhel) 
relates to the amount to negative CO2 emission per MWh of electricity consumed (𝐸 , ): 

𝐶𝑅𝐼 =
𝑒 − 𝑐

𝐸 ,
 (6) 

where the 𝑒  equals to 𝑒  and refers to the associated CO2 emissions in the supply chain (e.g. CO2 
emissions from the electricity in the energy system) and CO2 transport and storage (e.g. CO2 leakage), 
and 𝑐  refers to the amount of CO2 removed from the atmosphere. 

In [14] a method of calculations of the positive effects of CCS and CCU on climate change has been 
proposed based on three Key Performance Indicators. One the indicators refers to the mitigation of CO2 
emissions expressed as Carbon to Atmosphere factor (C2A) which is intended to support decision 
makers and project developers to quickly and uniformly derive the emissions abatement potential of CO2 
capture projects in a directly comparable manner [14]. As stressed by the Authors, the C2A 
methodology may be applied to any kind of CCUS project, including direct air capture technologies. 
The following equation is proposed: 

𝐶2𝐴 =  𝑓  − (1 − 𝑓 ) −
𝑓 × 𝑓  × 𝑓

2
 (7) 

 

where f are the following fractions: 

𝑓    indicates the type of CO2 intended to be capture (e.g. = 1 if CO2 comes from geological 
sources or = 0 if whole intended CO2 comes from atmosphere), 

𝑓  indicates the amount of CO2 captured intended to be re-emitted to atmosphere (e.g. = 0 
when whole CO2 is being permanently stored or = 1 when CO2 will be re-emitted thru 
utilization process by means of synthetic fuels or other products), 

𝑓  indicates the additional CO2 emissions in the CCUS technological chain that must be 
accounted for thus it can be calculated as a sum of CO2 resulting from capture, conversion, 
use or storage plus the re-emitted amount. 

Depending on the applied indicator (CI, CRI, 𝑒  or C2A) their final values can inform about the effects 
of CCUS technologies o the climate change. The summary of the indicators interpretations has been 
presented in Table 3. 
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Table 3: Indicators interpretation summary 

C2A  
indicator 

CI, CRI, 𝒆𝑪𝑶𝟐
𝒏𝒆𝒈  

indicators 
Outcome 

C2A ≥ 1 

CI, CRI or 𝑒  > 0 

No mitigation of even increase in emission (when 
compared with reference plants). 

1 < C2A < 0 
Potential for emissions reduction (when compared with 
reference plants). 

C2A = 0 CI, CRI or 𝑒  = 0 Potential to be carbon neutral. 

-1 ≥ C2A < 0 CI, CRI or 𝑒  < 0 
Potential for Carbon Dioxide Removal. 
Processes with positive climate mitigation effects, also 
referred as carbon negative emission technologies. 

It is important, especially in the case of first group of outcomes (presented in Table 3) to compare the 
obtained results with the reference plants or processes for the analysed CCUS implementation. 

2.3.3 Thermo-ecological cost assessment 

In general, the specific thermo-ecological cost (ρj) for a given system boundary can be calculated from 
the thermo-ecological balance equations:  

𝜌 = 𝑏 + 𝑝 𝜉 − 𝑓 − 𝑎 𝜌   (8) 

where: 

aij coefficient of consumption of i-th material per unit of j-th main product, 
fij coefficient of by-production of i-th product per unit of j-th main product,  
bsj exergy of s-th non-renewable natural resource immediately consumed in the process under 

consideration per unit of j-th product 
ρi specific thermo-ecological cost of i-th product, 
pkj amount of k-th harmful substance for j-th process, 
ζk thermo-ecological cost of k-th harmful substance. 

The total thermo-ecological cost (𝑇𝐸𝐶 ) for any energy process or installation can be obtained from 
the following equation: 

𝑇𝐸𝐶 = 𝐸 𝜌 + 𝐺 𝜌 + 𝑃 𝜉 =
𝜌

𝑆
 (9) 

where: 

Ei annual chemical energy consumption of i-th fuel, 
Gj annual consumption of j-th feed (including electricity from the grid), 
ρi, ρj specific thermo-ecological cost of i-th fuel or j-th feed, 
Pk annual direct emission of k-th harmful substance or waste in the analysed system, 
ζk thermo-ecological cost of k-th harmful substance or waste, 
S the sum of the annual production of energy carriers in the analysed system. 

In cogeneration or polygeneration energy system, the thermo-ecological cost can be allocated by means 
of exergy allocation method [15]. In the case of BECCS power (or combined heat and power) plants, 
the same approach might give the misleading results. Thus, within the paper, the thermo-ecological cost 
allocation for the negative CO2 emissions for BECCS and DAC plants has been proposed. In the case 
of DAC installation, Eq. (9) can be used directly, as there is only one final product (captured and 
compressed CO2), but for the BECCS power plant the following formula for the calculation of the 
specific thermo-ecological cost of negative CO2 emissions (𝜌 , GJex/t CO2) has been proposed: 
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𝜌 =
𝜌 − 𝜌 × 𝐸

𝑒
 (10) 

where 

𝜌  specific thermo-ecological cost of net electricity production in power plant with CCS, 
GJex/MWhel, 

𝜌  specific thermo-ecological cost of net electricity production in reference power plant 
without CCS, GJex/MWhel, 

𝐸  annual net electricity production in power plant with CCS, MWhel/a, 
𝑒  annual negative CO2 emission for the BECCS plant, tpa. 

The presented formula allows to include the additional cumulative depletion of non-renewable natural 
resources due to the CO2 capture, transport and storage (𝜌 − 𝜌 ) for the amount of electricity 
introduced into the system by the power plant (𝐸 ) and the amount of obtained negative CO2 emission 
(𝑒 ). For the cogeneration and polygeneration plants with BECCS, other energy carriers produced 
should also be included ∑ 𝜌 − 𝜌 × 𝐸 , where all i-th energy carriers produced should be 
included. 

2.3.4 Input data for the assessment methods 

The thermo-ecological cost of fuels for the power plants plant has been calculated using the TEC balance 
equation and the data on biomass acquisition in literature and LCA databases. In addition, the TEC of 
electricity and from the national energy system, based on available LCA data and the official energy 
mix statistics have been calculated for Poland [15]. The thermo-ecological cost of harmful emissions 
has been taken from [9]. The same approach has been applied regarding the cumulative CO2 emissions 
for all relevant inputs. In addition, the data regarding the TEC and cumulative CO2 emissions of 
materials and other products (included in the life cycle assessment) have been taken over from [16]. The 
most relevant data is summarized in Table 4. 

Table 4: Main input data for the analysis 

Energy carrier 
Specific thermo-ecological 

cost 
Specific cumulative CO2 

emission 
Electricity – national energy system 3.9 MJex/MJel 931.2 kg CO2/MWhel 
Electricity – wind turbines 0.081 MJex/MJel 10 kg CO2/MWhel 
Biomass 0.1 MJex/MJch 12.24 kg CO2/MWhch 
Hard coal 1.202 MJex/MJch 15.12 kg CO2/MWhch 
Lignite 1.364 MJex/MJch 8.82 kg CO2/MWhch 
Harmful emissions: 
- SO2 
- NOx 
- PM 

 
136.24 MJex/kg 
112.97 MJex/kg 
72.89 MJex/kg 

- 

As presented in Table 4, the CO2 was not considered as harmful emission due to the lack to reliable data 
in all considered in TEC impacts, as in the case of SO2, NOx and particle matters. 

3 Results 

3.1 Energy assessment 

For the analysed power plants, based on the performed calculations, the energy assessment results 
indicate the net electrical efficiency decrease between 9.1 to 11.5 percentage points. Obtained values 
correspond with the ones in the literature. The summary of the energy assessment has been presented in 
Fig. 2. 
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Figure 2: Energy assessment results 

The obtained values of SPECCA also correspond to the ones found in the literature. As expected, the 
SPECCA for the retrofit cases are significantly higher than for the new builds – mainly due to available 
heat integration options and additional turbine installed. 

3.2 Achieving negative emissions 

For the Carbon Intensity and Carbon Removal Intensity, the results of the study are presented in Table 
5. For the power plant, the share of the biomass need to be above 15%LHV for the plant integrated with 
CCS installation to obtain the negative emission and be classified as Carbon Dioxide Removal 
technology. In the case of the DAC installations, when high-temperature process are realised taking the 
electricity from the current Polish national energy system, the positive values of the CRI take place, 
which as stressed in Table 3, the technology cannot be considered as climate positive. Thus, it is crucial 
to decarbonize the energy system before introducing the DAC technologies for the CO2 removal from 
the atmosphere. 

Table 5: Carbon Intensity and Carbon Removal Intensity of analysed power plants and DAC 
installations 

Case 
CI, kg CO2/MWhel 

biomass share, %LHV 

0 10 20 30 40 100 
Łagisza power plant: 
- without CCS 
- with CCS 

 
805.3 
156.0 

 
736.5 
38.9 

 
658.4 
-82.2 

 
573.7 
-202.0 

 
- 
- 

 
28.1 

-1087.4 
New build bioenergy power plant: 
- without CCS 
- with CCS 

 
- 
- 

 
- 
- 

 
- 
- 

 
- 
- 

 
- 
- 

 
28.0 

-1002.3 
Bełchatów power plant: 
- without CCS 
- with CCS 

 
1087.2 
207.8 

 
- 
- 

 
- 
- 

 
- 
- 

 
659.9 
-427.5 

 
- 
- 

Case 
CRI, kg CO2/MWhel 

High-temperature 
aqueous 

Low-temperature solid sorbent 
waste heat heat pump 

Electricity sources: 
- PL national energy system 
- wind farms 

 
323.73 
-597.44 

 
-1846.94 
-2768.12 

 
-128.29 
-1049.46 

The second indicator – C2A – shows similar results as CI and CRI regarding the impact of the share of 
biomass and source of electricity for DAC installations. The results presented in Fig. 3 allows to directly 
compare the effects of proposed solutions on the climate change. 
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Figure 3: Carbon to Atmosphere Factor for the analysed cases and scenarios 

As marked in Fig. 3, the process in the grey area have the C2A above 0, which means they lead to no 
mitigation of even increase in emission or have a potential for emissions reduction (when compared 
with reference plants). If the electricity for the DAC installations comes from wind turbines (WT), their 
potential can be fully utilized, but then the electricity is supplied from high-carbonized national energy 
system (like in the case of Poland) their effect is significantly reduced, or in some cases can actually add 
additional emissions to the atmosphere. 

3.3 Thermo-ecological cost of negative emissions 

In Table 6 the specific thermo-ecological cost of net electricity production for the analysed power plants 
have been presented. As it can be noticed, with the increase of the biomass in the fuel input, the TEC 
decreases. On the other hand, the CCS installation adds around 30% to 50% in terms of depletion of 
non-renewable natural resources per unit of net electricity production. 

Table 6: Specific thermo-ecological cost of net electricity production for the analysed power plants 

Case 
𝝆𝒆𝒍, MJex/MJel 

biomass share, %LHV 

0 10 20 30 40 100 
Łagisza power plant: 
- without CCS 
- with CCS 

 
2.781 
3.362 

 
2.560 
3.366 

 
2.306 
3.055 

 
2.029 
2.700 

 
-- 
-- 

 
0.257 
0.390 

New build bioenergy power plant: 
- without CCS 
- with CCS 

 
-- 
-- 

 
-- 
-- 

 
-- 
-- 

 
-- 
-- 

 
-- 
-- 

 
0.257 
0.361 

Bełchatów power plant: 
- without CCS 
- with CCS 

 
3.353 
4.904 

 
-- 
-- 

 
-- 
-- 

 
-- 
-- 

 
2.119 
3.127 

 
-- 
-- 
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The main goal of the paper was to assess the TEC of negative CO2 emissions for the analysed units that 
can be recognised as CDR technologies. In Table 7 the results have been presented for both BECCS 
power plants and DAC units.  

Table 7: Specific thermo-ecological cost of negative CO2 emissions for the analysed CDR technologies 

Case 
𝝆𝑪𝑶𝟐

𝒏𝒆𝒈 , GJex/t CO2 

biomass share, %LHV 

20 30 40 100 

Łagisza power plant with CCS 32.82 11.95 n/a 0.44 

New build bioenergy power plant with CCS n/a n/a n/a 0.37 

Bełchatów power plant with CCS n/a n/a 8.49 n/a 

Case 
𝝆𝑪𝑶𝟐

𝒏𝒆𝒈 , GJex/t CO2 

High-temperature aqueous 
Low-temperature solid sorbent 
waste heat heat pump 

Electricity sources: 
- PL national energy system 
- wind farms 

 
not CDR 

0.49 

 
7.60 
0.11 

 
109.46 
0.28 

As presented in Table 7, the increase of the share of chemical energy of biomass in the analysed BECCS 
power plants decrease the thermo-ecological cost of negative CO2 emissions. When DAC units are 
considered, the obtained values can be even lower than for the dedicated BECCS power plants, but only 
if the electricity is provided from renewable energy sources (e.g. wind turbines as in this study). 

When the values are compared with other studies referring to the abatement TEC of CO2 removal [17], 
the presented values are between 3.2 GJex/t CO2 (for the integrated blast furnace with CCS) to 3.6 GJex/t 
CO2 (for the power plant with CCS), which means that in the analysed cases of the DAC units power by 
renewable energy sources or dedicated BECCS power plants, the values are significantly lower for the 
removal then abatement of carbon dioxide. 

4 Conclusions 

The goal of the paper is to provide methodology and assess the carbon dioxide removal technologies 
from the environmental point of view, taking into account the depletion of non-renewable natural 
resources. Thus, for this purpose the thermo-ecological cost analysis has been adopted and performed 
including the BECCS power plants and DAC units. The main findings of the presented paper are as 
follows: 

 Thermo-ecological cost can be a suitable tool for the assessment of the burdens associated with 
obtaining negative CO2 emissions with different technologies and processes. 

 For the DAC units power by renewable energy sources or dedicated BECCS power plants, the 
values of the TEC of negative CO2 emissions are significantly lower for the removal then 
abatement of carbon dioxide. 

 The sources of energy supply (biomass/coal and electricity) significantly impacts the obtained 
results, and in less favourable cases the CDR technologies can actually add the CO2 emissions 
to the atmosphere instead of removing it. 

Further studies planned by the Authors within the scope of the paper are associated with the BECCS for 
industrial processes (e.g. cement plants) and cogeneration plants, as well as other CDR technologies 
(e.g. afforestation) assessment from the TEC point of view. In addition, the economic assessment will 
be performed based on established methods [18] to calculate the CO2 negative emission costs of the 
investigated CDR technologies. 
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Abstract 

A key role in the decarbonization scenario of industry and energy sectors plays a bio-energy carbon 
capture technology (BioCCS or BECCS) that results in negative-CO2 power generation. Due to the 
biological origin of some part of municipal solid waste, the application of carbon capture in waste 
incineration plants can be classified as BioCCS, and thus, this technology attracted the attention of 
scientists recently. Currently, there are four incineration plants, in which CO2 capture is implemented; 
however, they are based on post-combustion technique since it is the most mature method and not 
requires many changes in the system. Nevertheless, the separation of CO2 from the flue gas stream that 
contains mostly nitrogen is complex and causes a large drop in the total performance of the system.  
A better solution from an energy efficiency point of view is the oxy-fuel combustion technology. OFC 
involves the replacement of air as an oxidizer into high purity oxygen and recirculated exhaust gas. As 
a result, CO2-rich gas is produced that is practically ready for capture. It is expected that the 
application of OFC in the incineration plant will cause the increase of temperature of the process and 
intensify the oxidation of hydrocarbons due to higher oxygen concentration. Moreover, the volume of 
the flue gas stream will be reduced since there will be an absence of nitrogen. Nevertheless, there is  
a lack of studies concerning oxy-incineration currently. Therefore, the main goal of the study is to 
develop a mathematical model of oxy-waste combustion to answer the research questions, such as how 
the composition of oxidant that is supplied to the process affects the combustion performance. The 
model includes all important processes taking place within the chamber, such as pyrolysis, char 
burnout and gas combustion over the grate. The results of the work will contribute to the development 
of oxy-waste incineration plants and will be useful for design purposes.  
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1 Introduction 

Nowadays, 2 billion tonnes of waste is produced annually and it is expected that by 2050 it will 
increase to 3.4 billion tonnes [1]. Incineration is a mature and widely used technology for reducing the 
waste volume with the simultaneous production of electricity and heat as by-products. This technology 
is called waste-to-energy and has become popular especially in well-developed countries, which 
practically no longer face the problem with harmful landfills [2], [3]. Advantage of incineration, 
compared to other methods of waste thermal treatment, such as pyrolysis and gasification, is that it 
does not require pre-treatment of waste and causes complete destruction of any living organisms as 
well as mineralisation of organic substances into harmless end products [4]. Moreover, the generated 
end products can be reused as a raw constituent in cement production [5]. Nevertheless, since waste is 
complex and highly heterogeneous material, its incineration creates a serious risk of emissions of 
hazardous substances. Currently, to meet the strict requirements regarding emission standards waste 
incineration plants must be equipped with advanced and expensive air pollution control (APC) system. 
However, it should be remembered that this system does not deprive exhaust gases of CO2 that is the 
main contributor to global warming.  

While climate change is considered a major challenge that has motivated the international community 
to implement mitigation strategies to limit the average increase of global temperature. The leader of 
these activities is the European Union that recently adopted the Green Deal agreement, i.e. Europe’s 
new program for sustainable development [6]. By virtue of this act, in the next years, energy and 
industry sectors will undergo a massive transformation to become carbon-neutral, efficient as well as 
reliable. Considering the WtE plants, carbon capture technology appears to be the only possible option 
to avoid CO2 emission. Furthermore, it is worth mentioning, that approx. 50% of carbon contained in 
the waste has a biological origin, thus by implementing CCS technology, in the whole cycle of waste 
incineration, the CO2 emission will be negative [7]. Currently, there are four incineration plants 
integrated with CO2 capture worldwide, located in Norway (example of CCS system), the Netherlands 
and Japan (examples of CCU technology), however, they employ the post-combustion capture method 
[8]. While Tang et al. [9] using LCA analysis showed that oxy-MSW combustion is better in terms of 
energy efficiency and environmental impacts than MEA post-combustion technique.  

The major principle of oxy-fuel combustion is to increase the partial pressure of carbon dioxide in the 
flue gas in order to make its sequestration and compression process easier and more cost-effective 
[10]. It is done by the employment of O2 instead of air as an oxidizer, resulting in the increase of 
temperature process. In the case of waste incineration is favourable since it reduces the consumption 
of auxiliary fossil fuel (it is often used to keep the required temperature in the MSW combustor, 
causing inevitable CO2 emission). Moreover, due to the absence of nitrogen, the volume of the flue gas 
stream is a few times lower, which facilitates the cleaning of flue gas and allows for reducing the size 
of equipment [11]. It can be also foreseen that the increase of partial pressure of oxygen will intensify 
the oxidation of complex hydrocarbons. Nevertheless, despite the abovementioned advantages, oxy-
MSW combustion leaves many questions that need fundamental research before being fully exploited. 
For example, it is predicted that the issue with ash melting may occur due to the elevated temperature 
of the process. To solve this problem, oxygen can be diluted with flue gas, which mainly consists of 
carbon dioxide and water vapour. However, based on the literature review, it can be stated that 
knowledge on the chemistry of waste thermal decomposition under O2/CO2/H2O is limited.  

Till now, there are some researches focused on the assessment of the operation of the entire system, 
e.g. authors in [9], [12] simulated the MSW incineration plant working under oxy-fuel combustion 
conditions and using LCA analysis evaluated its energy efficiency and its effect on the environment. It 
is worth mentioning that most of the studies are focused on the investigation of oxy-fuel combustion 
of waste using a thermogravimetric instrument [13]–[16] to assess the thermal behaviour of waste, 
determine kinetic parameters and study gaseous emission in O2/CO2 atmosphere. Thermogravimetric 
analysis plays a key role in research on the oxy-fuel combustion process since it allows for relatively 
cost-effective and straightforward experimental data collection compared to tests using full-scale 
furnaces. As stated in [8], obtained kinetic data from TGA analysis should be further used in 
mathematical and numerical modelling of the oxy-MSW combustion process.  
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Currently, there are few works devoted to mathematical modelling of waste and biomass combustion 
in a fixed bed reactors [17]–[20]. In papers, authors developed one-dimensional transient models that 
include moisture evaporation, devolatilization, gas and char oxidation based on chemical kinetic to 
study different combustion parameters, e.g. temperature profiles, ignition and emission of pollutants. 
A comprehensive review of modelling approaches of biomass combustion is presented in [21].  

In this paper, the mathematical model of waste combustion in O2/CO2 atmosphere is proposed to 
determine the time needed for devolatilization and char burnout processes depending on the 
composition of the oxidant and the temperature of the process, including the ash melting problem. 
Besides, the temperature of gases over the grate will be determined depending on oxidant composition 
supplied to the zone of gaseous reactions. The present article shows a basic model of the oxy-MSW 
combustor that will be further developed in the next step of work. 

2 Model development 

The scheme of considered oxy-MSW grate furnace is shown in Figure 1. It consists of three distinct 
areas: (a) grate, (b) gaseous reactions area over the grate and (c) furnace outlet, where various 
phenomena occur, such as volatile release/char formation, char burnout and combustion of volatiles. 
During the process, dry waste is fed into the reactor, where in the first stage is heated by surrounding 
gases by convection and radiation, which provides energy for the devolatilization process. Then, the 
remained char reacts with oxygen and carbon dioxide, which are supplied to the furnace, generating 
CO and CO2 via exothermic and endothermic reactions. Above the grate, CO2 and O2 are supplied 
again to ensure complete combustion of gases. The produced flue gas contains mainly CO2, H2O and 
excess O2. Thus, after water condensation, CO2 can be easily compressed and transport.  

The main assumptions: 

 The feedstock supplied to the furnace is dry (the drying zone is not taken into account); 

 Pyrolysis and char burnout zones that take place on the grate are taken into account based on 
chemical kinetics;  

 It is modelled that the temperature of pyrolysis is 500°C, while temperature of char burnout is 
studied in the range of  700-800°C; 

 Combustion of volatiles and gases produced during char burnout zone that takes place over the 
grate is complete. 

A mathematical description for each process is provided in the following.  

 

Figure 1: Model of MSW combustion in O2/CO2 atmosphere 
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It is assumed that raw waste is composed of volatiles (VM), fixed carbon (FC), and ash that are 
determined using the proximate analysis, which is presented in Table 1. After the pyrolysis process, all 
volatiles matter is released and only fixed carbon and ash remain, while at the end of the char burnout, 
the mass of fuel consists of ash. The mass of fuel on the particular stages is calculated as follow: 

 

𝑚 = 𝑚 + 𝑚 + 𝑚  (1) 

𝑚 = 𝑚 + 𝑚  (2) 

𝑚 = 𝑚  (3) 

 

where 𝑚 ,  𝑚 , 𝑚 ,  𝑚 , 𝑚 ,  𝑚  - the mass of dry waste, waste after pyrolysis zone, waste after 
char burnout zone, volatiles in the waste, char in the waste, ash in the waste, respectively. 

 

Table 1: Fuel analyses [19] 

Proximate analysis (dry basis, wt%)  

Volatile matter Fixed carbon Ash content 

79.28 16.03 4.69 

Ultimate analysis (dry basis, wt%) 

C H O N S 

47.25 7.81 44.02 0.79 0.13 

2.1 Pyrolysis zone 

In this study, pyrolysis of waste is described by a one-step global reaction with kinetic rate 𝑟 (Eq. (4)). 
It is assumed that volatiles are composed of gases (CO, CO2, CH4, H2 and C2H6), while heavier 
hydrocarbons, for example acetaldehyde and acetic acid are treated as tar (Eq. (5) and (6)). In 
calculations, the chemical formula of tar is CH1.84O0.96 [19]. 

waste → char + volatiles (4) 

volatiles = 𝛼 𝑔𝑎𝑠 +  𝛽 𝑡𝑎𝑟 (5) 

𝑔𝑎𝑠 =  𝛼 𝐶𝑂 + 𝛼 𝐶𝑂 + 𝛼 𝐶𝐻 + 𝛼 𝐻 + 𝛼 𝐶 𝐻  (6) 

 

Figure 2: Volatiles distribution  (wt%) [19] 

 

Figure 3: Mass fraction of gas (wt%) [19] 
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The rate of volatiles formation (Eq. (7)) is taken from an Arrhenius type of expression (Eq. (8)). The 
data used during calculation are presented in Table 2. 

 

𝑟 =
𝑑𝑚

𝑑𝑡
= k 𝑚  

where 
(7) 

𝑘 = 𝐴 𝑒𝑥𝑝
−𝐸

𝑅𝑇
 

 
(8) 

where 𝐴  – pre-exponential factor or frequently factor, 1/s; 𝐸  – the energy activation, kJ/mol; 𝑅 - 
the universal gas constant, J/(kmolK).  

The energy 𝑄 required to perform the pyrolysis process is calculated based on energy balance (Eq. 
(9)): 

𝑚 𝐿𝐻𝑉 + 𝑄 = 𝑚 𝐿𝐻𝑉 + 𝑐 , 𝑑𝑇 + 𝑚 𝐿𝐻𝑉 + 𝑐 , 𝑑𝑇  (9) 

where 𝐿𝐻𝑉  is lower heating value of i-th compound, kJ/kg;  𝑐 ,  is a specific heat capacity, J/(kgK).  

2.2 Char burnout zone 

Due to reactivity of CO2 diluent, char combustion is influenced by various mechanisms, such as 
reduced oxygen mass transfer in CO2, the lower temperature due to the higher heat capacity of CO2 
and the char-CO2 gasification reactions [22]. In this study, two reactions are basically considered in 
char burnout zone: the oxidizing (exothermic) reaction of char with oxygen (Eq. (11)), in which CO2 
and CO are produced as well as the reductive reaction of char with CO2 (Eq. (14)) that is well-known 
as a highly endothermic Boudouard reaction. For simplification, reaction of char with H2O is not taken 
into account in this work. 

a) Oxidation reaction 

𝐶 +
1

𝜃
𝑂 → 2 1 −

1

𝜃
𝐶𝑂 +

2

𝜃
− 1 𝐶𝑂  (10) 

where 𝜃 is the stoichiometric ratio for char oxidation defined as follow: 

𝜃 =
1 +

1
𝑟

1
2

+
1
𝑟

 (11) 

where 𝑟  is the ratio of CO/CO2 formation rate, which can be estimated by Eq. (13) [19]:   

𝑟 =
𝐶𝑂

𝐶𝑂
= 12exp −

3300

𝑇
 (12) 

b) Reduction reaction 

𝐶 + 𝐶𝑂 → 2𝐶𝑂 
(13) 

The general equation of char burnout rate is calculated as follow: 

𝑑𝑚

𝑑𝑡
= 𝐴 (𝑘 𝑝 + 𝑘 𝑝 ) (14) 

where 𝐴  is char surface, m2; 𝑝  is partial pressure of i-th substance in supplied gas, Pa; 𝑘  is char 
reaction rate that can be generally expressed as [23]:   
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𝑘 =
𝑘 , 𝑘 ,

𝑘 , +𝑘 ,
 (15) 

where 𝑘 ,  is kinetic rate constant for oxidizing and reductive reaction, kg/(m2sPa); 𝑘 ,  is 
coefficient of mass transfer for oxidizing and reductive reaction, kg/(m2sPa). 

𝑘 , = A 𝑒𝑥𝑝
−𝐸

𝑅𝑇
  (16) 

𝑘 =
𝐶

𝑑

𝑇 + 𝑇

2

.

 (17) 

where 𝐶  is the overall mass diffusion-limited constant, s/K0.75; 𝑑  is diameter of char particle, m; 𝑇  
temperature of surrounding gas, K. In Table 2 data required to solve the above set of equations are 
presented.  

Table 2: Data used to calculate pyrolysis and char burnout zones  

Parameter Unit Value Source 

m0 kg 1 - 

Log(A)1 1/s 5.20 
[24] 

E1 kJ/mol 99.64 

A2 kg/(m2sPa) 0.005 

[22] 
E2 kJ/mol 74 

A3 kg/(m2sPa) 0.00635 

E3 kJ/mol 162 

dp m 0.001 - 

 

The mass balance of char burnout zone is used to determine the amount of produced CO2 and CO: 

𝑚 + 𝑚
,

+ 𝑚
,

= 𝑚 + 𝑚 , + 𝑚 ,  (18) 

where 𝑚
,

, 𝑚
,

 is mass of oxygen and carbon dioxide supplied to char burnout zone, kg; 
𝑚 , , 𝑚 ,  is mass of produced carbon dioxide and carbon monoxide, kg. 

2.3 Combustion in gaseous phase  

In the study, the combustion of gases above the grate is modelled as complete, i.e. the flue gas consists 
of CO2, H2O and O2. The mass and energy equation of the gaseous reactions zone is employed to  
calculate the amount of flue gas stream, its composition and the flame temperature:  

𝑚 + 𝑚 , + 𝑚 , + 𝑚
,

+ 𝑚
,

= 𝑚   (19) 

𝑚 𝐿𝐻𝑉 + 𝑐 , 𝑑𝑇 + 𝑚 , + 𝑚 , 𝐿𝐻𝑉 + 𝑐 𝑑𝑇 + (𝑚
,

+ 𝑚
,

) 𝑐 , 𝑑𝑇 − Q = 𝑚  𝑐 ,  𝑑𝑇 
(20) 

where 𝑚
,

, 𝑚
,

 is mass of oxygen and carbon dioxide supplied to gaseous reactions zone, kg; 
𝑚    is mass of generated flue gas, kg;  
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3 Results and discussion 

In Table 3 the results of devolatilization zone are collected. It can be seen that the pyrolysis process is 
almost immediate (lasts around 3 min).  It can be caused by the fact that the mass of the studied 
sample is small. To verify the reliability of the obtained results, it is planned to conduct the 
experimental investigation of waste pyrolysis in the CO2 atmosphere in the lab-scale reactor to 
determine the kinetic parameters.  

From the energy balance, the heat required to carry out the devolatilization of MSW was calculated. It 
can be seen that pyrolysis is a highly endothermic process that is driven by energy, which is absorbed 
from hot gases via convection and radiation.   

Table 3: Results of waste pyrolysis zone   

Parameter Unit Value 

t s 191 

Q kJ 4605.7 

 

Figure 4 presents the time needed for char burnout process in different operating conditions. It can be 
observed that the time varies between 100 and 5 min depending on temperature and mass fraction of 
oxygen in the supplied gas. As the mass fraction of oxygen and temperature increase, the time needed 
for the char burnout process is reduced. The sharp drop in time of the process is seen for the oxygen 
mass fraction between 0.1 and 0.3. For the mass fraction of O2 in the oxidant above 50 percent, the 
time is slightly shortened (less than 10 min in each case).  

 

Figure 4: Time needed for char burnout depending on temperature and oxygen content in the supplied 
gas  

Figure 5 shows the mass of carbon dioxide and carbon monoxide that is produced during the char 
burnout process depending on the temperature and mass fraction of oxygen in the supplied gas. 
Results indicate that with the temperature increase, the amount of CO increases, while the total 
amount of CO and CO2 decreases with the increasing mass fraction of oxygen. These results can be 
explained by the fact that at the elevated temperature (above 720°C), the reductive reaction 
(Boudouard reaction) of char with CO2 is promoted, in which CO is generated. While a higher content 
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of CO is more favourable since carbon monoxide has a relatively high calorific value. Thus, it will 
combust in the gaseous phase over the grate generating more heat. Nevertheless, it is worth 
mentioning that in the char burnout zone, the temperature should not exceed the temperature of 800°C 
due to the presence of organics in the waste, such as plant residues and food leftovers with very low 
melting point temperature of around 824°C [25]. 

 

Figure 5: Mass of CO2 and CO produced during the char burnout depending on the process 
temperature (a) 700°C, (b) 750°C and (c) 800°C 

Figure 6 presents the composition of the exhaust gas at the outlet of the grate furnace depending on the 
oxygen mass fraction in the gas supplied to the area of the gaseous reactions. As can be observed, CO2 
content in the flue gas is nearly 100 percent when O2 mass fraction in the supplied gas is low and 
decreases with increasing oxygen content in the oxidant. From the point of view of carbon capture and 
storage (CCS) technology, the higher the CO2 content in the exhaust gas, the better since it simplifies 
the sequestration process and thereby, makes it more economically viable as well as competitive with 
other CCS methods. However, due to the high value of heat capacity of CO2, the large amount of 
diluent gas causes that the temperature of the process decreases as it can be observed in Figure 7, 
where the flame temperature is presented. This temperature varies between 1200K and almost 3000K 
depending on the mass fraction of oxygen in the oxidizer that is supplied to the gaseous reaction area. 
Whereas, the temperature of the char burnout zone does not substantially affect the temperature in 
thein the gas combustion area. 

 

Figure 6: Flue gas composition at the furnace outlet 

(a) (b) (c) 
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Figure 7: The temperature of the gaseous phase depending on oxidant composition 

4 Conclusion 

A simplified mathematical model is developed for oxy-MSW combustion in a grate furnace. The 
processes included in the model comprise waste pyrolysis, the heterogeneous reactions of char and 
O2/CO2, as well as homogeneous reactions of CO, H2, CH4, C2H6 and tar. Besides, heat and mass 
transfer between the gas and solid phases is comprised.  

The presented results showed that such combustion parameters as temperature or time highly depends 
on oxidant composition. Increased content of oxygen in the supplied gas shorten the char burnout 
process and elevates the temperature in gaseous reactions area, but decreases the CO2 content in the 
flue gas. Results will be useful especially for the design purposes of the oxy-MSW combustion 
process since they show the duration of the various stages of waste incineration, the amount and 
composition of the obtained products, as well as approximate temperature of the gaseous phase 
depending on used oxidant. What is more, the model allows for drawing conclusions that the mass 
fraction of oxygen in the gas supplied to the over the grate zone should not exceed 30% to avoid too 
much temperature rise. Nevertheless, the presented model is based on the rough assumptions that will 
be more detailed in the future. 

4.1 Future work 

The next step of the work is the further development of the presented model. It is planned to take into 
account of drying zone as well as emissions of pollutants, for example, nitrogen oxides, carbon 
monoxide, dioxins and furans. Moreover, experiments will be conducted to determine kinetic 
parameters for pyrolysis and char burnout zones as well as verify the obtained results.  
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Nomenclature 

Symbols 
𝑘  kinetic rate constant, 1/s 
𝐴  pre-exponential factor or frequently factor, 1/s 
𝐸   the energy activation, kJ/mol 
𝑅  the universal gas constant, J/(kmolK)  
𝑟  the ratio of CO/CO2 formation rate 
𝑐   the specific heat capacity, J/(kgK) 
𝐶   the overall mass diffusion-limited constant, s/K0.75 
 
Acronyms 
𝐶𝐶𝑆 Carbon Capture and Storage 
𝐿𝐻𝑉  Lower Heating Value 
𝑀𝑆𝑊 Municipal Solid Waste 
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Abstract 

CO2 emission is a great environmental concern for the oil and gas industries as their processes have high 
CO2 emissions. Monoethanolamine (MEA) is widely used as a solvent in CO2 capture and storage (CCS) 
systems. The challenge is that MEA-CCS is itself an energy-intensive process that requires optimum 
configuration and operation, considering numerous design parameters and heat demands. Thus, the 
current work evaluates the energy distributions and CO2 removal efficiency of a CCS installed in FPSO 
(Floating Production Storage and Offloading) units operating under different operating conditions of a 
power and heat generation hub. The optimization procedures are implemented by using high accurate 
surrogate models for the following responses: 1) overall power consumption of CCS, 2) CCS separation 
performance, and 3) CCS heating and cooling demands. The input variables considered in the present 
research are: 1) the exhaust gas compositions and mass flow rate, 2) the operating pressure and 
temperature parameters of CCS and the injection compression unit, 3) the structural parameters of 
absorber and stripper columns, and 4) MEA solution parameters. The optimum configuration of CCS 
presents a significant reduction in the total heating and cooling demands of up to 62.77% (7×106 kW), 
a reduction in the overall power consumption of up to 8.65 % (1.8 MW), an increase of up to 3.46% in 
CCS separation performance, and mitigation in CO2 emission of proper CCS by up to 1.02t/h when 
compared with conventional operating conditions. 
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1 Introduction 

According to BP [1], the world energy demand is expected to grow at a rate of 1.3% each year from 
2016 to 2040. Moreover, the projected gross domestic product (GDP) of the countries is highly 
dependent on hydrocarbon fuels. The Statistical Review of World Energy 2020 [2] reported that Brazil 
is the second country with the largest increase of oil production, having an annual change of 198 
thousands of barrels per day (b/d). Besides, the total oil production in 2019 was 2877 thousands of 
barrels per day, and the carbon dioxide emissions were 441.3 million tons in 2019. This growth in oil 
production suggests the deployment of several FPSO units (s) that would lead to more CO2 emission.  

The oil and gas processing industry is classified as energy-intensive, and this implies high emissions of 
combustion gases. Thus, due to the excessive emission of greenhouse gases, the oil and gas industries 
are interested in the research and development of projects that would decrease the energy use and 
environmental impact of the offshore operations in order to enhance sustainability. Carbon Capture and 
Storage (CCS) is a noteworthy solution to mitigate the pollution from processes using fossil fuels. 
Although there are several technologies for post-combustion CO2 capture, the carbon dioxide capture 
process using a chemical absorption process using MEA monoethanolamine has been the topic of many 
investigations [3].  

The first research found about the carbon capture strategy in offshore platforms was conducted by Falk-
Pedersen and Dannstrӧm [4]. They highlighted that the amine process utilizing membrane is a very 
efficient process to CO2 capture. In 2009, Hetland et al. [5] studied the integration and optimization of 
a conceptual design for a combined cycle power plant with a post-combustion CO2 capture process 
operating in offshore conditions. It was concluded that the gas separation system is accountable for nine 
percentage points of efficiency (fuel penalty) reducing the net power capacity from 540 to 450 MWe. 
In 2015, Carranza-Sánchez and Oliveira Jr. [6] implemented a CCS in a Brazilian offshore operating in 
Pre-salt reservoirs.  

Several studies have been carried out to optimize MEA-based CO2 capture processes. According to 
Choi, J. et al. [7], many studies of absorption-based CO2 capture processes have been focused on the 
design of structural configuration and operating conditions considering a certain fixed CO2 content flue 
gas or taking in account different CO2 content using a fixed configuration. In their study, a case study 
presented how the CO2 concentration in the feed gas affects the energy consumption and the process 
design of MEA-based CO2 capture systems. Xin, K. et al. [8] analyzed the influence of the solvent 
characteristics in the performance of the CO2 capture process and presented that the solvent viscosity, 
volatility, heat capacity, CO2 solubility, enthalpy of solution, solvent strength and absorption kinetics 
have a noticeable impact on the capture performance.  It is important to note that MEA-based CO2 are 
energy-intensive processes and their required heating and cooling demands and power consumption for 
storage compression are considered the main challenges of these CO2 captures [9, 10]. On the other 
hand, Allahyarzadeh-Bidgoli et al [11], showed that an optimum operating condition (by a stochastic 
optimization method) produced a considerable reduction in energy consumption of processing plants 
when compared to a conventional operating condition. Thus, optimization of the operating conditions 
can be an option to minimize the energy consumption that involves no additional cost. 

As reported above, surveys of the literature reveal that only a few existing works are based on RSM 
(Response Surface Methodology) or other metamodels/surrogate-based optimization and these 
researches [12, 13] are concentrated only on CO2 removal efficiency. Thus, there is a gap to find an 
optimum configuration for the total heating and cooling demands and the power consumption of the 
storage and injection section. 

This work aims to optimize the operation conditions ofCO2 capture systems of offshore power and heat 
generation hub installed in the Pre-Salt fields of Brazil. Subsequently, presents a novel mathematical 
expression for numerical calculation of overall power consumption of a CCS and the optimum 
configurations for implementation to other industries. 

Therefore, the present work evaluates the energy distributions and CO2 removal efficiency of a CCS 
installed in floating production storage and offloading (FPSO) operating under different operating 
conditions of the power and heat generation hub. Then, the optimization procedures are implemented 
by using high accuracy surrogate models through ANN (artificial neural networks), KN (Shepard and 
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K-Nearest) and RBF (Radial Basis Functions) algorithms for the following responses: 1) the power 
consumption of CCS, 2) CCS separation performance, and 3) CCS heating and cooling demands. The 
input variables considered in the present research are: 1) the exhaust gas compositions and mass flow, 
2) operating pressure and temperature parameters of CCS and the injection compression unit, 3) 
structural parameters of absorber and stripper columns, and 4) MEA solution parameters. Moreover, 
symbolic regression is conducted to estimate a mathematical expression concerning the input and output 
variables. Finally, energy efficiency, the performance of CCS, and the sustainability of the studied plant 
are presented and discussed. 

2 Process description, methodology, assumption, and modeling 

2.1 Process description 

The post-combustion CCS using amine-based solvents are composed of separation, capturing, heating 
and cooling, makeup, compression-injection, and pumping units. Monoethanolamine (MEA) is used as 
a solvent-based in removing CO2 of the exhaust gas in a typical MEA-CCS. Thus, CCS can be divided 
into the following sections: 1) Gas exhaust treatment, 2) MEA and water makeup, 3) CO2 and MEA 
separation, 4) CO2 compression and injection, and 5) Cooling and heating. Figure 1 presents a post-
combustion capture and storage of CO2 using the MEA solvent. In that, the existing CO2 in the flue gas 
of gas turbine power plant (or combined cycle) is first prepared, then CO2 is removed from the 
combustion reaction product before the emission of exhaust gas to the atmosphere. The CO2  separated 
is forwarded to the compressing unit for injection purposes (storage and/or EOR- Enhanced Oil 
Recovery)  as shown in Fig. 1. 

 

 

Figure 1: General scheme of concepts in an MEA-absorbent CCS 

Gas exhaust treatment is responsible for receiving the flue gas of gas turbines or CO2 produced 
otherwise. In this section, the flue gas is prepared in terms of operating temperature and pressure, and 
liquid content. The gas is cooled down by a heat exchanger to a temperature below of water 
condensation, the liquid content is separated by a flash separator, and then, its operating pressure is 
adjusted by a blower. The treated working fluid is directed to the absorber of the CO2 unit where CO2 is 
removed from the flue gases using the MEA-lean absorbent. In the absorber tower, the gas flows up to 
the column and CO2 is separated by passing from the gases through the aqueous solution of MEA which 
is entering from the top of the absorption column. The treated gas is discharged to the atmosphere.  

The flow with a high fraction of CO2 - called Rich-MEA- is routed to the pump, then to the heat 
exchanger and finally to the top of the stripper column. The provided heating by the re-boiler separates 
the CO2 from Rich-MEA through the several stages of the stripper column [6]. The CO2 in the top of 
the stripper tower is led to the condenser and flash separator sections to remove the water and MEA 
solvent from the gas stream and return them to be used in the separation processes [3]. The Lean-MEA 
leaves the bottom of the stripper and is directed to the heat exchanger by a pump. After that, the MEA 
solvent enters in MEA and water makeup to feed the required MEA and water of the solvent. This 

To atmosphere 

Flue 
Gas 

MEA and 
Water feed 

To injection 
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solvent is again used in the capture cycle. The captured CO2 is compressed in a four-stage compression 
unit to be prepared for injection purposes. 

2.2 Process assumption and modeling 

The overall power consumption, the separation efficiency of CCS for removing CO2, and total heating 
and cooling demands of CCS are influenced by its operating conditions, structural parameters of capture 
CO2 towers, and flue gas compositions. Thus, in the present paper, three exhaust gas compositions data 
of three different power and heat generation units installed in FSPOs, with operating and structural 
variables of an MEA-based separation unit are considered for numerical simulations, meta-models, and 
optimization procedure. The following assumptions are also considered and adopted for numerical 
simulations: 

 The operating parameters and conditions of the studied CCS are projected to receive the flue 
gases with a nominal mass flow of 1.1×107  kg/h from a heat and power generation hub. 93% of 
CO2 capture efficiency in the design condition is considered. 

 The exhausted gas compositions are extracted from the real performance data of several gas 
turbines: The models of GE LM2500 [14, 15, 23] and aero-derivative RB211G62 DLE [11, 16].   

 The process models are implemented in Aspen HYSYS® [17]. In order to increase the accuracy 
of the thermodynamic properties of the different working fluid, the CCS is modeled as a multi-
EOS including PR [18], GERG-2008[19], and Acid Gas® [20]. 

 The utility systems are integrated into the CCS to meet the required heating and cooling 
demands from the WHRU of heat and power generation hub. 

 Isentropic efficiency of 75% is assumed for all centrifugal compressors and pump(s). 

2.3 Methodologies 

Since the numerical simulations are considered in a steady-state condition, from the First Law of 
Thermodynamics, the energy balance can be written as:  

out out in inQ W m h m h             (1) 

where �̇�and �̇�stand for the energy rates in the form of heat and power, �̇� for the flow rate of a given 
material stream (inlet or outlet) and h for the specific enthalpy. In this work, the changes in potential 
and kinetic energies are negligible. 

The used amine for CO2 capture is monoethanolamine (MEA), with the formula HOCH2CH2NH2 that 
organic group is shown as R=CH2CH2OH. In an aqueous solution, the MEA reaction is formed [3]: 

+
2 2 32R-NH +CO R-NH +R-NHCOO +Heat     (2) 

The reactions also occur due to CO2 dissolution and carbonic acid are: 
+

2 2 2 3 3R-NH +CO H O R-NH +HCO +Heat     (3) 

      2 2 2 3CO H O H CO        (4) 

where R-NH2 represents MEA, CO2 is carbon dioxide, +
3R-NH is a primary amine, and R-NHCOO  

is called carbamic acid. Besides, H2O, 3HCO   and H2CO3 are water, bicarbonate, and carbonic acid, 

respectively. 

The R-NHCOO  is broken by heating that leads to the reverse reaction for MEA regeneration as shown 
below: 

   +
3 2 2R-NH +R-NHCOO +Heat 2R-NH +CO        (5) 

Regeneration of the solvent in equation (3) proceeds by the reverse reaction: 

                           
+
3 3 2 2 2R-NH +HCO + less Heat R-NH +CO H O  

    (6) 
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Therefore, the application of these reactions results in the separation of the CO2 from the flue gases. 

Radial Basis Functions (RBF) are known as a powerful tool for multivariate data and RSM interpolation. 
This algorithm passes exactly through the training points to identify the necessary coefficient of the 
system. The basics interpolation of RBF for a given training set of n points sampled from a function 

f(x): ,d R R  ( ) ,   1,..., ,i if x f i n   can be expressed as the following: 

1

( ) ( / )
n

j j
j

s x c x x 


        (7) 

where .  is the Euclidean norm in the d-dimensional space, jc is a coefficient of the free parameters of 

the model, and   a fixed scaling parameter. The radical of kernel function ( )r : [0, +∞) R is a 
suitable fixed-function chosen out of a given list.  More details about how RBF works as well as its 
algorithm can be seen in [21]. 

 

3 Computational procedure for surrogate modeling and optimization  

Response Surface Models (RSMs) or surrogate-based designs are the approaches of the input and output 
behavior of the studied system using statistical and commotional models. These models are made by 
running several numbers of designs for the system in order to regress a mathematical function on the 
response variables with adequate accuracy. RSM accuracy is essential for the success of this approach. 
Therefore, in the present research, the number of generated DOE (Design of Experiment), the 
performance of the applied algorithm, and the prediction error (residual) are checked during the 
processes.   

Twenty and two input parameters including the thermodynamic and structural parameters, the molar 
fraction of compositions, the operating ranges, and constraints are used for the RSM process in the 
studied CCS plant. The selected parameters can affect the CO2 capturing efficiency, the separation 
performance of separators, compressors, blower, and pump shaft works, which result in changes in 
power consumption and required heating and cooling demands.  Figure 2 shows the selected categories 
of input parameters of the studied CCS. In that, the outlined letters in red, represent one or more 
categories of input variables.  

 

Figure 2: simplified conceptual of an MEA absorbent CCS and its design variables 
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The input parameters are categorized in the groups and can be varied in (i) Exhaust gas, (ii) Operating 
condition, (iii) MEA solvent specifications, (iv) Columns of absorber and stripper configurations and 
operating conditions as displayed in Table 1 based on the presented design variables of Fig. 2.  Note that 
the exhaust gas input parameters are considered only for performing the symbolic regression and for the 
optimization procedure the compositions and mass flow rate are defined constant. 

Table 1: input variables categories and ranges 

 
Variables      
categories 

 
 

 
Exhaust gas  

 
Operating 
condition 

 
MEA solvent 
specifications 

Columns of absorber 
and stripper 

configuration and 
operating conditions 

Corresponded 
variable(s) 

a b, d, f, g, h, i, m c e, j, k, l 

 
 

Types of 
parameters 

 
 

Molar fraction 
and mass flow rate 

 
Operating temperature 
and pressure including 

pressure ratios 

 
MEA 

concentration and 
mass flow rate 

 

 
Operating pressure such as 

re-boiler and condenser, 
and 

number of stages for each 
tower 

 

 
 

Constraints 

 
 

unfeasible separators 
performances 

unfeasible separators 
performances, 

temperature cross in 
the heat 

exchangers, dew point 
the temperature in 

compressor and vapor 
in pumps 

 
 

unfeasible 
separators 

performances 

 
 

unfeasible separators 
performances, temperature 

cross in the heat 
exchangers 

 
References 

 
[11, 14, 15, 16] 

 

 
[3, 9, 10, 15, 16]  

 
[15] 

 
[3, 9, 10, 15] 

 

Since adequate sampling is essential for the quality of the meta-models, it is generated for the 22 input 
variables by using the Uniform Latin Hypercube Sampling (ULH), Monte Carlo (MC), and Incremental 
Space Filler (ISF) algorithms based on the above information. The collinearity indices and independency 
of variables are checked during the processes. Other error metrics that are used are coefficient of 
determination, R2, mean absolute error, MAE, mean relative error, MRE, and mean normal error, MNE 
for all meta-models as can been seen in section 4 and Table 3.   

For the meta-model optimization, the response surfaces are generated with ESTECO ModeFRONTIER 
software and Python language. Different surrogate-models are examined and compared, including PRS 
(polynomial response surfaces), ANN (artificial neural networks), KN (Shepard and K-Nearest), RBF 
Radial Basis Functions), ED (Evolutionary Design), and KR (kriging) and AKR (anisotropic kriging) 
that the highest accuracy for each objective is presented in section 4 and Table 3. 

For all responses modeled in this work, 3500 design samples are generated. Firstly, for each case, 2200 
DoE samples (ten times of inputs number) are generated with ULH, after which the response surfaces 
are generated and error metrics checked. In the sequence, new design samples are iteratively generated 
using the ISF and MC algorithms for the optimization procedure. 

The flowchart for the process of performing meta-models and optimization procedure is presented in 
Fig. 3. This process firstly runs the thermodynamics solver and statistical program. Next, 22 input 
parameters are varied based on the domain of the defined experiment (DoE) within their corresponded 
ranges (as described Section 2.2) by using an adequate combination of DOE algorithms for the 
robustness and reliability of design of experiment. Then, the procedure of generating and validating 
models, and transferring the output data to symbolic regression and optimization algorithms is 
accomplished. As can be seen in Fig. 3, after the initial sampling points are created, the automated 
numerical process starts and the process continues until the numerical convergence and performance 
indices criteria are achieved. The optimization procedure is the combination of meta-models and 
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MOGA-II (Multi-Objective Genetic Algorithm II) that uses a smart and efficient multi-search elitism to 
improve the convergence and to ensure that the fitness of each new individual generation is greater than 
the previous generation. 

 

Figure 3: Flowchart with computational steps applied for simulation, regression and surrogate-based 
optimization. 

4 Results and discussion 

In this section, the results of the trained RSMs for the total power consumption of CCS, CCS separation 
(capture) performance, and CCS heating and cooling demands of the modeled MEA-base CCS are 
presented. Moreover, the results of the mathematical expression from the symbolic regression are 
introduced and discussed. Then, optimization results for the three indicated responses are compared and 
discussed with the conventional (baseline) case.  

4.1 Energetic analysis results  

Table 2 shows some input variables of CCS process including the mass flow rate, compositions and 
pressure of inlet of CCS, and the total power consumption of CCS, CCS removal efficiency, total heating 
and cooling demands for a conventional case. As can be seen, the mass flow rate of flue gas is 1.1×107 

kg/h that comes from a power and heat generation hub. Moreover, the pressure of compression-injection 
is 211 bar that the shaft work of corresponded compressors and pump(s) and the blower is more than 
20.8 MW. The required heating and cooling demands for the heat exchangers, the condenser of stripper 
tower, and the re-boiler are calculated about 11 GW. 

Table 2: Input and output variables of a conventional case 

Process parameter Conventional case 
Mass flow rate of flue gas (kg/h) 1.1×107  

 
Flue gas composition (molar fraction) 

74.3% N2, 13.2% 
O2, 8.57% H2O, 
3.62 CO2 and 
0.31% Argon 

Pressure of flue gas (bar) 1.05 
Injection pressure (bar) 211 
CO2 removal efficiency (%) 93 
Total heating and cooling demands 
(kW) 

1.114×107 

Overall power consumption (kW) 20810 

4.2 Response surface methodologies results 

The overall power consumption of CCS, CCS separation performance (removal CO2 efficiency) and 
CCS heating and cooling demands are considered as the responses of 22 input parameters for the RSM 
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processes. Note that the necessary numbers of the generated DoE and the performance indices for 
checking the response surface quality and validating RSMs are conducted as presented previously in 
Fig. 3. Table 3 shows the applied performance indices and their values for the best-trained responses by 
KN, NN, and RBF. Note that the R-Squared for the overall Power consumption of CCS using k–Nearest 
algorithm is the best among meta-models. The minimum calculated value for Mean Absolute Error, 
Mean Relative Error, and Mean Normalized Error are presented for CCS separation performance with 
an amount of 1.6432E-1, CCS heating and cooling demands with numbers of 1.0451E-2, and 3.9371E-
3, respectively.  

Table 3: Performance indices of the surrogated models for objective functions. 

         PI 
RSM 

Mean Abs. 
Error 

Mean Rel. 
Error 

Mean Norm. 
Error 

R-Squared RSM 
algorithm 

Overall 
Power 

consumption 
of CCS 

 
3.218E1 

 
1.0888E-1 

 
4.8877E-3 

 
9.9512E-1 

k–Nearest 
(KN) 

CCS 
separation 

performance 

 
1.6432E-1 

 
2.0216E-2 

 
3.5668E-2 

 
9.8611E-1 

Neural 
Network (NN) 

CCS heating 
and cooling 

demands 

 
7.2028E1 

 
1.0451E-2 

 
3.9371E-3 

 
9.7437E-1 

Radial Basis 
Functions 

(RBF) 
 

In order to perform a symbolic regression, an evolutionary algorithm is implemented for searching the 
mathematical expression and coefficients with respect to the input and output variables. The 
programmed algorithm has minimized the error to regress and fit parameter to an equation composed of 
input variables and response. Therefore, the overall power consumption is chosen as the response 
considering the range of input and output obtained from the previous steps of the design of experiments 
and optimization.   

Equation 8 expresses a mathematical function that links the input variables to the overall power 
consumption of CCS. As can be seen, it is composed of trigonometric relations that are a function of 13 
variables. The estimated function is bounded in [3.2654×103, 1.0737×105]. 

The overall power consumption of CCS ≈ f (X1, X2, X3, X4, X5, X6, X7, X8, X9, X10, X11, X12, X13) ≈ 
((((((((X1+ X3) - sin((X12- (X4- X5)))) - sin(((X1+ X2) - sin(cos(X4))))) - sin((((X1+ X3) - ((X4- X5) +X6)) 
- X2))) - sin(((X1+ X2) - sin(sin(cos((X4- X7))))))) - sin((X4- ((((X1+ X3) -sin((X4- X3))) + X6) - cos((X1+ 
X3)))))) - sin((X4- (((((X1+ X3) - ((X4- X5)+ X6)) + X6) - cos((X1+ X3))) - cos(((X1+ X3) + X3)))))) * 
(((((((X4- X7) + cos((X4- X7))) + sin(((X4* X5) / X3))) + cos((X4- (((X1+ X8) + 10) - (X9 - X5))))) + 
sin(((((X4- X7) + cos(cos(X4))) + sin(((X4- X7) * X10))) / X3)))- (((((((X4- X5) + X6) - X5) + (X11 / ((X4- 
X5) / X3))) - X5) + sin((((1 - X5) - ((X4- X5) + X6)) - cos((X5 + 10))))) / X3)) - ((((((((X4-X5) + X6) - (X12- 
X5)) - X5) + ((X4- X12) / X13)) - sin(sin(sin(((X4* X5) / X2))))) + X6) / X2))) -466.1976540386531.    (8) 

where 

X1= the input mass flow rate of CCS (kg/h) 

X2= the fraction molar of CO2 content in the input mass flow of CCS 

X3= the fraction molar of O2 content in the input mass flow of CCS 

X4= the operating pressure of the blower 

X5= the operating temperature of the first heat exchanger 

X6= the stage number of stripper tower 

X7= the fraction molar of N2 content in the input mass flow of CCS 

X8= the input pressure of absorber tower (Top stage) 

X9= the output pressure of the first pump  

X10= the output temperature of the third heat exchanger 
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X11= the output pressure of absorber tower (bottom stage) 

X12= the concentration of MEA solvent 

X13= the stage number of the absorber tower 

As presented previously, only 13 of 22 input variables are estimated in equation 8. In order to meter the 
effect of each input parameter on the overall power consumption, a screening analysis from the 
generated DoE of RSM is carried out to statistically show this connection. The screening analysis result 
using the SS-ANOVA method is presented in Fig. 4. The highest contribution belongs to X1 (41%), 
followed by X4 (30%), X11 (5.2%), X9 (5.1%), X5 (4.8%), X2 (4.6%), and X3 (4.5%). The effect of these 
input variables – five variables – are more than 95% of total effects and these have emerged more as 
compared to other parameters in equation 8.   

 

Figure 4: Contribution of the input parameters on the overall power consumption of CCS 

4.3 Results of the surrogate-based optimization 

The optimization results of the surrogate models are presented in Figs. 5 and 6. The Pareto front for the 
multi-objective optimization is plotted by considering one objective versus another objective. Fig. 5 
depicts the overall power consumption of CCS versus CCS separation efficiency. The CCS separation 
efficiency varies from 62.5 to 97.9% and total power consumption is ranging from 18570–40060 kW as 
presented in Fig. 5. As can be seen in Fig. 5, increasing the CCS separation efficiency naturally leads to 
an increase in the mass flow rate of the compression unit that results in an augmentation of the overall 
power consumption of the CCS unit. Therefore, the optimization process found an optimum point for 
the operating condition of the blower (as another high-power consumption unit) in order to increase the 
CCS separation efficiency while the overall power consumption is decreasing. The Pareto front of Fig. 
5 shows that the optimum configuration considering two objectives presents a CCS separation efficiency 
of 97.46% while the overall CCS power consumption is 19010 kW. The acquired results lead to an 
increase of 3.46% in the CCS separation efficiency and mitigation of 8.65 % (1.8 MW) in the total power 
consumption of the studied CCS.  According to the Intergovernmental Panel on Climate Change [22], a 
reduction of 1.8 MW in power consumption results in more than 1000 kg/h mitigation in CO2 emissions 
that are processed by the power plant unit(s). 
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Figure 5: Multi-objective Pareto of the overall power consumption of the CCS and the CCS 
separation efficiency 

The total heating and cooling demands versus the separation efficiency of CCS is presented in Fig. 6. 
The efficiency of CCS increases from 51.2 up to 97.28% and the total heating and cooling demands 
augments from 3.42×106 up to 1.87×107 kW.  

It can be noticed that the Pareto front initially decreases and then flattens out. Since the separation 
efficiency of CCS is a function of the overall heat demand of CCS plant, an optimum is reached at a 
CCS EFF of 97.20% and total heating and cooling demands of 4.147×106 kW. After this minimum for 
the overall heating and cooling demands, there is a minimum value of 3.42×106 kW where the separation 
efficiency of the CCS is 60%.  As it is very lower than the baseline case, deposit having a significant 
reduction in the heating and cooling requirement, cannot be considered as an optimum point.  The 
obtained optimum configuration presents a significant reduction of about 7×106 kW (62.77%) in the 
total heating and cooling demands and a considerable increase of 3.20% in the separation efficiency of 
CCS. It is important to note that the unfeasible and not converged numerically cases are removed from 
the results. Moreover, the obtained optimum configurations of the surrogate-based optimization are 
checked in a simulation by the Aspen HYSYS. 
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 Figure 6: Multi-objective Pareto of the total heating and cooling demands of CCS and the CCS 
separation efficiency. 

5 Conclusion 

In this work, the high accurate meta-models of a CCS installed in FPSO operating under different 
operating conditions of a power and heat generation hub were conducted through ANN, KN, and RBF 
algorithms. In addition, an appropriate mathematical expression of the overall power consumption of 
CCS units using the symbolic regression was developed. Then, the optimization procedures were 
implemented for the overall power consumption of CCS,  CCS separation performance, and CCS heating 
and cooling demands by considering more than twenty input parameters including the exhaust gas 
compositions and mass flow, operating pressure and temperature parameters of CCS and the injection 
compression unit, structural parameters of absorber and stripper columns, and MEA solution parameters. 
The results suggest configurations as the two most efficient and sustainable for the studied CCS. The 
optimum configurations of CCS presented a significant reduction in the total heating and cooling 
demands of up to 62.77% (7×106 kW), a reduction in the overall power consumption of up to 8.65 % 
(1.8 MW), an increase of up to 3.46% in CCS separation performance, and mitigation in CO2 emission 
of proper CCS by up to 1.02t/h when compared with conventional operating conditions. The results that 
were found by the optimization procedure can be implemented not only to the other offshore installations 
but also to CCSs in the different applications. 

Nomenclature 

𝐴𝐾𝑅
 

Anisotropic KRiging.  
𝐴𝑁𝑁

 
Artificial Neural Networks.  

𝐶𝐶𝑆 Carbon Capture and Storage. 
𝐷𝑜𝐸

 
Design of experiment.  

𝐸𝐷
 

Evolutionary Design.  
𝐸𝑂𝑅 Enhanced Oil Recovery 
𝐸𝑂𝑆 Equation of State 
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𝐹𝑃𝑆𝑂
 

Floating Production Storage and Offloading. 
𝐺𝐷𝑃 Gross Domestic Product. 
ℎ

 
Enthalpy, kJ/kg.  

HOCH2CH2NH2     Monoethanolamine.  
𝐼𝑆𝐹

 
Incremental space filler.  

𝐾𝑁
 

Shepard and K-Nearest.  
�̇�

 
Mass flow rate, kg/h.  

MAE 
 

Mean absolute error.  
𝑀𝐶

 
Monte Carlo.  

𝑀𝐸𝐴
 

Monoethanolamine 
𝑀𝑁𝐸

 
Mean normal error.  

𝑀𝑂𝐺𝐴 − 𝐼𝐼 
 

Multi-Objective Genetic Algorithm II. 
𝑀𝑅𝐸

 
Mean relative error.  

𝑃𝑅
 

Peng-Robinson.  
�̇�

 
Heat transfer, kW.  

𝑅
 

Coefficient of determination.  
𝑅𝐵𝐹

 
Radial Basis Functions.  

𝑅 − 𝑁𝐻3
 

Primary amine.  
𝑅 − 𝑁𝐻𝐶𝑂𝑂  Carbamic acid.  
𝑅𝑆𝑀

 
Response surface methodology  

𝑈𝐿𝐻 Uniform Latin Hypercube.  
�̇�

 
Power, kW.  

𝑊𝐻𝑅𝑈 
 

Waste Heat Recovery Unit.  
𝑋

 
Input variable. 
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Abstract 

Carbon Capture and Storage (CSS) technology is considered an important “bridge technology”, allowing 
effective abatement of CO2 emissions for power units using fossil fuels. However, if biomass is used in 
a power plant, equipped with CCS system, negative CO2 emissions can be achieved. In practice, wide 
development of such technologies would enable not only reduction of CO2 emissions, but also reversal 
of the harm done so far. In the long term, wide application of technologies with carbon-negative 
emissions could allow coming back to pre-industrial concentrations of CO2 in the atmosphere. 

Sewage sludge is a residue of the wastewater processing, that is a biologically active and consists of 
water, organic matter, including dead and alive pathogens, as well as organic and inorganic contaminants 
such as polycyclic aromatic hydrocarbons (PAHs) and heavy metals. Due to the nature of sewage sludge 
and its possible influence on human health and wellbeing, it is a subject of various regulations. 
Currently, sewage sludge is considered a biomass, according to the new Polish act on renewable energy 
sources from 20th of February 2015 and its novel version from 19th of July 2019. 

This study presents a novel approach, that aims at assessing feasibility of the concept of a negative CO2 
emission power plant, based on steam gasification of sewage sludge, subsequent combustion of the 
producer gas in a gas turbine with spray-ejector condenser. This novel solution offers an efficient way 
to convert the chemical energy in the sewage sludge and, in the same time, compress and capture CO2. 
Possibility to utilize sewage sludge is an additional advantage of the proposed solution. For example: 
composition and calorific value of the dry producer gas, determined experimentally, are as follows: 
YCO=0.133; YCO2=0.593; YCH4=0.117; YCnHm=0.08; YH2=0.051 and LHV=16.43 MJ/kg.  
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1 Introduction 

With the development of civilisation, the demand for electricity is growing, but it is important to 
remember about sustainable development, where the acquisition of energy resources in a manner 
limiting the devastation of the natural environment is located. At the same time, tonnes of waste are 
generated during the processing and consumption of individual products, which should be processed 
effectively. Bearing the above problems in mind, the idea of this work was born, which sketches the 
possibility of using the processed waste as an energy fuel in an innovative cycle with the use of a 
dedicated combustion chamber and a condenser used to capture the exhaust gases. Therefore, starting 
from the processes of fuel production from the Sewage sludge, it is necessary to refer to subsequent 
works dealing with this issue. 

Sewage sludge is a residue of the wastewater processing, that is a biologically active and consists of 
water, organic matter, including dead and alive pathogens, as well as organic and inorganic contaminants 
such as polycyclic aromatic hydrocarbons (PAHs) and heavy metals [1,2]. Due to the nature of sewage 
sludge and its possible influence on human health and wellbeing, it is a subject of various regulations.  

Gasification of sewage sludge has been a subject of intensive investigation, so far. Werle reported 
decreased temperature and increased the concentration of combustible components of producer gas with 
an increase in the oxygen content of the sludge [3]. Schweizer et al. determined that hydrogen content, 
during steam gasification of sewage sludge in a laboratory scale fluidized bed gasifier, may exceed 40% 
[4]. Akkache et al. observed hydrogen content, during steam gasification of sewage sludge in a 
laboratory scale fixed bed rig, exceeding 30% [5]. In his work on combustion of the producer gas from 
sewage sludge, Werle determined that the laminar flame speed increased with increasing hydrogen 
content [6]. Werle and Dudziak assessed that it is possible to use producer gas from sewage sludge in 
spark-ignition engines [7]. Nonetheless, producer gas from sewage sludge requires 40% addition of 
methane to obtain a satisfactory performance of a spark-ignition engine, according to Szwaja et al. [8]. 
In another study, Werle confirmed that increased air temperature, at the inlet of a fixed bed gasifier, 
resulted in increased yield of combustible compounds during gasification of sewage sludge [9]. Analysis 
of tars from gasification of sewage sludge, performed by Werle and Dudziak, revealed that it consisted 
mostly of phenols and their derivatives [10]. Reed et al. determined that condensed phase of the producer 
gas, from gasification of sewage sludge, may consist of various species containing Ca, ammonium 
chloride (NH4Cl), as well as various species containing barium, mercury and zinc [11]. Kokalj et al. 
suggested using plasma gasification of sewage sludge as an alternative mean of energy accumulation, 
with storage of the producer gas, for subsequent consumption during peak load periods [12]. Striūgas et 
al. investigated the use of plasma for cleaning of the gas from a downdraft gasifier, utilizing sewage 
sludge [13]. The study revealed that the use of plasma treatment could reduce the tar content down to 
90 mg/mN3 [13]. Pawlak-Kruczek et al. noticed that severe torrefaction of sewage sludge, prior to the 
steam gasification, results in the decrease of the content of tars with a melting point higher than 40°C, 
which are usually the most problematic in terms of the deposition problem [14]. The study proposed a 
tar deposition diagram as a viable tool, that allows anticipating the severity of the tar deposition 
problems in gas coolers [14]. 

Pawlak-Kruczek et al. determined that the addition of lignite to the torrefaction process can improve the 
heating value of torgas and addition of CaO reduces the content of complex hydrocarbons [15]. 
However, the additive will remain in the torrefied product, most likely as CaCO3. Influence of the 
additive on the subsequent gasification of the sewage sludge has never been a subject of investigation. 
The goal of this study is to fill this gap by assessing the influence of the CaCO3 on gasification of mildly 
torrefied sewage sludge.  

Such rich possibilities of fuel production make them look for dedicated disposal systems. Solutions with 
rotating pyrolysis chambers and then combustion of the released gases in the boiler are known [16], but 
nevertheless, systems with new type of turbines, such as wet combustion chamber and spray-ejector 
condenser for carbon dioxide capture are also sought [17]. In such systems, first of all, the adaptation of 
the system to untypical fuel is sought and then thermodynamic optimization is carried out [16,17]. In 
the next section of the article, the authors presented the method of fuel production from waste along 
with the description of individual devices necessary for this purpose. The description of experimental 
methods will be followed by the presentation of a scheme of the system which is to ensure negative 
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carbon dioxide emission by utilizing this compound contained in waste and injecting it into the ground. 
Then, in the results and discussion section, the experimental results were collected in tabular terms and 
the calorific value of the resulting gases was determined. The last section summarises the work, presents 
conclusions and indicates perspectives for further work.   

At this point it should be added that the aim of this work is to indicate the potential of sewage sludge as 
a prospective fuel that can ensure a negative impact of carbon dioxide on the environment. However, in 
order to achieve this aim, a dedicated thermodynamic circuit must be designed, with carbon capture and 
water condensation in a special spray-ejector condenser. 

2 Experimental methods 

Gasification tests were performed using a laboratory scale allothermal batch gasifier (Fig.2), heated by 
a mantle made of 3 band heaters, installed on the side walls of the reactor. The temperature of the reactor 
was controlled by a PLC controller, with a type K thermocouple installed inside of the ceramic refractory 
of one of the band heaters. The temperature of the mantle was set to 900°C for all the tests, which 
resulted in the average bed temperature of approximately 760°C. The temperature was measured, using 
a 1st class K type thermocouple and a digital thermometer. A sample of 1000 g was placed on a heat 
resistant steel mesh, inside of a closed, hot reactor. It was anticipated that the layer of the material will 
resemble a layer on a grate in case of a subsequent scaling up of the gasifier. This was expected to give 
some indication on the feasibility of the use of a travelling grate in the conceptual gasifier. Gasification, 
in all of the cases, was performed using steam as a gasifying agent. Steam was fed directly under the 
bottom mesh (grate) of the sample basket. For both tests, the steam generator was set in a way allowing 
constant generation of 1000 g of live steam per hour, with an outlet temperature of 96°C. 

 

 

Figure 1: Allothermal gasifier – diagram of the test rig (TC – type K thermocouple; X – the thickness 
of the sample layer) 

A sample of the produced gas was taken from the top of the reactor and went through a series of impinger 
bottles, filled with isopropanol. First impinger bottle was installed, using a laboratory grip, in the vicinity 
of the gas outlet, in order to minimize the length of the PTFE hose, connecting the gas outlet of the 
gasifier with the aforementioned impinger bottle (Fig.1). A series of three impinger bottles, connected 
to the outlet of the first impinger, was immersed in a PLC controlled cooling bath SD 07R-20. The bath 
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was filled with ethylene glycol and the temperature was set to be -15°C. After leaving the series of 
impinger bottles, dry, cold gas went through the conditioner, with in-built pump, that helped to overcome 
the pressure drop, introduced by the series of impingers. This allowed sampling of the gas, with a 
sufficiently high volumetric flow rate (at least 1.0 l/min required by the analyzer). The composition of 
permanent gases in both cold, dry producer gas and torgas were determined on-line using Gas 3100R 
analyzer. This analyzer uses NDIR (Non-Dispersive Infra-Red) sensors for measurements of CO2, CO, 
CH4 and CxHy (light hydrocarbons, given as an equivalent of methane). A TCD (Thermal Conductivity 
Detector) sensor is used to measure the H2 content, whereas an electrochemical sensor is used for the 
determination of the O2 content. The analyzer was calibrated using nitrogen of the purity of 5.0 before 
each measurement. 

Moisture content of the solid fuel sample was determined, using the moisture analyzer Radwag 
MA.X2.A, with scale resolution of 0.001 g and maximum sample mass of 50 g. Program of the moisture 
analyzer was set to increase the temperature to 105°C and then maintain it until the equilibrium mass of 
the sample is achieved. The mass of the sample was considered to be in equilibrium when the first 
derivative of the mass (dm/dt) was equal or smaller than 1 mg/min. Volatile matter of all the dried 
samples was performed using TGA/DTG Pyris Diamond from Perkin Elmer, by heating the sample in 
nitrogen of 99.99% purity up to 900°C with a heating rate of 200°C/min and a hold period of 20 min. 
Ash content was determined, using the gravimetric method, with ashing performed at 815°C. The 
ultimate analysis was performed using a Perkin Elmer 2400 analyzer, according to the procedure set in 
the standard EN ISO 16948:2015. HHV of both feedstock and product was determined, according to the 
procedure from EN 14918:2009, using IKA C2000 calorimeter. LHV (Lower Heating Value) was 
calculated, based on HHV (Higher Heatin1g Value), moisture content after mechanical dewatering and 
hydrogen content of the fuel, using the appropriate formula from EN 14918:2009..  

3   Process model and methodology of balance calculations 

A diagram of the system providing disposal of the syngas produced according to Figure 1 is shown in 
Figure 2. The gas production station is limited to one symbol, namely F, but instead the cycle of the 
fluid after combustion in a dedicated wet combustion chamber (WCC) is fully presented. The main 
elements introduced to the combustion are syngas (fuel), oxygen, water, which acts as an inert medium, 
and carbon dioxide, which is used to regulate the fuel's calorific value. An important element to ensure 
the cleanliness and reliability of the process is the spray jet condenser (SEC). Other equipment in 
circulation are: gas-steam turbine (GT) with electric generator (G); compressors (C); pump (P); 
condenser (CON); regeneration exchangers (HE); cooling exchanger (CHE); separator (S) and air 
separation and oxygen production station (ASU).   

The methodology used to determine the power and efficiency of the system, namely mass, momentum 
and energy balance, was taken from CFM modelling [18-24]. However, this section presents a model of 
a new device, i.e. a spray-ejector condenser. 

An example of a system that connects the ejector with condenser as well as CO2  and water separator is 
shown in Fig.3. This system should be called the spray-ejector condenser. These are following elements 
of the ejector: supply chamber (E), power supply (motive) nozzle (A), delivery nozzle (B), mixing 
chamber (C), diffuser (D), suction chamber (S). There are following characteristic working cross 
sections:  

 The outlet cross section of the supply nozzle with a characteristic cross-sectional area 𝐴 ;  

 Mixing chamber 2-3 with cross-section 𝐴   and  

 Diffuser 3-t.      

It is also worth mentioning that the spray-ejector condenser can be considered as a device preferred for 
the enhancement of energy conversion, a phenomena that improves the exchange of mass, momentum, 
and energy, starting with the primary nozzle, where the motive fluid, thanks to the turbulators in the 
circumferential direction, receives enormous kinetic energy [25,26]. 
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Figure 2: The novel concept of negative CO2 emission power plant, based on combustion the gas from 
sewage sludge gasification in a gas turbine, in which: SEC - spray-ejector condenser; F – station of 

syngas preparation; ASU – air separation unit; WCC – wet combustion chamber; C – compressor; GT 
– gas turbine; CON – condenser; P – pump; S – separator; CHE – cooling heat exchanger; G – 

electric generator, HE- heat exchanger . 

 

 

Figure 3:  The scheme of the spray - ejector condenser, where E is the supply chamber, A - primary 
nozzle, B - secondary nozzle, C - mixing chamber, D - diffuser, S - suction chamber. Parameters of the 
working fluid: cross section e-e :  �̇�     [kg/s]   mass flow rate;  𝑇       [K]  temperature,  𝜌 = 𝜌     

[ kg/m3]  density of the working fluid, 𝑝    [MPa] static pressure;  cross section s-s :  �̇�     [kg/s]   
mass flow rate, 𝑇    [K]  temperature,  𝜌 = 𝜌       [ kg/m3]  density of suction gas mixture,  𝑝       

[MPa] static pressure of suction gas; cross section t-t ;  �̇�     [kg/s]   mass stream;  𝑇    [K]  
temperature; 𝜌 = 𝜌    [ kg/m3]  density of the mixture;  𝑝       [MPa] static pressure of mixture gas; 

�̇�    [kg/s]   water mass flow rate; �̇�   [kg/s]   carbon dioxide mass flow rate. 
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As a consequence, at the edges of the turbulator are formed local discontinuities of flow and disrupts of 
integrity of the stream, that is, voids at a pressure much lower than the liquid saturation pressure. 
Disintegration of liquids into droplets also occurs, and then, as a result of the destruction of continuous 
carrier, the internal energy and the enthalpy of the liquid stream can be converted into kinetic energy 
and surface tension energy. Thus, the flow of liquid leaves the cross-section of the surface primary 
nozzle 𝐴   in the form of discrete potential drops having enormous peripheral velocity 𝑐   and axial 
velocity  𝑐 .   

The transfer of this kinetic energy, carried by the sprayed (injected) drive fluid to the suction gas, is thus 
a complex phenomenon in which various mechanisms interweave. This process further occurs in the 
mixing chamber which, having a constant cross section, neither accelerates nor slows the mixing of the 
two streams. Its length is most often determined experimentally and chosen so that the phenomena have 
time to equalize the propulsion potential - hence the stream of mixture exiting out the mixing chamber 
should be homogeneous.  
Further conversion of the kinetic energy of the mixture into the energy of its compression is effected in 
a 3-t outlet diffuser where the stream is slowed down and the initial separation of the components finally 
taking place in the outlet chamber of the spray-ejector condenser. There is a substantial increase in outlet 
pressure to the value of  𝑝 .  The diffuser operating as a flow speed reduction instrument depends to a 
large extent on the homogeneity of the velocity field in cross section 3-3. Studies clearly show that in 
diffuser (D) with an angle of openings 𝛼~10o it is possible to recover up to 80% of the compressive 
energy. The operating principals of the liquid-gas ejector requires a lower pressure region (𝑝  ) at the 
outlet of the nozzle (0-0) than in the cross section s-s. The suction gas mass flow rate  �̇�   increases as 
the result of the pressure difference increase, namely:  𝑝  static pressure of water in cross section 0-0 
and 𝑝  static pressure of suction gas (see Fig.3). The suction gases stream  �̇�   possess much lower  total 
kinetic energy than outlet stream  �̇�  and only a small fraction of the kinetic energy of the motive gases 
stream �̇�  is converted into compression work. This process of energy conversion in liquid-gas ejector 
strongly depends on the nozzle design [25-26].    
On the other hand, in order to treat the flow as a whole there must be a pressure difference between the 
inlet and the outlet; 𝑝 > 𝑝  . This means that the flow channel of the feed stream must be shaped in 
such a way that the pressure drop 𝑝 − 𝑝   is not a steady linear drop but is a more instantaneous pressure 
decrease 𝑝 ; to  𝑝 < 𝑝 . If, due to a specially shaped drive nozzle, an area for the destruction of the 
liquid jet at pressure 𝑝  is formed, the suction gas will flow from the high pressure area 𝑝 > 𝑝   to the 
lower pressure area 𝑝 . To improve the operating ejector:  𝑝 ≤ 𝑝 ≤ 𝑝 ≤ 𝑝 .  In practice, there are 
encountered high-pressure liquid-gas ejectors 𝜋 = 𝑝 /𝑝 > 30 . The pressure ratio  𝜋 = 𝑝 /𝑝    can 
range from 100 to 10 [26]. 
Fig. 1 presents a diagram of the construction of a liquid-gas ejector as a spray - ejector condenser with 
a water-carbon dioxide separator. Based on this drawing, the integral parameters describing the 
efficiency of the liquid-gas ejector will be defined. The main characteristics of the liquid-gas ejector are 
the dependence of the dimensionless compression ratio Π on the volumetric entrainment ratio 𝜒. In 
principle, the mass entrainment ratio 𝜒   could be distinguished by a relatively large difference between 
the motive and the suction mass flow rate: 
 

𝜒 =
�̇�

�̇�
, ~10  

(1) 

 
Due to such a large disparity between the mass flow supplying to power the ejector �̇�  and the mass 
flow rate suction by ejector �̇� , the volumetric entrainment ratio 𝜒  is also expressed by: 
 

𝜒 =
�̇�

�̇�
, ~10 − 7 

(2) 

Another important parameter is the energy efficiency of the liquid-gas ejector, which is defined as the 
ratio of the compressive power added to the energy of the supplied power stream: 
 

𝜂  =
𝑁

�̇�  
, 

(3) 

 

536



 

 

where:  𝑁 =  �̇� (ℎ −ℎ )   is as compressive power;   �̇� = �̇� (𝑢 + + 𝑧 𝑔 + 𝑐 + 𝑐 )  

denoted available energy stream of ejections; 𝑢  – internal energy; 𝑝  – static pressure in cross section 
e-e ; 𝜌  – density in cross section e-e ;  𝑧  – height in cross section e-e ; 𝑐  - axial velocity component 
and 𝑐  - circumferential velocity component in cross-section e-e. The literature also makes reference 
to the work done separately on the gas and on the fluid: 
 

𝜂  =
𝑁

�̇�  
, 

(4) 

where: 𝑁 =  �̇� 𝑙 , + �̇� 𝑙 ,  -  work performed by compressed gas and pumped water.  This is 
a definition close to the definition of compressor efficiency in which the work of extracted gas, in the 
form of kinetic energy of the movable walls, converts in the outlet diffuser into the compressor. 
Other basic, dimensionless parameters are [26,27,28]: 
 - pressure ratios 
 𝜋 =  

𝑝

𝑝
     ,    𝜋 =  

𝑝

𝑝
  , 

      

(5) 

 
 which correlated with the measurements 𝜋 > 𝜋  , 
 
   - the dimensionless compression ratio  
 Π =

𝑝 − 𝑝

𝑝 − 𝑝
  , 

 

 (6) 

-which can also be expressed by: 
 

Π =
𝜋 − 1

𝜋 − 1
  , 

 
 

(7) 

- the dimensionless cavitation ratio: 
       
 

Π =
𝑝 − 𝑝 (𝑇 )

𝑝 − 𝑝 (𝑇 )
    , 

 

(8) 

where:  𝑝 (𝑇 ) – the vapor pressure of the liquid at a given temperature; 𝑝 = 𝑝 + 𝜌  – total 

pressure at the inlet to the ejector; 𝑝 ≈ 𝑝  – total pressure in the suction area assuming that the velocity 
at the inlet to the suction chamber 𝑐 ≈ 0.  
These basic values are calculated by means of direct measurements. Indirect quantities characterizing 
the ejector are calculated by means of quantities such as pressure 𝑝   or velocity 𝑐   in section 0-0. The 
basic curves used to determine the type of the ejector are [26,27,28]:  
-  the dimensionless compression ratio as a function of the entrainment ratio:  
 
 Π = Π (𝜒) , (9) 
   

- the dimensionless cavitation ratio as a function of the entrainment ratio:  
 
 𝜋 = 𝜎 = 𝜋 (𝜒) . 

  
(10) 

It should be noted that there are some simple equations describing roughly two-phase ejectors 
performance, e.g. Sokolov and Zinger [28] proposed the following equation: 
 
 1

Π
= 2

𝜑

𝜑
𝑏 𝜑 𝜑 𝜑 − 1 −

𝜑

2 𝜑
𝑏 (1 + 𝜒)  

(11) 
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where: 𝜑  – velocity coefficient for the primary nozzle; 𝜑  – velocity coefficient for the suction nozzle; 
𝜑  – velocity coefficient for the mixing chamber; 𝑏   - constant coefficient. The type of the ejector is 
also delineated by efficiency characteristics: 
 𝜂 = 𝜂 (𝜒) . 

 
(12) 

The utility of integral features is based on their experimental designation [26,28]. 
Engineering, zero-dimensional, calculations of stationary operation of a liquid-gas ejector and other 
flow mechanisms are based on algebraic models of mass, momentum and energy balance [26,28]. The 
ejector has two inlets and one outlet; as the basic boundary conditions they are presented below:  

 
Parameters of the motive fluid: cross section 𝑒 − 𝑒: 
 �̇�     [kg/s]   water mass flow rate, 

 𝑇       [K]  temperature, 

 𝜌 = 𝜌       [ kg/m3]  density  of working liquid, 

 𝑝       [MPa] static pressure. 

Parameters of the suction fluid: cross section  𝑠 − 𝑠: 
 �̇�     [kg/s]   gas mixture mass flow rate, 

 𝑇       [K]  temperature, 

 𝜌 = 𝜌       [ kg/m3]  density of suction gas mixture, 

 𝑝       [MPa] static pressure of suction gas. 

 
The density of the suction gas mixture 𝜌  takes the simplest form:     

 𝜌 = 𝜌 + 𝜌 = 𝑋𝛾 + (1 − 𝑋)𝛾  , (13) 
 
where: 𝜌 ; 𝜌  is the density of the mixture of water vapor and carbon dioxide, respectively;  𝑋  [m3 
vapor/m3 of the mixture] represents the volumetric fraction of water vapor in the mixture, 𝛾 , 𝛾  
[kg of the component /m3 of the component] is the individual density of the component determining the 
mass of the component relative to the unit of volume occupied by this component. 

In more general terms, the density of a component, that is, the mass of  the 𝑚  component relative 
to the unit of volume of the mixture [kg of 𝑚 component /m3 of mixture],  is: 
 

 𝜌 = 𝜌𝑌  ,     (14) 
 

where  𝑌   is the mass fraction [kg of the 𝑚  component / kg of the mixture], while  𝜌   is the density of 
the mixture  [kg of the mixture /m3 of the mixture]: 
 

𝜌 = 𝜌   . 

 

(15) 

Equations (14) and (15) show that the sum of mass fractions equals unity, as follows: 
 

𝑌 = 1 . 

 
(16) 

If    𝑋   is volumetric fraction [m3 of component / m3 of mixture], partial density for more components 
will be: 

  𝜌 = 𝛾 𝑋  ,                    (17) 
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where, in turn,  𝑋  takes values  0 ≤ 𝑋 ≤ 1, while for  𝑋 < 1 the mixture is unsaturated and for  
𝑋 =  1 is saturated.  
Parameter  𝑋( )   at the inlet  𝑠 − 𝑠   is the resultant from the combustion and expansion processes in 
the wet combustion chamber and the turbine. On the other hand, parameter  𝑋( )   at the outlet in 
section 𝑡 − 𝑡  should be reduced by the amount of vapor that has condensed between the section  𝑠 − 𝑠  
and  𝑡 − 𝑡:  
 ∆𝑋 =  𝑋( ) − 𝑋( )   , (18) 

 
where  𝑋  is related to the volume of the mixture, assuming that the feed water stream only breaks 
down into primary drops and does not evaporate.  
Unlike other engineering modelling mechanisms, the ejector, even though we do not know its final 
dimensions, requires the determination of the kinetic energy and the length of the vector velocity, usually 
denoted by the letter  𝑐. 0D modelling of ejector in stationary working condition consists of solving 
three-dimensional equations of momentum and scalar equation of energy in the area with a power 
supplying inlet  𝑒 − 𝑒, suction inlet  𝑠 − 𝑠  and outlet 𝑡 − 𝑡 to the final condenser cooling system, and 
appropriate walls and characteristic cross-sections such as 0-0, 1-1, 2-2 cross sections (Fig. 3).  
The basic reference parameter is the velocity of motive fluid 𝑐   calculated as if there was no suction 
medium, hence it was assumed �̇� = 0. This is an abstract quantity in which the index (e) denotes 
motive liquid and index (a) denotes the extreme condition (�̇� = 0) and is calculated as follows: 
 

𝑐 = 𝜑 2
𝑝

𝜌
−

𝑝

𝜌
 , 

(19) 

 
where the velocity coefficient 𝜑 ≈ 0.95 − 0.99. This comparative velocity is also called Flügel 
velocity [26] and allows determination of other cross-sectional speeds: 𝑐  , 𝑐  , 𝑐  ,  or   𝑐 .       
The most important is the velocity of the outlet cross-section of the motive nozzle 𝑐  corresponding to 
the pressure drop 𝑝 − 𝑝  . Assuming that pressure  𝑝  , than the velocity of the outlet cross-section of 
the motive nozzle 𝑐  from balance  is approximately equal:                 
 

𝑐 = 𝜑 2
𝑝

𝜌
−

𝑝

𝜌
  , 

(20) 

     
where 𝜑 = 0.92 − 0.95.  However, in the case of a high value of inlet velocity in the motive nozzle 
𝑐   this variant should be defined by: 
 

𝑐 = 𝜑 2
𝑝

𝜌
−

𝑝

𝜌
+ 𝑐  . 

(21) 

 
While the flow rate of the gas mixture in the ring cross section  𝐴 ,  corresponding to the pressure drop 
𝑝 − 𝑝  in typical case equals:                       
 

𝑐 = 𝜑 2(𝑖 − 𝑖 ) , 
(22) 

                  
 
where  𝜑 = 0.92 − 0.95   and  𝑖 = 𝑖 (𝑇 , 𝑝 ,, 𝑋 )  is the enthalpy of the suction mixture gas (cross 
section s-s – Fig.3),  𝑖 = 𝑖 (𝑝 , 𝑇 )  enthalpy of the suction mixture in cross section 0-0 and area of 
cross section  𝐴 . However, in the case of the spray-ejector condenser when water first cools and then 
condenses the steam from the mixture, the enthalpy drop should be considered as a phase change and it 
is not able to accelerate working fluid. Hence, the inlet velocity of suction gases into the mixing chamber 
should be considered as: 
 

𝑐 = 𝜑 2
𝑝

𝜌
−

𝑝

𝜌
+ 𝑐   . 

(23) 
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 Furthermore, in the case of spray-ejector condenser, when the mixture fully condenses in the mixing 
chamber the enthalpy drop should also be considered as a phase change and the velocity at the inlet to 
the diffusor can be defined as: 
 

𝑐 = 𝜑
𝑐 �̇� + 𝑐 �̇�

�̇� + �̇�
  . 

(24) 

 
Mass, momentum and energy balance of the device in the analysis region  𝑒 − 𝑒,  𝑠 − 𝑠 , 𝑡 − 𝑡 equals:  
                     
 �̇� + �̇� = �̇�   , (25) 

 
           
 �̇� 𝐜 + 𝑝 𝐴 𝐧 + �̇� 𝐜 + 𝑝 𝐴 𝐧 − 𝐑 − 𝐑 − 𝐑 = �̇� 𝐜 + 𝑝 𝐴 𝐧  , (26) 

 
 
 

�̇� 𝑢 +
𝑝

𝜌
+ 𝑧 𝑔 +

𝑐

2
+ �̇� 𝑢 +

𝑝

𝜌
+ 𝑧 𝑔 +

𝑐

2
− �̇� ∆𝑒 ,

− �̇� ∆𝑒 , − ∆𝐸 + �̇� 𝑙 , − �̇� ∆𝑒 ,

= �̇� 𝑢 +
𝑝

𝜌
+ 𝑧 𝑔 +

𝑐

2
 , 

(27) 

 
where:  �̇� ∆𝑒 ,    -  energy losses of flow in the channel between  𝑒 − 𝑒  and  𝑜 − 𝑜; 

�̇� ∆𝑒 ,    - energy losses of flow in the channel between  𝑠 − 𝑠  and  𝑜 − 𝑜; 

�̇� ∆𝑒    - energy losses of flow in the channel between 𝑜 − 𝑜 and  𝑡 − 𝑡 ; 

∆𝐸         -  loss of mixing that takes into account the phase change occurring in the shock wave 
area [26,27]. 

4 Results and discussion of experiment 

For the gas from gasification it was assumed, based on the experiments, that for every 1.00 kg/h of 
feedstock fed into the gasifier approximately 0.20 kg/h of live steam, with temperature of 96°C will be 
needed. Gasification will result in 0.43 kg/h of dry gas and 0.42 kg/h of char, which could be burned in 
order to supply required amounts of heat to the process. Additionally wet gas would contain 0.55 kg/h 
of condensate, which could be subsequently used in the spray-ejector, after cooling of the producer gas, 
before the gas turbine compressor. 

Table 1 shows the results of the proximate and ultimate analysis of the sewage sludge, used as a 
feedstock for the gasification experiment. Sewage sludge was pre-dried before the gasification 
experiments, using open air drying, thus moisture content was lower, than for the case of a typical 
sewage-sludge after mechanical dewatering.  

Table 1: Proximate and ultimate analyses of the sewage sludge (VM-volatile matter, M-moisture, FC-
fixed carbon, C-carbon, H-hydrogen, N-nitrogen, S-sulphur, db – dry basis, wb -wet basis) 

Sample 
Ash, 
%db 

VM, 
%db 

M, 
%wb 

HHV, 
MJ/kg 

LHV, 
MJ/kg 

C,  
%db 

H, 
%db 

N, 
%db 

S, 
%db 

Raw Sewage 
Sludge 32.5 58.1 26.2 15.70 9.80 27.89 6.67 4.36 0.29 

 

Table 2 presents the composition and calorific value of the dry producer gas, determined experimentally, 
for steam gasification of sewage sludge. For example: composition and calorific value of the dry 
producer gas, determined experimentally, are as follows: YCO=0.133; YCO2=0.593; YCH4=0.117; 
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YCnHm=0.08; YH2=0.051 and LHV=16.43 MJ/kg.  These results of fuel composition will serve as one of 
the boundary conditions for thermodynamic calculations of circulation with a gas-steam turbine shown 
in Fig. 2.  

Feasibility of the cycle described in this paper (Fig.2) has already been proven for natural gas [17]. The 
lower heating value of the producer gas, obtained from steam gasification of sewage sludge, obviously 
is not comparable with the LHV of natural gas containing high amounts of methane. However, the 
difference becomes much less significant if the natural gas with high nitrogen content is taken into 
consideration. Moreover, the use of sewage sludge as a feedstock for gasification can enable the plant 
to achieve negative CO2 emissions, as sewage sludge is considered a biomass. This could prove 
beneficial from the economical perspective, under an assumption that offsetting carbon emissions in 
such manner could be monetized, which relies on the possibilities given by markets designed to trade 
the CO2 emissions. 

Table 2: Composition and calorific value of the dry producer gas, determined experimentally, for 
steam gasification of sewage sludge  (%mass – mass concentration, kg compound / kg gas) 

 
CO, 
%mass 

CO2 , 
%mass 

CH4 , 
%mass 

CnHm , 
%mass 

H2 , 
%mass 

other , 
%mass 

LHV, 
MJ/kg 

Producer gas (composition 
and calorific value) 13.31 59.31 11.7 8.03 5.10 2.79 16.43 

5 Conclusions  

Steam gasification of the sewage sludge allowed to achieve the lower heating value of nearly 16.5 MJ/kg 
of the producer gas. This value can be considered comparable with the natural gas with high content of 
nitrogen. Possibility to achieve negative CO2 emissions by a plant, working according to the prosed 
cycle, might prove beneficial if such an offset becomes a tradeable commodity on the emission trading 
markets. 
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Abstract 

The paper presents a numerical analysis of the performance of various types of Savonius wind turbines 
geometries. The initial Savonius turbine design of the turbine was modified in three-ways: blade 
twisting, applying stator blades and rounding of the end plates. In each of the three cases, simulations 
were carried out to identify turbine model which has the best performance. The Savonius turbine with 
the overlapping rotor blades was assumed as a reference model. The second stage covered the 
implementation of the turbine modifications and compare the subsequent results with the reference 
model. This stage was divided into 3 sub-stages. Firstly, a blade twisting modification was apppplied. 
The purpose of increasing the twisting angle of a rotor was to increase the area of a rotor blade and 
reduce aerodynamic drag for the returning blade, thus reducing the oscillatory character of the power 
produced by the Savonius rotor. Secondly, the stator blades were implemented into the turbine design. 
This type of solution was prepared in order to increase the air stream acting on the turbine blades without 
changing the turbine design. For cases with stator blades, in order to check the wind direction 
dependence on turbine performance, for each model two different wind directions were analysed. The 
last sub-stage involved rounding the end plates of the turbine. The purpose of implementing this 
modification was to narrow the section between the end plates, and thus increasing the speed of air 
flowing through the gap between the rotor blades. In this way, the resultant resistance force acting in the 
opposite direction to the turbine rotation should be reduced. The analysis showed that rotor geometry 
changes should be carried out with great care and it needs reliable numerical computations to verify the 
effect. Most of the proposed changes caused the turbine performance to decrease but few of them give 
promising results but it needs further analysis. 
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1 Introduction 

Every year, an increasing number of people living on our globe have access to various energy sources. 
The demand for energy increases as the human development index for given country is increasing. This 
constantly growing demand for electricity, mechanical and thermal energy is one of the most important 
problems that today's engineers have to face. In the light of the events from the past few decades, a 
humanity faced the seemingly impossible task – to create a carbon-free economy. Environmental 
awareness, introduced mainly by mass media, stands at the highest level in the history of our time. 
Successive acts are being implemented with high frequency in order to control the energy sector, mainly 
imposing penalties for using the environment. The constantly rising prices of harmful gas emissions to 
the environment severely limit the financial liquidity of energy companies, followed by increases in 
energy prices. This types of events forces the energy producers to reach for new technological solutions, 
that have less negative impact on the environment. Nearly the whole world has become favourable 
towards renewable energy sources. The energy policy of the countries belonging to the European Union 
focused on the renewable energy sector and reduction of harmful gas emissions. In the era of growing 
demand for the implementation of this type of solutions, companies and research institutions focus their 
efforts on developing distributed renewable energy systems. One of the technological solution which 
appears promising for distributed energy systems are Vertical Axis Wind Turbines (VAWT). These 
types of turbines are characterised by uncomplicated construction and relatively small dimensions. This 
type of solution has started to attract interest relatively recently, that is why there is a lot of room to 
develop this technology. This work aims to analyse the impact of changing the shape of the Savonius 
turbine on its overall efficiency, which translates into greater competitiveness of this technology. 

2 Simulation setup 

Influence of proposed rotor modifications were assessed using Computational Fluid Dynamics (CFD) 
tools. The first step in developing CFD simulation is defining and building computational domain. The 
computational domain may contain areas of liquids and solids. For isothermal fluid flow analysis, solids 
are excised from the computational domain, creating a kind of void in the volume of the domain. The 
next step is discretization of the computational domain into a finite number of control volumes and the 
appropriate mathematical models should be selected to describe the analysed phenomenon. In order to 
start calculations it is necessary to define boundary and initial conditions. The type of adopted boundary 
conditions and their accuracy determines the quality of the solution obtained. The obtained calculation 
results can be presented in the form of velocity field distribution, pressure field and scalar quantity 
distributions related to the analysed issue. Distributions of these quantities can be determined at any 
time in selected places of the computational domain. 

2.1 Design assumptions 

Described shape modifications of the Savonius rotor were compared to a reference geometry. The 
reference turbine, was designed as a single stage conventional Savonius turbine with overlapping rotor 
blades. The turbine efficiency is determined by means of the power factor (Cp). The dimensions of the 
turbine blades, overlap ratio and height to diameter ratio were assumed based on the literature 
information  for optimal turbine efficiency with a tip speed ratio of 0.8. The turbine was equipped with 
end plates with a diameter equal to 1.1 of rotor diameter. Another assumption was to determine the 
dimensions of the turbine. In order to reduce the size of the simulation computing domain, and thus the 
computation time, the turbine has been scaled to a smaller size. The rotor diameter has been selected for 
the turbine height on a 1:1 scale. Individual parameters defining the design assumptions are specified in 
Table 1. The design assumptions contained in the table remained unchanged throughout different 
modifications of rotor shapes. 
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Table 1: Design assumptions 
Description Symbol Value Unit 
Turbine height H 200,00 mm 
Rotor diameter D 200,00 mm 
Inner blade diameter d 108,11 mm 
Gap width dgap 16,22 mm 
Plates width δ 1,00 mm 
End plate diameter Dplate 220,00 mm 

2.2 Mathematical model 

Solving CFD problems consists of solving systems of differential equations describing the analysed flow 
phenomena. The basic equations are the equations describing the pressure field and the velocity of flow, 
i.e. the continuity and Navier-Stokes equations. The continuity equation for steady state and 
incompressible, isothermal flow can be written as follows: 

∇(ρ�⃗�) = 0 (1) 

Where 𝜌 is a density and �⃗� is the velocity vector. The momentum balance equation writes: 

∇(ρ�⃗��⃗�) = −∇𝑝 + ∇𝛕 + 𝜌𝑭  (2) 

Where 𝑝 is static pressure in the flowing fluid,  𝛕 is the stress tensor describing shear stresses acting on 
the fluid element due to viscosity of the fluid and 𝑭 term refers to body forces acting on the fluid. 

Parameters presented below are used to describe the operation of a wind turbine. One of these parameters 
is the tip speed ratio (λ), which describes the speed of the tip of the turbine blade. Equation (3) describes 
the tip speed ratio. 

𝜆 =
𝜔𝑟

𝑣
  (3) 

Where ω is rotational velocity, r stands for rotor radius and v is wind velocity. The quantities that was 
used to asses turbine performance refer was power coefficient (𝐶 ) and torque coefficient (𝐶 ). These 
coefficients were defined as follows: 

𝐶 =  =  
∗ ∗

  

 

   (4) 

 

 𝐶 =  =  
∗ ∗ ∗

                   (5) 

 
Where P is the average turbine power output, T stands for the average turbine torque and A refers to 
rotor area projected onto plane perpendicular to wind direction. Wind turbine efficiency may be 
determined comparing its power factor to the maximum power factor, also called the Betz limit. The 
following formula defines a description of wind turbine efficiency. 

𝜂 =  
,

  (6) 

Where 𝐶 ,  is the Betz limit which equals to 0.593. 

2.3 Numerical model implementation 

2.3.1 Geometry 

The computational domain consists of an external domain, which is the fluid area and boundary 
conditions of the simulation, and an internal domain, which is a rotating fluid area that simulates the 
turbine rotational motion. The external domain is prismatic with dimensions of 2x2x3 meters. On the 
surface of the walls of the external domain, boundary conditions of the simulation were determined, 
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such as inlet condition, outlet condition, and symmetry boundaries. Figure 1 shows the computational 
domain with assigned boundary conditions. 

 
Figure 1: Computational domain. 

2.3.2 Mesh 

The appropriate quality and density of the numerical grid must be used to achieve reliable simulation 
results. To check the reliability of the results, a mesh density test should be performed. Comprehensive 
tests of the influence of mesh density, time step sizes and turbulence models on the results of the 
Savonius turbine simulations was carried out by Krysiński [1]. The turbine that is the subject of this 
work is similar to the turbine analysed by Krysiński. For this reason, when creating the computational 
grid, the recommendations contained in the above-mentioned work were implemented. The mesh quality 
measures used to check the quality of the calculation grid are: Orthogonal quality, Aspect ratio, Jacobian 
ratio and Skewness. 

2.3.3 Simulation settings 

The calculation was carried out using the ANSYS Fluent CFD software. The calculations were carried 
out in a transient mode. To describe the turbulence, the SST k-ω turbulence model was used, which is a 
kind of a hybrid, combining the advantages of the k-ε and k-ω models, while introducing an additional 
factor limiting the increased production of turbulent kinetic energy in areas of high pressure increases 
[2]. Research conducted by Krysiński showed that the SST k-ω model is one of the best models 
describing turbulence in the case of calculations regarding flow modelling for VAWT turbines [1]. The 
internal domain is a part that rotates with the walls of the turbine relative to the fixed reference system. 
An interface has been defined between the internal and external domains along which the moving and 
stationary areas move relatively to each other. Air was treated as a compressible ideal gas. For accurate 
simulation, the time step was set to a value corresponding to a rotor angular displacement of 1 degree. 
The whole simulation includes 4 full turbine revolutions.  

3 Reference model results 

Two geometries of the reference model was computed, namely, two- and three-dimensional. Both 
geometrical models are shown in Figure 2. The numerical meshes for those models were prepared using 
tetrahedral and hexahedral elements. An boundary layer was applied at the walls of the turbine blades. 
The mesh was fined in rounded areas and at the edges of the turbine.  
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Figure 2: Reference model geometry 

The most important parameter monitored during simulation of wind turbines is the instantaneous torque. 
Higher torque value translates into higher power achieved by the turbine. The instantaneous torque 
depends on the position of the turbine relative to the wind. Generally, the Savonius turbine is 
characterized by achieving large torque fluctuations. This behaviour can be problematic due to the 
fluctuating power  output. The average turbine power is determined for one complete revolution where 
the turbine behaves periodically or for a fixed duplication of full rotations where periodic behaviour can 
be observed. An important element is to pay attention to the discrepancy of results in 2-dimensional and 
3-dimensional simulations. This discrepancy is caused by a reduction in the height dimension for a 2-
dimensional turbine, which in 2D simulation is defined as 1m, whereas in the 3D model the height is set 
as 0.2m. Basically, the efficiency of the Savonius turbine increases with increasing turbine height. The 
torque graph showing the turbine position relative to the moving air and the instantaneous torque graph 
are presented in Figure 3. 

  

  
Figure 3: Torque graphs for reference models. 

The most important parameters describing the operation of reference three-dimensional Savonius 
turbine are presented in Table 2. 

Table 2: Results for reference models. 

Description Symbol 3 dimensional 2 dimensional Unit 
Average torque Τavg 0.012 0.080 Nm 
Power output P 0.480 3.183 W 
Power coefficient CP 0.157 0.208 - 
Overall efficiency η 26.40 35.05 % 
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4 Computation results for modified turbine geometries 

4.1 Stator blades 

This modification introduced to the reference model, consists in surrounding the output turbine with 
stator blades. To check the effect of wind direction on turbine efficiency, simulations were carried out 
for two different wind directions in each case. The stator blades were initially positioned so that the first 
one was placed parallel to the wind direction, and the position of the remaining blades result from the 
regular positioning on the turbine perimeter. The simulation was carried out for 3 groups of models, 
which consisted of 4, 6 and 8  stator blades, respectively. The length of the blades has been assumed to 
be 100 mm. The models are shown in Figure 4. 

Figure 4: Geometry of stator blades models, a) Model 1, b) Model 2, c) Model 3, d) Model 4, e) Model 
5, f) Model 6 

At first, the impact of wind direction on Savonius turbine efficiency was analysed. For this purpose the 
models with stator were compared, along with the changing direction of air flow. From each case, a 
model with greater efficiency was selected, and then all of the chosen models, including the reference 
model, were compared. The selected angles of wind attack were chosen, because potentially these are 
two extreme orientations at which performance will reach maximum and minimum values. In order to 
better understand the air behaviour in such a system, a deeper analysis of the impact of changing the 
direction of a wind by a correspondingly small step (e.g. 1 degree) should be carried out, but this analysis 
is beyond the scope of the work. It was observed, that the wind direction has a significant impact on the 
instantaneous turbine torque. In some configurations, the stator blades create an aerodynamic shadow 
that covers the working surface of the turbine or subsequent stator blades. The importance of the air 
flow direction seems to decrease as the number of control stator blades increases. For example, in the 
case of 4 blades, they are arranged 90 degrees from each other in relation to the axis of rotation of the 
turbine. This means that in this range (0-90 degrees) the wind direction will have a significant impact. 
In the case of 8 covers, however, the plates are arranged every 45 degrees, which gives a smaller range 
of change in the direction of air flow. Almost in each case a  rapid changes in the instantaneous peaks 
can be noticed. This is due to the high pressure build-up that occurs on the outside of the blade when it 
returns to a position perpendicular to the direction of air flow. To get rid of this type of characteristics, 
it would be necessary to minimize air pressure on the returning blade.   

After comparing the performance of individual stator blades configurations, the most efficient model 
was selected for each case. Each of the models was compared with the reference model and among 
themselves. From the chart comparing all types of models (Figure 5), it can be seen that turbine models 
with stator blades achieve much higher torque peaks, but they also achieve greater depression. Although 
the torques achieved during simulation of turbines with stator blades did not reach the steady state, the 
turbulence caused by the change of wind direction through the covers causes small differences between 
the average torque values for the next turbine revolutions. Over time, however, these values settle and a 
pattern indicates the periodicity of the torque. 
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Figure 5: Torque graphs for stator blade models. 

Comparing all types of turbines in terms of power coefficient, the turbine with 8 stators performed the 
best, with an increase in Cp of  3 percentage points compared to the reference model. Turbines with 4 
and 6 stators performed similarly, reaching Cp of 0.228, which translated into an increase of 2 percentage 
points compared to the reference model. On the other hand, when the wind direction was changed, a 
decrease in turbine efficiency was observed in each case. Improving efficiency, therefore, depends to a 
large extent on windshield positioning. In this case, the turbine with 8 stators is also the best, because 
with the increase in the number of stators, the air flow direction is less important. The results achieved 
for each simulation are shown in Table 3. 

Table 3: Results for stator blades models. 
Description Symbol Unit Reference Model 1 Model 2 Model 3 
Average torque Τavg Nm 0.080 0.075 0.087 0.087 
Power output P W 3.183 3.012 3.490 3.484 
Power coefficient CP - 0.208 0.197 0.228 0.228 
Overall efficiency η % 35.05 33.17 38.44 38.37 
Description Symbol Unit Model 4 Model 5 Model 6 
Average torque Τavg Nm 0.051 0.091 0.076 
Power output P W 2.059 3.633 3.036 
Power coefficient CP - 0.134 0.237 0.198 
Overall efficiency η % 22.68 40.01 33.44 

4.2 Helical blades 

The second of the proposed modifications is the creation of a helical Savonius turbine type. The 
modification consists in turning the turbine rotors due relative twisting of upper and lower end plates by 
a specified angular value. In each case, the top of the turbine was turned clockwise relative to the bottom. 
Turning of the turbine causes an increase in the blade surface and a more even distribution of the blade 
working surface in relation to the braking surface during the full rotation. Three cases were analysed for 
the purpose of the work, in which the turbine twists were 30 °, 90 ° and 180 ° respectively. All other 
design parameters remained unchanged. The geometry of the models and the is shown in Figure 6. 

   
Figure 6: Helical blades geometry models, Helical 30 (left), Helical 90 (middle), Helical 180 (right). 

The calculations made for turbine models with blade rotation have shown that as the blade twist 
increases, the amplitude of moment for the given type of turbine is decreasing. Along with this aspect, 
the turbine efficiency in the form of a power coefficient also decreases. As can be seen from the moment 
charts, each model is phase shifted in relation to other models (see Figure 7). This is due to the fact that 
as the blade twist increases, the internal and external surfaces are more evenly distributed over the entire 
turbine rotation. In each case, the optimal and worst position is in a different arrangement of the turbine 
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relative to the air direction. For the reference turbine, the optimal position occurs at an angle of about 
30 degrees to the direction of air flow. For a turbine with a 30 degree turn it is already 45 °, while for a 
turbine with a 90 degree turn - about 70 °. For a turbine with 180 degree blade rotation, it is difficult to 
determine the optimal position of the turbine, it is in the range of 120 to 150 degrees relative to the air 
direction, which in some cases is their worst arrangement. 

  
Figure 7: Torque graphs for Helical models. 

The most important parameters describing the operation of the Savonius turbine with helical blades are 
presented in Table 4.  

Table 4: Results for helical blades models. 

Description Symbol Unit Reference Helical 30 Helical 90 Helical 180 
Average torque Τavg Nm 0.012 0.013 0.011 0.007 
Power output P W 0.480 0.538 0.450 0.283 
Power coefficient CP - 0.157 0.176 0.147 0.092 
Overall efficiency η % 26.4 29.6 24.8 15.6 

4.3 Rounded end plates 

The last of the proposed modernizations is the use of diffusers instead of end plates. This modification 
consists of rounding the plates towards the centre of the turbine in such a way as to create a narrowing 
between the end plates. This narrowing is created in order to reduce the surface of the gap and to cause 
acceleration of flowing air through that gap. The model is also equipped with flat end plates that prevent 
the air from flowing around the turbine up or down. Three cases of this type of turbines were subject of 
the analysis. Each turbine differed in the gap height, amounting to 1/2, 2/3 and 3/4 of the turbine height, 
respectively. This means that the sum of the diffuser heights is 1/2, 1/3 and 1/4 of the turbine height, 
respectively. For ease of use, models of this type will be named for the sum of the diffuser heights. 
Individual models are shown in Figure 8. 

   
Figure 8: Diffusive end plates geometry models, Diffusive 3/4 (left), Diffusive 2/3 (middle), 

Diffusive 1/2 (right). 

Calculations made for turbines with rounded end plates have shown that as the rounding increases, the 
turbine achieves a decrease in overall performance in the form of a power factor (Cp). Each of the torque 
graphs depending on the position of the turbine is very similar, differ only in the peaks achieved during 
the optimal position of the turbine. Using only Figure 9, it can be concluded that the reference turbine 
performs best, and with increasing rounding the achieved torque is getting lower. The likely reason for 
this is the reduced blade surface, the greater the roundness, the smaller the surface of the blade. For this 
reason, although the air in the gap accelerates, the surface of the turbine blades is reduced, while 
reducing its efficiency. 
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Figure 9: Torque graphs for diffusive end plates models. 

The most important parameters describing the operation of the Savonius turbine with rounded end plates 
are presented in Table 5.  

Table 5: Results for diffusive end plates models. 

Description Symbol Unit Reference Diffuser 1/4 Diffuser 1/3 Diffuser 1/2 
Average torque Τavg Nm 0.012 0.011 0.009 0.007 
Power output P W 0.480 0.418 0.372 0.269 
Power coefficient CP - 0.157 0.137 0.121 0.088 
Overall efficiency η % 26.4 23.0 20.5 14.8 

In this case only the gap area between turbine blades was analysed. The distribution of the pressure field 
as well as the velocity field vectors in the turbine cross-section does not change compared to the 
reference turbine, therefore the presentation of contours covering these issues has been omitted. The 
flow through the gap was tested for both modified models and the reference turbine. The flow contours 
are shown in Figure 10 (from the upper left corner: output turbine, Diffuser 1/4, Diffuser 1/3, Diffuser 
1/2). One can see a noticeable difference between the following illustrations showing the distribution 
field of the velocity of air flowing through the gap. For 1 / 2H turbines, the maximum and average air 
speed is much higher than for the rest of the turbines. However, the blade surface reduction also 
translates into the mass of air flowing through the gap. The biggest difference can be seen between the 
1/4H and 1/3H turbine, this may be due to the fact that too much rounding causes the air to detach from 
the end plate and is not directed in the direction of the gap. It should also be noted that the highest 
velocities of air flowing through the gap achieved when the turbine is parallel to the wind direction. The 
reduction in performance may also be due to the introduction of the aerodynamic shape, which is the 
sphere-shaped end plate. The distribution of the kinetic force of the wind in this case is directed 
downwards or upwards depending on the end plate. In addition, the sphere is not the optimal shape for 
the flow diffuser, the analysis should also be carried out for the parabolic-shaped diffuser. 
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Figure 10: Results for air flow through gap analysis. 

Parameters describing the air flow through the turbine gap are described in Table 6. 

Table 6: Results for air flow through gap analysis. 

Description Symbol Unit Reference Diffuser 1/4 
Position to wind - - Perpendicular Parallel Perpendicular Parallel 

Mass flow rate ṁ kg/s 0.00345 0.00446 0.00271 0.00454 
Area of gap A m2 0.00284 0.00213 

Average velocity vavg m/s 3.74 2.83 3.98 3.11 
Max. velocity vmax m/s 4.79 3.33 4.12 4.83 
Average pressure pavg Pa -18.99 -13.52 -16.19 -15.01 
Max. pressure pmax Pa -4.28 -0.96 -14.41 -10.69 
Min. pressure pmin Pa -42.21 -30.65 -18.68 -22.12 

Description Symbol Unit Diffuser 1/3 Diffuser ½ 
Position to wind - - Perpendicular Parallel Perpendicular Parallel 

Mass flow rate ṁ kg/s 0.00246 0.00488 0.00144 0.00389 
Area of gap A m2 0.0019 0.00142 

Average velocity vavg m/s 3.98 3.56 3.37 4.80 
Max. velocity vmax m/s 4.19 5.87 3.35 6.44 
Average pressure pavg Pa -16.03 -16.30 -16.44 -20.25 
Max. pressure pmax Pa -14.84 -10.47 -16.57 -15.90 
Min. pressure pmin Pa -19.05 -26.47 -20.07 -31.12 

5 Conclusions 

As part of the work, comparative analysis of Savonius wind turbine models was performed. The analysis 
included comparing the reference model with subsequent modified turbine models (i.e. stator blades, 
helical blades and diffuser end plates). The analysis brings closer understanding of the behavior of air 
acting on wind turbines of this type.  
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The introduction of stator blades into the turbine model can significantly affect the overall efficiency of 
the turbine. This type of upgrade in some settings can increase (Model 2, Model 3, Model 5) and reduce 
(Model 1, Model 4, Model 6) the efficiency of a turbine. The main factor affecting the change of power 
coefficient is the direction of air flow. These types of constructions have been shown not to be fully 
omnidirectional. Changing the wind direction causes an aerodynamic shadow to be cast on the working 
turbine blades and subsequent stator shields, because of which a smaller amount of air mass is used for 
the operation of the device. It was noted, however, that as the number of blades increased, the impact of 
wind direction on turbine efficiency decreases. The turbine, using 8 blades, has a smaller range of change 
of the air attack angle, which is 45°, than in the case of 4 control blades, where the range of angle change 
is 90°.  

As the turbine twist angle increases, in case of a helical turbine models, a smaller spread of peak torque 
values can be seen. This helps to eliminate the phase factor of the Savonius turbine. For this type of 
model, this also translates into a decrease in overall turbine efficiency. It was noticed that only at small 
turbine twists the Cp coefficient improves, at 90 ° and 180 ° twist angles - this coefficient has 
significantly decreased. As it can be seen from the shape of this type of turbines, both the working and 
returning frame have an aerodynamic shape that reduces the drag coefficient. As the Savonius turbine 
bases its operation on the drag force, reducing the drag coefficient on both sides of the blade causes a 
decrease in the power coefficient of the model. As can be seen from the research described in article [3] 
on blade shape optimization, a triangle-shaped blade achieves much better results than a traditional 
Savonius turbine, this is due to the greater difference in drag coefficient between the inside of the blade 
and the outside.  

The introduction of end plate diffusers was aimed at increasing the air velocity flowing through the gap 
between the turbine arms. As the gap narrowed, an increase in air velocity was observed, as assumed. 
The velocity of air flowing through the gap increases more noticeably in cases where the turbine is 
parallel to the direction of air flow. In other cases, when air is collected by the blades and the end plates, 
a decrease in the mass flow through the gap can be noticed. This means that for turbines with rounded 
end plates, a part air flows around the turbine or is reflected in a different direction than the gap.  
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Abstract 

In the last few decades the vertical axis wind turbines (VAWTs) gains higher interest among researchers 
worldwide. This paper aims to present influence of the deformation of the H-Rotor type VAWT rotor 
on its performance. The developed model couples Unsteady Reynolds Averaged Navier-Stokes 
Equations (URANS) methodology with the linear structural Finite Element Method solver to simulate 
operation of the H-Rotor turbine aluminium rotor deformed due to centrifugal force . The carried out 
calculations provide detailed information on the instantaneous flow fields around the operating wind 
turbine. This allowed us to determine instantaneous and average power produced by the wind turbine 
and influence of the deformations of the turbine rotor on its performance. The simulation is a prelude to 
the fully coupled 2-way Fluid Structure Interaction analysis.  The simulations were carried out using the 
commercial ANSYS Fluent and ANSYS Mechanical software. 

1 Introduction 

The potential of small scale wind turbines, which can be used in the near area of households, is large, 
despite the fact that trends in wind turbine industry are heading to large scale onshore and offshore 
turbines. Especially the vertical axis wind turbines are considered as promising way in research 
worldwide because of many undeniable advantages over horizontal axis wind turbines, such as lower 
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noise emission, higher cut off wind speed, lower minimal operational wind speed, extremely low 
susceptibility on the turbulence level of the wind, omnidirectionality and more compact construction. 
The H-Rotor VAWT is the most common type of Darrieus’s wind turbine. Darrieus’s 1927 patent covers 
almost every possible variation of VAWT which uses vertical blades. There is significant number of 
research papers which covers the performance of H-Rotors depending on the specific airfoil profiles, 
the number of profiles and even the responsive attack angle depending on the wind direction. There 
were a few attempts to apply Fluid Structure Interaction methodology in horizontal axis wind turbines 
[1-4]. 

The paper aims to present the influence of the deformations caused by centrifugal force, on the efficiency 
of the turbine. The deformation of aluminium rotor was calculated in the FEA solver and then the 
deformed rotor geometry was exported to CFD solver. The efficiency of deformed rotor was compared 
to non-deformed reference rotor geometry.  Presented calculation is a prelude to fully coupled 2-way 
Fluid Structure Interaction analysis of carbon fibre rotor, which will be considered under optimal terms 
of  rotor deformation  in relation to its performance. This results will help to predict the expected results 
of fully coupled FSI model, which is highly demanding in terms of computing power.  

2 CFD and FEA numerical models 

2.1 Turbine rotor geometry 

 The basic turbine rotor is based on a 50 mm chord length NACA 0018 air foil profile. The basic 
rotor is 0.5 m high and 0.5 m in diameter. To compute the deformed geometry, each blades was 
fixed at the half of its height on the inside. The air foil profile, deformed and  basic geometry 
can be seen in Figure 1. 

 

Figure 1: Geometry of basic and deformed rotors. 
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Figure 2: Deformed rotor dimensions 

2.2 Computational domains and numerical grids 

To avoid the influence of boundary conditions on operating turbine the size of stationary domain was 
set up based on T. Krysiński research on the methodology of mathematical modelling of Savonius type 
VAWT [5]. The size of domain in perspective  of turbine rotor axes  is 10D out of   20 D  of total height, 
20D out of  40 D of total width and 20 D length before the turbine and 40D behind. Stationary 
computational domain is shown in Fig. 3.  

 

Figure 3: CFD computational domain and boundary conditions. 

The CFD computational mesh was generated with hybrid polyhedral and hexahedral mesh elements. 
The choice of element types was conditioned by very good mesh quality factors, that can be easily 
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achieved. The both of CFD meshes were established with approximately 23000000 elements. In Figure 
4 the detail of CFD mesh in crucial area can be seen. 
 

 

Figure 4: Detail of CFD numerical mesh. 

3 Mathematical model 

3.1 Computational Fluid Dynamics 

Air in mathematical model is treated as compressible ideal gas. The flow is transient, non-isothermal  
and turbulent. Radiation was neglected. The model uses Unsteady Reynolds Average Navier-Stokes 
(URANS) set of equations. The k-ω SST turbulence model and dynamic mesh with smoothing method, 
were implemented. 

The mass conservation equation can be written as [1]: 

𝜕𝜌

𝜕𝑡
+ ∇ ∙ 𝜌𝒖 = 0 (1) 

where  ρ stands for the fluid density, u is the velocity vector and  t represents time. 

The momentum conservation equation [2]: 

𝜕

𝜕𝑡
𝜌 + ∇ ∙ (𝜌 ∙ 𝒖𝒖) = −∇𝑝 + ∇ ∙ 𝑻 + 𝜌𝒈 + ∇ ∙ 𝝉𝑹 (2) 

p is the static pressure, 𝜌𝒈 and T represent the gravitational body force and stress tensor. 𝝉𝑹 stands for 
Reynolds stress tensor.  

Energy conservation equation: 

𝜕

𝜕𝑡
𝜌𝐸 + ∇ ∙ 𝒖(𝜌𝐸 + 𝑝) = ∇ ∙ 𝑘 ∇T  (3) 

where E is the total energy and u is the absolute velocity.  keff  represents the effective conductivity 
which is the sum of thermal conductivity and turbulent  thermal conductivity. 

To simulate turbulent flow the two equation k-ω SST model was used. The k-ω SST model is 
a  combination of  k – ω and k – Ɛ  turbulence models, hence it combines the best features of both. It is 
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good in freestream calculation like k – Ɛ model  and also in predicting of flow in viscous near wall 
regions like k-ω model.  

The transport equations used in Realizable k-ω SST are written as below: 

𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥
(𝜌𝑘𝑢 ) =

𝜕

𝜕𝑥
𝜇 +

𝜇

𝜎

𝜕𝑘

𝜕𝑘
+ 𝑃 ± 𝑌  (4) 

𝜕

𝜕𝑡
(𝜌ω) +

𝜕

𝜕𝑥
(𝜌ω𝑢 ) =

𝜕

𝜕𝑥
𝜇 +

𝜇

𝜎

𝜕ω

𝜕𝑥
+ 𝑃 − 𝑌 + 𝐷  (5) 

where PK and Pω  defines production of turbulent kinetic energy and specific dissipation rate. YK and Yω 

stands for dissipation rates of k and ω  respectively. Dω is  additional cross-diffusion term defined as: 

𝐷  = 2(1 − 𝐹 )
𝜌

ω𝜎 ,
 

𝜕𝑘

𝜕𝑥
 
𝜕ω

𝜕𝑥
 (6) 

Where 𝜎 ,   is a model constant  and F1 is a blending function computed as: 

𝐹 = 𝑡𝑎𝑛 ℎ(𝑎𝑟𝑔 ) (7) 

𝑎𝑟𝑔 = min 𝑚𝑎𝑥
√𝑘

0.09ωy
,

500𝜇

𝜌𝑦 𝜔
,

4𝜌𝑘

𝜎 , 𝐷 𝑦
 (8) 

y is the distance to nearest surface and 𝐷  is a positive portion a cross-diffusion term which is defined 
as below: 

D = 𝑚𝑎𝑥 2
𝜌

ω𝜎 ,
 

𝜕𝑘

𝜕𝑥
 
𝜕ω

𝜕𝑥
, 10  (9) 

Turbulent viscosity µt is computed as: 

𝜇 =
𝜌𝑘

𝜔
 

1

𝑚𝑎𝑥
1

𝛼∗ ,
𝑆𝐹
𝑎 𝜔

 (10) 

where α* is a damping coefficient which is calculates as in k – ω model, S is magnitude of strain rate. 
The function F2 is calculated as above: 

𝐹 = 𝑡𝑎𝑛 ℎ(𝑎𝑟𝑔 ) (11) 

𝑎𝑟𝑔 = 𝑚𝑎𝑥 2
√𝑘

0.09𝜔𝑦
 ,

500𝜇

𝜌𝑦 𝜔
 (12) 

Turbulent Prandtl numbers from transport equations are computed due to: 

𝜎 =
1

𝐹
𝜎 ,

+
(1 − 𝐹 )

𝜎 ,

 
(13) 

𝜎 =
1

𝐹
𝜎 ,

+
(1 − 𝐹 )

𝜎 ,

 
(14) 

Turbulence kinetic energy k is carried, in the same way as in standard k – ω model. The main difference 
is in the term Pω in transport equations, which is calculated by: 

𝑃 =
𝛼𝛼∗

𝑣
 𝑃  (15) 

in k – ω SST model the α∞ is not a constant as in standard k – ω model and it is calculated: 

𝛼 = 𝐹 𝛼 , + (1 + 𝐹 )𝛼 ,  (16) 
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where: 

𝛼 , =
𝛽 ,

𝛽∗ −
𝑘

𝜎 , 𝛽∗
 (17) 

𝛼 , =
𝛽 ,

𝛽∗ −
𝑘

𝜎 , 𝛽∗
 (18) 

The variable of βi is blended with F1 function as below 

𝛽 = 𝐹 𝛽 , + (1 − 𝐹 )𝛽 ,  (19) 

Yk defines the dissipation of turbulence kinetic energy which is calculated as below: 

𝑌 =  𝜌𝛽∗𝑘𝜔 (20) 

Constants represents the default values: 

σk,1=1.176, σk,2=1.0, σ ω,1=2.0, σ ω,2=1.168 (21) 

a1=0.31, βi,1=0.075, βi,2=0.0828, k=0.41 (22) 

 

3.2 Structural Analysis 

The governing equation of a linear, isotropic elastic solid is written as below: 

𝜌
𝑆

𝜕2𝑣𝑆

𝜕𝑡2
= ∇ ∙ 𝜎𝑆 + 𝑓

𝑆
 (25) 

Where ρs is the solid density, fs stands for body forces acting on the solid,  vs refers to the displacement 
field in the solid and  σs  is the stress tensor depends on the local strain field as follows: 

𝜎 , 𝜆∇ ∙ 𝐯𝒔δ + 𝐺
𝜕v

𝜕x
+

𝜕v

𝜕x
 (26) 

Where λ and G are Lame’s constants (G is also called modulus of elasticity in shear).  Commonly, these 
constants are written in terms of Young’s modulus E of material and Poisson’s ratio ν. 

𝜆 =
𝐸𝜈

(1 + 𝜈)(1 − 2𝜈)
 (27) 

𝐺 =
𝐸

2(1 + 𝜈)
 (28) 

For the considered problem, the equation of motion of a turbine rotor is written in the rotating reference 
frame, therefore additional terms related to inertial body forces need to be considered.  Hence the second 
term on the right hand side of equation (25) writes: 

𝐟𝐬 = −𝜚 2𝜔 ×
𝜕𝐯𝐬

𝜕𝑡
+ 𝜔 × 𝜔 × 𝐫  (29) 

Where ω is the vector of angular velocity of solid with respect to global inertial reference frame, ∂vs/∂t 
refers to the rate of deformation of solid in the rotating reference  frame  and r stands  for  position  
vector  in  the  rotating  reference frame. 
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The material properties of aluminium alloy were described as below: 

Table 1: Material properties of aluminium 

Parameter Value Unit 

Young’s Modulus 71000 MPa 

Density 2770 Kg/m3 

Poisson’s Ratio 0.33 - 

Tensile Yield Strength 280 MPa 

Tensile Ultimate Strength 310 MPa 

3.3 Boundary conditions and solver settings 

Boundary conditions in both CFD simulations in ANSYS Fluent were established in the exact same 
way. Due to the characteristic performance coefficient Tip Speed Ratio (TSR) value set up to 4 and the 
wind velocity 15 m/s, the resulting rotational velocity of rotor was set to 240 rad/s. The constant wind 
stream on velocity inlet, as presented in the Fig. 3, was described as normal to boundary. The pressure 
outlet boundary condition was set in the opposite side of the computational domain and the top, bottom 
and side boundaries was set up as symmetry type of boundary. Between stationary domain and rotational 
domain the periodic type of sliding mesh interface was established.  

The pressure based solver was used because of the low velocities and uncompressible characteristics of 
the flow. Due to usage of the triangular prism and tetrahedron types mesh the PRESTO (Pressure 
Staggered Grid) method for pressure field discretization  was used. The pressure-velocity coupling was 
handled with the SIMPLE (Semi Implicit Method for Pressure-Linked Equation) algorithm. Length of 
the time step was set up to 0.000072722 s, which is an equivalent of one degree of rotor rotation.  

4 Results 

Figures 5 and 6 presents value of the instantaneous torque acting on the turbine rotor obtained from the 
CFD simulation for reference and deformed models. It can be clearly seen that instantaneous torque 
produced by turbine with deformed blades is significantly higher. This is caused by the fact that on 
average the force produced by the deformed blade acts on the higher arm. Secondly, the relative velocity 
of the wind seen from the point of view of the blade is higher, what results in the higher lift force acting 
on the blade.  
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Figure 5: Instantaneous torque as a function of rotation angle. 

 

 

 

Figure 6: Instantaneous torque as a function of rotation angle of the last revolution once the pseudo-
steady state conditions were reached. 

 
 

In order to clarify authoritative values of wind turbine rotor design the coefficient of power Cp is 
considered for both the FSI and reference model. The function of Cp was defined as: 

𝐶 = 𝐶 ∙ 𝑇𝑆𝑅 (30) 

where λ is a Tip Speed Ratio and Ct is a Coefficient of Torque and are defined as below: 

𝜆 =
𝜔𝐷

2𝑤
 (31) 
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𝐶 =
𝑇

𝑇
=

4𝑇

𝐴𝜌𝐷𝑤
 (32) 

where Tavg stands for result turbine torque over one full rotor revolution and w∞ is the wind velocity set 
up as a boundary condition. ρ is the wind density, D is a rotor diameter and A determine the rotor area.  

In Table 2 average torque as well as the torque coefficient and power coefficient for reference and 
deformed blades are compared. It can be seen that deformation of the H-rotor blades can significantly 
improve the turbine performance. The almost 700% of performance increase is observed. Nevertheless, 
it should be noted that the picture might be too optimistic because presented results were obtained for 
very high TSR value equal to 4. In this operation conditions, turbine with solidity as that presented in 
the paper has very low coefficient of performance therefore any increase related to this low value might 
be considered as a significant improvement. Further work will cover computations for other operating 
points in order to verify behaviour of the deforming blades in whole operation range of the turbine. 

Table 2: Results of average torque, torque coefficient and power coefficient. 

Parameter Deformed blades Reference model 

Tavg, Nm 0.899 0.122 

Ct 0.071 0.010 

Cp 0.284 0.039 

5 Conclusions 

The paper presents analysis of the influence of the deformation of the H-rotor blades on the performance 
of the turbine. At this stage only one-way FSI approach was considered and the blade deformation due 
to centrifugal force was included in the analysis only. This preliminary study has shown significant 
potential of improvement of the turbine performance due to deformation of blades. Further work will 
cover analysis of the blade deformation on the turbine performance in the whole operation range of the 
turbine as well as development of the full two-way fluid-structure coupling. 
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Abstract 

The unrestricted access to the energy sources is one of the most important elements conditioning fast 
development of civilisation. However, in view of the climate changes caused by unlimited use of fossil 
fuels further development is greatly dependent on the effective utilisation of renewable energy sources. 
One of the most important energy source which utilisation is relatively easy which is not burden 
significantly the environment is the wind energy. Nowadays, energy production from wind is dominated 
by huge horizontal axis units (horizontal axis wind turbines – HAWT) which possess relatively high 
efficiency, however this construction suffers from high starting wind speed and relatively low cut off 
wind speed. Moreover, this type of wind turbines generates high noise and have significant impact on 
the environment. Finally, connecting this type of wind turbines into the energy system is very 
problematic due to random character of energy production. Some alternative to huge HAWTs may be 
drag-based vertical axis units (Vertical Axis Wind Turbine – VAWT) like the Savonius wind turbine. 
The Savonius wind turbine offers low efficiency but their availability to produce electric power is higher 
than traditional HWAT, because they starts at lower wind speeds and can still operate at higher wind 
speeds comparing to HAWTs. Moreover, this wind turbine is omnidirectional, completely insensitive 
on the wind turbulence, it produces energy at lower rotational speeds, that is why it can be considered 
as a power generation units for municipal computations. Paper presents methodology of optimisation of 
the shape of Savonius wind turbine blades using Bezier splines and Evolutionary Algorithm. This 
methodology allowed us to increase significantly the rotor performance comparing to the traditional 
solutions which are considered as an experimentally optimised. 

1 Introduction 

Unhindered access to the electric energy is one of the most important factors in ensuring dynamic 
development of the countries and civilisations. Since the middle of nineteen-century fossil fuels have 
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been considered as a most common energy carrier which has established the rapid development of 
European civilisation. However, due to ecological and economic issues, many countries are introducing 
new regulations regarding fossil fuels utilisations and carbon dioxide emissions. The new European 
Union regulations put great pressure on the minimisation of the carbon dioxide emission. According to 
this regulations, EU countries are obligated to increase the fraction of the renewable sources of energy 
in the total installed electric power to 15 percents until the year 2020. The wind energy may be a good 
alternative for the fossil fuels which can help us reducing fossil fuels consumption and flue gasses 
emission and to keep energetic sector and economy competitive. It is confirmed that wind energy is the 
lowest-priced renewable energy source available today, that is why it is one of the fastest growing energy 
sectors in the World. The amount of installed wind power is increasing by around 20 per cent each year 
in the World.  

Basically, two different constructions of the wind turbines can be distinguished, depending on the 
orientation of the revolution axis direction, namely: horizontal axis wind turbines (HAWT) and vertical 
axis wind turbines (VAWT). Nowadays, the horizontal axis wind turbines are the most popular units 
due to their higher efficiency comparing to the vertical axis units [1, 2,3]. However, some authors argue 
that this is mainly caused by more than century of the investigation on improvement of this construction 
[3,4,5] and they predict that in the next few decades VAWT will dominate energy production sector [6]. 
The first constructions of the vertical axis units were proposed in the 1930s by Darrieus and Savonius 
[7,8]. Since those days there was almost no interest in developing these ideas. However, wind turbines 
of this type offer many advantages over the HAWTs: lower noise emission, higher cut off wind speed, 
lower minimal operational wind speed, extremely low susceptibility on the turbulence level of the wind, 
omnidirectionality, more compact construction. All these elements are causing that they offer the far 
wider field of applicability that is why their popularity is growing rapidly lately. Mentions on the 
commercial VAWT constructions can be already found in the subject literature [9,10]. There are already 
reported installations of the VAWT at buildings rooftops to generate power for household purposes 
[11,12]. Some authors describe micro VAWT systems for power generation, that can have wide 
applicability [13,14].  

The new insight into flow phenomena taking place during the flow around the operating wind turbine 
can be offered by mathematical modelling methods. Especially important may appear to be modelling 
using Computational Fluid Dynamics (CFD). Up to now, a few modelling approaches were developed 
for the description of the flow around wind turbines: 

  streamtube method [15-18], 

  vortex method [19-21], 

  conformal mapping method [4,5], 

  Reynolds averaged Navier-Stokes (RANS) equations approach [22-32],  

  Large Eddy Simulations (LES) and Direct Numerical Simulations (DNS) of the single airfoil 
[33-35]. 

Aside from the mathematical modelling important issue is the shape optimisation VAWTs design; it is 
a fairly complex topic which involves a relatively large number of design variables [36]. Depending on 
the particular VAWT concept different rotor design elements can be altered. In the optimisation of the 
lift type vertical wind turbines researchers focus mostly on two critical aspects of turbine design: solidity 
and airfoil profile type [37-40]. In more complex optimisation attempts authors increase the number of 
degree of freedom of blade profile shape by usage of Bezier splines [41-43]. As for Savonius type 
VAWTs the most often optimised parameter is the characteristic overlap ratio [22] less often, due to its 
complexity, blade shape [41,44]. In this work shape optimisation of the Savonius wind turbine rotor is 
presented. It was assumed that the turbine blades could be described as an elliptic cylinder which two 
main axes and the overlap ration can be optimised. The paper presents a numerical algorithm and results 
which are compared with experimental data. 
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2 Optimisation problem formulation 

The Savonius wind turbine designs suffer greatly from the low efficiency of the energy conversion. Such 
a state significantly reduces their applicability and therefore popularity among small scale wind turbine 
installations. Presented work attempts to improve conversion efficiency of this type of turbine designs 
by shape alterations performed on the turbine blades. In order to perform the optimisation of the 
aerodynamic properties of the vertical wind turbine rotor, independent optimisation algorithm was 
developed which utilised computational fluid dynamic based simulations of the operating VAWT. 
Nowadays, optimisation of the final product design is commonly attempted as early as in the 
development phase. However, without the information considering the direction of the optimisation 
search, analysing large number of possible designs in the experimental way can be very costly. 
Combining together the widely popular optimisation mechanism such as EA and the deeply analysed 
numerical model of the wind turbine, developed at the first stage of the presented work, allowed to 
conduct large number of simulations, analysing hundreds of possibilities. 

2.1 Blade shape parametrisation 

For the purpose of optimising the shape of the wind turbine blades, the shape of each blade was 
parametrised. In order to allow the optimisation algorithm to freely modify the shape of the turbine blade 
and thus fully explore the search domain, so called Bezier curves were utilised. In both of the 
optimisation cases the shape of the blade was defined as a Bezier curve. With constantly prescribed 
diameter of the rotor equal to the 0.208m, the alteration of the blade shape was performed by changing 
the positioning of the curve control points. The visual representation of the blade default geometry as 
well as positioning of the control points in presented in Figure 1. 

 

  

Figure 1: Visualisation of the rotor shape parametrisation for both 6 (left) and 7 parameter 
optimisation cases. 

As can be spotted in Figure 1, the shape of the Savonius type wind turbine rotor was defined mainly by 
location of the 3 control points. Each point could be moved in two directions. Additional parameter for 
the 7 parameter optimisation case was the overlap ratio, which can be defined as: 

𝑂𝑅 =
𝑎

𝐷
 (1) 
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where 𝑎 is distance between the inner surfaces of the blades and 𝐷  represents the diameter of the turbine 
blade. 

2.2 Optimisation algorithm  

The optimisation process main goal was to achieve the maximum power output by modification of the 
shape of the turbine rotor. The shape alteration was handled by implementing the in-house Evolutionary 
algorithm; for which idea workflow can be found in Figure 2. 

 

Figure 2: Workflow of the Evolutionary algorithm used to solve shape optimisation problem. 

The optimisation algorithm as well as all of the necessary software interfaces were written entirely with 
the FORTRAN programming language. Thus, whole optimisation approach can be described as an 
amalgamation of the commercially available software package – Ansys  and independent in-house 
optimisation procedure EA.  

2.3 Objective function definition 

The numerical model of VAWT applied in the optimisation algorithm contained two dimensional variant 
of the computational domain. Performing large number of simulations of the operating VAWT with a 
use of the fully three dimensional model, although accurate for wide range of the rotational speeds, 
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would be unachievable in the reasonable amount of time. Therefore, trade-off between the wide range 
accuracy and necessary computational effort was required. The schematic view of the two dimensional 
computational domain is presented in Figure 3. 

 

Figure 3: Schematic view of the computational domain. 

The set of the boundary conditions applied in the model that were prescribed are also presented in the 
Figure 3, while details were as follow: 

  Velocity inlet – prescribed wind velocity was assumed as constant for specific cases. Because 
of the low wind speeds that prevail in zones with temperate climate, chosen wind speed was 
arbitrarily set and equal to 3, 5, 8 and 10 m/s. Performing the optimisation for the four different 
values of the wind speed in theory should allow to, if such exists, determine the potential 
connection between different shape of the turbine blades, optimal for specific wind conditions.  

  Pressure outlet – opposing side of the computational domain, responsible for re-moving the 
airflow from the domain was assumed as pressure outlet boundary condition, with no additional 
pressure prescribed. Parameters of the potential backflow of the fluid were prescribed to be 
identical to the inlet ones. 

  Symmetry – both side walls of the computational domain were defined as symmetry boundary 
condition.  

  Wall – wall boundary condition with no-slip definition was prescribed at each of the turbine 
blades. 

  Interface – similarly to the developed two dimensional model of the VAWT, sliding mesh 
technique was applied. Therefore, computational domain was split into two sections – stationary 
and rotating. Rotational speed of the internal domain, and by that also the rotational speed of 
the wind turbine, was set at the constant value in all cases. The optimisation was focused on the 
one operation point for which the TSR of the turbine blades is equal to 0.8. At this point typically 
shaped Savonius turbine reaches its efficiency peak. For further reduction in the computational 
cost, the value of the time step was calculated accordingly to the singular displacement for the 
turbine rotor, which was set to the constant value of 5°. 

3 Results 

As the number of the design variables can be quantified as moderate the population size was prescribed 
at 20 individuals. The optimisation process, in each time, was carried out for the duration of 10 
populations. Each time the evolutionary algorithm started with a search domain randomly sampled. All 
the calculations were automated. The results for both geometry descriptions, containing six and seven 
variables, are presented in Figures 4 and 5. In Tables 1 and 2 the data comprised of control points 
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locations and values of the coefficient of performance for the best found turbine rotor design are 
presented. As mentioned before, primary concern of the optimisation was to improve turbine coefficient 
of power which can be also understand as wind turbine energy conversion efficiency.  

 

  

  

Figure 4: Plots of the best and average values of the coefficient of performance for subsequent 
populations as the optimisation algorithm proceeds – 6 parameter case. 

Table 1: Values of the design parameters for the 6 parameter case. 

 
Wind speed 

3m/s 
Wind speed 

5m/s 
Wind speed 

8m/s 
Wind speed 

10m/s 
P1 0.037 0.052 0.054 0.050 

P2 0.047 0.052 0.041 0.044 

P3 0.016 0.031 0.031 0.025 

P4 0.060 0.040 0.064 0.059 

P5 0.458 0.393 0.421 0.468 

P6 0.851 0.780 0.742 0.790 

     
Coefficient of 
performance 

0.188 0.192 0.202 0.206 
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Figure 5: Plots of the best and average values of the coefficient of performance for subsequent 
populations as the optimisation algorithm proceeds– 7 parameter case. 

Table 2: Values of the design parameters for the 7 parameter case. 

 
Wind speed 

3m/s 
Wind speed 

5m/s 
Wind speed 

8m/s 
Wind speed 

10m/s 
Overlap ratio (OR) 0.092 0.092 0.179 0.207 

P1 0.031 0.060 0.048 0.065 

P2 0.064 0.042 0.065 0.049 

P3 0.005 0.005 0.005 0.035 

P4 0.063 0.168 0.061 0.060 

P5 0.340 0.647 0.434 0.590 

P6 0.950 0.972 0.989 0.849 

     
Coefficient of 
performance 

0.190 0.193 0.200 0.197 
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As can be noticed analysing the presented plots and tables, the applied evolutionary algorithm turned 
out to be quite effective in finding the optimum. Also the convergence rate of the algorithm was 
satisfyingly fast as can be deduced form the mean fitness value trend.  

Final part of the presented work involved verification of the newly found turbine rotor designs with use 
of the fully three-dimensional numerical model. The results of such verification in relation to the base 
geometry, with rotor shape considered as suboptimal, is presented in Figure 6.  

  

Figure 6: Comparison of the predicted coefficient of power value for the base and the optimised 
designs of the wind turbine rotor; two dimensional model (left) and three dimensional (right); wind 

speed 10 m/s. 

As it can be observed, the numerical model predicts increase of the turbine aerodynamic efficiency for 
nearly an entire range of turbines work. The increase in the efficiency of the turbine in the developed 
model is present in both of the model variants – two and three dimensional, which further confirms the 
validity of the obtained results.  

4 Conclusions 

The paper presents the application of the Evolutionary Algorithm to optimise the shape of the wind 
turbine rotor. Free forming of the blade shape and therefore enabling extensive exploration of the search 
domain was possible by utilisation of the Bezier spline functions. Obtained results suggests that new 
designs of the Savonius type wind turbine blades can offer significantly better energy conversion 
efficiency, making drag-based VAWTs more viable. 
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Abstract 

The current trend in the energy sector is focused on finding solutions for greening the energy 
economy. Hydrogen offers an opportunity to achieve this goal. One of the key activities for hydrogen 
industry development is to conduct basic and developmental research and development in the field of 
hydrogen production and use, which solve technical problems. The production of hydrogen is still a 
major challenge, due to the high costs and often also environmental burdens it generates. It is possible 
to produce hydrogen in a completely emission-free way: using a process of electrolysis powered by 
renewable energy. Hydrogen produced using renewable energy is sustainable in the long term, 
enabling, among other things, the expansion of energy use, storage and transport. The paper presents 
the concept of a research stand for the storage of renewable energy in the form of hydrogen chemical 
energy with the measurement methodology. The experimental stand includes a photovoltaic array for 
energy generation coupled with electricity storage and a hydrogen generation facility. The research 
involves the use of proton exchange membrane electrolysis (PEM) technology, which is characterized 
by high efficiency and flexibility of energy extraction for the process of electrolysis from renewable 
sources. The aim of this study is to assess local solar conditions in terms of hydrogen production as a 
clean fuel.   

1 Introduction 

Based on the World Bank data, in the last 50 years, CO2 emissions (metric tons per capita) have 
increased in the world from 3.09 to 4.99 [1]. The Intergovernmental Panel on Climate Change (IPCC) 
report assumes that global anthropogenic CO2 emissions must fall by about 45% compared to the year 
2010, reaching around 2050 the "net zero" level. According to that, future scenarios of power system 
development should consider climate change. Achieving a sustainable, low-carbon, and 
environmentally friendly economy by combating global warming and increasing production of  
Renewable Energy Sources (RES) is a key priority of the European Union (EU) energy and 
environmental policies [2]. Over the last few decades, scientists and world energy industry leaders  
have recognized the importance of deploying  RES to displace fossil fuels as one of the primary 
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measures for mitigating climate change by reducing greenhouse gas (GHG) emissions in the air 
increases, the atmosphere absorbs and emits more and more radiation [3]. The greening of the climate 
and energy policy both in the EU and in Poland requires that many sectors of the economy, in 
particular the energy sector, be subject to targets for the reduction of GHG emissions, mainly carbon 
dioxide. The source of emission of these gases is especially the process of fuel combustion. The 
"Directive on RES" (Directive 2009/28/EC of the European Parliament and of the Council of 23 April 
2009, on the promotion of the use of energy from renewable sources and amending and subsequently 
repealing Directives EUCO 169/14) adopted as the binding average target in 2030, a 32% share of 
energy produced from RES in final energy consumption setting a challenge for future studies and 
applications [4]. The progressing globalization and the restrictions imposed by the EU on the 
implementation of legal regulations in the field of climate policy force the Polish economy to increase 
interest in sustainable economic growth, assuming an increase in the production of electricity from 
renewable sources and the development of storage technologies. The promotion of the use of RES 
allows for the diversification of the energy system and the creation of a basis for the development of 
local dispersed energy, allowing for the use of the most advantageous locally available energy source. 
The use of renewable energy resources has obvious ecological effects, as it contributes to the reduction 
of harmful emissions, which is consistent with the state's environmental and energy policy, European 
Union directives, and other international agreements and obligations of Poland. What is more, the 
development of renewable energy is an important element of sustainable development, because apart 
from reducing environmental pollution, it allows to reduce the consumption of traditional, fossil fuels 
and raw materials and leave them for future generations.  The current status of electricity production in 
Poland indicates that about 86% of the energy generated in the country comes from conventional 
sources, mainly based on burning hard coal and lignite [5]. That makes fulfilling the requirements of a 
strict climate policy while ensuring energy security a major challenge for Poland. So far numerous 
measures are being taken to diversify energy sources, taking into account the restrictions imposed by 
the EU. An increase in the share of renewable energy sources is noticeable in Poland, which will allow 
limiting the negative impact of the energy sector on the environment, mainly by limiting the emission 
of harmful greenhouse gases. There are many types of renewable energy, however, only some, in 
contrast to tidal energy or geothermal energy, occur anywhere in Poland, i.e. solar energy. Solar 
energy is characterized by periodicity and irregularity of occurrence. Besides, solar radiation energy 
cannot be stored in its original form. Solar power potential was denoted as a Geographical Information 
System, established by the European Commission [6]. Unfortunately, variable renewable energy 
systems (VRES), such as wind turbines or solar power plants in comparison with conventional 
electricity sources are characterized by some negative features e.g., daily and seasonal variability of 
solar radiation and wind speed, which can be offset by the use of energy storage systems.  When there 
is a surplus of electricity produced from RES, the energy storage capacity is likely to play a key role in 
managing energy systems. In addition to their potential, RES can also serve to increase the quality of 
electricity by regulating its frequency. Energy storage capacity can also be used for broadly 
understood electricity demand management or network load balancing. One of the advantages of 
energy storage is the ability to use the energy produced in a stochastic and unpredictable manner 
during the electrolysis process for hydrogen production. This solution potentially can be an ideal 
answer to problems related to the lack of correlation between the production of electricity from 
renewable sources and the demand for energy at the consumer. Most energy storage facilities in the 
world are pumped-storage power plants [7]. Due to the numerous disadvantages of this technology, 
related to, among others, long construction time and limited location possibilities, alternative storage 
methods are being sought and developed. The research and development interest is in technologies 
that would allow the use of energy from renewable sources to produce fuel that could be practically 
stored. In recent years, many research centres have focused on the research of energy storage 
technologies in the form of chemical energy of hydrogen and technologies of its production - many of 
the prepared forecasts indicate a prospective increase in the importance of hydrogen in many 
industries. The paper [8] analyses the profitability of investments related to energy storage in Poland, 
which directly encourage the attention on the possibility of storing renewable energy in hydrogen. 
Hydrogen is widely recognized as an effective energy source to reduce greenhouse gas and air 
pollution in the road transport sector [9]. Poland is a leader in hydrogen production, leading in Europe 
and 12 in the world. Polish hydrogen covers 14% of demand for this element in the whole European 
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Union [10]. Hydrogen, as a by-product of coal processing, is produced in the fuel, energy, and 
chemical industries. Poland sees huge untapped hydrogen potential among others like energy and 
heating source, a clean alternative to public and private transport or an opportunity to improve the 
quality of life in large urban agglomerations Poland supports all international initiatives to promote the 
use of hydrogen and is interested in developing various methods of obtaining hydrogen, with positive 
economic and environmental effects for the future. Poland is convinced that the large-scale use of 
hydrogen would facilitate our transition to a modern, prosperous and clean economy. However, there 
is a need to initiate the development of renewable hydrogen technologies and markets. Extensive 
experience in the production and development of this gas in Poland opens the door to further research 
and ecology of the industry. As an example, PGNiGE in Brussels presented the Eliza project, in which 
the company wants to produce hydrogen from renewable energy sources by electrolysis.  

2  Renewable Energy Sources 

It is time for Poland to achieve ambitious energy policy goals. A response to the most important 
challenges facing the Polish energy sector from the perspective of the next two decades is Polish 
Energy Policy 2040. The strategy underlines the need to develop renewable energy sources and move 
away from conventional power plants. The strategy also focuses on the intensification of activities 
aimed at improving energy efficiency, the development of energy technologies, and the 
implementation of innovations. The following indicators have been adopted as a global measure of the 
implementation of the objective of the Polish Energy Policy 2040:  

(1) 60% share of coal in electricity generation up to 2030, 
(2) 21% share of RES in gross final energy consumption in 2030,  
(3) implementation of nuclear energy in 2033,  
(4) energy efficiency improvement of 23% by 2030 compared to 2007 forecasts 
(5) reduction of CO2 emissions by 30% by 2030 (compared to 1990). 
 

Along with the development of renewable energy in Poland, there is also an increase in social 
acceptance of this type of technology, which helps in further implementation of renewable 
installations on the individual customer market. In Poland more and more people are accepting 
renewable energy as a universal source of energy and that EU targets are a driving force for global 
investment in renewable energy sources and the energy strategies supporting them. The issue of public 
confidence in energy sources is essential for their further development and is analyzed from their 
security and perspective. In both dimensions, the highest confidence indicators - over 80% - are 
obtained by RES [11]. The report from a survey on the acceptance for the development of Renewable 
Energy Sources among Polish local authorities shows surprising results for photovoltaic - In more than 
50% of all the communes, with only a small difference between the East and the West, there are plans 
to invest in this source of energy [12]. 

3 Assessment of PV in Poland 

Solar energy resources are diverse, whether by the time of day, month, season, or period of the year, 
and also depend on the location in the geographical region. Poland is a country with a medium-
differentiated amount of insolation. The value of insolation varies between 95 and 1250 kWh/m2 [13]. 
The regionalization of solar energy resources in Poland for about 30 IMiGW's actinometric stations in 
the years 1956-1975 was presented according to the Atlas of the Republic of Poland. The distribution 
of solar radiation intensity is very diverse in Poland and has been classified in 4 zones. 

 1 zone - below 996 kWh/m2/year 

 2 zone - 996-1022 kWh/m2/year,  

 3 zone - 1022-1048 kWh/m2/year,  

 4 zone – over 1048 kWh/m2/year  [14].  
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According to this classification, the Silesian Voivodeship is located in zone 1. 

Meteorological conditions are characterized by a very uneven distribution of solar radiation over the 
annual cycle.  Approximately 80% of the total annual amount of radiation falls in the six months of the 
spring-summer season, from April to September. In the warmest months, the monthly sum of total 
densities of radiation reaching the earth's surface may even be several times higher than the sum in the 
winter months. Analyses show that European leaders in photovoltaic electricity generation are 
countries with very moderate climates: Great Britain and Germany. Poland has a climate and weather 
conditions very similar to Germany, therefore, it is possible to base further actions and plans for RES 
development on German experience. Despite moderate sunshine, the photovoltaic market in Poland is 
developing rapidly, as shown in Figure 1. 

 

 

Figure 1: Power installed in PV in Poland [15] 

4 Assessment of Silesia region solar potential  

The energy potential of solar radiation also depends to a large extent on the specific conditions of air 
pollution or cloud cover. It is therefore advisable to measure solar radiation resources locally and carry 
out in-depth analyses. For Poland, measurements concerning atmospheric conditions are carried out by 
qualified units, such as the Institute of Meteorology and Water Management - National Research 
Institute, specializing in long-term observations of particular parameters describing the climate in a 
given geographical region, including the specificity of solar radiation in specific locations.  [16] These 
data can be used by individual investors, companies and scientists. Long-term observations of the 
change of parameters will allow to indicate the development path for the selected location.  In the 
article [19], the authors analysed the solar potential of the Silesian Voivodeship taking into account the 
daily, monthly and annual distribution of solar radiation and the value of sunshine for the whole area 
of the Silesian Voivodeship and selected localities in subregions. The analysis leads to the conclusion 
that there are satisfactory solar conditions here, creating the possibility of effective energy generation 
from this renewable source. 

The implementation of renewable energy sources and low-emission economy in the Silesian 
Voivodeship may significantly contribute to the improvement of atmospheric air quality and thus to 
the availability of solar radiation. The annual sum of total radiation is different for Poland, and for 
Silesia it is on average about 1000 kWh/(m2/year). A clear parameter that additionally characterizes 
the sunshine conditions in a given area is the insolation, describing the hours of direct sunshine, its 
average value per year for Poland is 1650 h, and for Silesia is about 1400 h [17],[18]. 

Solar energy resources depend on both terrain and air quality. The area of the Silesian Voivodeship is 
an area with a high population density, where intensive industrial activity is carried out, characterized 
by specific climate conditions and air pollution causing disturbances in the solar radiation balance. 
Investments in renewable energy sources could lead to an improvement in air quality and thus, given 
the interaction between air quality and solar radiation, improve solar resources for the region.  
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The constant increase in the power installed in renewable energy sources undoubtedly has a significant 
impact on the operation of the power system, among other things due to the priority access guarantee 
to the power grid. In view of this issue, the aim is to develop energy storage systems that would allow 
the use of energy produced by RES when production exceeds supply. Currently, research on energy 
storage in hydrogen is of great interest. 

5 Hydrogen production 

Hydrogen is obtained mainly in processes using fossil fuels. As much as 96% of hydrogen is produced 
in this way. At present, 48% of the produced hydrogen is produced as a result of methane reforming 
with the use of steam, 30% from crude oil (mainly in refineries), and 18% from coal [21]. Production 
processes differ, among other things, inefficiency, greenhouse gas emissions during the process, costs, 
installation size, efficiency, type of input, and purity of the hydrogen produced. Hydrogen is the 
lightest and most abundant element on earth. It is a zero-emission or emission-free fuel that can be 
easily produced by domestic sources. The interest in hydrogen as an alternate fuel (under the Energy 
Policy Act 1992) has drastically increased recently. The preference for hydrogen as a potentially green 
fuel is due to its clean-burning qualities, the potential for domestic product. Hydrogen can be produced 
from diverse, domestic resources including fossil fuels, biomass, and water electrolysis with 
electricity. The environmental impact and energy efficiency of hydrogen depend on how it is 
produced. The processes for obtaining hydrogen from hydrocarbon fuels are based on the use of 
natural gas, oil, and coal. At present, they are the main source of supply for the industry.  

Hydrogen is widely recognized as an effective energy source to reduce greenhouse gas and air 
pollution in the road transport sector [9]. Nowadays, the attention of the energy environment is mainly 
focused on environment-friendly energy strategies, which can replace the current production of energy 
based on fossil fuels. To produce hydrogen with zero or very low environmental impact, end products 
such as CO2 and other pollutants need to be treated (i.e. separated or sequestered) when hydrogen is 
extracted from fossil fuels. Hydrogen energy for gas storage systems creates a real opportunity to 
transform electricity from fossil fuels into RES, balancing variable renewable energy sources, 
especially at the local and regional level [23]. As an energy storage medium, hydrogen has drawn the 
attention of research institutions and industry over the past decade, motivated in part by developments 
in renewable energy, which have led to the unused surplus wind and photovoltaic power [24-26]. 

5.1 Non-renewable hydrogen production 

Non-renewable ways of hydrogen production are based on the use of thermal technologies such as 
steam reforming or gasification. Currently, about 50% of hydrogen is obtained by reforming 
hydrocarbons with steam. The most frequently used fuel in this process is methane. The conversion of 
methane or other hydrocarbons is carried out at a temperature of 700-1100°C in ceramic tubes 
enriched with nickel as a catalyst. Water vapor is added to methane and then the synthesis gas 
containing hydrogen and carbon monoxide is produced [22]. Steam Methane Reforming (SMR) is 
currently the most popular and cost-effective method of hydrogen production from fossil fuels. It is the 
most efficient and the cheapest method - unfortunately, it is not very beneficial for the environment 
due to steam reforming by-products such as carbon monoxide, carbon dioxide, and other greenhouse 
gases. For example, 9-12 tonnes of carbon dioxide are produced per tonne of hydrogen produced by 
this method. The efficiency of conversion of hydrocarbons into hydrogen using the most modern 
reformers reaches even 90%. However, when using small and mobile systems, this value is much 
lower.  Coal gasification is another important way to generate hydrogen. During such a process, coal 
reacts with H2, O2, and steam under high pressure to form a mixture of carbon monoxide and hydrogen 
(synthesis gas). CO further reacts with steam. These technologies can be environmentally friendly if 
carbon capture technologies are used.  
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5.2 Renewable hydrogen production  

Biological and electrochemical technologies can be distinguished among renewable hydrogen 
production methods. Biological technologies are based on processes where hydrogen is produced 
directly (e.g. from green algae, algae) or as a by-product of photosynthesis or fermentation (e.g. using 
micro-organisms). These technologies allow small amounts of hydrogen to be produced, but are based 
on the fact that the process itself is waste-free and environmentally friendly. 

Electrochemical technologies are based on the process of water electrolysis and provide hydrogen with 
a very high purity of 99.99999% order. This process enables the use of electrolysers powered by 
renewable energy sources, which would ensure that hydrogen is produced in an emission-free manner. 
In the electrolysis process, water splits into hydrogen and oxygen by the application of electrical 
current in the electrolyzer. Electrolyzers can be small and large based on a small scale and large scale 
hydrogen production respectively. This technology is relevant for ''distributed hydrogen production". 
Hydrogen production via electrolysis can be made completely zero greenhouse gas emissions 
depending upon the source used to provide energy to split water molecules.  

Biomass is another  potential energy resources for hydrogen generation [27]. Biomass can be 
converted into sugar-rich feedstocks that can be fermented to produce hydrogen. Also, several 
hydrogen production methods are in development, such as High-Temperature Water Splitting, 
Photobiological Water Splitting, or Photoelectrochemical Water Splitting. 

6 Aim of work 

Understanding the growing importance of energy storage technologies due to the growing number of 
renewable energy installations in a sustainable development scenario leads to considering electrolysis 
as a forward-looking solution for climate change mitigation. The use of an H2 generation system 
consisting of a photovoltaic panel and a PEM electrolyzer will allow the conversion of the electricity 
produced into hydrogen chemical energy as a sustainable energy storage method. The development of 
hydrogen technologies may lead to faster achievement of Poland's climate policy objectives. 

7 Concept of a research stand 

7.1 Experimental rig 

It is planned to carry out experiment on a test bench consisting of the following elements:  
- Ensol E-PVT 2.0 PVT panel,  
- Wind turbine (160 W),  
- Hy PEM XP 480 AC electrolyzer, 
- DC buffer - lead-acid battery, 
- WAGO data collection system. 

 
The scheme of block of an installation is shown at Figure 2. 

 

Figure 2: Block scheme of installation 
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The measuring station is located on the observation deck of building C of the Silesian University of 
Technology in Gliwice at the Faculty of Environmental and Power Engineering at 22 Konarskiego 
Street (50°17'39.2 "N 18°40'48.7 "E). The collector at rest is directed in a direction oscillating between 
the western and south-western directions.  However, it is mounted on a rotating base, which allows it 
to be rotated by 90° in each direction. For installations using solar energy, the availability of solar 
radiation is important. In particular, it is important to tilt and orient the surfaces that receive solar 
radiation, which determines this availability. Thanks to aluminium profiles and properly drilled safety 
holes, the collector can be positioned at different angle of inclination to the ground: 0°, 30°, 45°. 
The concept of renewable electrolysis research stand is shown in the Figure 3.  

 

                 

Figure 3: PEM electrolysis research stand 

7.2 Methodology 

The idea of the research stand is based on complementary utilization of the wind and solar power via 
wind turbine and PV panel respectively. Renewable electricity is charging buffer batteries, which 
loading parameters and current energy stored are monitored by the data acquisition system. Algorithm 
controls the electrolyser operation with a conditional statements considering available power, water 
level and current device temperature. If one of the statements conditions is negative, controller holds 
the process to achieve favourable operating conditions. Power demand is renewed by continuous 
charging of the batteries according to available wind and solar power. If buffer is full, and electrolyser 
is out of operation, power is directed to the substitute receiver to minimize the risk of choking wind 
turbine, however, this situation is meant to be avoided. It has to be stated that battery set fulfils a role 
of the buffer, transmitting the energy from the wind turbine and PVT panel to the electrolyser. Data 
acquisition system based on WAGO PFC100 controller monitors and stores actual data i.e., current 
power of the RES sources, buffer loading parameters and storage level, hydrogen flow, and transmits 
is to the data server. 

For the purpose of the study, the small-scale compact PEM electrolyzer has been chosen as hydrogen 
generating device. Electrolyzer is powered by DC current to match the energy supplied by the PV 
panel and wind turbine. The considered PEM electrolyzer technology features fully automatic 
hydrogen production and comes installed inside a practical and easy to install rack-cabinet. During the 
run mode, the electrolysis grade feed water is pumped from the water storage tank into the electrolytic 
PEM cell stack, where an electric direct current is passed to convert the water from 2H2O to 2H2 + O2. 
The high purity hydrogen gas (>99.99999%) is then processed and passed to the hydrogen outlet. 
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Small-scale PEM electrolyzer provides hydrogen volumetric flow up to 480 cc/min. The hydrogen 
release pressure is adjustable up to 16 bar. The excess oxygen gas produced is freely vented to the 
atmosphere. Power demand of the electrolyzer is matched with power supplied by the combined 
output of the wind turbine and PV panel. Data collection and communication with the device is 
provided by the WAGO controller with a virtual panel available after connecting the computer via 
Ethernet. The controller ensures monitoring and control of the temperature of electronic devices and if 
necessary, the electronics will be heated up to operating temperature. Water for the process will 
bedrawn from a tank located inside the cabinet under temperature conditions.  The stand is equipped 
with a charging regulator Solarix MPPT2010. 

The concept of the planned research is shown in the Figure 4. 

  

Figure 4: Concept of research 

These values will be a function of the optimization target. Within the framework of this task, a set of 
weather conditions for which the photovoltaic cell and the wind turbine can complement each other 
and the storage of energy in the form of hydrogen chemical energy is optimal will be determined. 

8 Conclusions 

The implementation of renewable energy sources and low-emission economy in the Silesian 
Voivodeship may significantly contribute to the improvement of atmospheric air quality and thus to 
the availability of solar radiation. The weather-dependent nature of energy production from renewable 
sources makes it necessary to implement energy storage systems on the market. One of the solutions, 
in which a huge potential is recognized is the storage of energy in hydrogen. It should be recognised 
that hydrogen is not an appropriate energy source, it does not occur naturally in the surrounding 
environment and therefore there is a need to produce it. Hydrogen can be produced in a renewable and 
non-renewable way. Due to general trends and restrictions of greenhouse gas emissions, any 
technology based on renewable sources will have greater legitimacy for implementation on the road to 
sustainable development. The low efficiency of the solar hydrogen plant and expensive photovoltaic 
cells are the most important barriers to the widespread development of commercial hydrogen 
production using solar energy. Since electricity costs play a key role in the final price of hydrogen 
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generated by solar electrolysis, this technology should be developed to increase process efficiency and 
reduce costs.  With the development of hydrogen production technology, the range of applications in 
industry, transport and energy is also increasing. 
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Abstract 

The agro-industry sector requires a large share of thermal energy for low-temperature applications to 
comply with the actual sustainability roadmaps and decarbonization targets. Heat demands should be 
supplied by different energy sources depending on the temperature level. Consequently, there is a huge 
potential to substitute ordinary fossil fuels energy sources with those from renewable sources. One of 
the challenges that hinders its application consists of the dynamic operation and the matching between 
the solar system and the industrial process. The main objective of this work is to foster solar heating 
integration in both new and existing industrial and agro-industrial plants. This work presents a 
methodology to evaluate the dynamic integration of a solar thermal system applied to a production site 
of the winemaking industry. Although several research papers have been developed to evaluate the 
integration between the solar system and the industrial/thermal processes, this work intends to extend 
the current framework for wider integration. Unlike conventional stationary analysis, this methodology 
considers the transient behaviour of the solar thermal source. For this purpose, a transient simulation 
software (TRNSYS) coupled to a Java Application (JEPlus) was used to evaluate different process 
configurations and requirements. In this way, a combination of schedules, process temperatures, heat 
demand and storage systems is considered. The study novelty lies in a transient state solution, which 
considers the seasonal generation of solar energy and the fluctuations in the production processes. 
Therefore, this fact implies a high potential for replicability in a wide range of industrial and agro-
industrial sectors, solar technologies and geographical locations. A post-processing algorithm was 
developed in Python to collect and analyse data from the resulting simulations. Finally, multi-
optimisation solutions were used to assess the best integration process according to the balance between 
energy and exergy metrics. 
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1 Introduction 

The decarbonization of industrial sectors has become a key issue in Europe, as both the European Union 
(EU) and its member states attempt to achieve goals set out at the COP21 meeting in Paris to limit global 
climate change. The EU is committed to reducing its greenhouse gas (GHG) emissions to 80–95 per 
cent below 1990 levels [1]. As stated by the European Statistics Agency (Eurostat), five sub-sectors 
account for more than half of the final energy demand: “chemical and petrochemical sector” (14 %), 
“iron and steel sector” (13 %), “non-metallic minerals sector” (9%), “paper, pulp and print” sector (9 
%), and the “food and tobacco sector” (8%) [2]. The food industry sector requires a large share of 
sustainable thermal energy for low-temperature applications to comply with the actual sustainability 
roadmaps and decarbonisation targets [3]. Such a transformation of the energy system will be a 
challenge, requiring new technological breakthroughs and renewable energy investments. 
Consequently, there is a huge potential to substitute ordinary fossil fuel energy sources with those from 
renewable sources.  

Among renewable sources, a considerable fraction of the thermal energy demand of agro industry 
processes can be met with solar heat. One of the challenges that hinders its application consists of the 
dynamic operation and the matching between the solar system and the industrial process. According to 
Muster-Slawitsch et al. [4], future developments will be focused on using dynamic (real-time) data from 
processes for the solar integration analysis and optimizing storage considerations. Atkins et al. [5] 
indicates that the integration of renewable solar energy into industrial processes presents a challenge for 
existing process integration techniques due to the existing non-continuous nature in the supply. Although 
several research papers have been developed to evaluate the integration between a solar system and the 
processes in a batch process [6]–[9], this paper intends to extend the current framework for wider 
integration in dynamic operation. Unlike conventional stationary analysis, this methodology considers 
the transient behaviour of the solar thermal source.  

Thus, the objective of this paper is to develop a methodology to evaluate the most suitable points to 
integrate the solar and thermal storage within a case study. The partial objectives of this paper are: 

 

 To develop a new methodology considering the dynamic behaviour of the solar field 

 To characterize the representative process streams 

 To define the simulation models within the TRNSYS platform 

 To assess the best configuration by means of multi-criteria optimisation 

 To evaluate the methodology within a study-case 

2 Solar Integration Module (SIM) overview 

As explained in the introduction section, the main objective of this paper is to develop a methodology 
to identify and rank the best integration points of solar thermal energy into an industrial process. This 
work has a been developed as part of a software tool, named replication tool, developed for the 
SHIP2FAIR H2020 project, which consists of four interconnected modules (solar mapping, demand 
characterisation, simulation module and Solar Integration Module (SIM)). This latest is an advanced 
module assumes a certain level of user expertise in energetic and exergetic areas and that input data is 
available from the user. This module interacts with other tool modules where the solar resource and the 
thermal heat demands are computed.  

The SIM is programmed in Python, an interpreted, object-oriented, high-level programming language, 
very attractive to rapid application development and scripting. The main driver of this choice of code 
has been to obtain, using the inputs from solar resource and heat demands, some energetic and exergetic 
metrics from predefined representative off-line simulation results developed through the application of 
two software tools combined: JEPlus [10]–[12] and TRNSYS®. TRNSYS® is a transient simulation 
software designed mainly for solar simulations, while JEPlus is a Java application used to evaluate a 
design of experiments within the simulation sketch. Finally, the post-processing algorithm was 
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developed in Python to collect and analyse data from the resulting simulations and to store the 
information in an SQL database. A finite number of representative cases are simulated with different 
values of six parameters (Schedule, Solar Region, Process Power, Process Temperature, Solar collectors 
Area and Storage Volume) and different solar technologies available in SHIP2FAIR project both for hot 
water and steam heat demands (evacuated tubes, high-vacuum flat plate and linear Fresnel collectors). 
Representative  maximum and minimum values of these variables were chosen using as reference the 
values defined according to demo-cases characteristics. Different algorithms based on inputs processing, 
SQL database access, multi-objective optimisation and results post-processing are included in this 
software tool. The models have been applied in a variety of industrial processes conditions. The 
identification of the most suitable layouts for solar integration is performed based on technical criteria 
within the process (energy consumption, heat supply, distribution networks, operational schedules, 
required process temperatures) and exergetic criteria. 

3 Methodology 

The methodology proposed is based on 4 main steps, including input data processing, an SQL database 
interpolation, a multi-objective optimisation and result extraction and visualisation. To clarify the 
methodology, a development flowchart is presented in Figure 1. 

 

 

Figure 1: Development flowchart for dynamic integration methodology 

3.1 Step 1 - Inputs Processing 

Thermal Demand (Algorithm 1): to categorize the schedule and level of power, a first algorithm has been 
developed to characterise the thermal demand profiles into five categories (constant load, morning load 
profile, partly load profile, afternoon load profile and batch process profile). These profiles, whose 
definition is shown in  Figure 2, are based on representative load profiles from industries in Europe for 
a timeframe of 24 h [13]. For each thermal demand process and day, an iterative algorithm is used to 
obtain the Average Heat Demand [kWh/h] for each day, and their Thermal Demand profile (A-E); while 
each specific production process has a temperature [°C], obtained from other modules of the software 
tool. Figure 3 shows the programming flowchart of algorithm 1. 

Solar Production (Algorithm 2): a second algorithm has been developed to classify the average solar 
irradiance of the place selected by the solar mapping module according to five representative regions in 
Europe (Figure 4). Table 1 shows the cities and countries that have been used as representative 
irradiation shape of the region. A maximum limit of five regions was defined to avoid a huge number 
of combinations, since a total of six parameters should be simulated. 

 

STEP 1 STEP 2 STEP 3 STEP 4 
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A) B) 

C) D) 

E) 

Explanation 
A) Morning Load Profile (MLP): 6:00 - 

14:00 
B) Afternoon Load Profile (ALP): 14:00 - 

22:00 
C) Constant Load Profile (CLP): 00:00 – 

24:00 
D) Partly Load Profile (PLP): 8:00 – 18:00 
E) Batch Process Profile (BPP): 6:00 – 

22:00 

Figure 2: Thermal Demand Profiles 

 

Figure 3: Programming flowchart Algorithm 1 
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Region I :<800 kWh/m2 
Region II: 800-1100 kWh/m2 
Region III: 1100-1400 kWh/m2 
Region IV: 1400-1700 kWh/m2 
Region V: >1700 kWh/m2 
 

Figure 4: Solar Mapping Classification Regions extracted from PVGIS 

Figure 4 shows the predefined solar regions and their maximum and minimum limits defined by the 
average Tilted Global Irradiation in kWh/m2. 

Table 1: Representative cities for the solar regions 

City Country 
Average Tilted Global 
Irradiation [kWh/m2] 

Solar Region 

Bergen Norway 776 I 
Bremen Germany 903 II 

Bordeaux France 1306 III 
Haro Spain 1428 IV 

Sevilla Spain 1870 V 
 

3.2 Step 2 - SQL database interpolation 

An algorithm interpolates the SQL database, created by a finite number of offline simulations, to obtain 
the energetic metric (solar production). Figure 5 shows an example of the interpolation procedure. As 
explained before, the thermal demand profile, process heat demand and process temperature are inputs 
to the SIM. Using these parameters, a query has been done to the SQL database to obtain the outputs 
(Solar Production and Destroyed Exergy in the system) for different combinations of area-volume, 
named scenarios.  

3.3 Step 3 - Multi-objective optimisation 

The following step in the computation procedure is the multi-optimisation algorithm. It allows to select 
the best configuration of area (solar collector)-volume (storage) considering the limitation of the gross 
area available. Figure 5shows an example of the three steps developed in the methodology: Inputs 
processing, SQL database interpolation and Multi-objective optimisation. Within the multi-objective 
optimisation step, the following parts can be distinguished: 

 

 Results adaption: a daily basis has been set to ensure a proper correlation of inputs with the 
offline simulations in the database. Therefore, the first part of this algorithm is based on the 
adaption of outputs from a daily basis to a monthly basis. For that purpose, the energy produced 
by the solar field and the exergy destroyed was calculated by the addition of the daily results.  

 Definition of optimisation variables: Two types of optimisation variables have been 
considered in the multi-optimisation algorithm, energetic variables (Energy produced by the 
solar field) and exergetic variables (exergy destroyed in the system, 𝐸𝑥𝐷). The importance of 
each type of variables (exergetic vs energetic) was assigned using as the objective functions the 
ratio of energy delivered divided by the exergy destroyed in the system. The optimisation 
algorithm identifies for each week and each process the best combination of the pair area-
volume that maximizes the objective function. Comparison between the processes is performed 
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to select which is the best integration process for each week based on optimisation criteria. With 
the previous information, it can be decided which is the most suitable strategy for the operation, 
in function of which week is more interesting to prioritise. Although the main outcome obtained 
from this part is the best ideal integration point for each week, this information should be 
contrasted and assess its feasibility in the real installation.  

 Definition of restrictions: Restrictions should be applied to the optimisation algorithm to 
consider the boundary conditions, i.e. gross area available and weights to the output variables. 
Although several configurations of Area-Volume could be obtained from the optimisation 
procedure, the final configuration is obtained using the one that can satisfy every month in each 
process. Therefore, an optimal area and volume for each process are obtained as an output. The 
lineal interpolation method has been used for energetic and exergetic aspects, because non-
linear operations provided a worse adjustment. 

3.4 Step 4 - Results extraction 

The last part of this methodology aims to present the results obtained from steps 1+2+3 to the user by 
means of the front-end (the part of the software tool that the user interacts with). It shows the steps 
performed to develop the methodology for solar integration. This methodology considers the dynamic 
behaviour of solar energy and the matching between the source and the sink. In Figure 5, the 4 steps are 
included, starting from Inputs processing, SQL database interpolation, Multi-objective optimisation and 
Result post-processing.  

 

 

Figure 5: Inputs Processing + SQL Database interpolation + Multi-objective optimisation + Results 
post-processing (STEP 1 + STEP 2 + STEP 3 +STEP 4) 

4 Results: winery case-study  

An example of the programming flowchart presented in Figure 5 is applied to a winery industry as a 
case-study. In Figure 6, the thermal demand of different processes in a winery industry (malolactic 
fermentation, cleaning and disinfection and HVAC) is presented. A complete thermal demand 
characterisation procedure has been developed within the SHIP2FAIR project to obtain the thermal 
demand profiles as a function of time in an hourly based frame. Algorithm 1 (Figure 3) is applied to 
adapt the thermal demands profiles to the SIM. The iterative daily flowchart presented in Figure 5 is 
applied in order to obtain the final results for each of the process defined in the industry. As shown in 
this figure, depending on each process characteristics illustrated in Figure 6, the matching from the real 
profile with the pre-defined profiles presents different levels of accuracy.  

According to Figure 1, the second input required to conclude STEP 1 of the proposed methodology is 
the evaluation of the solar resource in the place selected by the user. Specifically, Figure 7 shows the 
Tilted Global Irradiation in the winery industry location, which corresponds with Solar Region IV. An 
average energy value of 1420 kWh/m2 is obtained by the integration of the solar irradiance during the 
8760 hours of the year. 
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STEP 2 in the methodology corresponds to the SQL database interpolation. In this step, the input 
conditions extracted from STEP 1 are used to interpolate the outputs, which consists in the energetic 
and exergetic metrics. Figure 8 shows an example of one of the exergetic metrics extracted from the 
database for one particular day (Solar Region IV and Thermal Demand Profile PLP) in autumn (subplot 
A), spring (subplot B), summer (subplot C) and winter (subplot D) when temperature and power demand 
vary. According to the results obtained, exergy is directly related to the process temperature, which 
influences the tank temperature but not with the process power level. In winter, there is not enough solar 
energy to heat the tank, so the destroyed exergy is independent of temperature and heat demand, giving 
similar values for different temperature and power levels in the process. The conventional boiler is used 
in this case to heat the process stream. Additionally, Figure 9 shows the exergy of the tank destroyed 
during the whole year for predefined conditions of temperature and power (T=45 ºC and P=1000 kW). 
The four days explained in Figure 8 are indicated in this plot. 

Figure 10 shows an example of one of the energetic metrics extracted from the database for one 
particular day (Solar Region IV and Thermal Demand Profile PLP) in autumn (subplot A), spring 
(subplot B), summer (subplot C) and winter (subplot D) when temperature and power demand vary. As 
observed in the results, the energy produced by the solar field is directly related to the process 
temperature and the day of the year. In summer, levels of energy are greater than in winter, achieving 
values of 2300 kWh at  45 ºC. In winter, there is not enough solar irradiation to produce the required 
energy in the process, so the energy is independent of temperature and power, giving similar values for 
different process temperature and power levels. The conventional boiler is used in this case to provide 
the required heat by the process stream. Additionally, Figure 11 shows the energy produced by the solar 
field during the whole year for predefined conditions of temperature and power (T=45 ºC and P=1000 
kW). The four days explained in Figure 8 are indicated in this plot. 

Comparing results extracted from exergy and energy, it can be said that the solar field efficiency 
increases with decreasing temperature levels, achieving its best results in a summer day with maximum 
solar irradiation and lower temperature of the process required. Regarding the exergy destroyed in the 
tank, it has the opposite trend, where higher levels of temperature implies higher level of exergy rates 
destroyed since losses to the ambient increases with increasing temperature levels. As a result, , the ratio 
between energy and exergy has been used to define the objective function and find the best match 
between different process and solar field. 

 

Figure 6: Thermal Demands for winery case (Algorithm 1) 
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Figure 7: Tilted Global Irradiation in the winery industry (Algorithm 2) 

 

A) B) 

C) D) 

Figure 8: Destroyed exergy in the tank for one day in: A) autumn B) spring C) summer D) winter 
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Figure 9: Exergy destroyed during a year in the tank component. 

 

A) 

 

B) 

C) D) 

Figure 10: Energy produced by the solar field for one day in: A) autumn B) spring C) summer and D) 
winter 
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Figure 11: Energy produced by the solar field during a year  

Once STEP 1 and STEP 2 have been computed, the optimisation procedure has been used to extract 
which is the best process for each week. The objective function has been defined to maximize the ratio 
of energy delivered by the solar field and the exergy destroyed in the process. As shown in Figure 12 
some months are better fit by the first process: HVAC-heating (March, April and part of May), some 
months are better fit by the second process cleaning and disinfection (May, June and October) and some 
of them are better fit by the third process malolactic fermentation (November and December). To sum 
up, this methodology can help the user and the solar technology provider to understand which the best 
fit of solar energy and heat demand is, depending on the process temperature and power level.  

 

Figure 12: Results obtained from methodology application to a winery demo-case in a weekly basis 
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5 Conclusions 

The integration of solar heat in industrial processes needs a suitable matching between the solar system 
and the industrial process. Hence, the main objective of the present paper is to foster solar heating 
integration in both new and existing industrial and agro-industrial plants by means of multi-criteria 
optimisation. In this sense, this article explains in detail the methodology developed to evaluate the 
dynamic integration behaviour of a solar thermal system within a particular industrial. The methodology 
proposed is based on four main steps, including algorithms of input data processing (thermal demand + 
solar production), SQL database interpolation, a multi-objective optimisation and post-processing 
(including result extraction and visualisation). 

A real case applied to a production site of the winemaking industry has been used to evaluate the 
application and adequacy of the methodology. Additionally, an example of results interpretation and 
discussion is provided, as a consequence, the most appropriate points for solar heat industrial process 
integration are determined. 

In the framework of the SHIP2FAIR project, this methodology is the core basis of the SIM and it is 
integrated as a software tool programmed in Python, combined with other modules computing the solar 
resource and the thermal heat demands. It intends to identify and rank the best integration point of solar 
thermal energy into an industrial process. 

A combination of JEPlus-Java application and TRNSYS simulation modelling were used to obtain and 
use the inputs from solar resource and heat demands, some energetic and exergetic metrics from 
predefined representative off-line simulation results developed. SIM. Additionally, the post-processing 
algorithm was developed in Python in order to collect and analyse the resulting simulations data and 
stored the information in an SQL database. In order to create the database, representative cases are 
simulated with different parameters (namely schedule, solar region, process power and temperature, 
solar area and storage volume) and different solar technologies for both hot water steam heat demands. 
optimisation. The identification of the most suitable layouts for solar integration is performed based on 
technical criteria within the process (energy consumption, heat supply, distribution networks, 
operational schedules, required process temperatures) and exergetic criteria.  

In order to evaluate the applicability of the methodology, a case study is presented, and the results 
extracted from exergy and energy are analysed and compared in a plant of the winery sector. It is 
observed that the energy produced by the solar field is directly related to the process temperature and 
the day of the year. In summer, levels of energy are greater than in winter, achieving values of 2300 
kWh at 45 ºC. In winter, the conventional boiler is used to provide the required heat by the process 
stream, so the energy is independent of temperature and power, giving similar values for different 
process temperature and power levels. Regarding the exergy destroyed in the tank, higher levels of 
temperature implies higher level of exergy rates destroyed due to the ambient losses. As a result, the 
ratio between energy and exergy has been used to define the objective function and find the best match 
between different process and solar field.  

Overall, the solar field efficiency increases with decreasing temperature levels, achieving its best results 
in a summer day with maximum solar irradiation and lower temperature of the process required. 
Nevertheless, the methodology shows different applications of the solar heat depending on the season 
or period of the year. To sum up, this methodology can help to understand which the best fit of solar 
energy and heat demand is, depending on the process temperature and power level. This categorisation 
can be assessed yearly, monthly, or even in a daily basis in function of the end-user interest. For instance, 
final conclusions are reported for the winery (in a monthly basis). On the one hand, the application of 
solar heat is preferred for HVAC-heating during March, April and part of May. On the other hand, 
process cleaning and disinfection are more suitable especially in May, June and October; while 
November and December are better fit by the malolactic fermentation.   
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Nomenclature 

ALP Afternoon Load Profile  
BPP Batch Process Profile 
CLP Constant Load Profile  
𝐶𝑇 Conventional Tank 
𝐷𝐵

 
Database 

𝐷𝑃 Demand Profile 
EU European union 
𝐸𝑥𝐷

 
Exergy Destroyed in the system, kWh.  

𝐻𝑆𝑇
 

Heat Storage Tank  
HVAC Heating, Ventilating and Air Conditioning 
𝑃𝐻𝐷 Process Heat Demand 
𝑃𝑇

 
Process Temperature 

MLP Morning Load Profile 
PLP Partly Load Profile  
SIM Solar Integration Module 
𝑆𝑃 Solar Production, kWh, 
SQL Structured Query Language 
𝑆𝑅

 
Solar Resource 
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Abstract 

This article presents issues related to the broadly understood development of wind energy. The state of 
the art of wind energy in the world has been discussed. This paper also shows issues related to factors 
affecting the development of renewable energy sources and their impact on the natural environment on 
the basis of available research. The focus is, however, on the critical analysis of phenomena in the data 
of the Transmission System Operator (TSO) in the period from 1 January 2019 to 31 December 2019. 
This analysis concentrates primarily on capturing the correlation between demand for TSO power 
capacity and the electrical power output generated by wind farms. As part of the article, specific 
operating condition for the TSO has been presented, in particular from the point of view of generating 
energy by wind sources. These were the days of 2019, in which there occurred: the maximum national 
demand for electrical capacity of 26,135.6 MW, the minimum national demand for capacity of 11,399.6 
MW, the maximum generation of power output from wind farms of 5,222.1 MW, the minimum 
generation of power output from wind farms of 8.18 MW and maximum hourly variability of wind farm 
generation - a decrease by 954 MW. The presented work closes with a forecast indicating the need to 
invest in making conventional generating units more flexible as well as in increasing the system’s 
installed capacity. The article does not take up issues related to power system security. It should be noted 
that even the most insightful analyses do not predict cadastral events with a global dimension, and 
certainly such an event is the SARS-CoV-2 pandemic. Electricity consumption in April 2020 compared 
to April of the previous year decreased by 1,310 GWh, i.e. by 9.76%, which allows us to deduce the size 
of reserves in the society. 
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1 Introduction 

In 1988 UNEP (United Nations Environment Programme) together with the World Meteorological 
Organization (WMO) established The Intergovernmental Panel on Climate Change (IPCC) [1]. The 
IPCC is an international body whose main objective is to provide governments with reliable, 
scientifically based knowledge about climate change, its causes, assessment of risks resulting from 
climate change and to identify (recommend) actions to be taken to avoid catastrophic effects of climate 
change [2].  

This knowledge is communicated through reports (summary and special reports) available on the IPCC 
website, accepted at subsequent sessions of the IPCC, and publicly presented to the Conferences of the 
Parties to the United Nations Framework Convention on Climate Change, which are referred to as the 
COP (Conference of the Parties). 

This was also the case with the last report of the IPCC, which was presented at COP24 in Katowice. The 
general direction that emerges from the IPCC reports is the need to move away from the economy based 
on sources emitting greenhouse gases as soon as possible. The report does not point here to the 
perspective of many decades, but to the perspective of one decade in terms of reducing greenhouse gas 
emissions by half, in order to limit the increase in temperature on Earth at 1.5°C. 

The actions of the UN (through the Conferences of the Parties, COP) have a measurable impact on the 
global energy policy of most countries or even regions of the world. However, they have a special place 
in the policy of the European Union. It is in its climate and energy policy until 2030 that the EU has 
defined three basic objectives: 

 to reduce greenhouse gas emissions by at least 40% (compared to 1990 levels); 

 to ensure a minimum 27% share of energy from renewable sources in total energy consumption; 

 to increase energy efficiency by at least 27 %. 

These targets were adopted by the European Council of 23-24 October 2014. [3]. 

These objectives are also consistent with the identified leading megatrends, which in turn indicate that 
the development of renewable energy will be one of the most noticeable consequences of the 
transformation of power systems [2]. Is this really the case? Are individual countries systematically 
increasing the share of renewable sources in their energy systems?  

In 2017, 25 551.3 TWh (20 046.5 TWh in 2007) of electricity was produced worldwide and 3 286.6 
TWh (3 384.3 TWh in 2007) in the European Union. In the same year 2017, in the world balance 6 
211.4 TWh came from renewable sources (24.31%), while in the European Union 1 009.0 TWh came 
from renewable sources (30.7%1). In 2007, the world produced 3,409 TWh of electricity from renewable 
sources, which accounted for 18.3% of the total production, while in the European Union 544.9 TWh of 
electricity from renewable sources, which in turn accounted for 16.1%1 [4], [5], [6]. The increase in the 
share of energy production from renewable sources is so important that it does not require any further 
comment.  

One of the driving forces behind the development of renewable energy is wind energy. The dynamics 
of investments in wind energy in the world is shown in Figure 1. Such a rapid development of sources 
which are difficult to forecast does not leave the other sources included in the power system unaffected. 
In particular, the requirements imposed on conventional sources, on which a change in the nature of 
their operation is forced, have been significantly modified: from base load operation to intermediate 
peak operation. 

                                                      
1 Share of electricity from renewable sources in gross electricity consumption. 
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Figure 1: Development of wind energy in the world. Installed power in wind sources [GW]. 

Source: Global Wind Energy Council. Global Wind Report 2018 [7]. 

1.1 Aim of the work 

The aim of this work is to show the variability of electricity demand in the power system over one year 
of its operation. Analyses such as those presented below allow us to observe the changes resulting from 
megatrends2 that transform the world's power industry, both in the sector dimension and in terms of 
costing the attitudes of customers, who are more and more often prosumers. The analysis of the 
variability of the electricity demand of the power system is particularly important in the face of 
extremely large challenges, such as the implementation of the principles and objectives of the European 
Green Deal3, which will shape the European power industry for the next decades and transform its 
current structure early on. The choice of appropriate tools and technical solutions to implement this 
ambitious strategy should be appropriate to the operational characteristics of each national electricity 
system until there are physical constraints on the power and energy flows between these (national) 
systems. In this context, the analysis as presented below adds value to the issues related to the 
development of the European energy of tomorrow. 

2 The National Power System in Poland. Power demand. 

The Polish Power System (PPS) or National Power System in Poland is mainly based on coal and lignite 
fired thermal power plants. These sources constitute in total 69.6% of the installed power, being 
supplemented by natural gas-fired power plants, renewable energy sources (mainly wind and hydro 
power plants) and industrial power plants. The detailed structure of the installed capacity is presented 
in Table 1. It can be seen that the increase in the share of installed capacity in wind farms and renewable 
sources has not been dramatic. Despite the increase in installed capacity, in 2016 their share was 14%, 
in 2017 14.6% and in 2018 14.4%. Centrally Dispatched Generation Units (CDGU) account for 63.4% 
of PPS units, leaving 36.6% of the sources beyond effective control. 

                                                      
2 Megatrends. Wave changing the future. (Megatrendy. Fala zmieniająca przyszłość). Market analysis, Alcatel-
Lucent, 2012 r., page 8 
3 COMMUNICATION FROM THE COMMISSION TO THE EUROPEAN PARLIAMENT, THE 
EUROPEAN COUNCIL, THE COUNCIL, THE EUROPEAN ECONOMIC AND SOCIAL COMMITTEE 
AND THE COMMITTEE OF THE REGIONS The European Green Deal 
COM/2019/640 final, https://eur-lex.europa.eu/legal-
content/EN/TXT/?qid=1588580774040&uri=CELEX:52019DC0640, [online, 07.07.2020]. 
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Table 1: Structure of installed power in the  PPS [MW]
4
 from [12] 

Source type/State per day 31.12.2016 r. 31.12.2017 r. 31.12.2018 r. 
Percentage 
structure 
[2018] 

Commercial power plants 32 318 34 268 36 638 79.8% 
Commercial hydropower plants 2 292 2 328 2 341 5.1% 

Commercial thermal power plants, 
including: 

30 025 31 939 34 296 74.7% 

         on hard coal 19 083 20 247 23 215 50.5% 

         on lignite 9 332 9 352 8 752 19.1% 

         gas 1 610 2 341 2 330 5.1% 

Wind power and other renewable 
electricity 

5 706 6 341 6 621 14.4% 

Industrial power plants 2 828 2 813 2 680 5.8% 
CDGU 25 097 26 952 29 128 63.4% 
non-CDGU 15 755 16 470 16 811 36.6% 

Total 40 852 43 421 45 939 100.0% 

 

The installed electrical capacity of the PPS between 2016-2018 increased by 12% (from 40 852 MW to 
45 939 MW). The installed capacity in commercial thermal power plants increased by 14% (from 30,025 
MW to 34,296 MW), while for hard coal-fired power plants it increased by 22% (from 19,083 MW to 
23,215 MW). The above was mainly influenced by the modernisation of turbines in the existing power 
plants and the commissioning of Kozienice power plant (unit 11). Despite the actual commissioning of 
the Opole power plant (units V and VI) in 2019, the power of those units, i.e. 1800 MW, was probably 
also assigned to the 2018 resources. The installed capacity of lignite-based commersional thermal power 
plants has been reduced (from 9,332 MW to 8,752 MW total installed capacity). The above was mainly 
affected by the decommissioning of the Adamów power plant (5 units of 120 MW capacity). 

According to PSE SA's data5 for the defined modernisation scenario, the total demand of the system for 
new generation sources by 2035 will be around 22 GW, and in the more extreme scenario of 
decommissioning, it may even reach 28 GW. This means that in order to maintain the safety of the PPS 
operation, it is essential that new generation sources are gradually and consistently put into operation. 
In view of the European Union's climate policy6, these will probably be natural gas-fired sources, a 
tangible example of which is the conversion of fuel in the Ostrołęka power plant7. 

3 Polish electricity energy demands, production and consumption 

Domestic demand for electricity is mainly covered by commercial thermal power plants, where the 
chemical energy contained in hard coal and lignite is converted into electricity, as shown in Table 2. In 
2018, these power plants produced a total of 141 037 GWh of electricity.  

  

                                                      
4 Summary of quantitative data on the operation of the PPS in 2018 [12]. 
5 Information from PSE SA to the report of the Minister of Energy on the results of monitoring the security of 
electricity supply for the period 2015-2016-March 2017. 
6 Winter Package published by the European Commission on 30 November 2016. 
7 Originally planned as a coal-fired power station, but now converted to gas fuel [13] 
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Table 2: Polish domestic production and consumption of electricity in 1990÷2018 [GWh]8. 

Year 
Domestic 
energy 
production 

out of: 
Domestic 
energy 
consumption 

Commercial 
power plants 

Commercial power plants Wind power 
plants  
and other 
renewable 

Industrial 
power 
plants 

Hydroelectric 
power plants 

Thermal 
power plants 

1990 136 336 128 199 3 300 124 899 0 8 137 135 275 

1991 134 610 126 783 3 388 123 395 0 7 827 131 922 

1992 132 835 124 557 3 564 120 993 0 8 278 128 803 

1993 133 747 125 264 3 553 121 711 0 8 483 131 336 

1994 134 890 126 422 3 744 122 678 0 8 468 132 211 

1995 138 701 130 176 3 814 126 362 0 8 525 135 900 

1996 142 717 134 352 3 839 130 513 0 8 365 139 593 

1997 142 414 134 380 3 739 130 641 0 8 034 140 228 

1998 142 244 134 554 4 243 130 311 0 7 690 138 770 

1999 141 286 133 692 4 157 129 535 0 7 593 136 351 

2000 144 417 136 762 3 984 132 778 0 7 655 138 043 

2001 144 574 136 412 4 057 132 355 0 8 159 137 843 

2002 143 233 135 123 3 722 131 401 0 8 110 136 165 

2003 150 751 142 494 3 146 139 348 0 8 257 140 590 

2004 153 362 144 821 3 525 141 296 0 8 541 144 069 

2005 156 024 147 616 3 587 144 029 0 8 407 144 838 

2006 160 848 152 498 2 822 149 676 69 8 280 149 847 

2007 159 528 150 865 3 908 146 957 446 8 216 154 170 

2008 155 567 146 845 2 515 144 330 678 8 044 154 980 

2009 150 923 141 872 2 751 139 121 846 8 203 148 718 

2010 156 342 146 107 3 268 142 839 1 312 8 923 154 987 

2011 163 153 151 319 2 529 148 790 2 833 9 000 157 909 

2012 159 853 146 833 2 264 144 569 4 025 8 991 157 013 

2013 162 501 147 435 2 762 144 673 5 895 9 171 157 980 

2014 156 567 140 290 2 520 137 770 7 256 9 020 158 734 

2015 161 772 141 901 2 261 139 640 10 114 9 757 161 438 

2016 162 626 140 727 2 399 138 328 11 769 10 130 164 625 

2017 165 852 141 790 2 767 139 023 14 005 10 057 168 139 

2018 165 214 143 234 2 197 141 037 11 958 10 022 170 932 

   
2018-
1990 

28 878  15 035  -1 103  16 138  11 958  1 885  35 657  

 

In connection with the policies implemented to support renewable energy sources (RES), they play an 
increasingly important role in the PPS. In 2018, these sources produced a total of 14 155 GWh of 
electricity (including wind and water power plants). 

The third group of generation sources are industrial power plants, which produced 10 022 GWh of 
electricity. 

                                                      
8 Summary of quantitative data on the operation of the PPS in 2018 [12]. 
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Brief description of the most important information concerning the operation of the PPS for 2018: 

 the total installed capacity in the Polish Power System as of 31 December 2018 was 45,939 MW 
and increased significantly compared to the previous year, i.e. by 2,518 MW; 

 the total capacity available in the Polish Power System as of 31 December 2018 was 45,650 
MW and increased proportionally to the increase in installed capacity compared to the previous 
year, i.e. by 2,318 MW; 

 at the end of 2018, the total available capacity of utility thermal power plants amounted to 
34,296 MW and represented 74.7 percent of the total capacity available in the power system; 

 the maximum domestic power demand in the evening peaks of working days in 2018 occurred 
on 28 February at 6.15 pm and amounted to 26,448 MW. The minimum domestic power demand 
in the night-time valley occurred on 24 June at 4.45 a.m. and amounted to 12 211 MW. The 
difference between the maximum and minimum demand was 14 237 MW (53.8% of peak 
demand); 

 the average annual reserve volume in domestic power plants from daily peaks in load on 
working days available to the Transmission System Operator (TSO) in 2018 was 6,498 MW; 

 in 2018, there were no power consumption restrictions or customer shutdowns due to lack of 
capacity in the power system  

 electricity production in 2018 amounted to 165,214 GWh and was 0.39 percent lower than in 
the previous year; 

 domestic electricity consumption in 2018 was 170,932 GWh, more than 1.6 per cent lower than 
in 2017; 

 the balance of electricity exchange between Poland and the neighbouring countries in 2018 was 
5,718 GWh (predominance of exports over imports), and the dynamics in relation to 2017 was 
150.05%. 

3.1 Variability of electricity demand in Poland - characteristic circumstances 
 

To illustrate the variable characteristics of electricity generation from wind energy sources, the 
author analysed the profile of electricity generation from wind farms from 1 January 2019 to 31 
December 2019, as shown in Figure 2. For each of the drawings, the value axis on the left refers to 
the "Actual PPS demand" and the "Demand covered without WF", while the axis on the right refers 
to the "Total WF generation". 

 

Figure 2: Coverage of electricity demand for the period from 1 January 2019 to 31 December 2019 
[MW] 

Source: Own study based on [8]. 
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As we can observe in the above graph, the Polish power system shows characteristic variability, 
depending on the operating schedule of receivers, in particular industrial receivers, weather conditions, 
seasons, cultural and social events, etc. [9]. We can distinguish between periods of peak power demand 
(morning and evening peaks) and periods of minimum load that fall on the night valley, as shown in the 
figures 3 and 4. 

 

Figure 3: Power demand on the day when the maximum national demand occurred in 2019 (24 
January 2019).  [MW] 

Source: Own study based on [8]. 

 

Figure 4: Courses of power demand on the day when the minimum national power demand occurred 
in 2019 (22 April 2019).  [MW] 

Source: Own study based on [8]. 

The maximum domestic power demand occurred on Thursday 24 January and amounted to 26 135.58 
MW, while the minimum load in the night valley took place on Easter Monday, i.e. 22 April and 
amounted to 11 399.64 MW. During these characteristic hours of the PPS maximum and minimum 
power demand, the generation of energy from wind sources was 1,268.34 MW (FLEOH% 21.6%) and 
1,515.48 MW (FLEOH% 25.8%) respectively. 

From the point of view of daily variability of operation of conventional sources, it would be more 
practical to present the days on which the maximum and minimum generation from wind sources 
occurred and the days on which the maximum hourly variability of generation from wind sources 
occurred (the maximum difference that occurred between hour n and hour n+1). The higher the 
variability of energy generation in sources that are difficult to predict, the less optimal the operating 
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conditions of conventional sources. The data showing the above are presented in the following graphs, 
and in particular in the graph in Fig. 5. 

 

Figure 5: The power demand on the day when the maximum generation from WF occurred (8 March 
2019). [MW] 

Source: Own study based on [8]. 

 

 

Figure 6: Power demand on the day when the minimum generation occurred  
from the WF (25 July 2019). [MW] 
Source: Own study based on [8]. 

 

The analysis of the data presented in the above graphs shows that in the period covered by the analysis 
(between January 1, 2019 and December 31, 2019), the wind sources operated at the maximum capacity 
on Friday, March 8, 2019, i.e. with a capacity of 5,222.08 MW (FLEOH% 89.0%), as shown in Figure 
5. The minimum generation from wind sources, shown in Figure 6, took place on Thursday 25 July 
2019. At that time, these sources operated at a capacity of 8.18 MW (FLEOH% 0.14%).  

The course of wind energy generation on Sunday, 10 March 2019, shown in Figure 7, deserves a more 
detailed analysis. On that day there was a maximum 2-hour variability of the wind farm generation 
capacity. This situation took place between 3 p.m. and 4 p.m. Within an hour, the change in wind farm 
capacity was -954 MW. The change in demand for power of the National Power System itself was -376 
MW. This means that this sudden reduction of the capacity generated by the wind farms forced an 
increase of 578 MW in the capacity generated by the other sources included in the National Power 
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System. This capacity is close to the capacity installed in three units in the Ostrołęka power plant (690 
MW), which is moreover necessary for start-up in less than 60 minutes. 

 

 

Figure 7: Power demand on the day when the maximum-hour variability of generation power from 
WF occurred (954 MW; March 10, 2019 between 15 and 16 hours). [MW] 

Source: Own study based on [8]. 

 

This individual case of wind farm capacity reduction is obviously not too much of a challenge for the 
Transmission System Operator (in the absence of emergency situations, e.g. a sudden failure of a large 
unit in the system or the failure of several units). Such a power loss (frequency drop in the system) can 
be quickly made up for by starting up several hydropower units in pumped storage power plants for 
generator operation, by taking advantage of the possibility to increase the capacity on cross-border 
connections in the direction of imports, as well as by forcing the opening of control valves in individual 
conventional generating sets to change the capacity generated in the system in the direction of power 
balance equalization [10]. 

3.2 Impact of the pandemic on electricity demand 

The scale of consumption reduction is indirectly evidenced by the graph of electricity demand in April 
2019 (before the pandemic) and 2020 (during the pandemic after the government introduced the so-
called lockdown), shown in Figure 8. The Polish domestic electricity consumption in April 2019 and 
2020 is presented in Table 3. Electricity consumption in April 2020 compared to April of the previous 
year decreased by 1,310 GWh, i.e. by 9.76%, which allows us to deduce the size of reserves in the 
society. 

 

Table 3: Electricity consumption in April 2019 and 2020. 

April 

2019  2020  
Dynamics 

[(b-a)/a*100] 
[GWh] [GWh] [%] 

[a] [b] [c] 

13 426 12 116 -9,76 
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Figure 8: Comparison of electricity demand with the determination of power differences in the period 
from 1 April to 30 April in 2019 and in 2020 [data from Polskie Sieci Elektroenergetyczne SA. System 

data. Pr PPS 2019 and 2020]. 

 

It is worth mentioning that Easter both in 2019 and 2020 was in April. This can be seen in Fig. 8, where 
there is a significant reduction in electricity demand: 21 and 22 April 2019 and 12 and 13 April 2020. 
Drawing 8 clearly shows that the demand for electricity in 2020 was higher only on 6 days compared to 
April 2019. (7, 14, 20, 21 22 and 28 April). However, the biggest difference appeared for two days, i.e. 
Sunday and Easter Monday, when the average demand difference between 2020 and 2019 was 
respectively: -8 013.21 MWe (Sunday) and -=5 781.12 MWe (Monday). On the other hand, if we trace 
how much the electricity demand for the whole of April 2020 decreased compared to April 2019, it 
averaged -1 825.8 MWe. The biggest difference between 2020 and 2019 was -10,296.45 MWe for Easter 
2020. (Monday, 12 April at 1pm). It is worth mentioning that the analyses do not take into account the 
electricity generated in photovoltaics, which is increasingly visible in terms of installed capacity 
(approx. 2.1 GWep). However, Polish databases do not allow for such an analysis, as hourly data on the 
operation of generation equipment connected to the network of DSOs are not available in any open 
database. By the way, this fact should be commented on as a reason to be ashamed of DSOs, which 
spend nearly PLN 7 billion a year on investments, including significant funds for IT systems and 
databases, and in principle do not publish any data that could be used in scientific research or 
commercially, e.g. when developing various types of applications. An exception to this is the TSO (PSE 
SA), which for many years has consistently and regularly published data on the operating parameters of 
the PPS. 

4 Potential ideas to improve the flexibility of the system 

An increase in installed capacity in unstable energy sources, such as wind farms, is associated with an 
increase in the likelihood of blackout and the need to import more capacity from abroad.  This all leads 
to a reduction in national energy security [14]. In order to prevent the negative effects of increasing the 
capacity of wind farms, numerous trends are being developed to make conventional generation sources 
more flexible. 

One of them is to adapt steam blocks to work with more variable loads by using innovative tools and 
solutions. This usually involves a thorough analysis of thermal stresses [15, 16 ] or the implementation 
of new methods of heat distribution in the turbine unit [17] which leads to optimisation of start-up curves 
[18, 19]. Additionally, the search for an efficient way of storing energy continues. The most promising 
solutions in this respect seem to be those based on the storage of compressed air in caverns (Cavern Air 
Energy Storage) or the heat itself both in the ground and in the tanks [20, 21]. Intensive work is also 
under way on methods of energy storage by means of hydrogen electrolysis or production of other fuels 
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under the motto "Power 2 Gas" [22, 23]. Another trend is an increase in the share of combined power 
plants in PPS, characterised by a wide range of load variations. However, for technical and economic 
reasons, such facilities can only be built as high-capacity power plants. This makes their economic 
optimisation in terms of market share of variable electricity prices all the more important [24]. 

It is also worth mentioning here that there are scenarios of the European Union withdrawing completely 
from fossil fuels by 2050 [25]. Such a phase-out means the complete electrification of transport and the 
electrification of heating and cooling. It is easy to imagine the scale of investments to be made, for 
example, electric heating would require the construction of infrastructure in Poland 'from scratch' and 
practical reconstruction of cities, streets, houses and flats.   

Let us look at the exemplary scenario developed by the Copernican Institute for Sustainable 
Development [25]. It is based on the assumption that hardly predictable RES (Variable Renewable 
Energy Sources - vRES) will be the main electricity producer. The difference is that power plants will 
be built in places of  Europe where the sun is always shining and the wind is blowing. These power 
plants do not require stabilisation - they are located mainly in Spain and Portugal (photovoltaic cells), 
and in England and Germany (offshore wind power plants). From these distant power plants, electricity 
will be supplied to Poland through a newly built network. Therefore, the main investment is in the 
electricity transport networks, located in "European transfer channels".  

Poland has a negligible share in this joint RES production. With the worst location due to wind and solar 
energy, tiny geothermal resources and limited hydroelectric power, involves only the production of 
biomass and its transport to central European locations (Germany and France). Large development 
prospects among biomass production can be achieved here by installations using animal type waste, 
such as meat and bone meal [26], or installations using sewage sludge, which subject to gasification and 
are converted to electricity in specially prepared systems [27]. 

5 Conclusions 

Increasing the capacity installed in sources that are difficult to forecast will require more sophisticated 
countermeasures from the TSO (in situations of sudden reduction or increase of the capacity generated 
in these sources). For operators of conventional sources, on the other hand, an increase in capacity of 
RES sources that are difficult to forecast will force the modernization of generation units to increase 
their flexibility understood as [11]: the capacity to safely operate the unit in the planned transient states 
while taking actions to control the generation unit. This concept applies both to changes in the unit load 
and to its shutdown from reserve or start-up, being a complex technical, economic and environmental 
issue. 

 It should be noted that even the most insightful analyses do not predict cadastral events with a global 
dimension, and certainly such an event is the SARS-CoV-2 pandemic. 

Electricity consumption in April 2020 compared to April of the previous year decreased by 1,310 GWh, 
i.e. by 9.76%, which allows us to deduce the size of reserves in the society. 
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Abstract 

The sea is an important resource of renewable energy for its extension and the power conveyed by 
waves, currents, tides and thermal gradients. Amongst these physical phenomena, sea waves are the 
source with the highest energy density and may contribute to fulfilling the global increase of power 
demand. Despite the potential of sea waves, their harnessing is still a technological challenge. One of 
the simplest and most reliable solutions for the optimal exploitation of this source is represented by the 
oscillating water column systems operating with Wells turbines. With the aim to predict the operating 
curves of monoplane isolated Wells turbines, computational fluid dynamics models were developed. A 
three-dimensional multi-block technique was applied to create the computational domain of the air 
with a fully mapped mesh composed of hexahedral elements. The employment of circumferential 
periodic boundary conditions allowed for the reduction of computational power and time. The 
proposed models use RANS or u-RANS schemes with a multiple reference frame approach or the u-
RANS formulation with a sliding mesh approach. In order to validate the implemented models, 
comparisons of the achieved results and literature analytical and experimental data were performed in 
environmental conditions typical of the Mediterranean Sea, showing a good agreement. 
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1 Introduction 

In recent years, energy demand has been continuously growing worldwide. The increasing request, 
together with the possible exhaustion of fossil resources and the level of pollutant and greenhouse 
emissions, have raised the global efforts towards the enhancement of the harvesting of renewable 
resources. In this framework, the sea is one of the renewable energy sources with the highest potential. 
The physical phenomena that can be exploited are waves, currents, tides, and thermal gradients. Since 
sea waves have the highest energy density amongst the cited ones, the wave energy conversion devices 
are attractive for contributing to satisfy the energy demand. 

The total wave power incident on the ocean-facing coastline of the world is estimated to be around 0.5 
and 2.2 TW [1, 2]. Even though a wide variety of wave energy converters (WECs) were developed, 
the harnessing of this vast amount of energy transported by sea waves is still a technological challenge 
[3]. These systems are typically categorised by the mode of operation [4] as oscillating water column 
devices (OWCs), overtopping devices (OTDs) and oscillating body devices (OBDs). Amongst them, 
the OWC systems equipped with air turbines have the advantage of ensuring the simplicity of 
construction and the reliability and safety of operation, due to their structure and the absence of 
mechanical parts moving under the water. 

An OWC system is composed of a hollow chamber partially submerged, a turbine and an electrical 
generator. The chamber has two openings, one subject to the action of the incident wave motion and 
crossed by water below the still water level (SWL) and one placed above this level, crossed by air. The 
heave motion of the inner water column of the device, induced by the waves, alternatively expands 
and compresses an upstanding volume of air. The pneumatic power forces a bidirectional airflow to 
pass through the duct connecting the chamber with the external ambient and embedding a self-
rectifying air turbine coupled with an electric generator. Indeed, the presence of an unsteady and 
bidirectional flow requires the use of specific turbines that can operate with a variable airflow rate. 
The turbines typically used to convert the oscillating airflow into a rotational motion are Wells 
turbines [5] or impulse turbines. These turbomachines are capable of rotating in the same direction 
regardless of the airflow direction, producing a time-averaged positive power from a cyclically 
reciprocating flow. 

In the last decades, the researchers showed particular interest in the development of the Wells [6, 7, 8] 
and impulse turbines [9, 10, 11]. The fluid dynamics of these turbines has been investigated with 
analytical, CFD and experimental methods. As regards the Wells turbines, several studies were 
conducted to analyse the steady and unsteady behaviour of the airflow and to predict the turbine 
performance in OWC systems. Moreover, various design solutions were proposed to improve the self-
starting characteristics, the output power and the aerodynamic efficiency of the turbine in a wide range 
of wave conditions.  

In 1991, Kaneko et al. experimentally analysed the effects of the setting angle, the gap-to-chord ratio, 
the solidity and the biplane arrangement of Wells turbines [12]. In 1995, Raghunathan thoroughly 
explained with analytical and experimental models the parameters controlling the turbine 
aerodynamics and proposed solutions to improve the performance [13]. In 1997, Curran and Gato 
carried out experimental campaigns to assess the operation of different solutions for the turbine design 
[14]. In 1998, Govardhan and Dhanasekaran introduced guide vanes to direct the incoming flow in the 
direction of the turbine rotation to increase the torque and efficiency to the detriment of the operating 
range width [15]. In 2001, Gato and Webster showed the positive effects of the backward sweep of the 
blades on the operating range of both pitched and unpitched blades with symmetrical profiles, 
however implying the decrease of the peak efficiency [16]. In 2002, Brito-Melo et al. numerically 
analysed the effects on the performance of an OWC system of the main design parameters of different 
Wells turbine configurations, with and without guide vanes and relief valve [17]. In the same year, 
Kim et al. studied the impact of the blade thickness and angle of attack on the hysteresis of the 
operating curves and the implication of the use of variable pitch blades [18, 19]; the research was 
advanced by Setoguchi et al. the following year [20]. In 2004, Kinoue et al. observed that the decrease 
in the rotor solidity and the increase in the setting angle reduce the extension of the hysteresis loop of 
Wells turbines [21]. Setoguchi stated that the blade thickness and the angle of attack are more 
sensitive parameters than the setting angle and the gap-to-chord ratio on the hysteretic behaviour [22]. 
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Torresi et al. numerically investigated the effects of the blade tip leakage and the hysteretic 
mechanism under oscillating flow conditions for a low-solidity Wells turbine [23]. In 2007, Thakker 
and Abdulhadi experimentally analysed the effects of the aerofoil shape and the blade solidity on the 
performance of a monoplane Wells turbine under unidirectional unsteady flow conditions [24]. In 
2010, Taha et al. numerically investigated the performance of a Wells turbine with various uniform tip 
clearance gaps under steady flow conditions [25]. The following year, the analyses were conducted on 
gaps of uniform and non-uniform dimensions and the results were compared with literature 
experimental data [26]. Torresi et al. presented an actuator disc model for evaluating the performance 
of a high-solidity turbine and compared it with the corresponding CFD model [27]. Starzmann and 
Carolus numerically studied the effects of the hub to tip ratio and the rotor solidity on the 
aerodynamics and aeroacoustics, showing that low values of these parameters enlarge the operating 
regime without stalling and reduce the noise emissions [28]. In 2012, Shaaban and Abdel Hafiz 
numerically analysed the impact of the duct area ratio and the duct angle of a Venturi tube with a 
Wells turbine located at the throat to optimise its performance [29]. In 2013, Paderi and Puddu 
conducted experiments to explain the causes of the hysteresis loop of Wells turbines under unsteady 
flow conditions [30]. Mohamed and Shaaban applied a CFD optimisation procedure to determine the 
optimal blade pitch angle for various aerofoil geometries and values of solidity [31]. Starzmann and 
Carolus studied the impact of the blade skew strategies on the operating range and the aeroacoustics of 
Wells turbines and possible solutions to limit the noise [32]. In 2014, Halder and Samad numerically 
determined the effects of the guide vane angle on the flow field and the operation of Wells turbines 
[33]. In 2015, Ghisu et al. experimentally and numerically evaluated the fluid dynamics and the 
hysteresis of a high-solidity Wells turbine under an unsteady bidirectional flow generated by a 
hydraulic piston [34]. In 2016, Shaaban carried out CFD analyses to investigate the effects on the 
power output and the cost of energy of the chord length increase along the blade span from the hub to 
the tip [35]. Halder et al. presented a multi-objective optimisation of the blade sweep to maximise the 
peak torque coefficient and the corresponding efficiency and investigated the effects of this parameter 
on the fluid dynamics and the operating range of Wells turbines [36, 37]. In 2017, Ghisu et al. 
demonstrated that the hysteresis between the flow acceleration and deceleration phases is caused 
uniquely by the compressibility effects within the oscillating water column chamber, while the 
differences in the flow parameters and the secondary structures near the rotor are negligible [38, 39]. 
Shaaban presented a multi-objective optimisation algorithm to define the optimal shape of an aerofoil 
from the coordinates of standard profiles [40]. In 2018, Halder et al. carried out a numerical 
comparative study of conventional blades and optimised blades with modified profile thickness and 
sweep, with and without grooved-casing [41]. In 2019, Kumar investigated through CFD the effects of 
design modifications as the curved blade tip, the static extended trailing edge and the variable 
thickness blade on the enhancement of the turbine performance [42]. In 2020, Ghisu et al. showed the 
results of a lumped parameter model for the assessment of the hysteretic behaviour of a Wells turbine, 
caused by the delay between the flow conditions of the chamber and the turbine duct [43]. Das et al. 
experimentally investigated the hysteresis of a Wells turbine in conditions of absence of resistive 
loading and with varying values of load [44]. 

The present work aims to compare different computational fluid dynamics (CFD) models for the 
prediction of the performance of Wells turbines. The results achieved with the multiple reference 
frame (MRF) and sliding mesh (SM) models under steady and unsteady flow conditions were 
comparatively studied and validated against literature analytical and experimental data, showing a 
good agreement. 

2 Computational fluid dynamics models 

The analysis of the flow field of a monoplane isolated Wells turbine for oscillating water column 
systems was performed with three-dimensional CFD models. A model of the straight annular turbine 
duct was generated by applying circumferential periodicity conditions to reduce the computational 
effort. The creation of the computational domain and its spatial discretisation were performed with 
ANSYS ICEM 19.1 and implemented in ANSYS Fluent 19.1 through a completely automated 
procedure. Both steady and unsteady Reynolds-averaged Navier-Stokes (RANS and u-RANS, 
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respectively) schemes were used and the turbulence closure was performed with both the standard k-ε 
model with enhanced wall functions and the k-ω stress transport model with low Reynolds number 
correction to the turbulent viscosity. The interaction between the stationary and rotating regions was 
simulated by using two different approaches: multiple reference frame with moving reference frame 
and sliding mesh.  

2.1 Numerical domain 

A monoplane isolated Wells turbine comprising a single rotor cascade with symmetrical blades 
staggered at 90 degrees concerning the incoming flow was analysed. The blade aerofoils are 
symmetrical NACA0015 profiles with constant stacking in the radial direction (Figure1). 

 
Figure 1: Blade aerofoil NACA0015 with inlet and outlet velocity triangles 

The main geometric specifications and flow characteristics of the Wells turbine investigated are listed 
in Table 1. 

Table 1: Geometry and operating conditions of the Wells turbine 

Parameter Description 
Turbine typology Isolated monoplane 

Blade profile NACA0015 
Blade number 7 

Rotor tip diameter 0.50 m 
Hub to tip ratio 0.75 
Chord length 0.117 m 

Rotational speed 3600 rpm 
Airflow velocity amplitude 16 m/s 

Airflow period 7 s 

 

Since the geometry and the flow conditions are axisymmetric, the model is periodic in the 
circumferential direction. Therefore, the computational domain comprises a section of 1/7 of the 
turbine annulus including one single blade passage. This allows for a significant reduction in 
computational time and power. The straight annular duct sector enclosing the blade is bounded by the 
inlet and outlet boundary conditions, the periodic surfaces, the annulus walls and the blade walls 
(Figure 2). The tip clearance gap was not included in the domain to limit the computational cost. 
Indeed, the typical values of the tip clearance of about 1% of the chord length do not affect 
significantly the operating curves [26, 45]. 

The computational domain was divided into three cell zones in the axial direction: upstream duct, rotor 
and downstream duct. The first and the last are stationary regions, while the second is a rotating 
region. Since the airflow is bidirectional and analyses with a sinusoidal inlet velocity were performed, 
the computational domain is symmetrical in the axial direction. The axial length of both the upstream 
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and downstream zones was set to 6 times the length of the blade chord to ensure the full development 
of the flow at the inlet and to analyse the outlet flow field [38, 46, 47]. 

 

Figure 2: Scheme of the computational domain of the Wells turbine 

2.2 Numerical grid 

The computational domain and its spatial discretisation were performed with ANSYS ICEM 19.1 
generating a fully mapped mesh of hexahedral elements with multi-block technique and wall boundary 
refinement. A C-type mesh topology was created in the region surrounding the blade to capture the 
complex boundary layer flow and H-type mesh topologies were generated in the rest of the domain 
(Figure 3).  

 
Figure 3: Isometric view of the blade and hub wall mesh 

The grid consists of 3.85 million nodes and about 3.76 million elements. Since the aim was to 
investigate different CFD models, a fine grid with high accuracy was selected, while limiting the 
computational time. The mesh fulfils the convergence criteria of the mass conservation within 10-3 and 
maximum order of the root mean squares residuals of 10-6 for the continuity, momentum and 
turbulence equations. In the circumferential direction, 300 nodes around the blade profile were used 
and 70 nodes were distributed in the blade passage, by setting 30 nodes in the leading edge region and 
40 in the wake region. In the radial direction, 80 nodes were set along the blade span. In the axial 
direction, 60 nodes for the upstream region and 100 nodes for the rotating and downstream regions 
were utilised. The dimensions of the boundary layer cells were imposed to obtain values of y+ between 
30 and 90 for the simulations carried out with the k-ε turbulence model, while the maximum value of 
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y+ achieved was lower than 1 for the simulations performed with the k-ω turbulence model. The cell 
growth ratio was set to 1.05 at the wall boundaries and 1.2 in the rest of the domain (Figure 4).  

  

Figure 4: Mesh close-up (a) at the hub leading edge and (b) around the blade tip  

In order to assess the computational grid independency, a mesh sensitivity analysis was conducted by 
comparing the results of several diverse meshes with the number of nodes ranging from 0.5 to 9.5 
million. Regarding the selected grid with 3.85 million nodes, the finer and coarser grids were obtained 
by homogeneously increasing the element number, while keeping the minimum number of nodes 
around the blade and along its span to 200 and 50, respectively. 

The mesh sensitivity analysis was subdivided into three steps. Firstly, the implications on the main 
quantities of the element number and distribution in the entire domain were evaluated. Then, the 
effects of the extension in the axial direction of the rotating cell zone were assessed. An axial length of 
the rotating cell zone of about one chord length ensures the grid independence and thereby was 
selected for the next step of the procedure. During the final step, an extensive mesh sensitivity analysis 
considering the number of elements and their distribution was performed.  

The element number and distribution are key aspects, as visible in Figures 5(a) and 5(b). The rotor 
torque is presented for the mean (8 m/s) and maximum (16 m/s) values of the inlet flow velocity for 
the simulations with the k-ω turbulence model and the MRF scheme in steady conditions. For a mesh 
with about 0.5 million nodes, the variation of the torque computed at the maximum inlet velocity is 
approximately 5.8% relative to the finest mesh with 9.5 million nodes. The difference reduces to 
around 1% for a grid with about 1.6 million nodes. By further increasing the node number, the 
variations become slight and for a grid with 3.85 million nodes are negligible. 

 

Figure 5: Rotor torque for different inlet flow velocities as a function of (a) the non-dimensional 
rotating cell zone length relative to the blade chord length and (b) the grid node number 

In Figure 6, the accuracy of the torque computed in correspondence of the maximum inlet velocity is 
compared to the computational time required for the simulation to the varying of the mesh size. 

(a) 
 

(b) 
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Figure 6: Trade-off between the accuracy of the torque and the computational time for the steady 

calculations 

The computational time of each case was made non-dimensional in terms of ratio with the 
computational time of the selected grid with 3.85 million nodes. 

2.3 Mathematical model 

Steady and unsteady Reynolds averaged Navier-Stokes equations were solved with ANSYS Fluent 
19.1 for a compressible ideal gas. The air density, the thermal conductivity and the dynamic viscosity 
were defined as functions of the temperature. The governing equations for the mass, the momentum 
and the energy are described in equations from Eq. (1) to Eq. (3).  

𝜕𝜌

𝜕𝑡
+ 𝛻 ⋅ (𝜌𝒗) = 0 (1) 

where ρ is the air density, t is the time and v is the air velocity vector. 

𝜕(𝜌𝒗)

𝜕𝑡
+ 𝛻 ⋅ (𝜌𝒗𝒗) = −𝛻 ⋅ 𝑝 + 𝛻 ⋅ 𝜏 (2) 

where p is the air pressure and τ is the stress tensor. 

𝜕(𝜌ℎ )

𝜕𝑡
+ 𝛻 ⋅ (𝜌𝒗ℎ ) =

𝜕𝑝

𝜕𝑡
+ 𝛻 ⋅ (ĸ𝛻Ʈ + 𝜏 ⋅ 𝒗) (3) 

where h0 is the total specific enthalpy, ĸ is the effective thermal conductivity and Ʈ is the temperature. 

The total specific enthalpy is defined in Eq. (4) as the sum of the specific enthalpy h and the specific 
kinetic energy, which is a function of the air velocity magnitude v. 

ℎ = ℎ +
𝑣

2
 (4) 

In the steady-state computations, the time derivatives in equations from Eq. (1) to Eq. (3) are 
neglected. 

The Navier-Stokes equations were discretised with a second-order scheme for the pressure and a 
second-order upwind scheme for the density, momentum, energy, turbulent kinetic energy and specific 
dissipation rate; the coupled scheme was used to relate the velocity and pressure corrections. To 
compute the variable gradients, the least-squares and cell-based method was applied. Since the relative 
Reynolds number calculated on the blade chord ranges from about 2∙104 and 3∙106, the turbulence 
closure [38, 45, 48] with second-order discretisation was obtained by using the realizable k-ε model 
with enhanced wall functions for the near-wall treatment [49] or the k-ω stress transport model [50] 
with low Reynolds number correction to the turbulent viscosity [51]. The equations were implicitly 
solved with a pressure-based approach. 
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A sensitivity analysis of the computational time step size was performed for the fully transient models. 
The highest time step size that ensures maximum variations lower than 0.25% and 0.40% for the MRF 
and the SM models, respectively, is 5∙10-3 s (Figure 7). Therefore, this value was utilised in the 
computations. 

 

Figure 7: Sensitivity analysis to the time step size for (a) the MRF and (b) the SM models 

From a perusal of Figures 7(a) and 7(b), it is noticeable that for values of the time step size equal or 
smaller than 1∙10-2 s, this parameter has significant influence only for the highest values of the torque, 
that are achieved when the inlet axial velocity is maximum in absolute value. These effects are greater 
for the sliding mesh model than for the moving reference frame model. 

 
Figure 8: Computational time ratio for the MRF and SM models as a function of the time step size 

In Figure 8, the computational time of each case was made non-dimensional in terms of ratio with the 
computational time of the multiple reference frame model with the selected time step size of 5∙10-3 s. 
The computational time of the SM model is always higher as compared to the MRF model. For the 
selected time step size, the time is about 19% higher. 

2.4 Boundary conditions 

The boundary conditions applied to the computational domain of Figure 2 are listed in Table 2. 

Table 2: Boundary conditions for the CFD analyses 

Boundary Condition 
Inlet Velocity, turbulent intensity, length scale and temperature 

Outlet 
Static pressure, radial equilibrium and turbulent intensity, 

length scale and temperature of the backflow 
Blade and walls No-slip 

Rotor circumferential sidewalls Rotational periodicity 
Duct circumferential sidewalls Periodicity 
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At the domain inlet, uniform distributions of the flow velocity and the temperature were defined. 
Fixed values of the velocity were imposed for the steady analyses, while a velocity varying with a 
sinusoidal curve was applied for the transient analyses. For all the simulations, fixed values of the 
temperature were set. At the domain outlet, uniform and fixed distributions of the flow static pressure 
with radial equilibrium condition and a fixed backflow temperature were defined. 

The turbulence intensity ti was calculated through Eq. (5) based on the relative Reynolds number Re,dh 
calculated depending on the hydraulic diameter of the annular duct [51]. 

𝑡𝑖 = 0.16𝑅 ,
.  (5) 

The turbulent length scale ł was calculated with Eq. (6) with respect to the characteristic length of the 
flow opening Ł [51]. 

ł = 0.07Ł (6) 

No-slip boundary conditions on the annulus and the blade walls were assigned. Periodic and 
rotationally periodic boundary conditions were applied to the circumferential sidewalls of the 
stationary and rotating regions, respectively. The interaction between stationary and rotating regions 
was simulated by using a moving reference frame or a sliding mesh model. The rotation feature of the 
rotor was simulated with fixed rotational speed. 

3 Results 

The aerodynamic performance of the Wells turbine predicted by the CFD models is presented in terms 
of non-dimensional and dimensional parameters, following the traditional practice in turbomachinery 
[52]. The non-dimensional parameters are the flow coefficient, the input, torque and power 
coefficients and the efficiency, defined in equations from Eq. (7) to Eq. (11), respectively. The 
dimensional parameters are the torque, the power and the total to static pressure drop across the 
computational domain. 

𝜑 =
𝑣 ,

𝑈
 (7) 

𝐶 , =
(𝑝 −  𝑝 )�̇�

1
2

𝜌 𝑣 , +𝑈 𝑏𝑙𝑍𝑣 ,

 (8) 

𝐶 , =
𝑇

1
2

𝜌 𝑣 , +𝑈 𝑏𝑙𝑍𝑟
 (9) 

𝐶 , =
𝑃

𝜌 𝑣 , 𝑙𝑟
 (10) 

𝜂 =
𝛺𝑇

(𝑝 −  𝑝 )�̇�
=

𝐶 ,

𝜑𝐶 ,
 (11) 

where φ is the flow coefficient, vx is the axial component of the air velocity, U is the blade speed, CA is 
the input coefficient, p01 is the total pressure at the domain inlet, p2 is the static pressure at the domain 
outlet, �̇� is the air volumetric flow rate, b is the blade height, l is the blade chord length, Z is the blade 
number, CT is the torque coefficient, T is the rotor torque, r is the blade radius, Cp is the power 
coefficient, P is the rotor power, ρ1 is the air density at the domain inlet, η is the efficiency, Ω is the 
turbine rotational speed and the subscript m refers to the blade midspan. 

The performance parameters are shown as functions of the flow coefficient for the analyses performed 
with fixed inlet velocity, while are functions of the time for the analyses with a sinusoidal velocity 
curve imposed at the inlet. The pressure drop curves of the steady analyses were defined to the 
changes of both the flow coefficient and the volumetric flow rate. Positive values of the flow 
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coefficient or the flow rate correspond to the outflow phase, during which the flow exits from the duct, 
while negative values correspond to the inflow when the flow enters the duct. 

 

Figure 9: (a) Input coefficient, (b) torque coefficient and (c) power coefficient versus flow coefficient 
at the blade midspan 

The input coefficient of Figure 9(a) monotonically increases with the rise of the absolute value of the 
flow coefficient. The predicted curves are linear and have only a slight deviation from this trend for 
high flow coefficients. Higher values of the input coefficient are determined for the outflow phase than 
for the inflow phase, due to the different conditions of the air at the domain inlet. Indeed, the inlet air 
is in atmospheric conditions for the inflow, while its conditions depend on the positive or negative 
pressure gradient inside the OWC chamber for the outflow. The asymmetry is lower than 3% for 
∣φm∣≲0.1 and is about 6% for ∣φm∣≃0.2 at the end of the flow phases. 

In Figure 9(b), the torque coefficient is negative for low incidence angles, corresponding to the values 
of φm between -0.04 and 0.04 for all the cases. This occurs as the opposite contribution of the viscous 
forces prevails on that of the pressure forces acting on the rotor blade surfaces. For higher flow 
incidence angles, the torque generated by the rotor is positive, as the contribution of the pressure is 
dominant. The torque coefficient is monotonically growing with the absolute value of the flow 
coefficient. The asymmetry of the curves is lower than 5% for -0.1≲φm≲0.1 and is approximately 9% 
for the maximum absolute values of the flow coefficient. 

The curves of the power coefficient of Figure 9(c) show the ratio between the rotor power output and 
the disposable power related to the inlet velocity of the flow. The power coefficient is negative for low 
absolute values of the midspan flow coefficient, owing to the negative torque. Then, the curves reach 
the maximum values for ∣φm∣≃0.07 for all the cases and decrease after the peaks. The curves are 
asymmetrical with a difference lower than 5% for the flow coefficients under 0.1 in absolute value and 
of about 9% at the end of the flow phases. 
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Figure 10: (a) Total to static pressure drop versus volumetric flow rate and (b) torque, (c) power and 
(d) efficiency as functions of the flow coefficient at the blade midspan 

In Figure 10(a), the total to static pressure drop as a function of the volumetric flow rate is shown. The 
relation is linear and slightly deviates from linearity only at the extremes of the operating range. Since 
higher pressure differences across the rotor are required for the operation of the turbine during the 
outflow phase, the curves are asymmetric. The asymmetry is about 9% at its maximum. 

The torque transferred by the flow to the rotor is represented in Figure 10(b) by varying the midspan 
flow coefficient. As the related torque coefficient, the torque increases with the rise of the absolute 
value of the flow coefficient. The maximum asymmetry between the flow phases is approximately 
12% for the highest absolute values of the flow coefficient. 

In Figure 10(c), the power output of the turbine rotor is shown. The predicted curves are determined 
by the torque exerted by the airflow on the rotor and similar considerations can be done, as the 
rotational velocity is constant. 

The curves of efficiency are depicted in Figure 10(d). The efficiency of the turbine increases with the 
flow coefficient up to a certain value, after which it declines. The peak efficiency is nearly 69% for 
φm≃-0.15 for the inflow and around 70% for φm≃0.15 for the outflow. 

In Figure 11, the flow fields of the absolute tangential velocity are depicted on evenly spaced surfaces 
with a constant radius at 25%, 50% and 75% of the blade span for the inflow and outflow phases. The 
flow is attached to the blade from the hub (a, d) to the tip (c, f) for both the inflow and outflow phases. 
Higher velocities can be noticed at the blade tip, in particular close to the leading edge, due to the 
higher peripheral speed. 
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Figure 11: Flow fields of the absolute tangential velocity in m/s on surfaces with a constant radius at 
25%, 50% and 75% of the blade span for (a, b, c) the inflow phase and (d, e, f) the outflow phase 

To evaluate the impact of the potential effect due to the interaction of the wake at the trailing edge of 
each blade with the leading edge of the following blade, the static pressure contours were considered. 

 

 
Figure 12: Flow field of the relative static pressure in Pascal at the blade midspan for the highest 

outflow velocity 

Figure 12 shows that the potential effect is limited and therefore the use of the circumferential 
periodicity boundary conditions on a sector of the annulus is a reasonable approach instead of 
performing full annulus computations. The flow field depicted at the midspan for the outflow phase is 
representative of the entire span and both the flow phases. 

The predictions of the steady and unsteady moving reference frame model and the unsteady sliding 
mesh model are in excellent agreement. Since a monoplane isolated turbine is not subject to 
interaction amongst stationary and moving rows, the frozen rotor approximation (MRF model) can be 
considered as a cost-effective approach to evaluating the machine operation. By comparing the steady 
and unsteady solutions, the former allows a reduction of the computational time without relevant 
variations in the results. Therefore, the CFD model with the moving reference frame in steady 
conditions was selected to be compared with the literature analytical and experimental data [53, 54]. 

(a) 
 

(d) 
 

(b) 
 

(e) 
 

(c) 
 

(f) 
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     Figure 13: Comparison of the experimental, blade element momentum (BEM) and CFD results for 
the power output distributions of the Wells turbine rotor 

In Figure 13, it is noticeable that the results of the CFD models are in close agreement with the 
experimental results for the whole inflow phase. During the outflow phase, the experiments depict a 
reduction of the growth speed of the power curve for high flow coefficients, which is not shown by the 
analytical and CFD models. The numerical analysis with the k-ω turbulence model is closer to the 
experimental results than the analysis with the k-ε turbulence model. The over prediction of the power 
of the numerical models can be addressed to the absence of the tip clearance and mechanical losses. 

After the validation of the numerical models through the comparison with the literature experimental 
and analytical data, the power production of the Wells turbine was investigated under wave condition 
with period 7 s, which is characteristic of the Mediterranean Sea (Figure 14). 

 
Figure 14: Rotor power as a function of the time for the MRF and SM models 

4 Conclusions 

The operation of a Wells turbine for oscillating water column systems was analysed through 
computational fluid dynamics. The domain of the duct comprising the Wells rotor was generated with 
a three-dimensional multi-block technique, obtaining a fully mapped mesh composed of hexahedral 
elements. Circumferential periodic boundary conditions were applied to reduce the computational 
power and the time requested. The CFD models use the RANS or u-RANS schemes with a moving 
reference frame or the u-RANS formulation with a sliding mesh. 
The predictions of the performance parameters of all the CFD models are in excellent agreement. The 
selection of the model depends upon the aim of the analysis. Since a monoplane isolated turbine is not 
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subject to interaction amongst stationary and moving rows, the frozen rotor approximation 
implemented by the moving reference frame model can be considered as the cost-effective approach to 
evaluating the machine operation. The achieved results were validated through the comparison with 
the literature experimental and numerical data of a laboratory-scale turbine, showing a good 
agreement. Finally, the models developed were applied to determine the power output of the Wells 
turbine in environmental conditions typical of the Mediterranean Sea. 

Nomenclature 

Roman symbols 

𝑏 blade height, m, 
𝐶  input coefficient, -, 
𝐶  power coefficient, -, 
𝐶  torque coefficient, -, 
ℎ air specific enthalpy, J/kg 
ℎ  air specific total enthalpy, J/kg, 
𝑘 turbulence kinetic energy, m2/s2, 
ĸ effective thermal conductivity, W/(mK), 
𝑙 blade chord length, m, 
Ł characteristic length, m, 
ł turbulent length scale, m, 
𝑃 rotor power, W, 
𝑝 air static pressure, Pa, 
𝑝  air total pressure, Pa, 
�̇� air volumetric flow rate, m3/s, 
𝑅 ,  Reynolds number, -, 
𝑟 radius, m, 
𝑇 torque, Nm, 
Ʈ air temperature, K, 
𝑡 time, s, 
𝑡𝑖 turbulent intensity, %, 
𝑈 blade velocity, m/s, 
𝒗 air velocity vector, m/s, 
𝑣 air velocity magnitude, m/s, 
𝑣

 
axial component of the air velocity vector, m/s, 

𝑍
 

blade number, -.  

Greek symbols 

𝜀 turbulence dissipation, m2/s3, 
𝜂 efficiency, -, 
𝜌 air density, kg/m3, 
𝜏

 
stress tensor, N/m2, 

𝜑
 

flow coefficient, -, 
𝛺

 
turbine rotational speed, rad/s. 

𝜔
 

specific turbulence dissipation, 1/s.  
 
Subscripts 

1 domain inlet, 
2

 
domain outlet,  

𝑚
 

blade midspan.  
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Acronyms and abbreviations 

𝐵𝐸𝑀 Blade element momentum, 
𝐶𝐹𝐷 Computational fluid dynamics, 
𝑀𝑅𝐹 Multiple reference frame, 
𝑂𝐵𝐷 Oscillating body device, 
𝑂𝑇𝐷 Overtopping device, 
𝑂𝑊𝐶 Oscillating water column, 
𝑅𝐴𝑁𝑆 Reynolds-averaged Navier-Stokes, 
𝑢-𝑅𝐴𝑁𝑆 Unsteady Reynolds-averaged Navier-Stokes, 
𝑆𝑀 Sliding mesh, 
𝑆𝑊𝐿 Still water level, 
𝑊𝐸𝐶 Wave energy converter. 
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Abstract 

The work deals with modelling and simulations of passive autocatalytic recombiners operation within 
containment of a pressurized water reactor. Those devices are designed for hydrogen removal from 
containment internal atmosphere. They do not require any external energy supply, and the reduction of 
the amount of hydrogen occurs as a result of its controlled oxidation on the surfaces of cartridges 
covered with a catalytic layer. It is important to note that the removal of gaseous hydrogen in passive 
autocatalytic recombiners takes place in an exothermic oxidation reaction. Heat released during this 
process may increase a device's temperature to a high level, as well as it may contribute to the internal 
atmosphere thermodynamic parameters. Analysis of the impact of the operation of the hydrogen 
removal system in the form of passive autocatalytic recombiners by using an in-house code based on a 
lumped parameter model has been carried out. Main results are time trends of thermodynamic 
parameters (temperature, pressure) inside compartments of the pressurized water reactor containment. 
The analysis was carried out for the cases of hydrogen release into the containment as a result of 
pressure relief valves activation, as well as a result of a loss-of-coolant accident. The thermodynamic 
effects of passive hydrogen recombination seem to be more significant in the first of the considered 
scenarios. However, a reliable assessment of the impact of such a system on the course of changes in 
thermodynamic parameters also requires consideration of other factors that have been identified in the 
work.  

1 Introduction 

The events at the Fukushima Dai-ichi nuclear power plant in March 2011 clearly showed the 
importance of the problem related to the possibility of generating and spreading gaseous hydrogen in 
the containment building. Equally clearly, the problems arising from the total loss of electricity supply 
of the nuclear power unit could also be observed. Hydrogen is generated during normal operation of a 
water nuclear reactor, as the effect of water coolant radiolysis. However, quantity of this gas is minor, 
and it is continuously removed from the cooling circuit. Problems may occur in some accidental 
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conditions. Considering a case of water nuclear reactors, particularly intense hydrogen generation may 
occur in the event of insufficient cooling of the reactor core. The biggest source of hydrogen could be 
a molten core (corium) reaction with concrete - molten corium-concrete interaction (MCCI). This 
mechanism of hydrogen generation may occur  in a later phase of a severe accident, and is expected 
for production of 1-2 kg of hydrogen per second [1]. Limiting the cooling capacity may be the result 
of e.g. stopping the forced circulation of the coolant or its leakage from the primary circuit. It should 
be also noted that shutting down a nuclear reactor means stopping the chain fission reaction but the 
heat is still produced by fission products decay reactions. This is so-called residual heat or after heat 
power [2]. Therefore it is very important to assure sufficient core cooling in all operating modes, and 
during accidents too. 

The most important source of hydrogen in the core region is the exothermic reaction of steam with the 
nuclear fuel cladding (zirconium alloy). Amounts of hydrogen produced by such reaction is 
proportional to the mass of zirconium reacted [3]. This gas may be released into the containment 
building either by a break in the primary cooling circuit during a loss-of-coolant accident, or by a 
safety relieve valve (as in Fukushima Dai-ichi nuclear power plant [4]). Mixing of hydrogen with the 
air in the internal atmosphere creates flammable mixtures. A risk of hydrogen combustion (even 
detonation) occurs. The problem of hydrogen combustion and detonation is one of crucial issues for 
containment integrity. Taking this into account it is very important to avoid such situations and make 
possible removal of this gas. 

The hydrogen risk in nuclear reactor systems needs some mitigation features to be designed and 
applied. There are five main methods for preventing the hydrogen combustion [1, 5, 6]: 

 pre- or post-accident atmosphere inertization (by injection of an inert gas), 

 atmosphere mixing, 

 deliberate hydrogen ignition, 

 extension of the containment volume, 

 hydrogen removal by active or passive catalytic devices. 

Recombination, i.e. controlled oxidation of hydrogen to water vapor is widely used to remove 
hydrogen in the advanced pressurized water reactors containments. A commonly observed trend 
associated with the above-mentioned problems is the use of Passive Autocatalytic Recombiners 
(PAR). This method is a subject of many research as it is the passive way for hydrogen removal – it 
does not need any external energy supply.  

 

Figure 1: Simplified scheme and operating principle of a PAR 
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PARs are self-starting devices and utilize a noble metal (platinum, palladium) coated surfaces in order 
to recombine gaseous hydrogen molecules into steam. Generally, a catalytic hydrogen recombinator 
consists of a vertical channel which is the PAR casing, e.g. in the form of a rectangular tube with a 
height of 1-1.5 m, and a catalytic bed in the lower part of the duct, as shown in Figure 1. Under 
emergency conditions, there is contact of gaseous atmosphere with a bed. Hydrogen molecules come 
into contact with oxygen to form water vapour in an exothermic reaction. The flow of gases through 
the recombinator channel results from the natural convection of gases - the construction of the device 
favors the creation of a chimney draft. Palladium or platinum compounds deposited on the surface of a 
porous material, e.g. in a spherical form, are most commonly used as catalysts [7]. 

All of the mentioned methods of hydrogen removal require a knowledge of hydrogen distribution 
within containment structures. It is obvious that such information can be only partially obtained by 
means of physical experiments. Thus, the mathematical modelling and numerical simulations are 
widely applied for these purposes. The nuclear industry intensively utilize the lumped parameter based 
models, and such computer codes for thermal-hydraulic analyses of accidents in the nuclear reactor 
systems [7-9]. In the lumped parameter approach the real system, for example the containment 
building, is represented by a group of control volumes (zones) connected in a given way. A single 
control volume usually reproduces the whole subcompartment of the containment building. These 
models have reached high level of maturity and are recognized by the most nuclear authority bodies as 
the official tools for safety analyses [10]. Mathematical basis for the lumped parameter computational 
tools usually utilize a zero- or one dimensional models of physical phenomena. Most of processes 
taking place inside the containment of a nuclear reactor during an accident (as natural circulation of 
gases, mixing of gases) are clearly three dimensional. This could be a problem for the lumped 
parameter models. The lumped parameter codes, as other numerical tools for nuclear reactor systems 
thermal-hydraulics, could be also used for analysis of selected safety systems operation. This is 
actually the aim of this work.  

This work focuses on assessment of  thermodynamic effects (temperature and pressure trends) of PAR 
system operation within containment of the EPR reactor by using the in-door HEPCAL code for water 
nuclear reactor containment thermal-hydraulic analysis. Evaluation of the results obtained requires 
considering the above mentioned limitations related with the use of the lumped parameter approach. 
This issue has been also addressed in the article. 

2 Analyzed object 

The European (or Evolutionary) Pressurized water Reactor (EPR) is the third generation reactor with 
the thermal output varying from 4300 to 4600 MW (depending on local conditions). This AREVA’s 
design constitutes an evolutionary approach which utilizes proven in practice safety solutions known 
from the second generation nuclear power plants [11]. All safety-related systems are designed with a 
four-fold redundancy and located in physically separated divisions [12]. 

The inner containment is a pre-stressed concrete cylindrical wall with an elliptical head and a 
reinforced concrete base mat (as shown in Figure 2). A metallic liner fitted on the inner surface 
ensures the leak tightness of the containment. The inner containment shell can withstand a build-up in 
pressure, even that occurring after the double ended break of the main primary coolant pipe. Exclusion 
of violent phenomena that can result from the production of hydrogen is provided by passive catalytic 
recombiners to consume hydrogen. The pressure increase that would result from the combustion of 
hydrogen is taken into account in the containment design. 

The design assumption of the EPR reactor was to exclude the possibility of hydrogen detonation, 
therefore the system should prevent exceeding the molar (volume) hydrogen fraction of 10% globally 
[13], i.e. averaged for the entire volume of the containment. The most important element of the 
strategy to avoid a large local concentration of hydrogen is in the EPR reactor to cause intense mixing 
of the post-accidental atmosphere, which is achieved by natural gas circulation in the premises of the 
containment. This is achieved by installing bursting foils and dampers, which open at designed 
pressure difference. Thus, in emergency conditions, individual rooms of the containment are combined 
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in practically one volume (of about 80 000 m3 free volume). The layout of the rooms and the way they 
connect each other favours the creation of natural convection currents.  

 

 

Figure 2: EPR reactor containment structure prepared according to [11] (1 – reactor pressure vessel, 
2 – steam generators, 3 – core catcher, 4 – primary containment, 5 – secondary containment, 6 – 

spraying system)  

The design of the hydrogen removal system for the EPR reactor containment also includes 47 passive 
catalytic devices [14]: 41 FR-1500T units and 6 FR-380T units. The total hydrogen removal capacity 
is almost 220 kg/h (for nominal conditions, i.e. 4% of hydrogen molar fraction and 150 kPa of 
absolute pressure). The self-activation takes place at a hydrogen molar fraction of 1%. 

3 Numerical model 

3.1 Characteristics of the HEPCAL computer code 

The results received here are an affect of simulations performed using the code HEPCAL-AD, worked 
out at the Institute of Thermal Technology [15]. This code requires a division of the internal space of 
the accident localization system onto control volumes of specified dimensions, connected to each other 
in the given way. Usually the geometry and dimensions of a control volume correspond to the real 
dimensions of the specified compartment of the accident localization system. The control volumes are 
connected through opened channels, orifices, valves, membranes or siphon closures. This approach 
can be called as some kind of the finite volume method, applied in most of CFD codes. However, the 
size of control volumes is much bigger than in any CFD model and the resolution of results is low - 
averaged values of thermodynamic and hydraulic parameters are calculated. 

The mathematical basics of the model describing changes of thermodynamic parameters present 
equations of mass and energy balance for specified phases and equations of state. The equations of 
mass and energy balance apply to the time step , however the equations of state concern to the end 
of each time step [15,16]. All the equations are nonlinear and their form depend on the state of the 
specified agents in the control volume. The basic equations of the model may be written in following 
form: 

 equation of the energy balance for the gaseous phase 
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𝐹 = (𝑚 + 𝑚 − 𝑚 )ℎ − 𝑝 𝑉 + (𝑚 𝑐 + 𝑚 𝑐 )𝑡 + 𝑚 ℎ 𝑡 − 𝑚 ℎ (𝑡 )

− 𝑈 − ∆𝐸 = 0 (1) 

 

 equation of the energy balance for the liquid phase 

𝐹 = δ (𝑚 − 𝑚 + 𝑚 )𝑐 𝑡 − 𝑚 ℎ 𝑡 + 𝑚 ℎ (𝑡 ) − 𝑈 − ∆𝐸 = 0 (2) 

 

 equation expressing the sum of the agents volumes 

𝐹 = (𝑚 + 𝑚 − 𝑚 )𝑣 + (𝑚 − 𝑚 + 𝑚 )𝑣 − 𝑉 = 0 (3) 

 

 equation expressing the sum of the partial pressures 

𝐹 = δ 𝑝 + 𝑝 + 𝑝 𝑡 − 𝑝 (𝑡 ) = 0 (4) 

where: 

ℎ  specific enthalpy, kJ/kg, 
𝑐 specific heat capacity, kJ/(kg·K), 
𝑣, 𝑉

 
specific and total volume, m3/kg and m3 respectively, 

 𝑚
 

mass of water being evaporated during the time step , kg, 
𝑚

 
mass of steam being condensed during the time step , kg, 

𝑈 , 𝑈
 

internal energy of gas and water at the beginning of the time step, kJ, 
∆𝐸 , ∆𝐸

 
sum of energy flowing in and out of the control zone during the time step, kJ, 

)′, )′′
 

refers to saturated water and steam respectively. 
 

Subscripts a, s, h, g and w refer to air, steam, hydrogen, gas (mixture of air, steam and hydrogen) and 
water respectively. Constants 1 and 2 amount to 0 or 1 depending of the state of steam and water in 
specified control volume.  

Operation of all the safety related systems (spraying system, venting system, hydrogen removal 
system) is considered in the sum of energy flowing in and out of the control zone. 

The calculations of the unknown quantities is realized in several steps. First, all the mass and energy 
fluxes are calculated (the leakage of coolant from the primary circuit, the flow rates of agents through 
the valves, orifices, water flow rate in the spraying system, heat accumulation in walls and structures). 
Heat transfer between gaseous and liquid phase is also determined. All these calculations refer to the 
thermal parameters at the beginning of time step and allow to calculate the internal energy of gas and 
liquid.  Eventually, one obtains a set of n nonlinear equations in the following general form: 

𝐹 (𝑥 , 𝑥 , . . . , 𝑥 ) = 0      i=1,2,..., n (5) 

where xi denotes an unknown parameter. The number of equations depends on the current state of 
agents within the control volume.  

The set of nonlinear equations is being solved using the Newton-Rapshon method. The required 
accuracy is provided by applying the iterative procedure. At the last step of calculations all the 
remaining quantities (partial pressures, total volumes of gas and water etc.) are calculated. The 
computational procedure is repeated in the each time step for each control volume.  

The model applied in the HEPCAL code allows to determine the thermal parameters in the specified 
volumes (temperature, pressure, density) and the mass and energy flow rates between the control 
zones. Safety systems operation is taken into account, and also heat transfer between phases and heat 
accumulation in the structures of the containment. 

It should be noted here that the HEPCAL code does not simulate processes taking place inside the 
primary circuit and therefore an additional information are necessary to provide data concerning the 
coolant leak into the containment (its mass flow rate and specific enthalpy). These data are the initial 

633



and boundary conditions for the HEPCAL simulations and are taken from external sources 
(experiments or other codes simulations). 

3.2 Model of the passive autocatalytic recombiner 

The PAR is a self-activated device - the recombination of hydrogen is started just after its 
concentration in an inflowing gas mixture crosses the given limit (1 - 2% by volume usually). The 
model of hydrogen removal system needs definition of additional terms in the mass and energy 
balance equations described earlier. The recombination reaction product is steam which should be 
taken into account in the mass balance for gaseous phase, as well as in the energy balance. The 
reaction under consideration is an exothermic one and heat of this reaction is also considered in the 
energy balance. The heat released in the recombination of hydrogen has been considered according to 
the following reaction: 

2𝐻 + 𝑂 = 2𝐻 𝑂 + 120
𝑘𝐽

𝑔 𝐻
 (6) 

It is impossible to model the actual position of a PAR in a control volume in the lumped parameter 
approach. Therefore, for the specific control zone a total recombination rate is considered, and it is 
assumed that all the heat released in the recombinators is dispersed in the gaseous phase of a given 
control zone.  

The recombination rate is given for nominal parameters (temperature, pressure, hydrogen 
concentration), but during an accident course these parameters vary. A part of these parameters has a 
negligible impact on the recombination rate, but others are important. Detailed performance 
characteristics of PARs are not available. In experimental tests, as a rule, one selected parameter is 
taken into account, e.g. the temperature of the mixture flowing into the device, or the concentration of 
hydrogen at the inflow [17]. In Figure 3 there is presented the hydrogen concentration impact on the 
relative recombination rate (the actual one to the nominal).  

 

Figure 3: Influence of the hydrogen fraction at the inlet to a PAR on the recombination rate 

The PAR's characteristic shown in Figure 3 has been elaborated according to CFD simulations 
performed using the PAR model [18]. 

A more accurate approach for determining a temporary recombination rate is given by Huang and 
Lang [19]: 

�̇� = 𝜂(𝑘 𝑝 + 𝑘 )𝑧 𝑡𝑎𝑛ℎ 𝑧 − 𝑧 𝑓(𝜏) (7) 

where: 
�̇�   hydrogen recombination rate, kg/s, 
𝜂 PAR's efficiency, 
𝑘 , 𝑘

 
constants, 

 𝑝
 

absolute pressure in the control zone, Pa, 
𝑧

 
actual molar fraction of hydrogen in the control zone, 
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𝑧
 

PAR's start-up molar fraction of hydrogen, 
𝑓(𝜏)

 
function considering time of reaching the nominal capacity of recombination. 

Such approach enables taking into account the most important parameters affecting the operation of 
catalytic devices for hydrogen removal. 

3.3 Containment nodalization 

The structure of the EPR containment is very complex and consists of nearly 140 
subcompartments [13,20]. It is usual during thermal hydraulic analyses of such systems to 
simplify them by treating subcompartments of the containment connected by open channels as 
one control volume. Analysis realized in this work has been accomplished by applying the 
nodalization scheme according to [20]. This space discrete model comprises 27 control zones, 
as shown in Figure 4. Black contours boxes mean the inaccessible compartments, and blue 
contour boxes stand for accessible rooms. Connections between compartments are divided on 
two groups: free path (continuous, green lines), and pressure dependent paths (dashed, red 
lines).   

 

Figure 4: Containment nodalization scheme (adapted from [20]) 

4 Results of simulations 

4.1 Loss of coolant accident scenario 

Loss of Coolant Accident (LOCA) is one of the worst accident that may happen in water nuclear 
reactors. It causes rapid loss of primary coolant, and if unmitigated it may lead to fast core 
overheating. The LOCA scenario analyzed in this work assumes rupture of cold leg line in the steam 
generator box lower part (control zone No. 3 in Figure 4), and the emergency core cooling system 
became unavailable two hours after accident initiation. This causes core overheating and gaseous 
hydrogen production in reaction of superheated steam with zirconium alloy fuel cladding. Figure 5 
shows time trend of hydrogen mass flow rate entering the break zone. It has been assumed that 
hydrogen enters the break zone at constant temperature of 500°C. 
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Figure 5: LOCA scenario: mass flow rate of hydrogen in the break zone 

 

Figure 6: LOCA scenario: hydrogen molar fraction in the break zone 

 

Figure 7: LOCA scenario: temperature trend in the break zone 
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Time trend of hydrogen molar fraction within break zone is presented in Figure 6. The continuous blue 
curve shows this trend without hydrogen removal. It can be seen that this parameter crosses the 10% 
limit a while after hydrogen mass flow rate reaches its maximum value. Three PAR devices of the FR-
1500T type are installed in the analyzed control zone according to [21], and they operation 
significantly influences the hydrogen molar fraction (dashed red line in Figure 6). 

Thermodynamic parameters, i.e. temperature and pressure trends in the break zone are presented in 
Figures 7 and 8 respectively. There are no differences until the PAR system starts its operation, but 
even after that it does not affect thermodynamic parameters much. Of course, there are slight increases 
in temperature and pressure, but with virtually no effect on the thermal and mechanical load on the 
containment. It is the outflow of coolant from the primary circuit that determines the level of 
thermodynamic parameters in the case of the LOCA under consideration. 

 

Figure 8: LOCA scenario: pressure trend in the break zone 

4.2 Pressure relief valve opening (PRVO) 

The second accident scenario analyzed in this work assumes loss of forced coolant flow due to the 
station blackout (total loss of onsite and offsite power). This causes gradual increase of the primary 
coolant temperature, and eventually its evaporation inside the primary cooling circuit. Rising pressure 
causes opening of the pressure relief valves installed on the pressurizer. Primary cooling circuit is 
drained to the pressurizer relief tank. This tank is closed with a bursting disk, which closes a flowpath 
to the containment dome. The disk bursts at the pressure difference of 250 kPa and this starts another 
LOCA, but the release of energy takes place directly into the space under the containment dome. Such 
an accident is not very typical, thus the PCTRAN [21] simulator has been used to get the boundary 
conditions data for the HEPCAL-AD code analysis. The PCTRAN simulator is a virtual representation 
of a second generation pressurized reactor, so it have to clearly stated here that the analysis presented 
is just a coarse estimation.  

The accident under analysis leads to the disk rupture at nearly 9000 s after initiating the simulation, 
and almost 2000 s later first portion of hydrogen enters the containment. Moreover, due to difference 
in hydrogen combustion models the simulation was ended at 12000 s. Figure 9 presents the mass flow 
rate of hydrogen entering the containment during the most interesting phase of the analyzed accident.  

The efficiency of hydrogen removal by the PAR system is clearly visible in Figure 10. There are six 
FR-1500T PAR devices installed in the considered space. Thermodynamic effects of the PARs 
operation seem to be a little bit more significant than in the previous case, as shown in Figures 11 and 
12. The reason is that the hydrogen recombination heat has a higher impact on the energy balance in 
the considered control zone. The primary coolant (in the form of steam) was released just for 2000 s 
before hydrogen appeared in the containment (the coolant leakage lasted four times longer in the 
LOCA scenario). 
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Figure 9: PRVO scenario: mass flow rate of hydrogen entering the containment 

 

Figure 10: PRVO scenario: hydrogen molar fraction in the containment 

 

Figure 11: PRVO scenario: temperature trend in the containment 
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Figure 12: PRVO scenario: pressure trend in the containment 

5 Conclusions 

Lumped parameter approach for modelling of passive autocatalytic recombiners operation shows quite 
efficient hydrogen removal by such system. This is in line with the results obtained by others 
[13,17,19,20]. The obtained simulation results show that there is an influence of the operation of the 
hydrogen removal system in the form of passive PAR on the thermodynamic parameters inside the 
containment. The impact is small if the hydrogen problem is accompanied by a large LOCA. The zone 
size (volume) and the number of PAR devices installed are also important. 

However, when assessing the risk related to the presence of hydrogen in the containment, the 
limitations of the lumped parameter model should be taken into account. Since the possibility of 
hydrogen ignition should be considered for the three-component mixture of air, steam and hydrogen, 
the assumption made in the model that the components are perfectly mixed in the volume of the gas 
phase gives a false sense of security. In fact, the flammability limits will probably be exceeded much 
faster. In the first analyzed case of LOCA, the flammability limit (assumed at the level of 4%) was 
exceeded, and even the limit of 10% molar fraction of hydrogen, which is considered to be the 
explosive limit, was exceeded. However, in the considered zone, the fraction of steam was over 80%, 
which effectively prevents hydrogen ignition. On the other hand, reaching the flammability limit at 
perfect mixing of the components in a large volume will result in highly overestimated effects of 
hydrogen combustion. 

Another problem is also related to the specific combination of all PARs in a given control zone into 
one device. This makes it impossible to reliably assess the risk of hydrogen ignition related to the 
contact of this gas with a hot surface. 

Summarizing it may be stated that a lumped parameter approach for modelling of hydrogen problem 
within containment of a pressurized water reactor enables relatively fast simulations. This way of 
running simulations gives results being comparable to other researchers and proving quite good 
efficiency of hydrogen removal by the PARs. However, there are also some important issues related to 
the lumped parameter models which significantly influence the overall assessment of the hydrogen 
combustion risk.  
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Abstract 
Among the energy storage technologies, installations that use hydrogen as an energy carrier, such as 
Power-to-Gas (PtG) systems are becoming more and more popular. This paper presents an analysis of 
the power-to-gas installation as an exemplary solution of excess electricity from renewable energy 
sources storage system. The installation contains an integrated module of the electrolysis process, used 
for hydrogen production, and a system for synthetic natural gas (SNG) production. An analysis of 
electrolyzers and methanation units as parts of energy storage installation is performed. Advantages and 
disadvantages of all systems selected for analysis in the article are presented. The simulation model of 
analyzed power-to-gas installation, built in the Aspen Plus program, was used for calculations. 
A thermodynamic analysis of various variants of an energy storage installation and the potential of the 
use of waste heat is shown. Calculations were made to determine the efficiency of the installation. 
Calculated values of power-to-SNG efficiency of the analyzed cases remain at the level of 0.49-0.51. 

1 Introduction 

The process of water electrolysis is one of the solutions used for utilisation of electricity from renewable 
energy sources (RES) to produce high-energy gas – hydrogen [1,2]. The electricity required for the 
reaction may derive from surplus energy in the power grid or directly from renewable energy 
installations. Installations using hydrogen generated in the electrolysis process as an energy carrier are 
now often considered as systems enabling storage of energy from wind farms, as well as systems that 
can compete with commonly used energy storage methods [3,4]. The need for further development of 
technologies related to energy storage processes is conditioned by the continuous increase in installed 
capacity of renewable energy installations under existing energy systems. Installations of this type are 
characterized by a variable amount of produced electricity, which depends mostly on the prevailing 
weather conditions and the variable activity of electricity consumers during the day. Further increase of 
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renewable energy installations installed capacity may inconveniently affect the stability of energy 
systems. The primary role of energy storage installations is the collection and storage of surplus 
electricity during its excess in power systems. The stored energy is dispatched to the grid when its 
current demand is higher than the possible production. With the appropriate use of the capabilities of 
installations dedicated to energy storage, the amount of electricity generated by conventional sources 
does not have to be adapted to the specific instantaneous demand in the power grid. It enables effective 
use of both conventional power plants with limited flexibility of regulation, and the renewable energy 
sources installations under the same power systems. Among technologies designed for storing large 
amounts of energy pumped hydroelectric storage (PHS) plants, CAES (Compressed Air Energy Storage) 
plants and systems using hydrogen as an energy carrier can be distinguished. 

The electrolyzers consist of two electrodes. Anode, a positive electrode, is responsible for the oxidation 
process, while a negative cathode is responsible for the reduction process. There are several types of 
electrolyzers in which reactions occurring on individual electrodes have a slightly different course, while 
their final product is always hydrogen and oxygen, which, when properly managed, can be an additional 
commercial product, increasing the economic efficiency of PtG installations. However, electrolyzers are 
not fully autonomous devices. For proper functioning within installations such as PtG a number of 
auxiliary devices such as control system, power supply system (AC/DC processing process), cooling 
system and gas drying installation is needed. The electrolyzer together with the listed devices most often 
form a hydrogen generator [5,6]. 

Installations that use hydrogen as an energy carrier are another solution for storing surplus energy from 
electricity networks. Such installations include power-to-gas (PtG) and power-to-gas-to-power (PtGtP) 
systems. The effect of the power-to-gas installation is the conversion of surplus electricity from power 
grid into high-energy gas - hydrogen. Hydrogen is produced in the process of water electrolysis, so the 
installation does not need the use of fossil fuels to function. Water is broken down into two components, 
hydrogen and oxygen, as a result of reactions taking place on the electrodes of the electrolyzer, anode - 
positive electrode and cathode - negative electrode. power-to-gas-to-power installations use the 
hydrogen generated in the electrolysis process for conversion into electricity. The efficiency of this type 
of installation, mainly due to the low efficiency of fuel cells used to generate electricity in PtGtP systems, 
is about 35% [7][6]. 

Power-to-SNG installations are another type of installation that uses hydrogen as an energy carrier. This 
type of installation is a variation of the PtG installation, while instead of hydrogen, the final product of 
the system operation is SNG (Synthetic Natural Gas) [8][8]. SNG is formed as a product of the 
methanation reaction of substrates in the form of hydrogen and carbon monoxide or dioxide [9]. The 
SNG produced in the methanation process has high methane content and can be successfully used as a 
replacement for natural gas, and thus can also be injected into gas networks [10]. Various technologies 
are available that use adiabatic, isothermal or polytropic reactors for the methanation process, of which 
the adiabatic reactors are characterized by the highest technological maturity. The methanation process 
is based on the reaction of hydrogen with carbon dioxide at elevated temperatures (optimally 300-400 
°C [11]) and pressures in the presence of a catalyst to produce methane and water according to Sabatier's 
reaction (1). 

 

𝐶𝑂 + 4𝐻
  ,   

⎯ 𝐶𝐻 + 2𝐻 𝑂 (1) 

 

The Sabatier reaction is a strongly exothermic process, therefore thermodynamic equilibrium directs the 
reaction towards products with low temperature and high pressure [12]. However, high reaction pressure 
is not economically advantageous, and low reaction temperature requires an active catalyst, which is 
one of the challenges of methanation. The selection of a proper catalyst depends not only on the reactor 
operating parameters, but it is also dependent on the activation temperature of the catalyst [12]. Most 
commonly used catalyst for methanation process is nickel with aluminum oxide support due to its high 
activity and low financial outlays [13]. 

The article presents an analysis of the system designed for energy storage, using hydrogen as an energy 
carrier. The main elements of the analyzed system are a hydrogen generator, a biomass gasification unit 
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producing process gas, which is a source of carbon oxides for the methanation process, and 
a methanation unit with a shift reactor. 

2 Model description 

Figure 1 presents the conceptual diagram of a power-to-SNG installation. The analyzed system consists 
of a module responsible for the process of hydrogen production in electrolysis process and a module of 
SNG production in methanation process. Electricity from renewable energy installations in the night 
energy demand valleys powers hydrogen generators, where hydrogen and oxygen are produced in the 
electrolysis process. The process products are stored in buffer tanks. The installation for the production 
of SNG is fed by hydrogen produced in the electrolysis process and a feedstock of carbon oxides. As 
a source of carbon oxides for methanation, the use of process gas produced in the biomass gasification 
was assumed. The synthesis gas derived from biomass consists mainly of hydrogen, carbon monoxide, 
carbon dioxide, methane, steam and nitrogen [14]. However, by using oxygen in the gasification process, 
which is a product of the electrolysis, it is possible to avoid the presence of nitrogen appearing when air 
is used as an oxidant. In addition, prior to the methanation process, a water-gas shift (WGS) reactor is 
used to increase the proportion of carbon dioxide and hydrogen by converting carbon monoxide and 
steam. The SNG generated in the process is dried and the condensed water can be reused in the 
electrolysis process. 

 

Figure 1: Model of Power-to-SNG installation; BT – buffer tank, C – compressor, M – motor, SEP – 
gas/liquid separator 

As part of the calculations, simulations of biomass gasification and methanation were carried out using 
Aspen Plus software [15]. Biomass gasification process was considered to be comprised in four stages: 
drying, decomposition, pyrolysis and gasification. For the first stage of biomass gasification process, 
drying, the stoichiometric reactor (RSTOIC) was used to simulate the evaporation process. Then, the 
separator was used to split the exhaust fraction of the moisture. The dried fuel was directed to the 
decomposition stage of gasification process, which was simulated by yield reactor (RYIELD). In this 
stage, biomass was converted into individual components of carbon, nitrogen, oxygen, hydrogen and 
ash, by assuming the yield distribution according to the biomass analysis. The produced in 
decomposition stage heat was passed by heat stream to the next stage of the process. After the 
decomposition stage the separator was used to split the remaining fraction of the moisture. To simulate 
the pyrolysis stage of gasification process the equilibrium reactor (RGIBBS) was used. At this stage a 
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part of process gas is oxygenated and also, partial decomposition occurred. The produced in pyrolysis 
stage heat was passed by heat stream to the next stage of the process. The last stage of gasification 
process is also performed by RGIBBS reactor. In this stage oxidant and steam are introduced to the 
process as gasification agents and final composition of the gasification gas is estimated. After this stage, 
the gas-solid separator is introduced to the process. The scheme of the simulation model of biomass 
gasification process is presented in Figure 2. 

 

Figure 2: Simulation model of biomass gasification process; DRY – biomass drying unit, DEC – 
biomass decomposition unit, PYRO - pyrolysis unit, GASI – gasification unit. SEP1,2 – gas/liquid 

separator, SEP3 – gas/solids separator, HX – heat exchanger 

The assumptions needed for the biomass gasification simulation model are given in Table 1. 

Table 1: Main assumptions for the thermodynamic analysis of biomass gasification process 

Parameter Value 
Biomass pressure 1.1 bar 
Biomass temperature 25 °C 
Decomposition pressure 1.1 bar 
Decomposition temperature 25 °C 
Pyrolysis pressure 1.1 bar 
Pyrolysis temperature 500 °C 
Gasification pressure 1.1 bar 

 

The composition of the assumed fuel [16] used in simulation is presented in Table 2. Biomass and ash 
were considered non-conventional solid streams and HCOALGEN and DCOALIGT options were used 
to calculate its properties. While for calculations of the properties of conventional components the 
Redlich-Kwong-Soave equation of state with Boston-Mathias alpha function was used. 
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Table 2: Elementary composition of biomass fuel assumed for calculations  

Parameter Value 

Ultimate analysis (wt. %, d.b.)  

Ash 0.7 
Carbon 50.6 
Hydrogen 6.5 
Nitrogen 0.2 
Oxygen 42.0 

Proximate analysis (wt. % d.b.)  

Ash 0.7 
Volatile matter 80.1 
Fixed carbon 19.2 

The resulting process gas is directed to the water-gas shift reactor system, which consists of two 
Rigorous equilibrium (REquil) reactors based on stoichiometric approach. Then the process gas together 
with the buffered hydrogen are directed to the methanation system, which consists of three equilibrium 
reactors (RGIBBS) with heat exchanger behind each of them and a process gas recirculation loop located 
after the first stage of the methanation reactor. Then the separator model was used and gas generated in 
the process is dried and the condensed water can be reused in the electrolysis process. The scheme of 
the simulation model of methanation process is presented in Figure 3. 

 

Figure 3: Simulation model of methanation process with waster-gas shift installation; C – compressor, 
HXS – heat exchanger in the water-gas shift process, HX – heat exchanger in the methanation 

process, WGS – water-gas shift reactor, MR – methanation reactor, SEP – gas/liquid separator 

Table 3 presents the data necessary to create a thermodynamic model of the methanation process in 
Aspen Plus software. Base method used for simulations was Redlich-Kwong-Soave equation of state 
with modified Huron-Vidal mixing rules. 
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Table 3: Main assumptions for the thermodynamic analysis of methanation process 

Parameter Value 

Water-Gas Shift process  

Process gas inlet temperature  200 °C  
Process gas inlet pressure  1.5 bar 
Steam inlet temperature  345 °C 
Steam inlet pressure  20 bar 
Temperature of process gas at the inlet to first shift reactor 250 °C 
Temperature of process gas at the inlet to second shift reactor 200 °C 

Methanation process  

Hydrogen inlet temperature 20 °C 
Hydrogen inlet pressure 5 bar 
CO2:H2 ratio 1:4 
Compressors (C) outlet pressure 10 bar 
Isentropic efficiency of compressors 88% 
Mechanical efficiency of compressors 99% 
Heat exchangers (HX) outlet temperature 200 °C 

3 Simulation results and discussion 

As part of the compliance of the created biomass gasification model, the composition of the gas 
generated in the created model was compared to the literature [16]. In this case, air was used as the 
oxidant. Similar trends of the molar share of components in the composition of gas generated from 
biomass were obtained for the gasification temperature changed in the range of 600-900 °C. The results 
of the analysis are presented in Figure 4. 

 

Figure 4: The molar share of individual gaseous components in the gas from the biomass air 
gasification process depending on the gasification temperature 

As presented in Figure 4 the trends for carbon monoxide and carbon dioxide depending on temperature 
are opposite. The proportion of carbon dioxide in the final gas decreases with increasing temperature, 
while the proportion of carbon monoxide increases. Nitrogen content accounts for a large proportion of 
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the gas from biomass gasification when air is used as an oxidant. From the point of view of the 
methanation process, it is an inert gas that does not participate in the methanation reaction. Therefore, 
oxygen, which is a product of the electrolysis process, was used in the gasification process model. The 
results of the analysis are presented in the Figure 5. 

 

Figure 5: The molar share of individual gaseous components in the gas from the biomass oxy 
gasification process depending on the gasification temperature 

When only oxygen is used as an oxidant in the process, the proportion of nitrogen in the final gas is 
negligible (around 0.001-0.00095 depending on the process temperature). The distribution of the mole 
fraction of the remaining components increased. The share of hydrogen increased from 0.15-0.17 to 
0.24-0.29, the share of carbon monoxide from 0.14-0.20 to 0.23-0.36, and the share of carbon dioxide 
from 0.08-0.14 to 0.19-0.33. 

 

Figure 6: The molar content of hydrogen in the process gas according to different gasification 
temperatures and steam to biomass ratios  

The indicator of steam to biomass ratio was defined as the mass flow rate of the steam fed into the 
gasification stage to the biomass feed rate in the dry basis. Use of steam as a gasification agent supports 
the enrichment of hydrogen in the product gas content and also increment in H2O concentration which 
favours the water gas shift reaction. The results of the analysis of the molar fraction of hydrogen in the 
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process gas in relation to the changing steam to biomass ratio (RSTB) and gasification temperature are 
presented in Figure 6. The highest values of the hydrogen content were achieved for the range of 
gasification temperatures of 650-750 °C with the steam to biomass ratios of 0.2-0.5. 

The results for several variants of the process gas obtained in the simulation of biomass gasification 
were implemented into the methanation model. The composition of the gas is shown in Table 4. 

Table 4: The composition of gas obtained in the biomass gasification process depending on the 
gasification temperature and the steam to biomass ratio 

 RSTB = 0.0 
Temperature, °C 600 750 900 
H2 0.2397 0.2845 0.2573 
CO2 0.3414 0.2299 0.1991 
CH4 0.0555 0.0013 0.0000 
H2O 0.1306 0.1472 0.1758 
CO 0.2318 0.3361 0.3668 
N2 0.0011 0.0010 0.0010 
 RSTB = 0.5 
Temperature, °C 600 750 900 
H2 0.2839 0.2824 0.2526 
CO2 0.2974 0.2412 0.2105 
CH4 0.0191 0.0003 0.0000 
H2O 0.2918 0.3087 0.3387 
CO 0.1071 0.1668 0.1975 
N2 0.0007 0.0007 0.0007 
 RSTB = 1.0 
Temperature, °C 600 750 900 
H2 0.2681 0.2530 0.2281 
CO2 0.2547 0.2204 0.1952 
CH4 0.0066 0.0001 0.0000 
H2O 0.4081 0.4274 0.4523 
CO 0.0619 0.0986 0.1238 
N2 0.0005 0.0005 0.0005 

Table 5 presents the results of the gas composition as well as the process gas and hydrogen streams from 
the electrolysis process for the analyzed process gas compositions from the biomass gasification 
simulation. For all cases, the substrate mass flows were selected in such a way that the chemical energy 
of the SNG was equal to 1 MW. 

Table 5: The composition of SNG obtained in the methanation process and mass flow rate of SNG, 
hydrogen and process gas depending on the different process gas composition implemented to the 

model 

RSTB 0.0 0.5 1.0 

Temperature, °C 600 750 900 600 750 900 600 750 900 

H2 0.02395 0.02231 0.02200 0.02721 0.02720 0.02703 0.02999 0.03001 0.03000 

CO2 0.00888 0.01470 0.01553 0.00875 0.00959 0.00984 0.00902 0.00927 0.00929 

CH4 0.95209 0.94800 0.94748 0.94577 0.94495 0.94487 0.93956 0.93930 0.93929 

H2O 0.01335 0.01328 0.01327 0.01656 0.01654 0.01654 0.01971 0.01971 0.01971 

CO 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 

N2 0.00153 0.00155 0.00155 0.00151 0.00152 0.00152 0.00150 0.00150 0.00150 

NH3 0.00019 0.00016 0.00016 0.00021 0.00020 0.00020 0.00022 0.00022 0.00022 

SNG, kg/h 73.31 74.55 74.72 73.25 73.43 73.48 73.28 73.33 73.34 

H2, kg/h 25.61 25.56 25.55 25.52 25.51 25.51 25.43 25.43 25.42 

Process gas, kg/h 177.00 178.24 178.42 230.10 230.32 230.41 282.87 282.94 282.95 
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Regardless of the process gas composition implemented in the model, the mole fraction of methane in 
the resulting gas is similar in the range of 0.93-0.95. However, the amount of process gas supplied to 
the methanation process differs, while the amount of hydrogen remains at a similar level for the various 
variants. A much larger amount of process gas should be delivered to the methanation process in the 
case of gas composition with a higher steam to biomass ratio. This is due to the greater proportion of 
water vapor and thus lower proportions of carbon oxides in the process gas. 

The efficiency of the power-to-SNG system was defined according to formula 2. 

𝜂 = ,   ,

,
,

 

 , (2) 

where: 

Ech,SNG  SNG chemical energy, MW, 

Eel,C  compressors electricity consumption, MW, 

Ech,b  process gas from biomass gasification chemical energy, MW, 

Ech,H2  hydrogen chemical energy, MW, 

ηHG  efficiency of hydrogen generators, 58.86%. 

Calculated values of power-to-SNG efficiency are presented in Table 6. The values for the analyzed 
cases are very similar and remain at the level of 0.49-0.51. The efficiency value of the system decreases 
slightly with the increase of gasification temperature for the process gas generation process and steam 
to biomass ratio. 

Table 6: The power-to-SNG efficiency values depending on the process gas molar composition 
resulting from gasification temperature and the steam to biomass ratio 

 Temperature, °C 
RSTB 600 750 900 
0.0 0.5193 0.5078 0.5076 
0.5 0.5113 0.5051 0.5038 
1.0 0.5036 0.5003 0.4990 

4 Summary and conclusions 

The article presents an exemplary power-to-gas system based on electrolysis and methanation processes. 
As a source of carbon oxides for methanation, gas generated in the process of biomass gasification was 
used and the oxygen from the electrolysis process was assumed as the oxidizer in the process. The 
simulations were carried out with the use of the Aspen Plus software for various temperatures and the 
steam to biomass ratios of the gasification process in terms of examining the influence of the changed 
parameters on the molar composition of the final gas. Then, the composition of the obtained process gas 
was implemented into the methanation process model, which was additionally extended by the shift 
reactor model, which also allowed for process optimization. 

The results of the sensitivity analysis carried out with the use of air and oxygen as the gasifying agent 
suggest analogous trends for the content of individual components in the process gas depending on the 
temperature. The molar proportion of hydrogen increases to a certain temperature (approx. 700 °C) and 
then decreases again. The trends for carbon monoxide and carbon dioxide content are opposite. The 
content of carbon monoxide in the process gas from biomass gasification increases with increasing 
temperature, while carbon dioxide content decreases. The use of steam as the gasifying agent allows to 
increase the hydrogen content of the produced gas compared to the use of oxygen as the gasifying agent, 
but only in certain ranges of the steam to biomass ratio. In the case of the methanation process, the 
higher shares of methane in SNG were obtained for the process gas compositions resulting from the use 
of lower temperature in the gasification process and lower values of the steam to biomass ratio. These 
parameters also result in higher values of the estimated efficiency of the power-to-SNG process, which 
remain at the level of 0.49-0.51 for analysed cases. 
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The developed mathematical model of the power-to-SNG process requires economic optimization, 
which will be done by the authors in the future. 
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Abstract 

The paper presents the possibility of energy storage in the existing natural gas transmission network 
under its normal operation. Currently, the so-called linepack management strategies are known, their 
idea is to switch a gas-turbine based compressor station (CS) from electricity-neutral to electricity 
generator mode. If the demand for electricity is low or medium, the CS operates consuming natural gas 
in a local gas turbine. In peak demand periods, the gas turbine switches from the CS driving mode into 
the electricity generation mode, providing an additional peak source of electricity. This strategy, albeit 
efficient, does not actually enable the electricity to be stored in the network. In the paper we propose 2 
new strategies of electricity storage in a gas network. The first option includes a dedicated compressor–
expander system installed at a regular pipeline section. The electric driven compressor increases gas 
pressure above the required level in periods of peak electricity generation, while the expander allows 
energy recovery. The expander is situated at some distance from the compressor, the distance is a design 
variable resulting from the required time distance between the charging and the discharging phase. 
Assuming 5-10 m/s transmission velocity, the distance required to achieve a 4-6 hour long time-shift 
varies from approximately 100-200 km. The most intriguing feature of this system is a synergy effect 
related with pressure drop management, which allows, under certain conditions, to exceed 100% storage 
efficiency by reducing transmission losses. Storage efficiency obtained from the first quasi-dynamic 
simplified model ranges from 70 to 128% for the performed case study. The second option is related 
with the use of existing compressors and existing pressure letdown stations. The idea of storage is the 
same as in the 1st case, but the system is based on existing infrastructural objects. In the 2nd case, one 
can consider a deep expansion at the expander, with the target pressure defined by the distribution 
system. Due to the necessity of gas preheating at the expander inlet, the storage efficiency reduces to 
the level of about 30-40%. The 2nd option seems to be market-ready, yet this option requires a strategy 
to deal with multiple system exit points with energy recovery for partial gas fluxes. The presented model 
is a first step, quasi steady-state approach which needs further, more detailed work. 
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1 Introduction 

Most countries of the World require a quick adaptation of existing infrastructures to fundamental 
changes in the energy supply patterns. The growing share of renewables introduces a variable, unstable 
source of electricity to a system which was originally designed for large-scale, coal fired, gas or nuclear 
power plants [1]. The existing power transmission network has access to some existing storage 
capacities in the pumped hydro storage facilities [2], however, their further expansion is limited by 
geographical and hydrological factors. Other technologically mature large-scale storage systems 
comprise compressed air (CAES) [3] and power-to-gas, the latter introducing hydrogen which requires 
a new dedicated infrastructure for transmission, storage and utilization [4]. On the other end of the scale, 
battery systems provide storage possibilities for small capacities and low cycle frequency [5].  

An interesting storage option is to utilize the existing natural gas transmission networks with its 
infrastructure for the purpose of pressure-related storage. This idea was studied by Ernst et al. [6] who 
explained two options of the so-called linepack management. During low-demand period (valley-
filling), an electric-driven gas compressor station operates above its required capacity, thus consuming 
part of the excess electricity. In high-demand (peak) periods, the station is switched-off, reducing the 
demand. Another linepack management strategy can be obtained using a compressor station driven by 
a gas turbine. In most periods, the turbine power is transferred to the gas compressor without any impact 
on the electric power grid. In peak demand period, the turbine is disconnected from the gas compressor 
and connected to a generator, providing additional electricity.  

Another option relating gas transmission networks with energy storage is to use old pipelines as working 
volumes for CAES systems [7]. This option may be of interest in the future, when the increased LNG 
supply may lead to the end of use of some pipeline sections. 

In this paper, we propose a new approach for energy storage, based on a pair of machines: a gas 
compressor for receiving excess electricity, and a gas expander installed at some distance downstream 
of the compressor, used to recover the electricity. The idea of this solution is to manage the pressure 
drop to obtain some additional synergy effect due to reduced flow velocity. The paper only represents a 
first-step, steady-state computational proof of the concept, still leaving many questions open, as 
explained in the paper conclusions. 

2 System layout 

The proposed power-to-pressure energy storage systems in existing gas network under normal operation 
can be organized in two ways.  

In the first case, an existing pipeline section without any equipment is considered (Fig. 1). 

 

  a) existing pipeline, no equipment   b) pipeline with dedicated machinery 

Figure 1: Dedicated energy storage infrastructure installed at a regular pipeline 
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The energy storage system (Fig. 1b) consists of an electrically driven compressor, which increases the 
inlet (‘head’) pipeline pressure slightly above its normal value. Due to the reduced flow velocity, 
pressure drop is lower than in the reference case. A dedicated expander installed at the outlet (‘tail’) of 
the pipeline allows the pressure to be reduced to the value which would occur there if no energy storage 
system was installed. 

The conceptual advantage of the proposed system is the logical separation of the gas transmission 
process, and the energy storage process. The storage equipment might be installed and operated by an 
independent company. 

The second way of energy storage in existing gas networks is related with the existing infrastructure. 
Fig. 2a) shows a typical layout of an existing transmission infrastructure. At the ‘head’ of the pipeline, 
an existing compressor station is installed. The ‘tail’ of the transmission network leads to an exit point 
with a pressure letdown station. Typically (PLS), a pressure letdown station is equipped with pressure 
regulators, safety valves and a preheating system. Thermodynamically, pressure regulators perform an 
isenthalpic throttling with no work output, moreover, due to the real-gas properties (Joule-Thomson 
effect), some preheating is needed to avoid excessive temperature drop across the regulator, which is 
undesired for technical reasons. 

In the modified version, upgraded for energy storage (Fig. 2b), one of the compressors at the compressor 
station is connected to the electric grid, allowing to increase the discharge pressure above its standard 
value. Hence, it is required either to have one electric-driven compressor already installed, or to install 
an additional compressor at the compressor station, which is facilitated by the existing system of valves, 
buildings, filters, meters, and, what is essential, the existing power connection. A more significant 
rearrangement is needed at the pressure letdown station, which has to be equipped with gas expander, 
and, depending on the existing thermal capacity, may also need and increased thermal capacity to be 
installed on-site.   

 
a) existing infrastructure  b) upgraded infrastructure for energy storage 

 

Figure 2: Existing transmission infrastructure upgraded for energy storage 

 

To build the model, it was assumed that the entire flux of the compressed gas passes throught the exit 
station, and no gas is supplied to any further part of the transmission pipeline. This assumption 
(symbolized by the 0 flux at the pipeline continuation) is not realistic. However, it is required to first 
evaluate a simple model in order to proceed to the complexity of existing multi-node networks. 

3 Methods and data 

For the purpose of the preliminary proof-of-copcept analysis, several simplified assumptions were done. 
The simplifications do not impact the overall conclusions yet any further analysis requires a more 
detailed appraoch. 

Table 1 shows the assumed overall parameters. Natural gas was approximated by methane. Expander 
efficiency was set at the maximum technical limit, which is much above the typical market availability. 
Accordingly, the obtained results show the most optimistic scenario possible 
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Table 1: Overall system parameters 

Pipe roughness k, mm 0,1 

Height difference ∆𝐻, m 0 

Compressor overall efficiency 𝜂 , % 0,64 

Expander overall efficiency 𝜂 , % 0,92 

Soil temperature 𝑡 , ⁰C 10 

Gas flow in a pipeline section was analysed using an isothermal flow model, which is appropriate for 
moderate velocity, given that the pipeline is thermally not insulated. According to [8], the integrated 
momentum-continuity-state formula reads as follows: 

  𝑝 𝑒 − 𝑝 =
̇

∙ ∙  (1) 

where b = 2gH/(ZRT) is a height-related factor. For negligible height differences, the b factor equals 
0, and the last factor in Eq. (1) converges to unity. The friction factor 𝜆  was found according to the 
Colebrook-White equation [9]. Gas properties and calorific functions were found based on the CoolProp 
library [10].  

Shaft power of the compressor/expander was found based on the energy balance: 
  𝑁 = 𝑚 ∙̇ (ℎ − ℎ ), (2) 

while the corresponding electric input/output power was obtained by division/multiplication by the 
mechanical and the electric efficiency, respectively: 

  Compressor: 𝑁 =
 

                  Expander: 𝑁 = 𝑁 𝜂 𝜂   (3a, b) 

Compressor power found from Eq. (2) is negative, however, results are traditionally expressed in 
absolute values. Both compressor and expanders were approximated by adiabatic machines with a given 
isentropic efficiency. Values of efficiency given in Table 1 represent a product of the isentropic, 
mechanical and electric efficiency. 

Details related with natural gas temperature are given in subsections 3.1 and 3.2 below. 

3.1 Dedicated system 

The dedicated energy storage system (Fig. 1) is based on an existing regular pipeline sections, to be 
equipped with a compressor and an expander. The system was subject to calculations for three pipe 
diameters and two charging/discharging time intervals. Design parameters are given in Table 2.  

Table 2: Design parameters for the dedicated storage system 

Pipe diameter considered 𝐷, m 0.5 / 0.7 / 1.0 

Charging/discharging time shift 𝜏, h 4.0 / 4.5 

Reference head pressure 𝑝 , MPa 5.0 

Increased head pressure 𝑝 , MPa 5.2 

Design transmission velocity 𝑤 , m/s 5.0 

 

The design velocity, and the charging/discharging time shift, set the required distance between the 
compressor and the expander at the range of 75-100 km (see Results section). 

Due to moderate changes of pressure, it is assumed that: 

a) the temperature increment at the compressor is small and the temperature is equalized with the 
soil at a short distance, thus not affecting the capacity; 

b) the temperature decrement at the expander is small as well, and no extra heating prior to 
expansion is needed. 
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The simplified storage efficiency for the dedicated system is calculated as the quotient of output-to-
input power: 

 𝜂 =
,

,  
   (4) 

This is a simplified approach used as the first step for the steady state analysis. Defining a complete 
storage efficiency would require a transient flow analysis, and a rigorous definition of the charging and 
discharging phases. Here it is assumed that both charging and discharging are performed under steady-
state conditions, yet they are shifted by the time of transmission. 

3.2 Upgraded existing system 

The upgraded existing system, as explained in section 2, is based on an existing compressor station and 
an existing pressure letdown station. 

The thermodynamic model of the upgraded existing system is similar to that of the dedicated system, 
however, there are two particularities: 

1) In the compressor part, one has to distinguish the existing (business-as-usual) use of the 
compressor station, and the supplementary energy input related to the further increase of 
pressure; 

2) In the expansion part, there is currently no expansion. The gas is throttled to the distribution 
pressure (in Poland, mostly, 0.38 MPa). The sole installation of the expander is an independent 
action, not related with energy storage. Accordingly, one has to distinguish again between the 
‘regular’, i.e. the reference expansion, and the additional expansion related to the increased 
pressure of gas at the expander inlet. 

The idea of the reference compression/expansion and the supplementary part related to energy storage 
is shown in Fig. 3. 

 
Figure 3: Analytical scheme for the upgraded existing system 

 

In addition to the electric power, it is required to supply a flux of heat prior to gas expansion in order to 
keep the expander outlet temperature at a required level. The flux of heat is calculated from a basic 
energy balance at the gas side: 

 �̇� = 𝑚 ∙̇ (ℎ − ℎ ), (5) 

It was assumed that the heat is produced locally in a gas boiler (although more recommendable strategies 
such as solar/waste heat can be considered). Accounting for the heat exchanger and boiler efficiency, 
the related chemical energy consumption is: 

  �̇� =
̇

 
   (6) 
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Table 3 shows the design assumptions for the upgraded existing system. 

 

Table 3: Design and input data for the upgraded existing system 
Pipe diameter 𝐷, m 0,5 
Pipe length 𝐿, km 50, 100, 150 
Heat exchanger efficiency 𝜂 , % 0,8 
Boiler efficiency 𝜂 , % 0,97 
Compressor suction pressure 𝑝 , MPa 4,5 
Reference compressor discharge 
pressure 

𝑝  , MPa 5 

Increased compressor discharge 
pressure 

𝑝  , MPa 5,2 

Pipeline tail pressure 𝑝  , MPa 1,7 
Design velocity at compressor 
suction 

𝑤 , m/s 5 

Required expander outlet 
temperature 

𝑡 , ⁰C 5 

 

Contrary to the dedicated system, the system length is a fixed value set by existing distances. Three 
typical distances have been chosen for the analysis. Accordingly, the transmission time (and the storage 
time) is obtained within the calculations.  

The discussion of results is more complex compared to the dedicated system. First of all, some part of 
the supplied and the recovered energy is related with the standard operation of the system under 
business-as-usual conditions. Hence, only the additional fluxes of energy have to be analyzed, and they 
are shown in the last section of the table. 

Secondly, due to the substantial pressure drop across the pressure letdown station, it is required to 
consume some chemical energy (or other energy) to generate a heat flux required to maintain the 
expander outlet temperature at the given level (here: 5.0°C). Accordingly, two performance factors can 
be defined to evaluate the results: 

1) Local performance ratio, defined at the expander station and describing the ratio of the produced 
electricity to the supplied chemical energy: 

 𝑃𝑅 =
,

̇
  

  (7) 

2) Storage efficiency (simplified): 

 𝜂 =
,

,  ̇
   (8) 

The latter definition is simplified in the same way as in Eq. (4). The use of the chemical energy reduces 
the storage efficiency to a large degree, as shown in the Results section.  
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4 Results and discussion 

Table 4 shows key results for the dedicated system installed at a void pipeline section.  

 

Table 4: Key results for the dedicated system 
Designed storage time 

interval 
 τ = 4.0 h τ = 4.5 h 

Pipeline diameter 𝐷, m 0.5 0.7 1.0 0.5 0.7 1.0 

Required flow rate �̇� ,m3
n/h 186 000 365 000 744 000 186 000 365 000 744 000 

Required length L, km 86.4 79.1 76.0 103.0 90.6 86.2 

Compressor discharge 
temperature 

𝑡 , ⁰C 13.4 

Tail pressure 
(reference) 

𝑝 , 
MPa 

3.68 4.25 4.54 3.36 4.12 4.48 

Tail pressure (with 
extra compression) 

p3,  
MPa 

3.95 4.48 4.76 3.66 4.37 4.70 

Tail pressure 
increment 

p3 – p4 
MPa 

0.27 0.23 0.22 0.30 0.25 0.22 

Expander outlet 
temperature 

𝑡 , ⁰C 5.6 6.6 7.0 4.8 6.5 7.0 

Compressor (input) 
power 

𝑁 , 
kW 

254 497 1014 254 497 1014 

Expander (output) 
power 

𝑁 , 
kW 

272 398 707 325 423 729 

Storage efficiency 𝜂, % 107 80 70 128 85 72 

 

It is supposed that the time-shift between the low-demand and the high demand period should be about 
4...4.5 hours. Accordingly, assuming a design transmission velocity of 5 m/s one would obtain the 
required flow rates between 186 000 and 744 000 m3

n/h, and the required length varying in the range of 
80...100 km. These results only represent an example set of realistic values.  

It can be seen that the compressor discharge temperature is only about 3 K higher than the suction 
temperature, which is due to a very low pressure increment of 0.2 MPa. Accordingly, this increment 
does not affect the transmission capacity.  

Rising the head pressure by 0.2 MPa yields a pressure increment at pipe tail. This increment is higher 
than the initial increment, which is a favourable factor for the recovery of the stored energy.  

For the assumed, rather optimistic values of compressor and expander efficiency, in some cases the 
storage efficiency exceeds 100%, showing an interesting synergy effect obtained due to reduced flow 
friction.  

4.1 Adapted model system 

Table 5 shows key results for the adapted infrastructure. It should be stressed that according to Fig. 3, 
actually three systems are considered, and two of them are finally compared.  

1) Existing system with a compressor station (CS) and a pressure letdown station (PLS) 

2) System where the pressure letdown station is replaced by an expander (the reference system for 
calculations) 

657



 

 

3) The same system as at point 2, where energy storage (power-to-pressure) is applied to increase 
the compressor discharge pressure. 

 

Table. 5: Key results for the adapted (upgraded) existing system.  
Values set in bold font are used for a more detailed discussion. 

Pipe diameter  𝐃 = 𝟎, 𝟓 𝐦 D = 0,7 m 

Pipe length 𝐿, km 50 100 150 50 100 150 

Gas flow rate �̇� ,m3
n/h 165627 324629 

Reference state of the system 

Compressor discharge temperature 𝑡  , ⁰C 19.1 

Required preheating temperature 𝑡  , ⁰C 62.9 53.1 38.7 65.6 59.9 53.0 

Tail pressure 𝑝 , MPa 4.45 3.81 3.02 4.64 4.24 3.80 

Transmission time 𝜏 , h 2.9 5.3 6.9 3.0 5.7 8.0 

Expander outlet temperature 𝑡 , ⁰C 5.0 

Compressor power 𝑁   , kW 618 1212 

Required heat flux prior to expansion �̇�  , kW 4424 3532 2295 9146 8117 6905 

Required chemical energy consumption  �̇�  , kW 5690 4551 2957 11786 10460 8899 

Expander power 𝑁   , kW 3583 2971 2079 7350 6657 5816 

Local performance ratio 𝑃𝑅, % 63.0 65.3 70.3 62.4 63.6 65.4 

System adapted for energy storage 

Compressor discharge temperature 𝑡 , ⁰C 22.5 

Required preheating temperature 𝑡 , ⁰C 66.1 57.3 45,1 68,5 63,4 57,3 

Tail pressure 𝑝 , MPa 4.67 4.07 3.35 4.86 4.48 4.07 

Transmission time 𝜏, h 3.1 5.6 7.5 3.1 6.0 8.5 
Expander outlet temperature 𝑡 , ⁰C 5.0 

Compressor power 𝑁   , kW 853 1671 

Required heat flux prior to expansion �̇� , kW 4713 3906 2836 9680 8745 7655 

Required chemical energy consmuption �̇� , kW 6073 5034 3655 12474 11270 9865 

Expander power 𝑁  , kW 3780 3234 2478 7706 7080 6335 

Local performance ratio 𝑃𝑅, % 62.2 64.2 67.8 61.8 62.8 64.2 

Energy storage performance 

Increase of compressor power Δ𝑁  , kW 235 460 

Increase of chemical energy consumption Δ�̇�  kW 382 483 698 689 809 382 

Increas of expander power Δ𝑁   kW 198 263 399 357 423 518 

Electric power input/output balance ∆𝑁 , kW –37 29 164 –103 –36 58 

Storage efficiency 𝜂 , % 32.7 37.4 43.8 31.7 34.0 37.1 

 

The most important change, compared to the dedicated system, is related with the use of chemical 
energy, which strongly decreases the storage efficiency. This fact can be explained using a selected 
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example (highlighted in the Table by a bold font). For the case of 0.5 m diameter and 150 km length, 
the increase of compressor power, is 235 kW. Due to the reduced pressure drop, the increase of the 
expander power is much higher, 399 kW. Accordingly, there is a power gain of 164 kW, and without 
pre-heating the storage efficiency would by much above 100%, due to the synergy effect. Unfortunately, 
the use of chemical energy of 698 kW must be added to the input power, thus reducing the storage 
efficiency to a rather low level of 43.8%. For shorter distances, the obtained results are even less 
favourable. 

5 Conclusions and further work 

The paper demonstrates potential benefits for the integration of natural gas transmission infrastructure 
with electric power storage. The presented results should be treated as a first step of the proof-of-the 
concept only.  

It has been shown that a dedicated system with moderate pressure variations is more favourable, since 
it does not require any supplementary energy consumption for heating. This makes this system 
potentially more interesting that any CAES system with external heat supply. The second alternative 
requires a substantial addition of heat, which, in the case of chemical energy consumption, radically 
decreases the storage efficiency. 

Before the idea can be developed to any industrial project, the following points have to be addressed by 
further study and research: 

1) The system needs to be analysed in its transient, dynamic behaviour. This requires a transient 
flow model for the pipeline, preferably in a computer-aided format using a network simulation 
software; 

2) The dedicated system was analysed assuming that only pressure is varied. However, the required 
moderate pressure ratio can be obtained in axial compressors. It is difficult, if not impossible, 
to vary the pressure ratio without varying the flow capacity of a compressor. Accordingly, the 
enhance model must also analyse the increased mass charging into the pipeline in the charging 
phase; 

3) Duration of the charging and the discharging phases must be defined, and the duration of flow 
(i.e. pressure wave propagation) must be large enough to avoid a superposition of the 
charging/discharging phases; 

4) Technical availability of machinery for large flows and small pressure ratios must be verified. 
However, this is a minor problem since companies offering a dedicated design of machinery are 
present at the global market. 

5) In the case of the ‘upgraded existing system’, the problem formulation is further complicated 
by numerous exit points of varying capacity and varying distance. A case where the entire 
transported flux is discharged into the single distribution system is not likely to occur. 

As a bottom line, one can recommend a continuation of conceptual work towards the dedicated system, 
which is thermodynamically more attractive.  

Nomenclature 

A cross section area, m2 
�̇� energy flux, kW 
h enthalpy, kJ/kg 
H height, m 
L length, m 
�̇� mass flow rate, kg/s 
N power, kW 
p pressure, Pa  
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�̇� heat flux, kW 
R gas constant, kJ/(kg K) 
t temperature, °C 
T absolute temperature, K 
�̇�  normalized volumetric flow, m3/s @(0°C, 101.3 kPa) 
w velocity, m/s 
Z compressibility (real gas) factor 
𝜆   Darcy friction factor 
𝜂  efficiency 
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Abstract 

The international job market for Renewable Energy is currently yearning for skilled labour. This shortage 
in human resources indicates that study programs do not supply the graduates with the needed competencies 
which are vital to the job market. Potential candidates interested in working in the energy sector need to 
demonstrate, in addition to the technical and scientific understanding of the field, good competencies in 
communication and problem-solving as well as analytical skills. Technische Universität Berlin Campus El 
Gouna was established in 2012 to tackle the problem by designing offered master programs filling the gap 
between supply and demand of working forces. The constant mobility of the students between Europe and 
the MENA region allows them to develop and transfer their intercultural skills. This research focuses on 
how the graduates of the TU Berlin Campus El Gouna develop their knowledge of the language, society, 
politics, and culture in both the Arab world and Germany. The key findings are amongst other that from 
2012 to 2017 more than 90% of the TU Berlin Campus El Gouna graduates have jobs that are closely related 
to their field of study. Around 60% of them are working for the industry while the other 40% are working 
in academia and applied research in the field of their studies. Moreover, around 60% of the TU Berlin 
Campus El Gouna graduates managed to secure jobs in Germany, Europe, and their home countries within 
6 months after graduation. This research proves the success of the TU Berlin Campus El Gouna graduate in 
the job market of energy is closely related to their ability to work within different cultural surroundings and 
the high level of their intercultural and transferable skills. Students can only acquire intercultural 
competencies and transferable skills while working within real cultural settings. The internationalization of 
the study processes is the main condition under which these skills are advanced and promoted and at the 
same time future experts are prepared to be ready for the challenges ahead. 
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1 Shortage of skills 

According to the global energy talent index report GETI 2019 [1] there is a skill shortage affecting the job 
market of Renewable Energy industry. Although there are abundant jobs in the sector of Renewable Energy, 
employers find it hard to obtain and retain the skilled workers. Universities all over Europe and the world 
are competing in designing study programs that can fill the gap between the demand and the supply [2]. 
Besides providing the students with state of the art of the field, the universities are concentrating also on 
tailoring their educational process, so that the students can develop intercultural and soft skills. Both 
universities and the job market know that it is important if potential candidates want to enter the clean energy 
market they must know how to manage geographically and culturally diverse teams [3]. In addition to their 
interest in Renewable Energy topics and their understanding of technologies, interested candidates need to 
demonstrate good competencies in communication and problem solving as well as analytical skills. 
Therefore, the modification of education and training provided to the students by universities to meet the 
emerging skill needs of both new and existing occupations and industries represents key challenge required 
by the Renewable Energy industry in the EU. The increased shift in investment towards Renewable Energy 
associated with EU climate policy require creation of new jobs and the subsequent skills [4]. Market and 
policy uncertainties, as well as the potential for localized spikes in demand, can cause challenges for 
education and training systems. Additionally, it is expected from educational institutions to design study 
and training programs in advance to meet and support the market needs of the future.  

2 Employability skills 

For the last decade there has been a growing interest in the concept of graduate employability. This has led 
to many studies to discover which skills the employers are looking for when hiring and to find ways to insert 
them into the curricula. In the UK in 1998 a project was carried out by the Institute for Employment Studies 
to come up with a definition and framework for employability to help to inform future policy developments 
and resulted with the vital findings for both universities and employers  [5]. Employability according to [5] 
is about having the assets which represent the knowledge, skills and attitude and the ability to deploy those 
assets. Hence, these assets are to be presented to the employers within the context of the personal 
circumstances of graduates and the labour market environment. 

 

Figure 1: (Cotton, 1993) Employability Skills 
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Table 1: Employability factors and linked abilities (Hillage & Pollard, 1998) 

Employability Factors Linked Abilities 

Assets 

 - Reliability and integrity 
 - Communication and problem solving 

 - Team working, self-management, commercial awareness etc 

Deployment 

 - Career management skills 
 - Job search skills  
 - Strategic approach - being adaptable to labour market 
developments 

Presentation 

 - The presentation of CVs 
 - The qualifications individuals posses 
 - References and testimonies 
 - Interview technique 
 - Work experience/track record 

Personal circumstances and 
labour market  

 - Personal circumstances - e.g. caring responsibilities, disabilities, 
and household status 
-External factors such as macro-economic demand and the pattern 
and level of job openings in their labour market, be it local or 
national; labour market regulation and benefit rules; and employer 
recruitment and selection behaviour. 

 

“Developing Employability Skills” by [6] paved the way and set the anchors of basic skill factors that lead 
to graduate employability. The simple and practical model of employability skills presented in [6] 
categorizes three types of skills: (1) basic skills, (2) higher order thinking skills, (3) affective skills and 
traits. 

For [7] employability is based on USEM model which consists of four interrelated components: (1) 
understanding is the understanding and knowledge in the subject matter. (2) Skills is the skilful practices in 
academia, employment and life in general. (3) Efficacy reflects the notion of self of the learners, their self-
belief, and the possibility for self-improvement and development beliefs. (4) Metacognition, encompassing 
self-awareness regarding the learning and the capacity to reflect on, in and for action by the students. 

In general managers and professionals from all sectors are required to demonstrate certain skills like 
leadership, dynamism, problem solving capabilities and communications skills in order to be successful. 
For the Renewable Energy market, this is also the case. In 2011, the International Labour Organization 
(ILO) published a report about the skills and occupational needs in Renewable Energy. They identified what 
are the core skills needed by employers in the field of Renewable Energy among them are dynamism, 
leadership, negotiation and strategic skills. It also refers to the fact that due to the international nature of the 
market where the development in the area of wind, hydro and solar energy are being managed from overseas, 
employers are preferring candidates who are fluent in foreign languages especially English, flexible and 
willing to travel [2]. 
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Figure 2: USEM model (Knight & Yorke, 2004) 

In 2014, the [8] predicted that by 2020 Renewable Energy could provide employment for two million 
citizens in Europe, generating a market turnover of several hundred billion Euros. At the same time the 
report pointed out at the possibility of under-estimating the demand for skills. The key challenge according 
to this report is alignment of education and training to meet the emerging skill needs of both new and existing 
occupations and industries. In particular, ‘new’ and priority skills related to innovation may be needed, such 
as problem-solving, design and working with stakeholders [8]. 

3 The role of students’ mobility in increasing their employability 

The last two decades have seen a sharp increase in the number of student mobility programs and 
international master degrees offered by institutions of higher education all over the world. It is evident that 
the increasing globalization and the interrelations between multinational job markets demand universities 
to produce graduates who can work in such diverse environment [9].  International exchange mobility and 
study abroad programs expose students to new cultures and languages. This is believed to actively contribute 
to the personal development of the students in addition to teaching them valuable intercultural competences 
[10]. It is also assumed that student mobility programs enhance the student employability in an international 
labour market, which requires not only technical knowledge but also soft skills such as intercultural 
competences and adaptivity to different social environments [11]. Soft skills like teamwork, lateral thinking, 
project management and communication capabilities are important in any workplace. The changing nature 
of work requires additional skills and competencies, including adaptability, innovation and entrepreneurial 
mindsets. Many studies have reported a positive association between participation in study abroad programs 
and job prospects for graduates. Many internationally mobile students are likely to speak fluently in a second 
language. There is evidence from the US and Europe that speaking a foreign language is rewarded in the 
labour market [12]. Graduates who have spent some time overseas during their university studies are more 
likely to work effectively in a multicultural environment and may be more open to working in other parts 
of the world during their career. Intercultural competence and willingness to be internationally mobile are 
likely to be highly valued in a global economy. Former participants in international student exchange 
schemes are likely to be more flexible and open to change, enabling them to adapt to new situations, embrace 
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different perspectives, and deal with ambiguity [13]. Additionally, study abroad programs may enhance 
confidence and self-awareness of the students. While studying and living abroad, students have to deal with 
new and unexpected situations, which can help them to become more confident, mature, and self-reliant. 
Participation in study abroad programs allows students to acquire information on labour market conditions 
abroad and to make contact with relevant firms in foreign countries. Moreover, graduates may also rely on 
friends met during their study abroad experience to look for a job in a foreign country. Thus, having an 
international experience of studying abroad even for one semester may increase professional opportunities 
of job candidates after graduation.  

4 Integrating the skills into the curriculum 

European bachelor and master programs in Renewable Energy vary in terms of duration, content, 
curriculum, level of detail, degree, etc., there are a few common characteristics that can be used to categorize 
them. Many programmes have been launched within the last decades following the new requirements of the 
job market in Renewable Energy technology. Below is a list of master programs at European universities in 
the field of Renewable Energy. By looking at the objectives of these programs we can notice that they share 
certain keywords and features. Some of these programs require the student to move to another country to 
study at least one or two semesters in another university like the European Master in Renewable Energy. 
Another noticeable fact about the master programs of Renewable Energy is the title of the master. For 
example, Energy Management, Gas and Oil management, Energy Technologies and Management and 
Energy Business. these titles imply not only the content of the program but also the importance of the 
managerial and business skills for the future employees in the energy field.  On the other hand, some of the 
titles of these degrees refer to the global or the international aspect of the curriculum. For example, The 
European Master in Renewable Energy, the International Oil and Gas Management, the Erasmus Mundus 
Joint Master Degree in Marine Environment and many others are pointing at the possibility of applying the 
graduate knowledge regionally and internationally. When looking at the objectives of the master programs 
in Renewable Energy, we can see the tendency to mention few keywords that express the main concerns of 
the employers and the energy market in general. many programs mentioned clearly the gab in the energy 
market and therefore designed the program to fill in that gab and satisfy the global market demands. Other 
programs contain units on growth of new business opportunities in the field of energy and emphasised the 
importance of managerial skills, understand the business processes needed for a career in the industry, and 
develop the abilities required to successfully be part of a team. Other programs are designed to enable the 
graduates to understand and solve energy challenges both at national and global level and understand the 
financial risk. 

 
Figure 3: The design of master study program in the field of Renewable Energy 
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5 The case of TU Berlin Campus El Gouna 

In 2012, The Technische Universität (TU) Berlin established its satellite Campus in the resort of El Gouna 
in Egypt. The TU Berlin Campus El Gouna offers five master programs: Energy Engineering, Water 
Engineering, Urban Development, IT for Energy and Business Engineering Energy. Pursuing a master 
program at TU Berlin Campus El Gouna offers the opportunity to study at two very distinct locations that 
differ tremendously not only in size but also in their social, cultural, and ecological characteristics. The 
contrast between these locations supports the intercultural exchange: climate and size of the cities do not 
only vary greatly, but the cultural and economic background also provide different insights into the problems 
of energy engineering. Every academic year, students from more than 20 nations are exposed to a true 
interdisciplinary and international surrounding. This setup constitutes ideal conditions for the students of 
Energy Engineering to apply their newly gained knowledge to a wide number of diverse conditions, 
environments and applications. The objective of the Energy Engineering program is to provide students with 
shared theoretical and practice-oriented knowledge in the field. 

 
 
 
 
 
 
 
 
 
 
 

  
 
 
 
 

  

Figure 4: Students country of origin-Energy Engineering- TU Berlin Campus El Gouna – batch 
2012/2013 & 2013/2014 

The study content focuses on fundamental and applied aspects of energy engineering, including both 
conventional and renewable energies. In addition, it takes advantage of the multicultural and diverse 
environment to enhance the student’s soft skills. The program has in its study plan a module called 
“Interdisciplinary Studies and Projects” during which the students learn project management, intercultural 
communication and take part at an interdisciplinary project. The Interdisciplinary Studies and Projects 
module requires the students to work in groups on project with topics closely related to the latest issues in 
the field of sustainability.  The participants in the project organize themselves to solve sub-problems on the 
way to developing the overall solution. They are responsible for their time management, reporting and 
results. The module was designed and integrated into the study program in order to enable the students to 
learn and practice their managerial and social skills, problem solving skills, team working skills, and 
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presentation skills. In 2016, two new master programs were established in the department of Energy 
Engineering. The Master’s degree program M.Sc. Business Engineering (MBE), with focus on the 
fundamental aspects of managerial tasks within the energy sector and the application of business tools on 
energy challenges, including both conventional and renewable energies. The Master degree program M.Sc. 
IT for Energy (ITE) focuses on the fundamental aspects of energy engineering and the application of 
information technologies on challenges facing the energy sector, including both conventional and renewable 
energies. The new Master Programs were established to cover additional needs of the market in the energy 
sector.  

6 TU Berlin Campus El Gouna Alumni Statistics: 

In 2018, the Alumni association of TU Berlin campus El Gouna gathered information about the graduates 
of the three master programs. It revealed, that more than half of the Campus El Gouna graduates are currently 
employed in Germany. Recent graduates are still looking for work, but more than 60 percent of all graduates 
found a job within the first six months after graduation.  

 
 
 
 

 

 

 

 

 

 

 

 

 

 

Figure 5: Alumni Statistics (Alumni Club TU Berlin Campus El Gouna 2018) 

When asked about the nature of their current jobs and its relation to the study field, the answers showed that 
more than 60% are currently working for the industry and applied research institute in a job that is closely 
related to their field of study. 20% of the students are in academia perusing their PhD. 

52% Working in 
Germany

10% Working in 
Europe 

19% Working in 
home country

10% Searching 
for work

Working in Germany Working in Europe

Working in home country Searching for work
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Figure 6: Alumni Statistics (Alumni Club TU Berlin Campus El Gouna (2018) 

7 Conclusion 

Universities should supply the energy sector with graduates who can fill in the gab and possess the skills 
required by the employers. Designing a good curriculum is only one of the factors that the future experts in 
the energy field need to be successful. TU Berlin Campus El Gouna seems to have correctly interpreted the 
demands of the energy job market and designed their master programs accordingly. The mobility of the 
students plays an important role in enhancing the students intercultural and transferable skills that is highly 
needed by the employers. Being exposed to different cultures and environment facilitate the learning process 
and enhance student skills such as language proficiency, teamwork in a multicultural environment, self-
confidence and a critical view towards stereotypes. These skills are important for working in the field of 
Renewable Energy due to the fact that the available jobs require close collaboration with project 
stakeholders worldwide.   
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Abstract: In this study, we consider the case of a cogeneration unit installed within an oil refinery. 
This oil refinery has a processing capacity of 69,000 m3/day (433,996 barrels/day) of crude oil, and 
the generation system can handle an electrical power of 97.8 MW and provide steam at a mass flow of 
885 t/h. The cogeneration system has three conventional boilers, three heat recovery boilers connected 
to gas turbogenerators, two heat recovery boilers connected to a stream of carbon monoxide (CO) 
from the catalytic cracking units, three gas turbogenerators, three steam turbogenerators and one 
turboexpander. Using the Engineering Equation Solver (EES) and for each of the equipment units, we 
obtained an overview of mass, energy, entropy and exergy, in order to establish conciliation of the 
data removed from the refinery control data acquisition system (Plant Information - PI). Through 
routine internal procedures, we evaluated the most critical parameters of performance, such as energy 
efficiency, exergy efficiency, and irreversibility of equipment and the complex as a whole. The results 
show that processes that have combustion phenomena as their structural elements present higher levels 
of irreversibility and the generation of entropy. In this regard, analysis based on aspects of the First 
Law shows, by way of example, that boilers reach efficiency levels of over 85%. In comparison, from 
the exergetic perspective, these values tend to cluster around the 40% threshold. Finally, we discussed 
performance parameters different from those traditionally used in exergetic analyses, so that the 
technique may gain presence in industrial environments. 

1 Introduction 

Oil refineries are energy-intensive industrial activities, consuming energy corresponding to between 
7% and 15% of the total energy load processed in large plants such as atmospheric distillation, delayed 
coking, and hydrorefining units [1]. 

Due to the high total energy required by the processing of crude oil, it is widespread for there to be 
internal cogeneration systems, to meet the demands for heat and electrical energy [2]. 
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The study of cogeneration systems can be made based on two different perspectives: the energetic and 
the exergetic. Well used in industrial applications, First Law approach enables the accounting for the 
total volumes of energy that pass through the flows, through the equipment, and through the system as 
a whole. 

The fact, however, is that, in real processes, there is always some generation of entropy which means 
the progressive and relentless destruction of convertible energy resources, something which energetic 
analysis, taken alone, is unable to identify [3]. 

Tsatsaronis [4] shows the limits of the energetic analysis of thermal systems. The First Law does not 
detect any energy degradation in an adiabatic heat exchanger and identifies that the condenser is 
responsible for the relatively low overall plant efficiency. 

However, the boilers are, in fact, mainly to blame for the efficiency issues. The main reason for that is 
that kind of losses can not be identified as heat rejection and thus avoid energy analysis. The exergetic 
analysis – or that based on the Second Law – permits the identification of inefficiencies of this type, in 
processes for energy conversion, and is complementary to energy analysis [5]. 

The case study involves a real cogeneration unit installed inside a Brazilian oil refinery, and the 
objective is to perform an energy and exergy analysis exploring the aspects that an isolated analysis 
using only the First Law of Thermodynamics cannot detect. Based on the efficiency parameters and 
others, it is discussed how the exergetic analysis can assist in making decisions in the process of 
allocating loads of equipment such as turbogenerators and steam generators in industries. 

2 Description of the cogeneration system 

The cogeneration system here studied can produce 97.8 MW of electric power and 885 t/h of steam at 
a temperature of 485°C and pressure of 90.1 bar (high-pressure steam – HP). Figure 1 presents a 
simplified diagram of the cogeneration system studied. Numbers identify the material flows and 
uppercase letters identify the equipments. 

 

Figure 1: Simplified diagram of the cogeneration system 

The steam generator system is composed of two categories of devices. The first category comprises 
three conventional steam generators (item A), each with a steam generation capacity of 100 t/h. These 
conventional boilers do not have an economiser, but each has a high-pressure feedwater heater (item 
G) using steam from the medium-pressure (MP) collector, with a temperature of 260 °C and pressure 
of 14.3 bar. 

The second category is the heat recovery boilers (item B), two of which – with steam generation 
capacities of 115 and 110 t/h respectively – are coupled with the catalytic cracking units, for the 

678



recovery of the heat of the stream of carbon monoxide (CM). According to Fahim [6], the process of 
catalytic cracking generates a warm current that is rich in CM, in the continuous regeneration section 
of the catalyst, with relevant energy to be recovered. 

The other three recovery boilers (item N) are connected to gas turbogenerators, for the use of exhaust 
gases from this equipment, operating, under normal conditions, with supplementary burning of fuel. 
This set of equipment can operate as conventional boilers should the associated gas turbine be 
unavailable. 

The electric power includes seven types of equipment coupled with electric generators: one 
turboexpander (item C), three steam turbines for extraction and condensation (item D), three gas 
turbines (item O). The steam turbines have a generation capacity of 7.5 MW of electrical energy, and 
accept HP, generating MP and condensate (item E). 

There are three GE LM 2500 aeroderivative gas turbines, with different capacities under real 
conditions: one of 18.5 MW and the others of 20.5 MW. This equipment is essential for the provision 
of operational flexibility in the generation of electrical and steam power associated with heat recovery 
boilers. 

The turboexpander, at the exit of the regeneration section of the catalytic cracking unit, has a nominal 
capacity to generate 15.8 MW of electrical power. The power is generated by the use of the stream of 
CM before it enters the recovery boiler. 

The cogeneration system uses three different kinds of fuel: refinery gas, natural gas, and the stream of 
CM. Refinery gas, as generated within the refining process itself, is a mixture of light hydrocarbons 
used in boilers and furnaces throughout the refinery. The stream of CM must be burnt because it 
cannot be poured directly into the atmosphere due to environmental restrictions. 

The water used for the boilers is provided by the water treatment unit, through a process of 
demineralisation and ultrafiltration. This water is used for replacement of losses in the steam 
distribution system as well as the consumption of steam for injections at the process units. 

Six deaerators (item P) receive the return of condensate from the process units, from the serpentine 
water heating systems of the tanks for storage of viscous and ultraviscous products and the condensate 
generated by steam turbogenerators. The deaerators operate at a pressure of 4 bar, with the use of low-
pressure (LP) steam for the removal of gases and heating water. 

For handling fluids inside the unit, there is a set of pumps (item H) that can be activated by electric 
motors or counterpressure steam turbines that accept MP and generate LP at an average temperature of 
190 °C and a pressure of 3.6 bar. Finally, there is a set of process equipment that promote energy 
integration: expansion vessels (items I and M), heat exchangers (item L), top condensers (item J) and 
pressure reducing valves (item F). 

3 Methodological and theory background 

The data used was obtained using the current acquisition system, currently extant at the oil refinery. 
For the conciliation, 109 individual units of field data were used – temperature, pressure, and mass 
flow – and this data was then made compatible with the steady-state hypothesis. 

The methodology used for the compatibilisation of the data was that proposed by Kim [7]. In this 
loaned procedure, the author does not set a fixed criterion for the establishment of a steady-state. In 
this present study, the criterion for acceptance of data was a variation of two standard deviations (SD) 
within a 1-hour window, with acquisition every 10 minutes.  

A sample of stability can be seen for the results: like that of room temperature, where we observed a 
variation of ± 0.34°C, and, in the case of the mass of water for the conventional steam generator 
±0.83 kg/s. 

The fuels used were modelled, considering a mixture of gases based on an ideal gas model, using the 
equations mentioned by Klein [8]. The molar composition of the energy drinks was obtained by gas 
chromatography analysis in the refinery's laboratory. The molar fraction of the main chemical 
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components of the fuels and their respective heating values are presented in summarised fashion table 
1 that follows. 

Table 1: Molar fractions of the fuels and lower heating value – Source: Courtesy of the company 

Component Refinery Gas Natural Gas Stream of CO 
CH4 60.00% 93.53% - 
C2H6 13.80% 1.58% - 
C2H4 5.80% - - 
C3H8 1.20% 1.59% - 
C4H10 2.30% - - 

H2 12.90% - - 
CO 0.90% - 7.46% 
CO2 0.50% - 12.92% 
N2 2.60% 3.30% 73.71% 

H2O - - 5.91% 
Lower Heating Value 

[kJ/kg] 
46,698 49,528 715.9 

 

The joint appraisal of the equipment was made through the routine developed within the Engineering 
Equation Solver (EES) [9]. In each of the defined control volumes, we presented the situation of mass, 
energy, entropy and exergy in a steady-state condition, disregarding the effects of kinetic energy and 
potential energy, with the equations taken from Modell and Tester [10]. 

The assessment of the total exergy of each of the streams was made using a specific internal routine 
based on the equations presented by Kotas [11] and Szargut [12]. The levels of chemical exergy that 
are carried by the fuel streams were appraised through the information regarding standard chemical 
exergy, as given by Szargut and Morris [13]. 

The performance criteria were appraised for each of the items and the plant as a whole. For each item, 
the performance criteria were evaluated with the use of the equations presented by Oliveira Jr [14]. 
The evaluation of the efficiency of the Second Law was calculated based on the equations presented 
by Tsatsaronis [4]. 

4 Case study – results and discussions 

4.1 Energetic and exergetic flows 

Using the information regarding lower heating value, as presented in table 1, and the material flows, 
shown in table 2, it is possible to evaluate energetic and exergetic flows that enter and leave the 
thermoelectric plant. Table 3 presents a summary of energy and exergy of these streams. 

The material flow of the stream of CO needs additional care, to ensure the correct accounting of 
energy. Part of the energy that it carries refers to the lower heating value, while the other part is carried 
by temperature. These calculations were made considering the value of the specific heat, as assessed 
by the EES, of the current, which has a value of 1.203 kJ/kg-ºC. 

Table 2: Material flows of the cogeneration unit 

Flow 
 

m 
[kg/s] 

P 
[bar] 

T 
[C] 

H 
[kJ/kg] 

s 
[kJ/kg-K] 

b 
[kJ/kg] 

Working Fluid 
 

1 65.28 90.10 485 3,349 6.61 1,397.0 Steam 
2 65.93 121.60 139 593 1.72 88.4 Water 
3 0.65 91.30 304 1,370 3.30 397.7 Water 
4 4.45 5.50 28 -3,145 10.09 48,497.0 Refinery Gas 
5 85.06 0.94 23 -216 6.98 0.0 Air 
6 89.52 0.94 142 -2,552 7.60 85.6 Combustion Products 
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7 32.16 90.10 485 3,349 6.61 1,397.0 Steam 
8 32.48 121.60 139 593 1.71 88.4 Water 
9 0.32 91.30 304 1,370 3.29 397.7 Water 
10 0.64 5.50 28 -3,145 10.09 48,497.0 Refinery Gas 
11 33.68 0.94 23 -216 6.98 0.0 Air 
12 103.30 0.94 236 -2,299 7.33 134.9 Combustion Products 
13 68.95 0.95 502 -1,966 7.89 965.1 Carbon Monoxide 
14 68.95 2.60 660 -1,779 7.82 1,171.0 Carbon Monoxide 
15 38.11 90.10 485 3,349 6.61 1,397.0 Steam 
16 32.93 14.30 285 3,008 6.88 973.6 Steam 
17 5.18 0.05 33 2,561 8.39 80.3 Saturated Steam 
18 752.20 3.00 20 84 0.30 0.3 Water 
19 752.20 3.00 24 101 0.35 0.2 Water 
20 5.18 0.05 31 132 0.46 0.5 Water 
21 0.00 90.10 485 3,349 6.61 1,397.0 Steam 
22 0.00 121.60 139 593 1.72 88.4 Water 
23 0.00 14.30 280 2,995 6.86 967.5 Steam 
24 0.00 14.30 260 2,950 6.78 946.8 Steam 
25 0.00 14.30 193 823 2.27 155.5 Water 
26 65.93 121.60 139 593 1.72 88.4 Deaerated Water 
27 133.40 121.60 139 593 1.72 88.4 Deaerated Water 
28 45.40 3.00 110 461 1.42 45.4 Water 
29 1.05 0.94 98 2,673 7.38 492.9 Saturated Steam 
30 1.05 0.94 50 209 0.70 5.0 Water 
31 45.40 0.94 96 404 1.27 33.1 Water 
32 141.50 9.00 27 114 0.39 1.0 Water 
33 141.50 9.00 31 132 0.46 1.3 Water 
34 141.50 9.00 32 136 0.47 1.4 Water 
35 0.95 14.30 196 834 2.30 159.6 Water 
36 0.95 14.30 45 189 0.64 4.6 Water 
37 1.32 91.30 304 1,370 3.30 397.7 Water 
38 0.36 14.30 196 2,790 6.46 881.5 Steam 
39 34.61 90.10 485 3,349 6.61 1,397 Steam 
40 34.96 121.60 139 593 1.72 88.4 Water 
41 0.34 91.30 304 1,370 3.30 397.7 Water 
42 1.27 5.50 28 -3,145 10.09 48,497.0 Refinery Gas 
43 0.00 0.94 22 -215 6.99 0.0 Air 
44 108.70 0.94 193 -1,567 7.67 72.3 Combustion Products 
45 107.40 0.95 528 -631 8.21 255.4 Combustion Products 
46 2.02 32.70 23 -4,494 9.26 49,528.0 Natural Gas 
47 105.30 0.94 23 -215 6.99 0.0 Air 
48 28.49 3.60 190 2,842 7.18 721.1 Steam 
49 26.67 3.60 139 585 1.73 77.1 Water for the Process 
50 53.34 3.60 139 585 1.73 77.1 Water for the Process 
51 14.77 3.00 110 461 1.42 45.4 Water 
52 3.20 0.94 Sat 398 1.25 31.8 Steam 
53 28.49 3.60 190 2,842 7.18 721.1 Steam of the Process 
54 33.29 14.30 260 2,950 6.78 946.8 Steam 
55 93.94 90.10 485 3,349 6.61 1,397.0 Steam 
56 133.40 3.60 139 585 1.73 77.1 Water 

The total energy that enters the cogeneration system is 686 MW, with the three fuels together 
accounting for 72.57% of this total. The following flows carry the remaining 188 MW: LP, 
replacement water, cooling water, and return of the process condensate. Moving on to outflow, we see 
that 8.02% of the total energy leaves in the form of electric potential and 60.18% as steam (HP and 
MP). Heat lost to the environment through the body of different items of equipment came to 28.6 MW 
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that accounts for 4.18% of the energy available. The stream of cooling water removed 12.5 MW of 
energy for condensation in the steam turbogenerators. 

The total exergy that enters the cogeneration unit is 514 MW, and here the fuels transport 95.41% of 
all the exergy that enters the unit under study. The rest of the available exergy is loaded by the same 
flows as mentioned above, giving a total of 23 MW of exergy compared with the 188.195 MW of 
energy that these same currents take inside the control volume. Concerning the outflow of exergetic 
flow, the exergy transferred to useful products came to 215 MW, which accounts for only 41.93% of 
the total exergy that was available at the entrance to the control volume. 

Comparing the energy and exergy flows through currents, we can see that the energetic viewpoint does 
not make any distinction between different forms of energy [3] This lack of distinction could mean 
that applications may be badly sought for these currents. Exergy analysis has the power to correct this 
effect. First of all, exergy analysis brings different sources and methods to one same base for 
comparison, assigning quality to the different flows. Secondly, exergy measures the imbalance of the 
currents compared to a reference condition [15], thereby allowing the evaluation of its capacity to do 
work. Using only energy analysis is not possible to see that a significant part of the energy that enters 
in the control volume is thermodynamically unavailable.  

Table 3: Balance of Energy and Exergy for Global System 

Flows Energy 
[kW] 

Percentage 
Participation 

Exergy 
[kW] 

Percentage 
Participation 

Inflow 
Refinery Gas 297,816 43.41% 309,289 60.16% 
Natural Gas 95,912 13.98% 100,492 19.55% 

Carbon Monoxide 104,089 15.17% 80,740 15.70% 
Low Pressure Steam 80,968 11.80% 20,544 4.00% 
Replacement Water 16,131 2.35% 131 0.03% 

Cooling Water 63,327 9.23% 196 0.04% 
Return of Condensate 27,768 4.05% 2,735 0.53% 

Outflow 
Electric Power 54,988 8.02% 54,988 10.70% 

High Pressure Steam 314,605 45.86% 131,234 25.53% 
Medium Pressure Steam 98,205 14.32% 29,345 5.71% 

Process Water 46,829 6.83% 6,172 1.20% 
Vessel Purging 182 0.03% 4 0.00% 

Loss on Deaeration 1,274 0.19% 102 0.02% 
Cooling Water 75,896 11.06% 162 0.03% 

Combustion Gases 65,361 45.86% 29,464 5.73% 
Bodies and Irreversibilities 28,670 9.53% 262,656 51.09% 

4.2 System for distribution of steam and return of condensate 

In the case studied, exergy destruction of 6360 kW was observed on the deaerator – accounting for 
2.48% of the total. This is due to the effect of mixing the different currents that go to the deaerator. 
Table 3 shows that the total exergy from condensate is 2735.33 kW, and the total exergy in heated 
water is 6171.97 kW. From an energy perspective, there is no loss in deaerator. However, from an 
exergetic perspective, a relevant generation of entropy occurs in this process, which cannot be detected 
by the First Law. 

Part of the steam thus distributed does not return, due to the presence of leaks. These leaks came to a 
total flow of 16.6 kg/s. The temperature water replaced is close to ambient temperature with total 
exergy of 196.78 kW, which is very far off the total necessary for the distribution. 

This difference is filled through heating up to the steam saturation temperature on the deaerator's 
pressure – 4 bar. This heating process inside the deaerator is highly irreversible, due to the significant 
temperature difference between the currents, and cannot be detected by energy analysis. 
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One way to reduce irreversibility in the deaeration system is to work on the proper condensate 
recovery. Recovery steam lost in the distribution system would bring a reduction of up to 12.8% in the 
degree of irreversibility of the deaerator. 

The streams mean temperature could increase 6,9 °C, reducing steam consumption and decreasing 
irreversibility. With the total recovery of the steam, we calculated a reduction of the steam needed for 
heating, from 28.49 kg/s to 26.45 kg/s, which works out at a reduction of 7.7%. 

4.3 Generation of electrical energy 

Table 4 shows some indicators [16] for the evaluation of the generation of electrical energy. First and 
second columns show the values of energy and exergy load, respectively, with these having been 
calculated based on input from each item of equipment. 

The third column shows the electric power generated by each item of equipment. The fourth and fifth 
columns, respectively, show the energy and exergetic loads with the energy generated by the different 
items of equipment. The normalisation of results based on the energy and exergy load of the 
equipment aims to be able to compare equipment whose nature of the operation is different instantly. 
The last column presents information about total irreversibility. 

The comparison between energy and exergy normalised by the product generated allows verifying the 
limits of the First Law analysis in different pieces of equipment. The values increase from one to the 
other when the Second Law analysis captures the effect of carrying out work that the First Law fails to 
capture and vice versa. 

Table 4: Main indicators for generators of electrical energy 

Subsystem 
Energy 

Load (1) 
[kW] 

Exergy 
Load (2) 

[kW] 

Electrical 
Energy (3) 

[kW] 
(1) /(3) (2)/(3) 

Irreversibility 
[kW] 

Turboexpander 54,728 80,740 12,599 4.344 6.408 1,587 

Steam Turbogenerator 127,630 53,239 13,731 9.295 3.877 7,021 

Gas Turbogenerator 95,912 100,492 31,805 3.016 3.160 39,593 

 

4.3.1 Turboexpander 

The flow of CM passing through the turboexpander, from the energetic perspective, only captures the 
thermal effects, without taking the mechanical effects into account and this can be compared in the 
ratio between energy load and exergy load, with the electrical power thus generated, there is an 
increase in thermal availability of the flow of CM, as we must also consider the mechanical effects. 
Albeit small, this mechanical effect can effectively carry out work yet is not perceived by the energetic 
assessment. 

The loss of heat in turboexpander is 261.6 kW assessed by mass and energy balance of material flows. 
The exergy destruction observed it occurs through a reduction in the temperature of flow and friction 
inside which does not let the temperature fall as if there were an adiabatic expansion. On the one hand, 
there is an increase in the flow of CM's capacity to carry out work, while on the other hand part of this 
mechanical effect brings with it a certain amount of irreversibility and this explains the fact that the 
total irreversibility – presented in table 4 – of the equipment is small. Moreover, the ratio between the 
destruction of exergy and energy generated was 0.12 kW / kW. 

4.3.2 Steam turbogenerator 

The energy and exergy load of the steam turbogenerator are given by the HP stream that comes from 
the collector. The comparison between exergy load and energy load shows that about 41.7% of the 
total energy load is thermodynamically unavailable, thereby reducing the ratio between energy load 
and exergy load, on the one hand, and generation of electrical energy, on the other, by a factor of two 
and a half. 
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The total irreversibility of the steam turbogenerator is 7,021 kW based on exergy balance. In 
particular, for turbines with backpressure and condensation section in real installations, it is possible to 
choose two routes for operation: (i) extraction; (ii) condensation. Using the balance of exergy and data 
reconciliation is possible to evaluate the performance of each of the possible paths for energy 
generation. 

Table 5: Extraction and condensation route in steam turbogenerator 

Route 
Electrical Energy 

[kW] 
Irreversibility 

[kW] 
Irreversibility/ 
Elect. Energy 

Extraction 11,229 2,713 0.241 
Condensation 2,501 4,307 1.722 

Global 13,731 7,021 0.511 

 

The decomposition of the effects of the section allows for ruling out inevitable misinterpretations. The 
extraction route has an irreversibility per unit of energy generated compared to the condensation route. 
In this regard, from the thermodynamic conversion standpoint, one should prioritise maximisation of 
operation in the extraction section, with the condensation section remaining in residual form. 

4.3.3 Gas turbogenerator 

In gas turbogenerators, the energy and exergy load is given by the natural gas that supplies the set, and 
these values are close as they are mostly the chemical energy of the fuel. The combustion phenomenon 
is the main point of destruction of exergy inside gas turbogenerators. The high irreversibility must be 
seen in perspective considering the product generated, in this point of view, it is possible to observe 
that the relationship between irreversibility and generated electricity was 1.24 kW/kW. 

4.3.4 Efficiency in the generation of electrical energy 

Figure 2 shows the efficiencies from the perspective of the First Law and Second Law of 
Thermodynamic. The efficiencies, based on the First and the Second Law, are assessed computing 
product desired and the supplies that are needed for the process [14]. 

The turboexpander represents the equipment with the best thermo-dynamic performance and the gas 
turbine the worst. The decision to allocate loads from a thermodynamic point of view should not be 
made only from the perspective of efficiency parameters. 

In the case studied, an eventual increase in electrical energy can be performed on the three machines. 
It turns out that the turboexpander is connected to a catalytic cracking unit and, therefore, cannot 
undergo significant variations with only steam and gas turbogenerators remaining. 

The decision observing First and Second Law efficiencies could be to allocate load on steam 
turbogenerators. However, as previously mentioned, steam turbogenerators can increase the load 
through extraction or condensation. 

As the operation is in a permanent regime, meeting the demands of MP steam, there is only an 
increase in the condensation section. In this sense, the indicator that relates irreversibility to energy 
generation gains relevance. 

From the thermodynamic point of view, a marginal increase in electrical energy is more appropriate in 
the gas turbine because the relationship between irreversibility and electrical energy in this equipment 
is better than that of the steam turbogenerator that only allows the increase in the condensation section. 
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4.4 Steam generation 

Some results about the equipment of the steam generation system are shown in table 6. The initial 
information presents steam load, the second one irreversibility and the last one ratio between 
irreversibility and steam load, in the same way of electric power generation. 

The result of the third column of Table 6 represents a relevant indicator. It reflects the destruction of 
exergy to the amount of steam generated. Using this standardisation in industrial environments is that 
it allows comparing equipment of different natures and loads. 

In this case, the exergy load was evaluated using the same criterion as previously mentioned. Only the 
additional quantity of added fuel was considered as exergy load, so that we can have an indicator of 
the operational strategy, from a thermodynamic standpoint. 

 

Table 6: Main indicators for steam generator system 

Subsystem 
Steam 
Load 
[kg/s] 

Irreversibility 
[kW] 

Irreversibility/ 
Steam Load 

[kJ/kg] 

Exergy 
Load 
[kW] 

Exergy Load/ 
Steam Load 

[kJ/kg] 

Conventional Boiler 65,28 122,971 1,883 215,908 3,307 
CO Recovery Boiler 32,16 42,126 1,306 31,401 976 

Recovery Boiler 34,61 35,002 1,011 61,979 1,790 

 

4.4.1 Conventional steam generator 

The process for steam generation in this equipment occurs through the fuel that enters the boiler. The 
high level of irreversibility can be explained by the fact that the generation of steam only occurs 
through combustion and the transmission of heat inside the equipment. This transmission of heat 
occurs with a high-temperature difference, thereby intensifying the irreversibility. 

The normalised exergy load for a generation of steam in this generator is higher than for the others, 
which shows, from the thermodynamic standpoint, that the quality of the conversion, in mean terms, is 
smaller when compared with the other equipment. 

79,60%
66,72%

33,16%

88,75%

66,13%

31,65%

Turboexpander Steam Turbine
Generator

Gas Turbine Generator

Global Efficiencies

First Law Second Law

Figure 2: First and Second Law Efficiencies to electrical 
equipments  
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4.4.2 Heat recovery boiler – stream of CO 

The heat recovery boiler needs the lower additional exergy load for the generation of steam. The 
exergy stream of CO has two relevant components: the thermal and the chemical, while exergy in the 
case of the conventional steam generator is only chemical. This means that the participation of the 
additional fuel in the CO boiler is only residual. 

The mean temperature for heat transmission inside the CO recovery boiler is lower when compared to 
the conventional boiler. It was observed that the participation of additional fuel in irreversibility is 
higher, which suggests that, from the thermodynamic perspective, the operation of this equipment 
should be with the lowest possible amount of burning, prioritising the exergy stream of CO. The ratio 
between irreversibility and additional fuel suggests the application of a penalty for this kind of 
increase. 

4.4.3 Heat recovery boiler – gas turbines 

The heat recovery boiler connected to gas turbines showed the lowest level of irreversibility when 
compared to the other equipment. This lower value is linked to the use of the high-temperature current 
coming from the gas chambers. 

Some additional burning is indeed necessary but, in opposition to the CO recovery boiler, this 
participation does not contribute so much to the exergy destruction. This can be explained by the fact 
that there is no significant element of chemical exergy which comes from the turbine's gas streams, 
and the average temperature for heat transfer in this equipment is the lowest of the three observed. 

4.4.4 Efficiency in steam generation 

Figure 3 shows the efficiency of steam generators from the perspective of the First Law and Second of 
Thermodynamics. The efficiency values were found using the equations listed in the methodology and 
the data in table 2.  

 

Figure 3: First and Second Law Efficiencies to steam generator equipments 

The efficiency based on First and Second Law show that steam generators do not succeed in 
transferring all the input energy and exergy to the products; however, just the second Law analysis can 
identify the irreversibility issues. The combustion and heat transmission processes inside each of the 
equipment units increase irreversibility. 

From the thermodynamic point of view, it is observed that the choice in the allocation of load for these 
pieces of equipment must take place observing the two indicators: exergetic efficiency and 
irreversibility per unit of steam generated. Thus, for the case studied, the priority in the load allocation 
must be the recovery boiler, followed by the CM recovery boiler and finally, the conventional steam 
generator. 

86,41% 86,90%
92,69%

39,51% 42,84%
50,65%

Conventional Boiler CO Recovery Boiler Recovery Boiler

Global Efficiences
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4.5 Cogeneration – global analysis 

Table 7 shows the results of the energetic and exergetic appraisal of the unit as a whole. The first line 
considers only the equipment involved in the generation of electricity, as a useful product. The second 
line shows the results considering steam (HP and MP) and electric power as useful products. 

Table 7: Global efficiencies of the cogeneration unit 

 
Energy 

Efficiency 
Exergetic 
Efficiency 

Generation of Electrical Power 47.28% 42.92% 
Cogeneration 82.65% 43.15% 

 

The primary purpose of cogeneration is that of increasing global efficiency, as useful products are 
steam and electric power. When analysed from the energy standpoint, the combined cycle shows a 
gain in efficiency, but it is not possible to distinguish between the ability to extract work between HP 
and MP. This can be seen in energy analysis as exergy measures the quality of the products. An 
increase in efficiency, from this viewpoint, is not substantive, as the capacity of work performance of 
HP and MP are not those found in energy analysis. 

A second point that can be highlighted from the global analysis based on the exergetic analysis is that 
there is a space for feasibility studies that point to the replacement of the counterpressure/condensation 
turbine with new gas turbines or just counterpressure turbine, this modification has potential to 
improve global exergetic efficiency. Although the irreversibility of the turbines is high in the electric 
power generation process, in comparison with the use of the condensation section, it proves to be a 
good alternative, requiring economic analysis for the conclusion. 

5 Conclusion 

On industrial units, energy analysis is commonly used being easy to use and also due to the possibility 
of identification of flows of energy between the equipment. As seen, from the energy perspective, 
some flows may seem to carry a significant amount of energy; however, this perspective does not 
suffice for the revelation of information about the quality of these flows and processes for conversion 
of energy in the equipment. The purpose of this case study was to identify some gaps that the analysis 
of the First Law cannot detect. 

It should be noted that not all energy that enters the cogeneration plant, whether through energy 
sources or process steam, is not thermodynamically available and that the analysis of First Law is not 
able to identify. The identification of irreversibility in the equipment about the primary processes 
allows, from the thermodynamic perspective, a more appropriate decision making of the conversion 
processes. 

In the electric power generation process, the decomposition of the effects in steam turbogenerators can 
identify the primary source of irreversibility, which is the total condensation route. Gas 
turbogenerators have lower values of irreversibility due to the generation of electricity, showing the 
appropriate direction for an increase in the generation of electricity from a real system such as the 
studied refinery. 

In the steam generation systems, it is observed that the combustion process is the primary source of 
irreversibility generation. Steam generators that operate with gas heat recovery have less irreversibility 
due to the lower temperature difference in the heat transmission inside the equipment and have a better 
performance from the perspective of the Second Law. 

The use of cogeneration showed there is an improvement in the global performance of the unit, from 
an energy standpoint. The analysis of this thermoelectric plant shall continue in future projects, 
through the investigation of different points of operation, about the generation of steam and electrical 
power, as also in comparison with the petroleum processing unit. We also intend to expand the scope 
of this analysis, to include the allocation of economic and environmental costs of the power centre. 
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Abstract 

Vertical shaft kilns are widely used in the minerals' thermal processing industry, including sintered 
dolomite manufacturing. The calcination of the dolomite stone (CaMg(CO3)2) for the production of 
sintered dolomite (CaO and MgO), is a high-temperature energy-intensive process accompanied by a 
significant CO2 emission. The exergy concept is a suitable scientific approach in the efforts towards 
sustainable development. This work is based on energy and exergy analysis of the operation of a 
vertical shaft kiln, with the aim to identify the factors affecting its economical operation. Data on 
energy and exergy consumption and losses throughout the calcination process are presented for a shaft 
kiln with a production capacity of 3 t/h sintered dolomite. It is found that the energy efficiency of the 
kiln process is significantly higher than the exergy efficiency. The largest irreversibilities taking place 
in the kiln are the exergy dissipation due to fuel combustion and heat transfer, accounting in total for 
about 50% of the efficiency loss. The main exergy loss through the kiln boundaries is the loss with the 
exhaust gases contributing to about 10% of the efficiency loss. Two groups of options for the shaft 
kiln efficiency enhancement are discussed, categorised as internal and external. Although it is difficult 
to clearly distinguish between them due to their interdependence, the internal opportunities are mostly 
related to measures to reduce irreversibilities that appear due to the operational parameters, while the 
external ones refer to the possibilities for utilisation of the heat contained in the exhaust gases.  

1 Introduction  

Thermal energy used for heating and cooling represents a significant proportion of total energy use in 
industrial processes and is largely supplied by fossil fuels [1]. Therefore, energy efficiency 
improvement is a powerful tool for reducing energy consumption and environmental pollution, so that 
it is important for achieving sustainable economic development [2]. When it comes to the evaluation 
of opportunities for optimisation of energy consumption, due to a number of reasons, every industrial 
energy system is a specific engineering challenge [3]. On one hand, potential deviations and 
consequences towards the related technological processes have to be avoided, and on the other hand, 
often, high investment is needed for the implementation of energy efficiency technical solutions. 
Waste energy recovery in the industry sector is highly important, since it directly leads to reducing 
energy costs, increasing the competitiveness of companies, and reducing the environmental impact [3]. 
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The non-metal industry is known by the high energy intensity processes and as one of the larger 
contributors to the GHG emission. For instance, the cement industry contributes with about 5% to the 
global anthropogenic CO2 emissions, and is thus an important sector in CO2-emission mitigation 
strategies [4]. Carbon dioxide is emitted from the calcination process of limestone, from combustion 
of fuels in kilns, and from the fuel combustion during power generation, so that the strategies to 
reduce the CO2 emissions include energy efficiency improvement as one of the main options.  

The thermodynamic inefficiencies associated with any energy conversion process are expressed by the 
corresponding exergy dissipation and the exergy losses, suggesting also the location, magnitude and 
sources of the inefficiencies [5]. Exergy-based methods are powerful tools for evaluating and 
improving an energy conversion system. The so-called advanced exergy-based analyses evaluate the 
interactions among components of the overall system, and the real potential for improving a system 
component  [6]. An in-depth analysis of energy consumption of the calcination process in vertical 
shaft kilns, primarily by the use of the exergy method, in order to identify the factors affecting fuel 
consumption, is presented in [7]. In that direction, a new way to evaluate the energy performances of 
lime shaft kilns is proposed in the work [8], by introducing two exergy-based evaluation indicators, 
one to assess the exergy efficiency of the kilns and the other to assess the effectiveness of the exergy 
consumption of the dissociation reaction. The validity of the proposed assessment approach is 
examined using operating data measured in a commercial plant. Energy efficiency improvement of a 
shaft kiln for lime processing by exces air ratio optimisation and gas recirculation is analysed in [9]. A 
complex mathematical model for dynamic process simulation of limestone calcination in shaft kilns 
has been developed and used for process optimisation in the work [10]. A detailed environmental 
impact assessment of the operation of a lime kiln is presented in [11]. 

The large amount of thermal energy required in shaft kiln for the dolomite calcination process to take 
place accounts for an important part of the total cost. Therefore, energy efficiency assessment is a 
fundamental aspect of the sintered dolomite production optimisation, with a primary target to decrease 
fuel consumption and the related environmental impact on local and global levels. The objective of the 
present work is to evaluate the energy performance of a vertical shaft kiln using the exergy method, in 
order to identify the real thermodynamic inefficiencies, the sources that cause them, the influencing 
factors, and the feasible measures for optimisation of energy consumption in accordance to the 
recommendations given in [11-13]. The present work is an extension of some previous investigations 
on the dolomite calcination shaft kiln analysis [14, 15], based entirely on the energy method. In this 
case, the exergy concept is selected as a suitable scientific approach towards the determination of the 
process irreversibilities sources, location and magnitude. Its implementation will lead to possible 
measures that would improve the efficiency and the cost-effectiveness and would reduce the 
environmental impact of the considered system. 

2 Materials and methods 

2.1 Thermal processing of dolomite stone  

Dolomite is a carbonate mineral composed of calcium carbonate (CaCO3) and magnesium carbonate 
(MgCO3), theoretically in a portion 1:1 of their molecules, CaMg(CO3)2 [16]. High quality dolomite 
contains 57-60 % CaCO3 and 40-43 % MgCO3, but it usually contains impurities, such as silica, 
alumina and iron oxides, which should not go beyond 7 %, since otherwise it becomes unsuitable for 
metallurgical, chemical, building and other industrial applications.  

The calcination of dolomite stone, as one of the main stages of the sintered dolomite manufacturing, is 
chemical process that proceeds in a rotary or vertical shaft kilns. A shaft kiln is basically a slowly-
moving bed reactor with an upward flow of hot gases, passing counter-current to the downward-
movement of dolomite stone pieces, charged at the top and undergoing calcination while descending 
slowly to discharge at the bottom of the kiln. Аs it moves downward, the dolomite stone, with 
dimensions up to 50-60 mm, passes through three operating zones: (1) preheating, (2) reaction and (3) 
cooling zone, Fig. 1. In the preheating zone dolomite stone is heated up to approximately 500°C, by 
direct contact with gases leaving the reaction zone. Calcination (reacting) zone is the part of the kiln 
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where the combustion process and dolomite calcination take place. The fuel required for the process is 
introduced through radially arranged burner lances situated on two levels. This ensures even 
distribution of fuel and air and flexibility in adjusting the temperature profile to the requirements of 
the processing speed and product quality. The cooling zone is the part of the kiln where the sintered 
dolomite emerging from the reaction zone is cooled before discharge from the bottom of the kiln. 

The considered shaft kilns in this study are characterised with production of about 100 t/day [3, 14, 
15]. Traditional shaft kilns operate continuously and are fired with fuel introduced into the calcining 
zone. Fig. 2 shows temperature profiles of dolomite surface and gases in the preheating, reacting and 
cooling zones, along the kiln height [3, 14, 15]. 

 

 

Figure 1: Schematic presentation of vertical shaft kiln: 
(a) Preheating zone; (b) Reacting zone; (c) Cooling zone 

Figure 2: Zones and temperature profiles 
in the shaft kiln 

  

The main reaction in the shaft kiln is highly endothermic, requiring significant heat input to produce 
one kg of sintered dolomite (CaO∙MgO), accompanied by emission of a large amount of CO2: 

                                              CaMg(CO3)2 + Heat  CaO + MgO + 2CO2      (1) 
        1 kg CaMg(CO3)2 + 1674 kJ/kg CaMg(CO3)2  0.5227 kg (CaO + MgO) + 0.477 kg CO2       (1') 

Dolomite decomposes in two stages. For the MgCO3 portion it starts at approximately 550oC and 
reaches maximum at 710ºC and for CaCO3 it starts at about 810oC and decomposes completely at 
900÷930oC [13]. A temperature of 900oC has to be reached in the core at least for a short period of 
time in order to fully calcine the stone, since the atmosphere inside the material is pure CO2. The stone 
surface must be heated to a temperature higher than 900oC to maintain the required temperature 
gradient and overcome the insulating effect at the calcined material and the stone surface. For most 
refractory uses, it is desirable to subject the dolomite to a heat treatment at a higher temperature to 
shrink the material thoroughly and render it less reactive. The small crystals of MgO grow larger and 
the pores in the structure disappear, while the bulk density may increase from around 1600 to over 
3100 kg/m3. The resulting product, known as sintered dolomite, is generally used as a base material for 
production of dolomite refractory bricks and a wide range of monolithic and gunning materials for 
various industrial applications.  

The combustion within the kiln's packed bed is particularly complex process, as the mixing of fuel and 
air under such conditions is difficult. Heavy oil is an appropriate fuel for shaft kilns owing to its 
combustion products' high emissivity, resulting in high heat transfer rates to the charge. However, to 
burn it efficiently, it must be atomized and sprayed into the kiln in a controlled manner, while a major 
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problem is obtaining uniform heat release across the kiln working space. The fuel injected from a 
burner usually does not penetrate more than one meter into the packed bed, which limits the 
effectiveness and the kiln diameter to about 2 m and thus limits its production capacity.  

2.2 Material and energy balances 

The main geometry data of the kiln are given in detail in [3, 14, 15]. The total furnace height is 9.69 
m, the external and internal diameters are 3.1 m and 1.45 m, while the cooling, combustion and 
calcination zones are 3.79 m, 2.3 m and 8.1 m, respectively. The energy input and output flows in the 
reaction and cooling zones are schematically presented in Fig. 3 [3, 14, 15].  

 

 
Figure 3: Graphical presentation of energy balance of the reaction and the cooling zones [3, 14, 15] 
M [kg/s] – mass flow rate of: fuel (Mf), dolomite (Md), sintered dolomite (Msd), primary air (Map), secondary air 

(Mas), exhaust gas (Mg); c [kJ/kgK] – specific heat capacity of: fuel – heavy oil (cf), dolomite (cd), sintered 
dolomite (csd), primary air (cap), secondary air (cas), exhaust gas (cg); t [oC] – temperature of: fuel – heavy oil (tf), 

dolomite (td), sintered dolomite (tsd), primary air (tap), secondary air (tas), exhaust gas (tg); qo  [kJ/kg sintered 
dolomite] – heat loss to the surroundings; Hd [kJ/kg] – lower heating value of the fuel oil; hsd [kJ/kg] – reaction 

enthalpy of dolomite; c [-] – degree of dolomite calcination (conversion degree) 
 

The energy balance equation derived for the reaction and the cooling zones of the furnace is (Fig. 3): 

Chemical energy of fuel + Physical energy of fuel + Energy in primary air + 
Energy in secondary air + Energy in dolomite stone = Energy in sintered dolomite + 

          Reaction enthalpy of dolomite + Energy in exhaust gas + Energy loss to the surroundings   (2) 

                   MfHd + Mfcftf + Mapcaptap + Mascastas + Mdcdtd = Msdcsdtsd + Msdhsdc + Mgcgtg + Qo   (3) 

The following equation, based on the energy balance, is used to calculate the specific energy 
consumption in the furnace (in kJ/kg sintered dolomite): 
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         (4)  

  

The Eq. (4) is used to estimate the specific fuel consumption Mf /Msd (kg fuel / kg sintered dolomite) 
and the fuel mass flow rate Mf  (in kg/s). 

The kiln operates in average about 7300 h/year, with a heavy oil consumption of 375÷400 L/h or 
125÷133 L per tonne of sintered dolomite. The following chemical composition of the heavy fuel oil is 
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assumed in the analysis and calculation: C = 84.4 %, H = 10.0 %, O = 0.8 %, N = 0.5 %, S = 1.0 %, A 
= 0.3 %, W = 3.0 %. The dolomite stone composition is presumed to be 54.3 % CaCO3 and 45.7 % 
MgCO3. The size range of the stone pieces is 18÷60 mm, actual density is 2800÷2900 kg/m3, bulk 
density is 1600 kg/m3 and its entering temperature in the reacting zone is 400oC. The composition of 
the sintered dolomite, as final product, at the furnace outlet is about 60 % CaO and about 39 % MgO. 
The temperature of the sintered dolomite at the furnace outlet is slightly above 100oC, while its actual 
density is 3.1÷3.23 t/m3 and the bulk density is 1.8÷2.2 t/m3. The average temperature of flue gases at 
the furnace outlet is 220÷250oC, which decreases in the outlet channel to the chimney up to 
150÷190oC. The most important initial data are summarised in Table 1.    

Table 1: Data used to establish the material and energy balances of the kiln [3, 14, 15] 

Parameter, annotation Value Unit 
Mass flow rate of dolomite stone entering the silo, Md,1 1.861 kg/s 
Temperature of dolomite stone entering the silo, td,1 10 oC 
Mass flow rate of dolomite stone (after screening) entering the kiln, Md 1.675 kg/s 
Mass flow rate of sintered dolomite at the kiln exit, Msd 0.838 kg/s 
Temperature of sintered dolomite at the kiln exit, tsd 110 oC 
Specific heat capacity of sintered dolomite at tsd = 110oC, csd 1.065 kJ/kgK 
Volumetric flow rate of primary air, Vap  2950 mn

3/h 
Temperature of primary air, tap 80 oC 
Volumetric flow rate of secondary air, Vas  3900 mn

3/h 
Temperature of secondary air, tas 50 oC 
Mass flow rate of fuel oil entering the kiln (from statistical data), Mf' 352.5 kg/h 
Temperature of fuel oil entering the kiln (from statistical data), tf  130 oC 
Specific heat capacity of fuel, cf = 1.738+0.0025tf 2.063 kJ/kgK 
Gas temperature and specific heat capacity at the reaction zone end, tg,r  570 oC 
Specific heat capacity at the reaction zone end, cp,g 1.2053 kJ/kgK 
Temperature of dolomite at the end of the reaction zone, td,r 550 oC 
Specific heat capacity of dolomite at the end of the reaction zone, cd,r 1.13 kJ/kgK 
Temperature of exhaust gas, tg,ex  220 oC 
Specific heat capacity of exhaust gas, cp,g,ex 1.102 kJ/kgK 
Average mass fraction of CO2 per kg of dolomite, yCO2 0.47 kg CO2/kg dolomite 
Mass fraction of CO2 per mass sintered dolomite, zCO2 0.913 kg CO2/kg sint. dol. 
Conversion degree (degree of dolomite calcination), c 0.98 

 

The stoichiometric amount of air required for the fuel complete combustion is MLmin = 13.08 kg/kg 
fuel, i.e. VLmin = 10.18 mn

3/kg fuel. The excess air supplied in the kiln is defined as 

= (Va,p+Va,s)/(VLmin·Mf)         (5) 

The total mass flow rate of exhaust gas, including combustion products and CO2 released in the 
decarbonisation reactions, is 

Mg,tot = Mf MRW +MdyCO2             (6) 

Based on the fuel ultimate analysis, the amount of combustion products per kg fuel at excess air 
=1.885 is MRW =25.90 kg/kg or VRW = 20.10 mn

3/kg, so that the volumetric flow rate of exhaust gas is 

Vg,ex = VRWMf + (3600Msd yCO2)/(1–yCO2)ρCO2        (7) 

An average еxhaust gas composition is at excess air =1.885 is: CO2 = 22.84 %, SO2 = 0.03 %, O2 = 
7.88 %, N2 = 63.14 %, H2O = 6.11 %. 

2.3 Exergy analysis 

2.3.1 Theoretical basis 

The general equations used to establish the exergy balance of the kiln are based on [17, 18]. 

The specific exergy of a gas flow equals: 

                                                                    e = eph + ech       (8) 
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where eph is the specific physical exergy and ech is the specific physical exergy. The specific physical 
exergy is generally defined as: 

           eph = (h – h0) – T0(s – s0)                  (9) 

where h is the specific enthalpy and s is the specific entropy, while the subscript 0 refers to the 
reference state. The reference pressure, temperature and air relative humidity are taken respectively as 
p0 =101325 Pa, T0 = 293 K and φ= 60 %. The relative humidity of 60 % gives the partial pressure of 
the water vapour as 60 % of its saturation pressure at 293 K, which is 0.02337 bar. Thus, 60 % of 
0.02337 bar is 0.02337·0.6 = 0.01400 bar, which gives 100·0.01400/1.01325 = 1.38 % partial pressure 
of H2O in the moist air. Hence, standard air analysis by vol/mol is as follows: H2O = 1.38 %, O2 = 
(98.62 %)·0.21 = 20.71 %, N2 = (98.62 %)·0.79 = 77.91 %. The specific physical exergy of flue gases 
is calculated as exergy of ideal gases mixture [19]: 

             g g g g0
g g 0 g 0 p,g g 0 0 g 0

g 0 0 0 0 0

( ) 1 ln ln ( ) ln ln
T p T pT

e h h R T c T T T R T
T T T p T p

   
              

 (10) 

With pg≈p0 and p≈const, the last term in the previous equation becomes irrelevant (≈0). In these 
equations, hg and cp,g are calculated as for a gas mixture, g k kh x h  and  

p,g k p,kc x c , where xk is mass share of each gas component.  

The exergy of the preheated air is defined as: 

   0 a
a a p,a a p,0 0

a 0 0

( ) 1 ln
T T

e M c t c t
T T T

  
       

    (11) 

The specific chemical exergy of a gas mixture is given by the equation [17]: 

                                        𝑒 = ∑ 𝑥 𝑒 , + 𝑅𝑇 ∑ 𝑥 ln(𝑥 )     (12) 

The balance of the chemical exergy of substances in a reaction of the following type M + N → P 
obeys the following equation: 

    ech,M + ech,N – ech,P = Δg0      (13) 

where Δg0 is the Gibbs free energy of the reaction [17, 18, 20]. 

The specific exergy of the heat is given by: 

            eQ = (1 – T0/T)q      (14) 

The dissipation of specific exergy is calculated by the following equation (the Gouy-Stodola law): 

     eD = T0sgen      (15) 

where sgen stands for the specific entropy generation during certain process: 

                                                            sgen = Δssys + q/Tb   (16) 

The term Δssys is the entropy change of the reacting system, q is the heat loss/gain during the process 
and Tb is the temperature at the boundary where the heat is lost/gained. The entropy change of the 
system is the difference between the entropy of the products sp and the entropy of the reactants sr: 

                                                                Δssys = sp – sr  (17) 

The entropy change, as a measure of process irreversibility and exergy loss/destruction, is given by: 

           s – s0 = Mi [cpiln(T/T0) – Rln(T/T0)]     (18) 

The total exergy destruction is ExD = MeD , where M is mass flow of the substance. 

2.3.2 Exergy balance of the kiln 

The exergy balance of the kiln on the input side includes the exergy flows of dolomite stone, fuel 
(chemical and physical exergy) and preheated air. The output side includes chemical exergy of the 
product (sintered dolomite), a group of various exergy losses and exergy dissipation due to different 
reasons. The exergy losses include a loss due to the physical exergy of the sintered dolomite, exergy 
loss with the kiln exhaust gas and loss through the walls. The technology process in the shaft kiln is 
characterised with irreversibilities, i.e. entropy generation that causes exergy dissipation due to the 
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combustion process, during the heat transfer between the gases and the dolomite, during the dolomite 
calcination and due to the mass transfer (CO2 diffusion). The kiln exergy balance is represented with 
the following equation: 

       Exd + Exf + Exa = Exch,CaOMgO + ExL,sd + ExL,g + ExL,w + ExD,comb + ExD,ht + ExD,calc + ExD,mt (19) 

Input side 

1) The exergy of the dolomite stone (CaCO3·MgCO3) entering the kiln is calculated on a basis of the 
standard chemical exergy of the CaCO3 and MgCO3: 

                          Exd =Mdseds = Mds [(xCaCO3/μCaCO3)eo
CaCO3 + (xMgCO3/μMgCO3)eo

MgCO3]  (20) 

where Mds is mass flow of dolomite stone entering the kiln (in kg/s), xCaCO3 and xMgCO3 are mass 
fractions of CaCO3 and MgCO3 in the dolomite stone (in kg/kg), μCaCO3 and μMgCO3 stand for molar 
masses of CaCO3 and MgCO3, and eo

CaCO3 and eo
MgCO3 are chemical exergies of CaCO3 and MgCO3. In 

calculation it was taken that xCaCO3 = 0.55 kg/kg and xMgCO3= 0.45 kg/kg. 

2) The fuel exergy consists of chemical and physical parts: 
                                Exf = Mf(ef,ch + ef,ph) = Mf[φ(LHV) + cf(tf – t0) – efT0ln(Tf/T0)]    (21) 

The chemical exergy of the fuel ech (heavy oil) is determined in a simplified way proposed in [18, 19], 
using the factor φ, which is a relation between the chemical exergy and the LHV: 

                     φ = 1.0401 + 0.1728(H/C) + 0.0432(O/C) + 0.0217(S/C)[1 – 2.0628(H/C)]  (22) 
                                                                      ech = φ(LHV)  (23) 

3) Due to the two-stage air introduction in the kiln, the exergy of the air flow is calculated as a sum of 
primary and secondary air exergy flows: 

                      Exa = Exa,p + Exa,s = Ma,p(cp,aptap – cp,a0t0){1 – [T0/(Tap – T0)]ln(Tap/T0)}+ 
                                       Ma,s(cp,astas – cp,a0t0){1 – [T0/(Tas – T0)]ln(Tas/T0)}   (24) 

Output side 

4) The chemical exergy of the sintered dolomite (CaO·MgO) on the kiln exit Exch,sd is calculated on a 
basis of the chemical exergy of the CaO and MgO: 

                                        Exch,sd =Msd[(xCaO/μCaO)eo
CaO + (xMgO/μMgO)eo

MgO]                                       (26) 

5) The exergy loss as physical exergy of the sintered dolomite is calculated by: 

                                                ExL,sd = MCaO(eph,CaO) + MCaO(eph,CaO) = 
           = Msd[(xCaO·ch

CaO + xMgO·ch
MgO)(tsd,ex – t0) – (xCaO·cs

CaO + xMgO·cs
MgO)T0ln(Tsd,ex/T0)]  (27) 

6) The exergy loss with exhaust gas is calculated through the difference between the entropy of the gas 
mixture and the entropy of the surroundings: 

                                      ΔSsys,g = Sg,ex – S0 = Mg[cp,g,exln(Tg,ex/T0) – Rln(p/p0)]  (28) 
                                                     ExL,g = T0ΔSsys,g  (29) 

7) The loss of exergy through the kiln walls is estimated using the following equation: 

                                           ExL,w = qoMsd(1 – T0/Tkiln,env)  (30) 

where qo is specific heat loss through the kiln walls, assessed on a basis of the kiln pervious operation 
as qo = 200 kJ/kg sintered dolomite and Tkiln,env is the temperature of the kiln envelope (Tkiln,env=323 K).      

8) Combustion is known as a typical irreversible process associated with significant exergy 
dissipation. During the combustion process the heat is transferred immediately to the surrounding 
gases and dolomite stone which are at temperature level close to the combustion temperature. 
Therefore, the entropy generation due to the heat loss during the combustion process can be estimated 
on a basis of the combustion temperature as a temperature of the surroundings. The exergy destruction 
due to the combustion process is estimated as follows: 

𝐸𝑥 , = 𝑇 𝑆 = 𝑇 ∆𝑆 +  (31) 

                                              ΔScomb = Sprod – Sreac = MfMRW (sprod – sreac)  (32) 
                                Qout = Mf(LHV) + Ma,pcp,a,pta,p + Ma,scp,a,sta,s –  MfMRWcp,gtcomb   (33) 
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In the previous equations, sprod and sreac are specific entropies of the products and the reactants (in 
kJ/kgK), Mf  is fuel consumption (in kg/s) and MRW is the mass of combustion products per unit mass 
fuel (in kg/kg). 

9) Exergy dissipation due to the heat transfer between the gases and the dolomite material is calculated 
as a difference between the total exergy input and the sum of exergy losses and exergy destruction: 

      ExD,ht = Exds + Exf + Exa – (Exch,CaOMgO + ExL,sd + ExL,g + ExL,w + ExD,comb + ExD,calc + ExD,mt) (34) 

10) Exergy dissipation in the process of dolomite calcination is calculated on the basis of the entropy 
generation and the heat loss during the dissociation process of CaCO3 and MgCO3. The entropy 
balance of the reaction system is presented in Table 2 [20]. Entropy generation in the dissociation 
process, which for MgCO3 takes place at 710ºC and for CaCO3 at temperatures above 900ºC, is 
calculated using the following procedure and data from Table 2. 

                                                      ExD,calc = T0Sgen,calc = T0Mdsgen,calc (35) 

                                                           sgen,calc = ssys,calc + sloss,calc  (36) 

The change of entropy of the system due to the dissociation is given by: 

                            ssys,calc = (xc,CaCO3Δssys,CaCO3)/μCaCO3 + (xc,MgCO3Δssys,MgCO3)/μMgCO3 (37) 

where μCaCO3 = 100.08 kg/kmol and μMgCO3 = 84.3 kg/kmol are molar masses CaCO3 and MgCO3. 

The entropy related to the heat loss during the dissociation process is calculated on a basis of the 
enthalpy and temperature of the dissociation of the reactions of CaCO3 and MgCO3: 

𝑠 , = −
,

𝑥 , 𝑞 , +
,

𝑥 , 𝑞 ,  (38) 

where the values of the enthalpies of reaction are qd,CaCO3 =1779 kJ/kg and qd,MgCO3 =1398 kJ/kg. 

Table 2: Entropy generation of decomposition of CaCO3 and MgCO3 [20] 

Substance Balance equation Entropy change 
CaCO3 Δssys,CaCO3 = [Δs(CaO (s)) + Δs(CO2 (g))] – [Δs(CaCO3 (s))]  
 Δssys,CaCO3 = 38.2 +213.7 – 88.7   163.2 kJ/kmolK 
MgCO3 Δssys,MgCO3 = [Δs(MgO (s)) + Δs(CO2 (g))] – [Δs(MgCO3 (s))]  
 Δssys,MgCO3 = 26.9 +213.7 – 65.9   174.7 kJ/kmolK 
 

11) Entropy generation occurs also due to the diffusion of CO2 from the reaction front of calcination in 
the dolomite stone to the gas flow. In this case, the entropy generation is calculated as a difference of 
the CO2 entropy flow between the reaction front and the gas: 

𝑆 , = 𝑚 , 𝑐 , ln − 𝑅ln  (39) 

The total mass flow of CO2, mCO2 (in kg/s), consists of the CO2 flow (mCO2,d) from the decarbonisation 
of CaCO3 and MgCO3 and the CO2 flow from the combustion process (mCO2,c): 

                                           mCO2= mCO2,d + mCO2,c = yCO2Md + MCO2Mf (40) 

cp,CO2 = 1.1531 kJ/kgK - specific heat capacity of CO2 at 1150ºC 

The total gas flow Mg,tot includes gas flow of combustion products (Mg) and CO2 flow from 
decarbonisation:  

                                 Mg,tot = Mg + yCO2Md = MRWMf + yCO2Md (41) 

Since the gas temperature in the reaction zone varies, under the assumption that the difference between 
the gas temperature and the reaction front temperature is assumed as Tg – Td = (150÷200) K, and 
having in mind that the calcination temperature of CaCO3 is in the range 900÷930ºC, in the calculation 
it was taken that Td = (1173÷1200) K and Tg = 1350 K. Partial pressure of CO2 in the gas flow mixture 
is defined as: pCO2 = rCO2pg = 0.2284·1.0 = 0.2284 bar = 22840 Pa, where rCO2 (in m3/m3) is a volume 
fraction of CO2 in the gas flow and pg is the total pressure of the gas mixture. At the reaction front, the 
pressure is calculated with the following equation [8]: 
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                                                     pf  = 2.5·1012exp(–168 000/RTd) (42) 

The exergy destruction due to the diffusion of CO2 from the dissolution reaction in the dolomite stone 
to the gas flow is calculated as 

                                                     ExD,mt = T0Sgen,mt  (43) 

3 Results and discussion 

Based on the known fuel composition, as well as the conditions for combustion and the technological 
process, some of the results obtained from the kiln's material and energy balances are given in Table 3 
[15]. The overall energy balance of the kiln is presented through the Sankey diagram in Fig. 4. The 
main focus of the work [15] was to assess the possibilities of utilization of exhaust gas waste energy 
from the shaft kiln, which was detected as by far the largest energy loss with 19.2 % of the total 
energy input. Several options were a subject of analysis and preheating of air for combustion and for 
drying of a raw material was selected as the most attractive. This option was analyzed in more detailed 
manner, showing significant energy saving potential and relatively short simple payback period on the 
investment. 

  Table 3: Some results of the material and energy balances of the kiln [3, 14, 15] 
Parameter, annotation  Value Unit 
Total excess air, = (Va,p+Va,s)/(VLmin·Mf) = 1.885 
Amount of combustion products per kg fuel at = 1.885, VRW 20.09 mn

3/kg 
Amount of combustion products per kg fuel at = 1.885, MRW 25.90 kg/kg 
Volumetric flow rate of exhaust gas, Vg,ex   2.368 mn

3/s 
Total mass flow rate of exhaust gas (incl. released CO2), Mg,tot 3.357 kg/s 
Mass flow of flue gas from combustion, Mg 2.569 kg/s 
Fuel consumption - calculated, Mf 0.0992 kg/s 
Fuel consumption - based on statistical data, Mf'  0.0979 kg/s 
Specific energy consumption per kg sintered dolomite, Esp 4700.2 kJ/kg sint. dolomite 
Calculated specific fuel consumption, mf = Mf /Msd 118.4 kg fuel/t sint. dolomite 
Specific fuel consumption (monitoring data), mf'=Mf '/Msd 116.9 kg fuel/t sint. dolomite 
Energy input, Ein = Ef,ch+Ea+Ef,ph+Ed 4280.0 kW 
Heat content in the exhaust gas Eg = Mg,totcg,extg,ex 814 kW 
Relative heat loss through the kiln walls (assumed value), qo 200 kJ/kg sint. dolomite 
Heat loss through the kiln walls, Ew = qo Msd 167.6 kW 
Physical heat content in the sintered dolomite, Esd,ph=Msdcsdtsd 111.1 kW 

 

 

Figure 4: Sankey diagram of energy flow 

The entropy generation during the combustion process and the consequently caused exergy dissipation 
are calculated on the basis of the entropy balance for the case of complete combustion of a fuel (heavy 
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oil) unit mass, which is given in Tab. 4. The exergy balance, calculated using the procedures and 
equations presented in Section 2, is given in Table 5. The corresponding Grassman diagram of the 
exergy flow in the kiln is presented in Figure 5. Obviously, the main input to the kiln is the chemical 
exergy of the fuel. The main output is the chemical exergy of the product - sintered dolomite, which 
defines the exergy efficiency of the technology process. The largest shares of the exergy destruction 
(dissipation) go to the combustion process and heat transfer between the combustion products and the 
treated material. These findings are mostly in line with the results of other authors [7, 8], with some 
understandable variations. From the exergy flow diagram, it appears that the kiln exergy efficiency, 
defined as a ratio between the chemical exergy of the sintered dolomite (CaO·MgO) on the kiln exit 
Exch,sd and the total exergy input is 35.1%. The exergy losses, consisting of physical exergy of sintered 
dolomite, exergy loss with flue gas and loss through the walls, cause a total efficiency drop of 10.3 %. 
The exergy dissipation causes a total efficiency loss of 54.7%. 

Table 4: Entropy balance for the combustion of an unit mass (1 kg) fuel in the kiln 

 Mass per 
kg fuel, 
kg/kg 

Ni 
kmol/kg 

Entropy s, 
kJ/kmolK 
 

Volume 
(molar) 
fraction xi 

s=Nisi, 
kJ/kgK 

Fuel composition 
Carbon 0.840 0.07033 5.74  0.404 
Hydrogen 0.100 0.05000 130.68  6.534 
Oxygen 0.008 0.00025 205.03  0.051 
Nitrogen 0.005 0.00018 191.61  0.034 
Sulfur 0.010 0.00031 248.20  0.078 
Moisture 0.030 0.00167 188.00  0.313 
Air 
O2 (primary air) 2.501 0.07816 210 0.21 16.413 
N2 (primary air) 8.231 0.29396 196.3 0.79 57.705 
O2 (secondary air) 3.301 0.10316 207.5 0.21 21.405 
N2 (secondary air) 10.867 0.38811 193.7 0.79 75.176 
Total 25.900    178.113 
Products 
CO2 3.095 0.07034 298.5 0.2284 20.997 
H2O 1.177 0.06539 255.7 0.0611 16.720 
SO2 0.020 0.00031 335.0 0.0003 0.105 
O2 2.697 0.08428 262.0 0.0788 22.082 
N2 18.912 0.67544 245.6 0.6314 165.887 
Total 25.900    225.790 

  

Table 5: Exergy balance of the kiln 

  T, K Ex, kW % 
 Input 

1 Dolomite stone, physical exergy, Exd 283 178.6 4.0 
2 Fuel (heavy oil) physical and chemical exergy, Exf 403 4278.0 95.8 
3 Air (primary, secondary), Exa 353, 323 8.0 0.2 
 Total - 4464.6 100.0 
 Output 
4 Sintered dolomite - chemical exergy,  Exch,sd 383 1566.1 35.1 
5 Sintered dolomite - physical exergy, ExL,sd 383 7.8 0.2 
6 Exergy loss with flue gas, ExL,g 493 431.6 9.7 
7 Exergy loss through the walls, ExL,w - 15.6 0.4 
8 Exergy dissipation due to combustion, ExD,comb 1673 1388.5 31.1 
9 Exergy dissipation due to heat transfer, ExD,ht - 786.7  17.6  
10 Exergy dissipation in calcination process, ExD,calc 983, 1173 175.8  3.9  
11 Exergy dissipation due to mass transfer, ExD,mt 983, 1173 92.5 2.1 
 Total  4464.6 100.0 
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By far the largest irreversibilities are caused in the processes of combustion and heat transfer, followed 
by the exergy destruction in the calcination process and due to CO2 diffusion. Consequently, from the 
exergy balance, the main factors to be considered for enhancement of the exergy efficiency of a shaft 
kiln are combustion process, heat transfer and exergy loss with off-gas. Part of the exergy supplied to 
the kiln system is unavoidably lost to the surroundings. However, some share of the exergy is being 
dissipated in a way that is partly avoidable, that directly impacts the kiln efficiency, energy 
consumption and economical operation. 

There are various opportunities for improving the efficiency of a shaft kiln, which can be generally 
categorised in two groups, (1) internal and (2) external. Of course, there can be no clear distinction 
between the two because of their intertwining and interdependence. The internal opportunities are 
mostly related to measures to reduce irreversibilities that appear due to the operational parameters, 
while the external ones refer to the possibilities for using the heat contained in the exhaust gases for 
the preheating of the air, raw material, fuel or their combination, then optimization of the primary and 
secondary air introduction, etc. 

 

 

Figure 5: Grassman diagram of kiln exergy flow 

(1) Internal measures - optimisation of the operational parameters 
Improved control of the operational parameters in the kiln lead to optimised lower temperatures of the 
off-gas and the sintered dolomite, causing better overall efficiency. The main operational parameters 
that affect and control the losses are: the ratio of dolomite (or limestone) to fuel consumption, the 
excess air level, the average size of the dolomite stone and the internal temperature profile. 
The ratio of dolomite stone to fuel consumption defines the overall process efficiency and several 
other parameters. An optimal ratio ensures the highest product quality at the lowest fuel consumption. 
The optimisation of the excess air in the kiln is extremely important, since, both cases of going out of 
the optimal excess air range will negatively affect the specific fuel consumption and will reduce the 
efficiency. Namely, the increase of the excess air decreases the temperature level in the kiln, leading to 
a reduction of the heat transfer rate and thus of the calcination conversion rate (degree). Under such 
circumstances, to secure a high conversion rate and to produce high quality sintered dolomite, it is 
necessary to increase the fuel consumption, which affects the thermal efficiency of the kiln. On the 
other hand, reduction of the excess air may impact negatively the combustion efficiency reducing the 
energy released during combustion, which could also lead to consequences such as a decrease of the 
conversion degree and an increase of the specific energy consumption. Both cases will negatively 
affect the specific fuel consumption that in turn will reduce the efficiency. 

The fuel consumption for the process in the kiln is strongly dependent of the average size of the 
dolomite stone pieces. Actually, the size affects the internal heat transfer and therefore the heating 
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rate, but also it affects the pressure drop of the gas flow. In principle, the dolomite stone is 
characterised by its very low heat conductivity, so that smaller particles are heated faster to the 
required temperature, but the pressure drop in the kiln is larger. 

The temperature of the sintered dolomite in the kiln lower part indicates the secondary combustion air 
preheating efficiency. Namely, the efficiency of the cooling zone is a function of the heat absorbed by 
the secondary combustion air, and therefore the exit temperature of the sintered dolomite is a direct 
function of the amount of heat transferred from the sintered dolomite to the secondary combustion air. 
The optimal performance of the cooling zone positively impacts kiln efficiency and fuel consumption. 

(2) External efficiency measures 

The external efficiency measures are based on the conclusion that there is a relatively large amount of 
waste heat in the exhaust gas of the considered shaft kiln. It is very important to note that, in this case, 
relatively low gas temperature and presence of SO2 are constraining factors for a waste heat recovery 
project. Several options were analyzed as possibilities for utilisation of the heat contained in the 
exhaust gas [3]: preheating of a raw material, preheating of fuel (heavy oil), preheating of combustion 
air, preheating of combustion air and raw material with flue gas, and preheating of air for combustion 
and for drying of a raw material. However, their detailed elaboration is out of the scope of this work. 

4 Conclusion 

The aim of the present work was to evaluate the energy performance of a typical shaft kiln for the 
production of sintered dolomite for refractory materials manufacturing, by the use of the exergy 
method. Data on energy and exergy consumption and losses throughout the calcination process are 
presented for a shaft kiln with a capacity of 3 t/h sintered dolomite. The calculated specific fuel 
consumption is 116.9 kg/t sintered dolomite, which is very close to the value obtained on the basis of 
statistical data from the monitoring system, 118.4 kg/t. It is found that the kiln energy efficiency is 
significantly higher than its exergy efficiency, as a ratio between the chemical exergy of the sintered 
dolomite on the kiln exit and the total exergy input, which is equal to 35.1%. The exergy dissipation 
causes a total efficiency loss of 54.7%. The largest irreversibilities taking place in the kiln are caused 
in the processes of combustion and heat transfer, followed by the exergy destruction in the calcination 
process and due to CO2 diffusion. The exergy losses, consisting of sintered dolomite physical exergy, 
exergy loss with flue gas and loss through the walls, cause a total efficiency drop of 10.3 %. The main 
exergy loss through the kiln boundaries is the loss with the exhaust gases contributing to about 9.7 % 
of the efficiency loss. Two groups of options for efficiency improvement of a shaft kiln were 
discussed, categorised here as internal and external, although it is difficult to clearly distinguish 
between them due to their intertwining and interdependence. The internal measures to reduce the 
losses and irreversibilities are mostly directed towards optimisation of the operational parameters, 
such as: the ratio of dolomite (or limestone) to fuel consumption, the excess air level, the size of the 
dolomite stone and the internal temperature profile. The external measures refer to the possibilities for 
utilising the energy contained in the exhaust gas for the preheating of the air, raw material, fuel or their 
combination, then optimisation of the primary and secondary air introduction, and other options. 

References  

[1] Rajendran K., Ling-Chin J., Roskilly A. P.: Thermal Energy Efficiency in Industrial Processes. In 
Vol. 4: Intelligent Energy Systems, Handbook of Clean Energy Systems. John Wiley & Sons, 
New York, 2015  

[2] Gvozdenac-Urosevic, B.: Energy Efficiency and Gross Domestic Product, Thermal Science, 
Vol.14, 3, 2010, pp. 799-808 

[3] Petrovski, I.J., Filkoski, R.V., et al.: Energy efficiency improvement opportunities in Vardar 
Dolomite - Gostivar, Programme “Cleaner and more effective industry in Macedonia”. Norsk 
Energi and Centre for Climate Change, Skopje, 2011-12 

[4] Stefanovic, G. M., Vuckovic, G. D., Stojiljkovic, M. M., Trifunovic, M. B.: CO2 Reduction 

700



Options in Cement Industry - the Popovac Case. Thermal Science, Vol. 14, 3, 2010, pp. 671-679 
[5] Tsatsaronis G., Morosuk T., Koch D., Sorgenfrei M.: Understanding the thermodynamic 

inefficiencies in combustion processes. Energy 62, 2013, 3-11   
[6] Tsatsaronis, G. and Morosuk, T.: Understanding and improving energy conversion systems with 

the aid of exergy-based methods. Int. J. Exergy, Vol. 11, No. 4, 2012, pp.518–542  
[7] Gutierrez, A. S., Cogollos Martinez, J. B., Vandecasteele, C.: Energy and exergy assessment of a 

lime shaft kiln. Applied Thermal Engineering, 51, 2013, pp. 273-280 
[8] Gutierrez, A. S., Vandecasteele, C.: Exergy-based Indicators to Evaluate the Possibilities to 

Reduce Fuel Consumption in Lime Production. Energy, 36, 2011, pp. 2820-2827 
[9] Senegačnik, A., Oman, J., Širok, B.: Annular Shaft Kiln for Lime Burning With Kiln Gas 

Recirculation. Applied Thermal Engineering, Vol. 28, 7, 2008, pp. 785-792 
[10] Bes, A.: Dynamic Process Simulation of Limestone Calcination in Normal Shaft Kilns. 

Dissertation Doktoringenieurin (Dr.-Ing.), University in Magdeburg, Germany, 2005 
[11] Environmental Impact Assessment – Windalco new lime kiln – Shooters Hill, Manchester, Prep. 

for WIA Company, Kirkvine Works, Manchester, Conrad Douglas & Associates Ltd., 2007 
[12] IPPC Draft Reference Document on Best Available Techniques in the Cement, Lime and 

Magnesium Oxide Manufacturing Industries, EC, Directorate General JRC, Sevilla, Spain, 2009 
[13] Energy Efficiency Opportunity Guide in the Lime Industry, Canadian Lime Institute, 2001 
[14] Filkoski, R.V., Petrovski, I.J., Gjurchinovski, Z.: Optimisation of combustion and technology 

process in a vertical shaft kiln. Proceedings, 12th Int. Conf. SDEWES 2017, Dubrovnik, 4-8 
October 2017 

[15] Filkoski R. V., Petrovski I. J., Gjurchinovski Z.: Energy optimisation of vertical shaft kiln 
operation in the process of dolomite calcination. Thermal Science, Vol. 22, No. 5, 2018, pp. 
2123-2135 

[16] http://geology.com/rocks/dolomite.shtml, (Last approach on 04.06.2020) 
[17] Brodyanskiy V.M., Fratsher V., Mihalek K.: Exergy method and its applications (in Russian). 

Energoatomizdat, Moscow,1988 
[18] Kotas, T. J.: The Exergy Method of Thermal Plant Analysis. Exergon Publishing Company UK 

Ltd., London, UK, 2012 
[19] Krasniqi Alidema D., Filkoski R. V., Krasniqi M.: Exergy efficiency analysis of lignite-fired 

steam generator. Thermal Science, Vol. 22, No. 5, 2018, pp. 2087-2101 
[20] Ebbing D.D., Gammon S.D.: General Chemistry, Ninth Edition. Houghton Mifflin Company, 

Boston, New York, 2009 

701



702



6th International Conference on Contemporary Problems of Thermal Engineering 
CPOTE 2020, 21-24 September 2020, Poland 

Evaluation of component interactions in heat pumps 
on the base of advanced exergetic analysis 

Volodymyr Voloshchuk1*, Paride Gullo2, Olena Nekrashevych3 
1National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute” 

e-mail: Vl.Volodya@gmail.com 
 

2Technical University of Denmark (DTU) 
e-mail: parigul@mek.dtu.dk 

 
3National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute” 

e-mail: olena.nekrashevych@gmail.com 

Keywords: Advanced exergetic analysis, Heat pumps, Component interactions, Thermodynamic 
enhancement, Economic enhancement 

Abstract 

Advanced exergy-based analysis provides information concerning interdependencies among 
components of an energy-conversion system. Exogenous parts of exergy-based parameters can 
indicate how an improvement in one component affects (positively or negatively and by how much) 
the remaining components. This paper presents the evaluation of component interactions in air-source 
and water-source heat pumps using exogenous parts of exergy-based parameters and proposes possible 
ways for their simultaneous thermodynamic and economic enhancement. It has been found that for the 
air-source and water-source heat pumps about 53% and 39% of avoidable exergy destruction, 
respectively, are due to interdependencies among components. Almost the whole amount of avoidable 
exogenous exergy destruction belongs to the compressor and to the throttling valve. However, the 
share of the costs due to avoidable exogenous exergy destruction is smaller than the part avoidable 
exogenous exergy destruction. For the air-source heat pump this share accounts for 23% of costs due 
to exergy destruction, which can be avoided. For the water-source heat pump it accounts for only 8% 
of costs due to avoidable exergy destruction. Furthermore, the results of advanced exergoeconomic 
analysis have shown that for the air-source heat pump system exogenous investment costs of the 
compressor, as the most expensive component, are positive and caused by irreversebilities within the 
evaporator and condenser. Thus, in order to decrease the cost of this component, the thermodynamic 
efficiency of both heat exchangers needs to be increased. In case of water-source heat pump, the 
exogenous expenditures for the compressor due to irreversibilities occurring within the evaporator are 
negative, whereas the ones related to the condenser are positive. Therefore, in order to decrease 
investment expenditures for the compressor, thermodynamic efficiency of the condenser needs to be 
increased. On the contrary, decreasing irreversibilities within the evaporator increases investment costs 
of the compressor and thus it is not recommended. 
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1 Introduction 

Vapour-compression heat pumping technologies play a vital role in attaining the ambitious goals of 
affordable and low‐carbon energy systems for space heating. In order to considerably reduce the 
greenhouse gas (GHG) emissions related to the heating sector, the adoption of highly efficient vapour-
compression heat pump units needs to be promoted. Such a target can be appropriately achieved 
through the implementation of the so called advanced exergy-based analysis. This method can 
effectively and simultaneously enhance the thermodynamic, economic and environmental performance 
of the investigated system [1 - 5]. 

The work [1] provides possible dependencies among exergy destruction, capital investment cost and 
construction-related environmental impact within each single component of an energy conversion 
system. Based on these relationships it is possible to make decisions for the simultaneous reduction of 
investment cost and environmental impact. Morosuk and Tsatsaronis [2] presented a way for 
combining the exergoeconomic and the exergoenvironmental analyses and for formulating common 
conclusions for further improvement of a simple air refrigeration machine by taking into account 
simultaneously the minimization of cost and of environmental impact. It was shown that the 
thermodynamic improvement of any of the components leads to a decrease in the values of total 
exergy destruction and specific environmental impact of the overall product. However, for the 
compressor and the expander the function of specific cost of the overall product had an optimum value 
for the investigated range of the thermodynamic improvement. The final conclusion was that the 
expander and the refrigerator have a higher potential for simultaneously decreasing cost and 
environmental impact of the overall product. 

In [3] relationships between exergoeconomic and exergoenvironmental data under various operating 
conditions of three-pressure-level combined cycle power was studied for simultaneous decrease of the 
investment costs and the component-related environmental impacts. For most cases improvements in 
the exergetic efficiency of the components (a decrease in the exergy destruction) resulted in decreases 
in both costs and environmental impacts. The work [4] presents results of evaluation of interaction 
between environmental, technical and economical aspects within cascade absorption-compression 
refrigeration system. Based on 3D parametric analysis, it was determined which parameters had to be 
optimized for simultaneous improvement of thermodynamic efficiency, environmental impact and 
capital cost. Voloshchuk et al. [5] applied exergy, exergeconomic and exergoenvironmental analysis to 
a R134a heat pump unit for space heating. According to the results obtained for simultaneous 
enhancement of the thermodynamic, economic and environmental performance of the investigated 
solution the irreversibilities occurring in the evaporator and in the condenser should be decreased. 

The literature review reveals that cases taking into account interactions and interdependencies among 
the components of an energy system deserve separate attention in tasks of simultaneous 
thermodynamic, economic and environmental improvement. Studies of different authors showed that 
from exergy point of view the interactions between different components can have different effect. 
The exergy destruction in the k-th component can be decreased with reducing irreversibilities in the r-
th component. There are cases when exogenous part of exergy destruction is negative. It means that 
adding inefficiencies in the r-th component contributes to a reduction of the exergy destroyed in the k-
th component. The information concerning negative values of exogenous exergy destruction is 
obtained in a series of works: [6] for a vapour-compression refrigeration machine with R407C, [7] for 
an absorption refrigeration machine, [8] for a water-source heat pump providing space heating, [9, 10] 
for geothermal district heating systems, [11] for a combined cycle power plant. Negative values of 
exogenous exergy destruction provides negative values of costs and environmental impact due to 
exergy destruction, as confirmed in [12, 13, 14]. In case of evaluation of investment cost due to 
interactions between different components adding irreversibilities within the r-th component can 
provide decreasing investment expenditures of the k-th component. However, there are also cases 
when additional irreversibilities in the r-th component increase investment expenditures of the k-th 
component. This is mentioned in [15] for a water-source heat pump providing space heating, in [16] 
for a trigeneration system using a diesel-gas engine and in [17, 18] for a power plants with CO2 
capture. 
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Therefore, the target of this work is to exhaustively investigate the component interactions in air-
source and water-source heat pumps using exogenous parts of exergy-based parameters and propose 
possible solutions for their simultaneous thermodynamic and economic enhancement. As showed 
above and to the best of the authors’ knowledge, no studies focusing on this goal have been carried 
out. 

2 Methodology 

According to the methodology of advanced exergy-based analysis the total exergy destruction and the 
total investments costs in each system component can be split into endogenous/exogenous (

EN EX

D ,k D ,k D ,k
E E E     and 

EN EX

k k k
Z Z Z    ), unavoidable/avoidable parts ( AV UN

D ,k D ,k D ,k
E E E     and 

   AV UN

D ,k k k
Z Z Z ) and their combination (        UN ,EN UN ,EX AV ,EN AV ,EX

D ,k D ,k D ,k D ,k D ,k
E E E E E  and 

       UN ,EN UN ,EX AV ,EN AV ,EX

D ,k D ,k D ,k D ,k D ,k
Z Z Z Z Z ) [6, 7, 19]. For the calculations of the split values of 

exergy-based parameters (namely, exergy destruction and the investments costs) the thermodynamic-

cycle-based approach has been applied [6, 7, 19]. Cycle with unavoidable exergy destructions (  UN

D ,k
E ) 

considers only unavoidable irreversibilities. The avoidable exergy destruction is calculated as [6, 7, 
19] 

   AV UN

D ,k D ,k D ,k
E E E                                                       (1) 

and should be considered during the improvement procedure.  

For calculating the endogenous part of the exergy destruction (  EN

D ,k
E ) within each component of the 

heat pump the hybrid cycles with only one irreversible component is analysed [6, 7, 19]. The 
exogenous exergy destruction is obtained as [6, 7, 19] 

   EX EN

D ,k D ,k D ,k
E E E .                                                     (2) 

In case of calculation of the additional parts of exergy destruction, only the value of the unavoidable 

endogenous exergy destruction (  UN ,EN

D ,k
E ) needs to be obtained using the thermodynamic-cycle-based 

approach [6, 7, 19]. The remaining parts of the exergy destruction are then calculated as follows [6, 7, 
19] 

   UN ,EX UN UN ,EN

D ,k D ,k D ,k
E E E ,                                                      (3) 

   AV ,EN EN UN ,EN

D ,k D ,k D ,k
E E E ,                                                     (4) 

   AV ,EX AV AV ,EN

D ,k D ,k D ,k
E E E .                                                     (5) 

To better understand the interactions among components, the exogenous exergy destruction within the 
k-th component should also be split. 

For obtaining a deeper understanding of the interactions among components, the exogenous exergy 
destruction (as well as the exogenous unavoidable and the exogenous avoidable exergy destruction) 
within the k-th component is split [19] 






 
r 1
r k

n 1
EX EX ,r mexo

D ,k D ,k D ,k
Ė Ė Ė ,                                                           (6) 

where  EX ,r

D ,k
E  represents part of the exogenous exergy destruction within the k-th component that is 

caused by the irreversibilities occurring within the r-th component; 
mexo

D ,k
Ė  – the remaining part is called mexogenous exergy destruction (from mixed exogenous exergy 

destruction) within the k-th component and is caused by the combined interactions of two or more 
components. 
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The thermodynamic-cycle-based approach [19] has been used for the evaluation of the components of 

the investments costs (  EN

k
Z ,  EX

k
Z ,  AV

k
Z ,  UN

k
Z ). The values of the unavoidable investment cost (  UN

k
Z ) 

are determined assuming an extremely inefficient version of the considered component [19]. These 
values will always be exceeded as long as a similar component is used in a real system. Endogenous 

(capital investment cost  EN

k
Z ) are the parts of variables within a component obtained when all other 

components operate ideally and the component being considered operates with the same efficiency as 
in the real system [19]. The cost rates caused by the irreversibilities within the kth component can be 
estimated as [19] 

  X X

D ,k F ,k D ,k
C c Ė ,                                                                (7) 

in which F ,k
c  presents the cost per unit of exergy for fuel of the k-th component and X  denotes the 

part of exergy destruction. 

The contribution of the investments cost, kZ , to the total costs associated with investments and exergy 
destruction in exergoeconomic assessment is expressed by the exergoeconomic factor [19] 

k
k

k F ,k D,k

Z
f

Z c E


 



 
.                                                            (8) 

In case of applying exergy-based approach to the heating and cooling systems in buildings, one of the 
challenging issue is the definition and selection of the reference environment [20]. In this research 
selection of an appropriate reference state corresponds to the selection of an appropriate reference 
temperature. Pressure and humidity as other parameters of the reference environment have not been 
taken into account as having negligible effect in the climate conditions specified in the study. The 
reference temperature exactly follows the fluctuations of ambient (outdoor) conditions [21]. So, 
exergy always cancels out for the ambient air temperature. For the sensitivity analysis the following 
cost equations have been used for estimating the purchase equipment costs as functions of the 
thermodynamic parameters of the heat pump components [19] 

CM CM 2 2
CM UN

1 1CM CM

k m p p
PEC ln

p p 
   

    
    


 - for compressor                                   (9) 

 0.6
CD CD CDPEC k A - for condenser                                                 (10) 

 0.6
EV EV EVPEC k A - for evaporator                                                (11) 

where CMk , CDk , EVk  are constants; CMm  is mass flow rate of the working fluid through the 

compressor; 2 1p p  - pressure ratio in the compressor; CM  and UN
CM  are isentropic efficiencies of the 

compressor in real cycle and unavoidable conditions, respectively; CDA  and EVA  are the heat transfer 
areas of the condenser and evaporator calculated for the design mode, respectively. All these values 
are estimated for the design operating conditions (nominal mode) of the system. 

For exergetic, exergoeconomic and exergoenvironmental assesment of the heat pump providing space 
heating it is proposed to consider annual (seasonal) values of parameters [5, 8]. 

For different operational modes ambient temperature can be referred in a different manner to 
temperatures of working fluids of the heat pump. The reference temperature can be above, below or 
cross the temperatures of the heat source medium and the refrigerant. In such conditions different 
formulas should be used for calculating exergy associated with the fuel and product in the components 
of the system and associated costs per unit of exergy of the fuel and product respectively. Taking into 
account this features it is proposed to apply the exergoeconomic model for the every 24-hour time step 
of the assumed quasi-steady state approximation. In calculation of annualized exergoeconomic 
parameters the averaged for the heating season values of cost per unit of exergy associated with the 
fuel and product for the kth component have been estimated using the formulas [8, 5] 
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where  F ,k n
E τ  and  F ,k n

c τ  are the exergy of fuel and the cost per unit of exergy associated with 

the fuel of the kth component for the specified time step 
n

τ ;  P ,k n
E τ  and  P ,k n

c τ  are the exergy 

of product and the cost per unit of exergy associated with the product of the kth component for the 

specified time step 
n

τ ; N  - the total number of time steps within the heating season. 

The analysis is performed for a typical Ukrainian house. The dwelling has two floors with a gross 
floor area of 170 m² and a volume of 470 m³. The weighted average insulation U-value of non-glazed 
external surfaces is 0.5 W∙m-2∙K-1. U-value of windows including frames is 1.67 W∙m-2∙K-1. Internal 
heat gains are defined with a constant value of 5 W∙m-2. Setpoint for the indoor temperature is 18 oC. 
The fraction of east and west oriented glazing is 30%, of the south one – 50%, of the north one – 20%. 
Natural ventilation is used in the dwelling. The design heating capacity of the house is 25 kW. 
Hydronic system is used for space heating. The heat pump is a basic heater covering 12 kW of heating 
demand in the design mode. R134a is chosen as a working fluid in the heat pump.  

In the design operating conditions (nominal mode) of the air-source heat pump the following 
parameter values are set: the low temperature heat source medium (air) is cooled in the evaporator 
from -10 oC to -15 oC; the minimal temperature differences in the evaporator is 12 K and in the 
condenser is equal to 5 K. The calculated value of the real isentropic efficiency of the compressor in 
the nominal mode is equal to 0.7. For evaluating unavoidable exergy destructions in nominal mode the 
following parameter values are assumed: the unavoidable temperature differences in the evaporator 
and the condenser are equal to 3 K and 1 K, respectively. The unavoidable compressor efficiency is 
equal to 0.96. The temperature the heat source in off-design modes varied in a range from +10oC to -
16oC. For creating the theoretical cycle of the air-source heat pump the following assumptions are 
used: the minimal temperature differences in the evaporator and the condenser are equal to 0 K; the 
efficiency of the working fluid compression is equal to 1; the throttling process is replaced by an ideal 
expansion process [6]. The supply and return temperatures in a constant-flow space heating system for 
the design mode are equal to 70 оС and 50 оС respectively. 

In case of using water-source heat pump the low temperature heat source medium (water) is cooled in 
the evaporator from +6°C to +3°C. The variation of the heat source temperature in off-design modes is 
within the range +6°C÷+12°C. For the design mode the supply and return temperatures in a constant-
flow space heating system are equal to 90 оС and 70 оС, respectively. The minimal temperature 
differences in the evaporator and the condenser are equal to 5 K. The calculated value of the real 
isentropic efficiency of the compressor in the nominal mode is equal to 82%. For evaluating 
unavoidable exergy destructions in nominal mode the following parameter values are assumed: the 
unavoidable temperature differences in the evaporator and the condenser are equal to 1 K and the 
unavoidable compressor efficiency is equal to 92%. In case of calculating the theoretical cycle of the 
water-source heat pump the same assumptions made for air-source heat pump are applied. 

In order to determine thermodynamic parameters of the vapour compresion heat pump cycle in 
different operating modes (off-design modes) during a heating season, which is typical for such kind 
of solutions, the mathematical model proposed in [22] is used. The model is based on quasi-steady 
state approach. A set of nonlinear equations, involving heat, mass balances, heat transfer and equations 
for calculation of thermodynamic properties of working fluids, have been utilized. The equations, 
solved simultaneously with a gradient numerical method, have been established to describe the 
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behaviour of each component and of the system as a whole. CoolProp software [23] has been 
employed for providing the thermophysical properties of the working fluids, while the simulation 
model of the heat pump is implemented in MathCad math environment. Daily weather data within a 
heating season for the city of Rivne located in the western part of Ukraine are used for the analyses. 
So, 24-hour time step are assumed for quasi-steady state modelling. The weather data have been 
provided by the Ukrainian Hydrometeorological Institute [24]. The total value of heating degree days 
is 3500°C∙day. 

3 Results and discussion 

Table 1 summarizes the selected variables of conventional exergy and exergoeconomic analysis used 
for evaluating components of the investigated heat pumps. Using results obtained from the 
conventional (without splitting the exergy destruction) exergetic analysis the following conclusions 
can be formulated. For the air-source heat pump the biggest seasonal exergy destructions (1752 kWh 
and 1632 kWh, respectively) belong to the compressor and the throttling valve. The evaporator and 
condenser are of the third and the forth order of importance with seasonal exergy destructions of 1144 
kWh and 726 kWh, respectively.  

For the water-source heat pump the most important component from thermodynamic viewpoint is the 

throttling valve with seasonal exergy destruction year

D ,TV
E  equal to 898 kWh. The compressor has the 

second position for which year

D ,CM
E  is equal to 623 kWh. The third position is associated with the 

condenser ( year

D ,CD
E 480 kWh). The evaporator is the last important component for which year

D ,EV
E 438 

kWh. 

According to the results provided in Table 1 it can be concluded that from the exergoeconomic point 

of view the compressor is the most important component for both heat pumps. The sum year year

CM CM
Z C  

associated with the compressor for the air-source heat pump is equal to 1692 €·year-1 and for the 
water-source pump is equal to 1135 €·year-1. Evaporator is of the second priority of exergoeconomic 

improvement. For this component the sums year year

EV EV
Z C  are equal to 805 and 519 €·year-1 

respectively. Compared with the compressor and the evaporator the condenser and the throttling valve 
have lower values of the cost associated with capital investment and exergy destruction for both heat 
pumps. 

Table 1: Values of selected exergoeconomic variables for the air-source and water-source heat pumps 

Component 

year

D ,k
E , kWh year

k
Z , €·year-1

 
year

D ,k
C , €·year-1

 
year year

k D ,k
Z C

, 
€·year-1

 

year

k
f , 

% 

air-
source

 

water-
source

 

air-
source

 

water-
source

 

air-
source

 

water-
source

 

air-
source

 

water-
source

 

air-
source 

water-
source 

CM 1752 623 1631 1113 61 22 1692 1135 96 98 

CD 726 480 130 135 203 140 334 275 39 49 

TV 1632 898 0 0 334 111 334 111 0 0 

EV 1144 438 128 99 766 420 805 519 16 19 
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The low values of the year
kf  (less than 50%) for the evaporator and condenser mean that the cost 

effectiveness of the heat pumps might be improved by improvement of the exergy efficiency of these 
components (at the expense of increasing investment costs). On the other hand, the high values of the 
exergoeconomic factor year

kf  (more than 96%) for the compressor indicate that reducing the 
investment cost for this component can substantially decrease the total cost of the investigated heat 
pumps. Taking into account the formula (9) it is possible due to decreasing compressor isentropic 

efficiency (
CM
η ). However, the decision concerning increasing irreversibilities within the compressor 

is not preferable because this provides additional exergy destruction. Taking into account this 
constraint the possibility of decreasing investment expenditures of the compressor with the help of 
improving thermodynamic efficiency of other component due to components interaction is of big 
interest. 

Table 2 shows the results of splitting the seasonal exergy destruction and costs due to exergy 
destructions into avoidable endogenous and avoidable exogenous ones for the air-source heat pump. 
The same parameters for the water-source heat pump are presented in Tables 3. Also, the results 
summarized in Table 2 and Table 3 highlight the considerable potential of splitting exergy destruction 
into endogenous/exogenous and unavoidable/avoidable parts to improve understanding the processes 
taking place and the quality of the conclusions made.  

Table 2: Splitting avoidable exergy destruction and costs due to exergy destruction for the air-source 
heat pump 

Component 

Avoidable endogenous Avoidable exogenous
 

AV ,EN , year

D ,k
E

, 
kWh 

AV ,EN , year

D ,k
C

, 
€·year-1 

 AV ,EX , year

D ,k
E , 

kWh
 

AV ,EX , year

D ,k
C

, 
€·year-1

 

CM 448 16 

sum 834 29 
caused by: 
CD 
TV 
EV 
mixed 

 
111 
3 
634 
87 

4 
0 
22 
3 

CD 234 65 

sum 83 23 
caused by: 
CM 
TV 
EV 
mixed 

16 
4 
8 
56 

4 
1 
2 
16 

TV 0 0 

sum 524 107 
caused by: 
CD 
CM 
EV 
mixed 

154 
-16 
403 
-17 

32 
-3 
83 
-3 

EV 565 334 

sum -58 -34 
caused by: 
CM 
TV 
CD 
mixed 

-13 
8 
7 
-61 

-8 
5 
4 
-36 

Heat pump 1247 415  1383 125 

 

In fact, the outcomes presented in Table 1 are misleading to some extent. For example, the 
conventional exergetic analysis identifies the compressor and the throttling valve as the most 
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important components on which improvement efforts should focus. However, a more detailed analysis 
shows that exergy destruction within the compressor depends on its pressure ratio and can be actually 
reduced by decreasing irreversibilities taking place in the evaporator and the condenser due to 
temperature differences (Table 2). Moreover, the throttling process is completely irreversible and there 
are no ways of improving this process with the help of decreasing irreversibilities within it. Also from 
the conventional analysis of the water-source heat pump it has been found misleading information 
with respect to relative importance of the condenser and the evaporator. The condenser has a higher 
exergy destruction without splitting but at the same time compared to the evaporator it can be 
characterized with a higher exergy destruction which cannot be avoided. As a result, thermodynamic 
inefficiency, which can be really eliminated in this component, can be lower than in the evaporator. 
Furthermore, it can be seen from Table 2 that 53% (1383 kWh) of avoidable exergy destruction within 
the air-source heat pump is due to the component interaction. The highest values of avoidable 
exogenous exergy destruction belong to the compressor (834 kWh) and the throttling valve (524 
kWh). Table 2 also demonstrates the distribution of avoidable exogenous exergy destruction among 
the components causing this part of exergy destruction. It can be seen that the evaporator is the 
component which causes the biggest share of exogenous avoidable exergy destruction within the 
compressor (634 kWh) and the throttling valve (403 kWh). So, improvement of the evaporator plays a 
pivotal role for possible thermodynamic savings within the compressor and the throttling valve. It can 
be observed from Table 2 that several parts of avoidable exogenous exergy destruction have negative 
sign. The avoidable parts of exogenous exergy destruction within the evaporator and the throttling 
valve caused by compressor are equal respectively to -13 kWh and -16 kWh. It means that increasing 
the irreversibilities within the compressor leads to some decrease of exergy destruction within the 
evaporator and the throttling valve. 

Some amount of exergy destruction within the air-source heat pump components is mexogenous and 
caused by the combined interactions of more than two components (see Table 2). The mexogenous 
avoidable exergy destruction within the compressor and the condenser are equal to 87 kWh and 56 
kWh, respectively. The mexogenous avoidable exergy destruction within the evaporator is negative 
and equal to -61 kWh. Also, -17 kWh of the avoidable exergy destruction within throttling valve also 
depends on combined interactions of more than two components. 

Table 3: Splitted values of avoidable exergy destruction and costs due to exergy destruction for the 
water-source heat pump 

Component 

Avoidable endogenous Avoidable exogenous
 

AV ,EN , year

D ,k
E

, 
kWh 

AV ,EN , year

D ,k
C

, 
€·year-1 

 AV ,EX , year

D ,k
E , 

kWh
 

AV ,EX , year

D ,k
C

, 
€·year-1

 

CM 207 7 

sum 207 7 
caused by: 
CD 
TV 
EV 
mixed 

 
62 
1 
126 
18 

 
2 
0 
4 
1 

CD 174 51 

sum 4 1 
caused by: 
CM 
TV 
EV 
mixed 

 
0 
9 
7 
-13 

 
0 
3 
2 
-4 

TV 0 0 

sum 194 24 
caused by: 
CD 
CM 
EV 
mixed 

 
104 
-7 
103 
-6 

 
13 
-1 
13 
-1 
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EV 243 232 

sum -5 -6 
caused by: 
CM 
TV 
CD 
mixed 

 
-3 
-3 
-3 
2 

 
-3 
-2 
-2 
2 

Heat pump 624 290  400 26 

So, the results of Table 2 concerning estimation of avoidable exergy destruction demonstrate that the 
thermodynamic interconnection between the components of the air-source heat pump is quite strong. 
In contrast, the results of Table 2 show that, from the point of view of costs due to exergy destruction, 
the interconnections between the components of the air-source heat pump are weak. 125 €·year-1 or 
23% of avoidable costs of exergy destruction is due to the component interaction. Such value of cost is 
mainly caused by irreversibilities within the evaporator, which contributes to 83 €·year-1 with respect 
to the throttling valve. 

Similar results are found for the water-source heat pump (see Table 3). 39% (400 kWh) of avoidable 
exergy destruction within the water-source heat pump is due to the component interaction. Almost all 
this part of avoidable exogenous exergy destruction belongs to the compressor (207 kWh) and the 
throttling valve (194 kWh). Improvement in the evaporator will affect not only the avoidable 
endogenous exergy destruction of this component (243 kWh), but also the exogenous avoidable 
exergy destruction within the throttling valve (103 kWh) and within the compressor (126 kWh). 
Similar results are obtained for the condenser with 174kWh of the seasonal avoidable endogenous 
exergy destruction. With the made assumption of increasing thermodynamic efficiency within the 
condenser it is possible to decrease 104 kWh and 62 kWh of the annual exogenous avoidable exergy 
destruction within the throttling valve and the compressor, respectively. Quite small values of 
avoidable exogenous exergy destruction within the investigated water-source heat pump are negative. 

So, the data of Table 3 shows that the thermodynamic interconnection between the components of the 
water-source heat pump is also quite strong. The results of Table 3 demonstrate that, from the point of 
view of costs due to exergy destruction, similarly to the air-source heat pump the interconnections 
between the components of the water-source heat pump are not so strong either. 8% (26 €·year-1) of 
avoidable costs of exergy destruction is due to the component interaction. The largest share of this 
value of cost is mainly due to irreversibilities within the evaporator, which contributes to 13 €·year-1 
with respect to the throttling valve. 

It has been found above that for both air-source and water-source heat pumps (see Table 1) the most 
important cost source is the purchase cost of the compressor. Also, finding possibilities of reducing 
this part of cost with the help of reducing the inefficiencies caused by component interaction is of high 
priority. For this purpose it is proposed to split the capital investment cost into endogenous/exogenous 
(see Tables 4). The evaluation of the results presented in Table 4 shows that for the air-source heat 
pump some amount of investment expenditures of the most expensive component (compressor) can be 
decreased by increasing the thermodynamic efficiency of the evaporator and condenser. This can be 
explained with a more detailed evaluation of the exogenous part of the capital investments for the 
compressor (Table 4). It can be seen that endogenous capital investment costs of the compressor are 
equal to 1205 €·year-1. Furthermore, this is the largest share of capital investment for the heat pump. 
However, 426 €·year-1 belong to the exogenous part of the capital investment costs and refer to the 
irreversibilities distributed within other components: 116 €·year-1 due to the condenser, 236 €·year-1 
due to the evaporator and 74 €·year-1 due to the mixed influence of more than one component. 
According to the methodology of advanced exergoeconomic analysis [19], if the exogenous capital 
investment cost of the compressor caused by irreversibilities taking place within some component is 
positive, it means that investment cost of the compressor can be decreased by reducing the 
irreversibilities within the other components (i.e. evaporator and the condenser). On the other hand, if 
the exogenous part of capital investment cost is negative, it means that in order to decrease the 
investment cost of the considered component the irreversibilities within the other components needs to 
be increased. The latter refers to the case of application of water-source heat pump (see Table 4). 
Despite the fact that almost all capital investment of the heat pump in belong to the endogenous one 
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(1304 €·year-1 or 97%) the exogenous part can play some role for decision making in simultaneous 
thermodynamic and economic enhancement of this unit especially concerning the compressor. From 
Table 5 it can be observed that 42 €·year-1 of investment cost within the compressor belongs to the 
exogenous part. However, the distribution of this cost among the irreversibilities within other 
components is different as compared to the air-source heat pump. 63 €·year-1 of exogenous investment 
cost is due to the condenser, -62 €·year-1 – due to the evaporator and 74 €·year-1 – due to the mixed 
influence of more than one component. It means that investment expenditures for the compressor can 
be decreased with increasing thermodynamic efficiency of the condenser. Nevertheless, 
thermodynamic improvement of the evaporator can increase investment costs of the compressor and 
cannot be recommended. 

Table 4: Splitting the capital investment cost for the air-source and water-source heat pumps 

Component 

Endogenous Exogenous
 

EN , year

D ,k
Z

,
€·year-1 EX , year

D ,k
Z

,
€·year-1

 
air-source

 
water-source

 
 air-source

 
water-source

 

CM 1205 1071 

sum 426 42 
caused by: 
CD 
TV 
EV 
mixed 

 
116 
0 
236 
74 

 
63 
0 
-62 
41 

CD 119 124 

sum 12 11 
caused by: 
CM 
TV 
EV 
mixed 

 
9 
0 
4 
-1 

 
8 
0 
2 
1 

EV 150 109 

sum -22 -9 
caused by: 
CM 

 
-10 
0 
-1 
-11 

 
-3 
0 
-1 
-5 

TV 
CD 
mixed 

Heat pump 1474 1304  416 44 

4 Conclusions 

The paper presents evaluation of component interactions in air-source and water-source heat pumps 
applied in space heating using exogenous parts of exergy-based parameters. Possible ways for 
simultaneous thermodynamic and economic enhancement of these energy conversion systems are 
provided: 

it has been shown that 53% of avoidable exergy destruction within the air-source heat pump and 39 % 
of avoidable exergy destruction within the water-source heat pump is due to the component 
interaction. The highest values of avoidable exogenous exergy destruction belong to the compressor 
and the throttling valve; 

in contrast to the thermodynamic interconnections the obtained results have shown that from the point 
of view of costs due to exergy destruction the interconnections between the components of the air-
source and water-source heat pumps are not so strong;  

for both air-source and water-source heat pumps the most important cost source is the purchase cost of 
the compressor;  
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splitting the capital investment cost of the compressor into endogenous/exogenous has shown that for 
the air-source heat pump some share of this cost can be decreased by reducing the irreversibilities 
within the evaporator and the condenser. For the water-source heat pump thermodynamic 
improvement of the condenser can decrease investment costs of the compressor, but decreasing 
irreversibilities within the evaporator cannot be recommended because it contributes to increases of 
the compressor investment costs. 

Nomenclature 

A  heat transfer area (m2) 
c  cost per unit of exergy (€·kWh-1) 
C  cost associated with an exergy stream (€) 
GHG greenhouse gas 
E  exergy rate (kW) 
E  amount of exergy (kWh) 
f  exergoeconomic factor (%) 
m  mass (kg) 
N  total number of time steps within the heating season (day) 
p  pressure (Pa) 
τ  time step (day) 
Z  cost associated with capital investment (€) 
Greek symbols 
η  isentropic efficiency (-)  

Subscripts and superscripts 
AV avoidable 
UN unavoidable 
UN, EN unavoidable endogenous 
UN, EX unavoidable exogenous 
AV, EN avoidable endogenous 
AV, EX avoidable exogenous 
D exergy destruction 
F exergy of fuel 
k k-th component 
n number of time steps within the heating season 
year annual 
tot overall system 
Abbreviations 
CM compressor 
CD condenser 
PEC purchase equipment costs 
EV evaporator 
TV throttling valve 
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Abstract 

In 2018, the participation of renewable energy in the Brazilian domestic energy consumption achieved 
45.3%, out of which 17.4% corresponds to sugarcane energy, whereas 10.7% is explicitly related to 
sugarcane bagasse. Sugarcane and straw (i.e., sugarcane tops, dry and green leaves) represent useful 
energy inputs to the Brazilian electricity mix, often used as supplementary fuels in the cogeneration 
units of sugarcane biorefineries. However, the collection and conversion of these energy resources are 
typically performed by using inefficient conversion systems (<30%), which impacts the overall 
performance of the production process. Hence, this work focuses on existing sugarcane mills and 
cogeneration systems, aiming to increase the surplus electricity commercialization. Simulation 
processes are employed to denote incremental modifications related to sugarcane straw recovery 
utilizing in the harvesting systems. In this context, a technical comparison concerning the exergy 
efficiency, unit exergy cost, and the irreversibility rate as thermodynamic criteria of these processes is 
performed to allow identifying potential improvements in the sugarcane mills. A sensitivity analysis is 
carried out considering the main parameters related to industrial plant scale, operating period, sugarcane 
straw consumption, and economic criteria to assess different scenarios. Preliminary results show that 
the techno-economic assessment of straw recovery through harvesting systems increases up to 30% the 
surplus electricity when it is considered the integration of sugarcane biorefineries with the maximum 
straw recovery fraction. Also, the increment in the exergy cost of the straw collection influences the 
extended exergy efficiency of the cogeneration unit and the whole sugarcane biorefinery, rendering this 
sector a decarbonization alternative for the Brazilian electricity mix. 
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1 Introduction 

In the 2018-2019 sugarcane growing season in Brazil, the ethanol production was based on sugarcane 
(97.6%) and, to a lesser extent, on corn (2.4%). According to the Brazilian Sugarcane Industry 
Association, the total production of the former reached around 620 million tons, although the average 
productivity dropped to 73.50 tons per hectare [1]. 

Sugarcane represents the main source for electricity generation in the sugar and ethanol industry. One 
ton of crushed sugarcane generates roughly 250 kg of bagasse and 200 kg of straw and scraps. Thus, not 
only the amount of electricity demanded by the mills can be covered through these raw materials, but 
an energy surplus can also be generated and sold to the Brazilian electricity mix. In 2018, the sugar and 
energy sector added 21.5 thousand GWh of electricity to the Brazilian Interconnected System [2]. 

In Brazil, projections for the next ten years in the sugarcane supply chain point to higher growth in terms 
of ethanol biofuel production and surplus electricity generation, compared to the past decade, which is 
leveraged by the RenovaBio program, a stimulating policy for increasing the energy efficiency and 
reducing the CO2 emissions in the sugar and ethanol production sector[3]. 

From this perspective, this work focuses on the retrofit of existing sugarcane mills cogeneration systems, 
aiming to increase the surplus electricity commercialization, considering straw recovery and its 
operation in the season/off-season periods. Furthermore, a performance comparison between an 
autonomous (1G-AUT) and an annexed (1G-ANX) distilleries are carried out regarding: (i) the global 
exergy efficiency, (ii) the average unit exergy cost, and (iii) the exergy destruction rate as 
thermodynamic criteria to allow identifying potential improvements in the Brazilian biorefinery 
scenario. 

2 Material and methods 

In this section, the different scenarios analyzed and the thermodynamic and economic methodologies, 
used to assess and compare their performance, are discussed. 

2.1 Description of the technological scenarios 

In the technological scenarios, the first-generation ethanol production processes were considered 
bearing in mind data for an autonomous distillery (1G-AUT) and an annexed plant (1G-ANX) with a 
milling capacity of 4 million tons of sugarcane (TC) in 200 days per year, and recovering sugarcane 
straw produced in the field. Firstly, sugarcane undergoes to the cleaning and crushing steps. Hereafter, 
125 kg of bagasse (dry basis) are produced per TC. The lower heating value (LHV) of bagasse with 50 
wt.% moisture content is 7.5 MJ/kg. Furthermore, a certain amount of the sugarcane straw (i.e. tops and 
leaves) is transported to the cogeneration plant, about 140 kg straw/TC (dry basis). The LHV of straw 
with 30 wt.% moisture content is 11.5 MJ/kg. 

General simulations of both 1G-AUT and 1G-ANX models were developed based on key parameters 
reported for conventional/standard mills [4–6]. The processes involved in the sugarcane distillery and 
the annexed plant were separated into representative control volumes, as illustrated in Fig. 1. In this 
figure, the lignocellulosic materials (e.g., bagasse and straw) are sent to the cogeneration unit (CHP), 
which converts these materials into heat and electricity. A steam cycle with backpressure steam turbines 
(boiler parameters: 65 bar, and 480°C) is adopted to model the CHP unit. It must be underlined that 
straw consumptions of 30%, 50%, 65%, and 100% of the available lignocellulosic material in sugarcane 
fields are considered as input to the CHP unit for each system. The values of the main operating 
parameters for each process are specified in Silva Ortiz et al. [7] for standard sugarcane mills in Brazil. 

From the agricultural system perspective, a key factor associated with straw recovery is the 
transportation distance of the biomass to the CHP conversion unit, since this logistic aspect is linked 
with the economic feasibility of the energy enterprise. In this work, to quantify this effect, a typical 
distance of 50 km was adopted [8]. More details of the agricultural and industrial aspects involved in 
the electricity production from sugarcane straw can be found elsewhere [8,9]. 
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Figure 1: Main processing operations of the first generation annexed and autonomous sugarcane 
biorefineries 

2.2 Exergy analysis 

Exergy concept is defined as the capability to do work using thermodynamically perfect processes, 
which account for both the quantity (1st Law) and quality (2nd Law) of a particular conversion energy 
process. Thus, exergy analysis reflects the different thermodynamic values of the energy forms and 
quantities based on the Second Law of Thermodynamics [10]. In this work, the total exergy of a material 
stream or a system is defined as: 

𝐵 = 𝐵 + 𝐵  (1) 

𝐵  This term presents the chemical exergy, (kW). 
𝐵  This term presents the physical exergy, (kW). 

 

As for the case of sugarcane biomass, the term Bph is oftentimes neglected since biomass generally enters 
at the ambient conditions of pressure and temperature, whereas the term Bch is defined as specified in 
Eq.(2): 

𝐵 = �̇� β 𝐿𝐻𝑉  (2) 

where the mass flow rate (m) is expressed in kg/h, the lower heating value (LHV) of biomass is given in 
kJ/kg; and β is the ratio between the chemical exergy to the LHV, which can be calculated from 
correlations reported for wood with an O/C ratio ≤ 2 [11], according to Eq.(3): 

𝜷 =

1.044 + 0.0160
𝐻
𝐶

− 0.3493
𝑂
𝐶

∗ 1 + 0.0531
𝐻
𝐶

+ 0.0493
𝑁
𝐶

1 − 0.4124
𝑂
𝐶

 (3) 

where the mass fractions of carbon, hydrogen, oxygen, and nitrogen (C, H, O, and N) are known from 
the ultimate analysis of the biomass. 
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On the other hand, the irreversibility rate associated with the rate of exergy destruction allows working 
out a thorough diagnostic of the actual system performance in terms of the deviation from the ideal 
standard. The minimization of the exergy destruction can also be used as a rational target for 
optimization purposes. The exergy balance can be adopted to compute the plantwide and component-
wise irreversibility distribution. In a steady-state operating condition, the exergy balance of a system 
can be written in Eq.(4). 

𝐵 = 𝐵 + 𝐵  (4) 

 
∑𝐵  This term presents the exergy inputs of the system (kW). 
∑𝐵  This term presents the exergy outputs of the system (kW). 
𝐵 . This term presents the exergy destruction rate due to the actual processes (kW). 

 

Lastly, the average unit exergy cost (AUEC) is adopted as a metric for the cumulative irreversibility and 
exergy consumption along with the energy conversion processes. Thus, a higher irreversibility rate 
translates into higher unit exergy costs. It must be noted that the exergy cost indicator brings about a 
closer insight into the contribution of each product to the overall plant efficiency based on the Second 
Law of Thermodynamic [12]. According to Eq. (5), the average unit exergy cost c (kJ/kJ) of the 
combined anhydrous ethanol production and the electricity generated can be determined as the weighted 
average of the exergy cost of the ethanol unit and the power generation system: 

𝐴𝑈𝐸𝐶 =
𝑐 ∗ 𝐵 + 𝑐 ∗ 𝐵

𝐵 + 𝐵
 (5) 

2.3 Techno-economic analysis 

A discounted cash flow analysis is applied in order to estimate the gross margin, the return on investment 
(ROI), and the payback time of the biorefinery scenarios in the Brazilian context, using the following 
assumptions: (i) building and start-up in 2 years, (ii) project lifetime of 20 years with an operating factor 
of 200 days/y, (iii) no subsidies on capital investment costs, (iv) the nominal capacity of 100% during 
the first year of operation, (v) no debt and 100% equity, (vi) 34% tax rate, (vii) 10-year linear 
depreciation and working capital as 2% of capital investment, and (viii) the exchange rate (January 2019) 
was R$ 3.79 (BRL) per U.S. dollar (USD). 

Table 1 summarizes the input parameters considered in the economic analysis. In this study, selling 
prices of anhydrous ethanol and power are assumed, taking into account the historical average auctions 
from the Brazil market. 

Table 1: Input parameters of the economic analysis 

Parameter Value 
Sugarcane (US$/wet tonne)1,2 27.26 
Sugarcane straw (US$/wet tonne)3 18.29 
Anhydrous ethanol (US$/L)4 0.66 
Sugar (US$/kg)5 0.48 
Power or Electricity (US$/MWh)6 60.98 

1 Average prices (December 2018 values) from sugarcane in São Paulo-SP State (CEPEA, [13]). 
2 Tonne of stalk; total reducing sugars content in sugarcane is 15.3%. 
3 Values provided by specialists in the sugarcane industry [8]. 
4 Anhydrous ethanol prices paid to the producer in the period from 2016 to 2019 (CEPEA, [13]). 
5 Average prices (December 2018 values) of sugar in SP State (CEPEA, [13]). 
6 Average price in energy auctions (2018 values) in Brazil (EPE, [14]). 

The main parameters comprise in the capital expense (CAPEX), and operational expense (OPEX) 
estimation are exemplified in Table 2 and Fig. 3 based on the assumptions given in [15]. 
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3 Results and discussion 

3.1 Exergy assessment 

As for the irreversibilities pertaining to the biorefineries, Fig. 2 shows the exergy destruction breakdown 
for each sub-system. It is important to notice that the cogeneration unit shows the highest exergy 
destruction rates, rendering this process the sub-system with the largest room for improvement by 
implementing the adequate modifications and revamping processes in order to increase the exergy 
efficiency. In this work, the operating parameters of the live steam produced in the boiler are set as 65 
bar and 480°C. 

 

 

Figure 2: Breakdown in the percentage of the exergy destruction rate for each type of sugar cane 
biorefinery 

As it concerns the overall exergy efficiency of these two bioenergy technological configurations (base 
case: straw consumption of 100%), in the 1G-AUT system, that value achieved 37.9%, whereas, in the 
case of the 1G-ANX plant, the overall exergy efficiency reached 41.39%. 

3.2 Sensitivity analysis 

A sensitivity analysis of straw consumption was performed for the ethanol configurations. Thus, it was 
adopted in the models 30%, 50%, 65%, and 100% of the straw material available in the croplands. Figure 
3 displays the AUEC indicator against the exergy efficiency for each system. Firstly, Fig. 3a (1G-ANX) 
and Fig. 3c (1G-AUT) shows the variation of the AUEC and the exergy efficiency of the overall process 
in terms of the percentage straw participation. 
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(b) 

 
(c) 

 
(d) 

 

Figure 3: Effect of the percentage of straw in cropland fed to the cogeneration system on the exergy 
efficiency and the average unit exergy cost 
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Fig. 3b (1G-ANX) and Fig. 3d (1G-AUT) displays the variation of the AUEC, and the exergy efficiency 
focus on the cogeneration unit to show that this increases with the percentage straw participation. For 
instance, it was noted that more straw there represents less water in the feedstock (fuel), and the less 
water since less evaporation of the water occurred and the higher the adiabatic flame temperature of the 
furnace is achieved. 

On the other hand, a profitability analysis of the autonomous and annexed plants is carried out 
considering the amount of straw consumption. The gross margin, the return on investment (ROI), and 
the payback time are selected as economic performance indicators (see Fig. 4). 

 

 

Figure 4: Financial analysis results for the sugarcane biorefineries as a function of the percentage of 
cropland straw consumption 

In terms of the economic indicators, the autonomous plant (1G-AUT) offers a slight advantage over the 
annexed configuration (1G-ANX) regarding the payback period required to recover the investment 
costs. In the former case, that period was found to be between 7 and 9 years, whereas for the and 1G-
ANX configuration, those values ranged between 8 and 10 years, based on the assumptions adopted for 
the Brazilian sugarcane market (Tab. 1). 

In addition, the results of the financial analysis shown in Fig. 4, the total electricity and ethanol 
production for each year during the project lifetime of the 1G-AUT are considered. Meanwhile, in the 
case of the 1G-ANX plant, sugar production has to be also considered aside from the electricity 
generated and the ethanol produced. In both systems, the investment cost and the operational costs, 
necessary for maintaining the plant operative are determined. The details of the key process indicators 
used in the financial analysis of the base case (i.e., 100% of the straw available), such as capital expense 
(CAPEX) and operational expense (OPEX) are summarized in Table 2. It is worthy to notice that the 
Fixed Capital Cost of the first generation biorefineries is evaluated in light of the Brazilian context. It 
must be pointed out that the Total Plant Direct Cost (TPDC) represents 70% of the Direct Fixed Capital 
Cost (DFC), whereas the Total Plant Indirect Cost (TPIC) accounts for roughly 17% of the DFC. 
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Table 2: Fixed capital cost estimation for the autonomous and annex sugarcane distilleries studied in 
the Brazilian context (in MUSD) 

Cost item Multiplier factor  
1G 

AUT 

1G 

ANX 

TOTAL PLANT DIRECT COST (TPDC)  

Equipment Purchase Cost  PC 105 107 

Overall Installation Cost   159 161 

Process Piping (0.30 x PC)  31 32 

Instrumentation and Insulation (0.20 x PC)  21 21 

Electrical (0.10 x PC)  10 11 

Buildings (0.20 x PC)  21 21 

Yard Improvement (0.10 x PC)  10 11 

Auxiliary Facilities (0.35 x PC)  37 37 

Subtotal TPDC 394 401 

TOTAL PLANT INDIRECT COST (TPIC)  

Engineering (0.10 x TPDC)  39 40 

Construction (0.15 x TPDC)  59 60 

Subtotal TPIC 98 100 

TOTAL PLANT COST (TPC) (TPC = TPDC + TPIC) TPC 493 501 

Contractor’s fee (0.05 x TPC)  25 25 

Contingency (0.10 x TPC)  49 50 

DIRECT FIXED CAPITAL (DFC) 
(DFC = TPC + Contractor's 
fee + Contingency) 

DFC 567 576 

 

Figure 5 shows the economic cost breakdown considering the required utilities, the purchase of the 
refinery operation units, the labor, and the raw materials consumed. In both configurations, the raw 
materials represent the highest contribution of the annual operating cost (OPEX estimation), following 
by the utility services (e.g., steam, electricity, and water), the equipment, and finally, the labor cost in a 
lesser extent. Regarding the indirect costs, the specialized equipment considers the annual maintenance 
cost as 3% of the overall direct fixed capital (DFC), and the local tax fixed at 2% of DFC. 

 

Figure 5: Operating cost distribution 
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4 Conclusions 

An exergy and economic assessment of two kinds of first-generation sugarcane biorefineries, namely an 
autonomous (only ethanol) and an annexed (sugar and ethanol combined production), has been carried 
out to explore the technological scenarios of sugar cane straw utilization. This paper discusses the results 
for the global efficiency and economic profitability in the context of the Brazilian scenario. As a result, 
the exergy could be interpreted as a more rational indicator, based on the Second Law of 
Thermodynamics, capable of comparing and evaluating the performance of sugarcane-based systems 
when both heat and power exergy flows are involved. These results may show the potential synergies 
between the thermodynamic and economic performance of complex multi-generation energy systems. 

The surplus electricity represents a significant fraction of the annual revenues for those bioenergy 
conversion systems. This fact is a consequence of the operational season/off-season periods, logistic 
aspects (mainly transport and straw recovery), and the existing technology at the cogeneration plants in 
sugarcane biorefineries. Thus, the export of the surplus electricity derived from the sugarcane 
cogeneration system into the grid may help to alleviate the shortcomings related to the intermittency of 
the renewable energy systems, thus pushing forward the diversification of the Brazilian energy mix 
towards a decarbonization of the industrial processes. 

Nomenclature 

1G-ANX Annexed plant (first-generation sugar cane technology) 
1G-AUT Autonomous distillery (first-generation sugar cane technology) 
AUEC Average unit exergy costs (kJ/kJ) 
CAPEX Capital expense (MUSD) 
CHP Cogeneration unit 
LHV Lower heating value (kJ/kg) 
MUSD Million United States Dollars 
OPEX Operational expense 
ROI Return on investment (%) 
TC Tons of sugarcane 
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Abstract 

The advanced exergy method provides engineers with the best information with respect to options for 
improving the overall thermodynamic efficiency of an energy conversion system.  

This paper presents the results of the advanced exergy analysis of an air source heat pump to perform a 
comparison involving different working fluids, i.e.R410A, R134a and some of their eco-friendlier 
replacements (R600a, R290, R1270, R1234ze(E)), assuming the same heat demand for the condenser 
and the same low temperatures for the air. It was found that the biggest exergy destruction belongs to 
the thermodynamic cycle with R410A. In case of applying a R410A cycle with only unavoidable 
irreversibilities, the total exergy destruction could be decreased by 47%. Compared to R410A additional 
decrease of the total exergy destruction could be obtained in case of only unavoidable irreversibilities 
for R600a (14.6%), R1270 (8.5%), R290 (8.5%) and R1234ze (7.9%). This reduction was found to be 
10.4% for R134a. The biggest share of avoidable exergy destruction in the investigated heat pumps 
could be removed by reducing the irreversibilities within the evaporator. Taking into account 
technological limitations, in case of removing all the avoidable irreversibilities within the evaporator 
26% of the total exergy destruction could be decreased in the investigated heat pump with R410A. In 
addition, in comparison with the R410A cycle, additional decrease of the total exergy destruction could 
be obtained in case of reducing irreversibilities within only the evaporator and replacing R410A with 
R600a (13.1%), R1270 (7.9%), R290 (7.5%) and R1234ze(E) (7.5%). This reduction was found to be 
9.6% for R134a. Therefore, it could be concluded that today’s most powerful thermodynamic tool, i.e. 
the advanced exergy analysis, suggests the adoption of hydrocarbons in air-source heat pump units over 
R1234ze(E) as replacements of currently used working fluids (i.e. R410A and R134a). 
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1 Introduction  

Heat pump systems are key solutions to mitigate climate change significantly. In order to achieve such 
a target, the implementation of highly thermodynamically efficient heat pumps relying on very low 
global warming potential (GWP) refrigerants is compulsory. In case of choosing refrigerants for heat 
pump applications many criteria need to be met simultaneously (e.g. suitable thermodynamic properties, 
stability in the system, no ozone depletion potential, very low GWP). Most of current heat pumps use 
hydrofluorocarbons, i.e. R410A and R134a, which have lower environmental impact compared to 
chlorofluorocarbons and hydrochlorofluorocarbons. However, due to the massive GWP of R410A and 
R134a, in the last decade studies has been devoted to investigate environmentally friendlier alternatives, 
i.e. hydrofluoroolefins [1] and hydrocarbons [2]. Highly performing heat pumps can be implemented 
with the aid of exergy-based methods, being widely recognized as the most suitable methods to evaluate 
and improve the thermodynamic performance of any energy conversion system considerably [3-5]. The 
application of these tools provides the possibilities to reveal the location, the magnitude and the sources 
of thermodynamic inefficiencies, costs and environmental impact. However, the so called advanced 
exergy analysis [3-5] gives unique possibilities as compared to the conventional exergy method, as it 
can evaluate the detailed interactions among components of the overall system and the real potential for 
improving a system component. 

In work [6] six refrigerants are selected including natural refrigerant (i.e. R718, R600, R601) and 
synthetic working fluids (i.e. R1234ze(Z), R1336mzz(Z), R245fa) to compare the performance of 
different high temperature heat pumps for industrial waste heat recovery. The experimental comparison 
showed that R718 is the most suitable refrigerant for the investigated application. 

The aim of the study [7] was to investigate the theoretical performance of a vapour compression 
refrigeration system with R134a, R143a, R152a, R404A, R407C, R410A, R502 and R507A based on 
energy and exergy concepts. It was found that R134a has the highest performance and R407C refrigerant 
has poor performance. However, it is worth remarking that the use of R134a is bound to be abandoned 
soon due to its dramatic GWP. 

In the paper [8], energy and exergy analyses of R22 and its old alternatives, R407C and R410A, in a 
vapour compression refrigeration system were performed. From the point of view of the first and the 
second laws analysis and taking into account some properties, such as ozone depletion potential and 
global warming potential, it was concluded that R407C is a better alternative to R22 than R410A. 

In [9] a thorough thermodynamic analysis of ground source heat pumps was presented. The results 
obtained suggested the adoption of R454B rather than R32 to substitute R410A in the selected 
application. 

Padmanabhan et al. [10] experimentally investigated coefficient of performance (COP), irreversibilities 
and exergy efficiency of an air conditioning system using R22, R134a, R290 and R407C. It was found 
that R290 has the highest performance among all the evaluated refrigerants. 

On the base of advanced exergy analysis Morosuk and Tsatsaronis [4] examined the performance of 
vapour compression refrigeration systems operating with four one-component working fluids (R125, 
R134a, R22 and R717) and two mixtures (R500 and R407C). However, the main target of this study 
was to prove the possibility to apply an advanced exergy analysis to a refrigeration unit.  

De Paula et al. [11] compared the environmental, energy and exergy performance of R290, R1234yf, 
R744 with R134a in a steady-state model of a vapour compression refrigeration system. The results 
showed that R290 provides the best thermodynamic and environmental performance. 

The work [12] presented the evolution of a concept of air-source heat pump for simultaneous heating 
and cooling. Two prototypes working with R407C and R290 were tested. The experimental results 
showed that the second solution has higher performance than the first one regarding exergy aspects. 

From the literature review above, it is possible to conclude that most of the investigations on heat pump 
using low-GWP refrigerants is based on conventional thermodynamic assessments. However, no 
advanced exergy analyses, being the most powerful tool to evaluate and enhance the performance of any 
energy conversion system, has been carried out to the best of the authors’ knowledge. Therefore, the 
target of this study is to fill this knowledge gap by implementing the advanced exergy analysis of an air-
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source heat pump using ultra-low GWP working fluids (i.e. R600a, R290, R1270, R1234ze(E)) to 
determine the improvement potentials of its components along with their thermodynamic interactions. 
The results obtained were compared to those of today’s most employed refrigerants in the air-source 
heat pump sector, i.e. R410A, R134a. 

2 Methodology 

According to the advanced exergy analysis, exergy destruction within each system component is split 
into endogenous/exogenous parts ( , , ,

EN EX
D k D k D kE E E    ), unavoidable/avoidable parts ( , , ,

AV UN
D k D k D kE E E   

) and combined according to the two approaches of splitting ( , , , ,
, , , , ,

EN UN EX UN EN AV EX AV
D k D k D k D k D kE E E E E       

) [3-5]. To split exergy destructions into the above-mentioned parts the thermodynamic-cycle-based 
approach was used [3, 4]. The product exergy of the heat pump in all analysed cycles remained 
unchanged. 

The endogenous part of exergy destruction ( ,
EN
D kE ) of the k-th component is associated only with the 

irreversibilities occurring in the same component when all other components operate in an ideal way 
and the component being considered operates with its current efficiency. For calculating the endogenous 
part of the exergy destruction within each component of the heat pump the hybrid cycles with only one 
irreversible component is analysed. The exogenous part of exergy destruction ( ,

EX
D kE ) is caused within 

the k-th component by the irreversibilities that occur in the remaining components or the structure of 
the overall system and is calculated as the difference between total and endogenous exergy destruction 
[3-5]. 

Cycle with unavoidable exergy destructions (  UN

D ,k
E ) considers only unavoidable irreversibilities that 

cannot be further reduced even in the near future due to technological limitations, such as availability 
and manufacturing methods. To split the exergy destruction into unavoidable and avoidable parts a cycle 
in which only unavoidable exergy destruction (with unavoidable inefficiencies) occurring within each 
component has been created. The difference between total and unavoidable exergy destruction for a 

component is the avoidable exergy destruction ( ,
AV
D kE ) that should be considered during the improvement 

procedure [3-5]. 

In case of calculation of the additional parts of exergy destruction, only the value of the unavoidable 
endogenous exergy destruction (  UN ,EN

D ,k
E ) needs to be obtained using the thermodynamic cycle-based 

approach [3, 4]. For this purpose the approach similar to one applied for calculating the endogenous part 
of the exergy destruction can be used. However, in this case the efficiency of each component is equal 
to the efficiency used to calculate its unavoidable exergy destruction [3-5]. 

The remaining parts of the exergy destruction are then calculated as follows [3, 4] 

   UN ,EX UN UN ,EN

D ,k D ,k D ,k
E E E ,                                                      (1) 

   AV ,EN EN UN ,EN

D ,k D ,k D ,k
E E E ,                                                     (2) 

   AV ,EX AV AV ,EN

D ,k D ,k D ,k
E E E .                                                     (3) 

For obtaining a deeper understanding of the interactions among components, the exogenous exergy 
destruction (as well as the exogenous unavoidable and the exogenous avoidable exergy destructions) 
within the k-th component should also be split [3] 

1

1

n
EX EX ,r mexo
D ,k D ,k D ,k

r
r k

E E E





    ,                                                            (4) 

where EX ,r
D ,kE  represents part of the exogenous exergy destruction within the k-th component that is 

caused by the irreversibilities occurring within the r-th component, while mexo
D,kE  describes the 
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mexogenous exergy destruction (from mixed exogenous exergy destruction) within the k-th component 
and is caused by the combined interactions of two or more components. 

To identify the importance of the components from the thermodynamic viewpoint and priorities for 
improving the components, the investigator can use the sum of the avoidable endogenous exergy 

destruction within the k-th component AV ,EN
D,kE  and of the avoidable exogenous exergy destructions 

within the remaining components caused by the k-th component 
n 1

AV ,EX ,k
D ,r

r 1
r k

E





   [4] 

n 1
AV , AV ,EN AV ,EX ,k
D ,k D ,k D ,r

r 1
r k

E E E







    .                                               (5) 

From the viewpoint of practical application the avoidable parts of exergy destruction are the most 
interesting. 

The analysis was performed for the air-source heat pump with 12 kW heating capacity [13]. The 
following parameter values were set: the low temperature heat source medium (outside air) was assumed 
to be cooled in the evaporator from -10 oC down to -15 oC [13]; water as the secondary working fluid 
in the condenser was assumed to be heated from 33oC up to 43oC [13]; the minimal temperature 
differences in the evaporator was 12 K [13] and in the condenser was equal to 5 K [13]. The calculated 
value of the real isentropic efficiency of the compressor in the nominal mode was equal to 0.7 [13]. For 
evaluating unavoidable exergy destructions the following parameter values were assumed: the 
unavoidable temperature differences in the evaporator and the condenser were equal to 3 K and 1 K, 
respectively [13]. The unavoidable compressor efficiency was equal to 0.88 [13]. For creating the 
theoretical cycle of the air-source heat pump the following assumptions were used: the minimal 
temperature differences in the evaporator and the condenser were equal to 0 K [13]; the efficiency of 
the working fluid compression was equal to 1 [13]; the throttling process was replaced by an ideal 
expansion process [4]. A set of nonlinear algebraic equations, involving heat, mass balances, heat 
transfer and equations for calculation of thermodynamic properties of working fluids, were utilized. 
CoolProp software [14] was employed for providing the thermophysical properties of the working fluids, 
while the simulation model of the heat pump was implemented in MathCad math environment [15]. The 
ambient (outdoor) temperature equal to -10 oC was chosen as the reference state for the exergy analysis 
[16]. 

3 Results and discussion 

Figure 1 illustrates values of the total exergy destruction for the investigated heat pump. The results 
obtained showed that the biggest exergy destruction (3.09 kW) belongs to the heat pump with R410A. 
Among the chosen working fluids the system with R600a has the lowest value of the total exergy 
destruction (2.79 kW). It could be observed that the main contributors to the exergy destruction of the 
heat pump are the compressor and the throttling valve. In addition, for the selected working fluids the 
values of exergy destruction for all these components and for the evaporator (1.03÷1.12kW for the 
compressor, 0.90÷1.03 kW for the throttling valve and 0.43÷0.45kW for the evaporator) are very close. 
The choice of the working fluid provided the highest decrease of exergy destruction within the 
condenser. As for the heat pump with R410A, the exergy destruction within the condenser was equal to 
0.61 kW, whereas for the system using R1234ze(E) the exergy destruction of this component decreased 
to 0.36 kW, for R290 to 0.41 kW, for R1270 to 0.47 kW and for the R600a to 0.35 kW, respectively. As 
regards the other selected high-GWP refrigerant (i.e. R134a), this reduction was equal to 0.42 kW. 
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Figure 1: Values of the total exergy destruction 
D ,k

E  (kW) in the components of the investigated heat 

pump with different working fluids 

The values of unavoidable parts of exergy destruction in the compressor, condenser, throttling valve and 
evaporator for the specified conditions are introduced in Figure. 2. It was possible to notice that, if all 
the avoidable exergy destruction could be removed, the total exergy destruction would be about halved 
in all the evaluated cases. In case of applying a R410A cycle the total exergy destruction was decreased 
by 47%. Compared to R410A R600a, R1270, R290 and R1234ze showed an additional reduction in total 
exergy destruction of 14.6%, 8.5%, 8.5% and 7.9%, respectively. This decrement was equal to 10.4% 
for R134a. The biggest decrease of exergy destruction was found for the compressor and this decrease 
(to the value of about 0.31 kW) was almost the same for all analysed working fluids. For the assumed 
conditions of unavoidable thermodynamic inefficiencies the highest exergy destruction (between 0.67 
and 0.75 kW depending on working fluid) was obtained for the throttling valve. 
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Figure 2: Values of the unavoidable exergy destruction  UN

D ,k
E  (kW) in the components of the 

investigated heat pump with different working fluids 

The values of the avoidable endogenous exergy destruction within the k-th component AV ,EN
D,kE  and of 

the avoidable exogenous exergy destructions within the remaining components caused by the k-th 

component 
n 1

AV ,EX ,k
D,r

r 1
r k

E





  for the system with R410A are introduced in Figure 3. It could be observed that 

0.3 kW (or 45%) of avoidable exergy destruction in the compressor can be reduced by improving this 
component. Another part (55%) of avoidable exergy destruction in the compressor was caused by the 
irreversibilities that occur in the remaining components: evaporator (0.28 kW or 42 %), condenser (0.07 
kW or 10 %) and mixed (0.02 kW or 3 %). Also, 0.14 kW (or 34%) of avoidable exergy destruction 
within the condenser can be reduced by elimination of irreversibilities within the condenser. Another 
part of avoidable exergy destruction (0.27 kW or 66 %) could be avoided by improving the remaining 
components: compressor, evaporator and mixed (the biggest share 0.20 kW or 49 %). The results 
obtained from the advanced exergetic analysis indicated that the endogenous avoidable exergy 
destruction in the throttling valve is zero. This means that the exergy destruction within this component 
could be reduced through changes in the remaining components. Evaporator provided 0.21kW (or 50%) 
of avoidable exergy destruction within the throttling valve. In addition, 0.13 kW (or 31%) of avoidable 
exergy destruction within the throttling valve were caused by irreversibilities within the condenser. 
Furthermore, -0.02kW (or 5%) and -0.06 kW (or 14%) of avoidable exergy destruction within the 
throttling valve depended on irreversibilities taking place in the compressor and combined interactions 
of more than one components, respectively. According to the results presented in Figure 3 the biggest 
share of avoidable exergy destruction in the evaporator was endogenous (0.28 kW or 82 %). 
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It can be seen from the Figure 3 that the biggest value of exergy destruction in the investigated heat 
pump with R410A could be removed with the help of improving evaporator – the sum of endogenous 
and exogenous exergy destruction which could be avoided with the help of improving the evaporator 
was equal to 0.8 kW (or 56%) of all avoidable exergy destruction within the heat pump. Elimination of 
avoidable irreversibilities within the condenser and the compressor provided 0.29 kW (or 20%) and 0.33 
kW (or 24%) respectively of avoidable exergy destruction decrease within the investigated heat pump 
with R410A. 

 

 

Figure 3: Values of endogenous/exogenous avoidable parts of exergy destructions  AV ,Σ

D ,k
E  (kW) in the 

components of the investigated heat pump with R410A 

Taking into account the conclusions obtained on the base of advanced exergy analysis (see Figure 3) for 
the heat pump with R410A and assuming similar results with other working fluids, the next step of 
calculations were made for the purpose of estimation of exergy destruction in case of removing 
avoidable irreversibilities within only the evaporator. The results are presented in Figure 4. Generally 
the priority for choosing working fluid remained the same as in Figures 1 and 2. The same ranking of 
working fluids in ascending order of the value total exergy destruction was obtained: R600a, R134a, 
R1270, R290, R1234ze and R410A. It is observed from Figures 1 and 4 that 0.8 kW (or 26%) of exergy 
destruction could be removed (from 3.09kW to 2.29 kW) in case of using R410A. However, additional 
decrease of the total exergy destruction could be obtained in case of reducing irreversibilities within 
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only the evaporator and replacing R410A with R600a (from 2.29kW to 1.99 kW or 13.1%), R1270 (2.11 
kW or 7.9%), R290 (to 2.12 kW or 7.5%) and R1234ze(E) (to 2.12 kW 7.5%). This decrement was equal 
to 2.07 kW (or 9.6%) for R134a. 

 

Figure 4: Values of the total exergy destruction D,kE  (kW) in the components of the investigated heat 

pump with different working fluids after removing avoidable irreversibilities within the evaporator 

4 Conclusions 

Advanced exergy-based analysis of the air source heat pump has been made for the purpose to evaluate 
the most promising alternative among R600a, R290, R600a and R1234ze(E) to R410A and R134a. 

The results related to the conventional exergy analysis suggest that the biggest exergy destruction 
belongs to the thermodynamic cycle with R410A. The lowest value of exergy destruction (2.79 kW) has 
been obtained for the system with R600a. Therefore, from the thermodynamic viewpoint the priority for 
selecting working fluids is the following: R600a, R1270, R290 and R1234ze(E). 

In case of all the avoidable exergy destruction of R410A heat pump could be removed, the total exergy 
destruction of this solution would decrease by 47%. Compared to R410A, R600a, R1270, R290, 
R1234ze(E) provide additional 14.6%, 8.5%, 8.4% and 7.9% reduction of the total exergy destruction, 
respectively. This decrease is equal to 10.8% for R134a. 

For the heat pump with R410A, the biggest value of exergy destruction can be removed with the help 
of improving evaporator – the sum of endogenous and exogenous exergy destruction which can be 
avoided with the help of improving the evaporator is equal to 0.8 kW (or 56%) of all avoidable exergy 
destruction within the thermal system. The enhancement of the condenser and compressor provides 0.29 
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kW (or 20%) and 0.33 kW (or 24%) of the avoidable exergy destruction decrease within the investigated 
heat pump with R410A, respectively. 

Finally, it has been found that, by removing the avoidable irreversibilities within only evaporator, 
R600a, R1270, R290 and R1234ze(E) offer further decrease of the total exergy destruction respectively 
of 13.1%, 7.9%, 7.5% and 7.5% compared to R410A. This decrement is equal to 9.6% for R134a. The 
ranking of working fluids from the thermodynamic viewpoint remains the same. It can be concluded the 
hydrocarbons are more suitable replacements for R410A and R134a than R1234ze(E) in air-source heat 
pumps from an advanced exergy point of view. Further work will involve an in-depth advanced exergy-
based analysis of various heat pump solutions using additional environmentally benign refrigerants and 
based on a heating demand obtained from field measurements. 

Nomenclature 

E  exergy rate (kW) 
Greek symbols 
η  isentropic efficiency (-)  
Subscripts and superscripts 
AV avoidable 
AV, EN avoidable endogenous 
AV, EX avoidable exogenous 
D destruction 
k k-th component 
mexo mexogenous 
r r-th component 
UN unavoidable 
UN, EN unavoidable endogenous 
UN, EX unavoidable exogenous 
Abbreviations 
CM compressor 
COP coefficient of performance 
CD condenser 
EV evaporator 
GWP global warming potential 
TV throttling valve 
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Abstract 

The cogeneration systems of traditional sugar mills are energy inefficient due to the initial design to get 
rid of surplus bagasse, the disposal of which was initially a challenge. Recently, bagasse has gained 
much attention as a cheap raw material in the emerging bioeconomy. Therefore, sugar mill cogeneration 
systems, which burn bagasse inefficiently for energy require improved efficiency to make bagasse 
available for valorisation in biorefineries. The high cost of replacing existing inefficient cogeneration 
systems with more energy-efficient technologies versus the minimal improvement obtained from 
affordable retrofits presents a trade-off that needs to be explored further. This work presents the exergy 
and exergoeconomic analyses of an existing low-efficiency medium-pressure cogeneration system 
(scenario A), an organic Rankine cycle (ORC) retrofit to the existing system (scenario B), a new high-
pressure cogeneration system that produces extra electricity (scenario C) and a new high-pressure 
cogeneration system with a let-down valve (scenario D), to determine these trade-offs and decide on the 
most cost-effective way to improve energy efficiency in a typical sugar mill cogeneration system. The 
analyses were based on Aspen Plus simulations of the systems. All three improvement technologies 
enhanced the exergy efficiency of the base cogeneration system (21.36 %). Scenario C has the highest 
exergy efficiency of 23.92 % followed by scenarios B and D with 22.07 and 21.36 %, respectively. 
Scenario B reduced the cost per unit exergy of product from 14.79 to 14.56 US$/GJ, while scenarios C 
and D increased it to 19.19 and 21.83 US$/GJ, respectively. Holistically, scenario D showed the most 
cost-effectiveness with exergoeconomic factor of 0.386, even though it still requires optimization to 
further reduce its irreversibility. This paper provides some insight for decision-making on the 
implementation of energy efficiency improvement measures in sugar mill cogeneration systems that can 
also be applied in other process plants.  
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1 Introduction 

With the recent trend of stringent environmental regulations worldwide and dwindling fossil reserves, 
it is important to generate and use energy more efficiently, to ensure more effective use of natural 
resources [1], especially in energy-intensive processes such as the sugarcane milling process. Even 
though sugar mills are energy-intensive, they are mostly energy self-sufficient by burning the sugarcane 
residue, bagasse, in a cogeneration system to generate steam and electricity for the process. However, 
traditional sugar mill cogeneration systems were designed to burn bagasse inefficiently as a means of 
disposing of bagasse, resulting in energy wastage [2]. However, due to the inefficient energy systems 
design, facility ageing and operational problems, many South African sugar mills presently burn coal to 
supplement energy supply from bagasse [3,4]. Moreover, the demand for bagasse as a low-cost raw 
material for commercial biofuels, biochemical and/or electricity, is increasing. Therefore, the need to 
improve bagasse utilization in cogeneration systems is inevitable [5].  

Various exergy studies have shown that the cogeneration system is responsible for more than 70 % of 
sugar mill inefficiencies, mainly attributed to the high irreversibility of the boiler [6,7].  Cogeneration 
units with highly efficient boilers (about 61 bar and 475 °C) were reported to provide optimal exergy 
efficiency compared to lower-pressure boilers [8]. Due to the process steam constraints, high-efficiency 
high-pressure boilers in the sugar industry are usually accompanied with condensing extraction steam 
turbine (CEST) to exhaust high-pressure steam for electricity generation. Conversely, the steam is 
reduced irreversibly through let-down valve where there is no viable market for sale of surplus electricity 
to the grid. The CEST is the commonest cogeneration system found in modern sugar mills because it 
produces more electricity per unit bagasse than the back-pressure steam turbines currently used in South 
African mills [9]. However the unit operating cost of CEST is high [10].  

While replacing existing inefficient cogeneration systems with more efficient ones is expensive, retrofits 
of less expensive technologies such as organic Rankine cycle (ORC) to recover waste heat only yield 
marginal improvements in exergy efficiency [11]. Therefore, a trade-off exists between the cost of 
improvement and the level of improvements obtainable. Exergoeconomics is the thermodynamic 
methodology that combines exergy analysis with economic reasoning to holistically assess energy 
systems for improvement [12], considering the trade-off between cost and efficiency. This paper aims 
to apply the exergoeconomic methodology to compare an existing cogeneration system integrated with 
an Organic Rankine cycle technology and advanced cogeneration system consisting of a high-pressure 
boiler and a condensing extraction steam turbine to find a suitable energy improvement measure for 
existing sugar mills within the boundaries of this trade-off. The evaluations are based on Aspen Plus 
simulations of the systems. The results of this paper will assist sugar industry stakeholders in making 
insightful decisions on improving the energy efficiency of cogeneration systems.  

2 Methodology  

Four cogeneration scenarios were developed and compared in this including  

 an existing sugar mill cogeneration system with medium pressure (MP) steam condition of 
360 °C and 28.6 bar – Scenario A, 

 an existing sugar mill cogeneration system with an organic Rankine cycle (ORC) retrofit to 
recover waste heat from flue gases – Scenario B, 

 a new cogeneration with high-pressure (HP) boiler (450 °C and 63.0 bar) with extraction turbine 
– Scenario C, 

 a new cogeneration with high-pressure (HP) boiler (450 °C and 63.0 bar) with extraction turbine 
and let-down valve – Scenario D.  

The technologies discussed in this work were first simulated in Aspen plus to generate mass and energy 
balances for the exergy and exergoeconomic analyses. 
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2.1 Process description and simulation 

Figure 1 illustrates an Aspen simulation flowsheet of a sugar mill cogeneration system (including a 
CEST unit and let-down valve), and retrofitted with an ORC unit. The descriptions of the individual 
units are in the following sections. Details about the modelling of each unit in the cogeneration system 
are presented in previous articles [11,13,14].  

2.1.1 Cogeneration system 

A typical sugar mill cogeneration system consists mainly of the deaerator, the boiler and the turbo-
alternator and de-superheater units (Figure 1), and is the powerhouse of the sugar mill. In the deaerator 
unit, hot condensates at 90 °C and atmospheric pressure from the sugar mill condensate tank (I) and 
make-up water are pumped into the deaerator (II) to remove air and other non-condensable gases by 
venting them [15]. The treated feed water is then sent to the boiler to produce MP or HP steam using 
hot flue gasses produced in a burner (X) by combusting bagasse. Before exiting the system at 190 °C, 
the flue gas  pre-heats the feed water in an economizer (IV) and the combustion air in an air heater (IX) 
[16]. The MP steam produced is split to supply 5.43 kg/s MP steam to turbines that drive knives, 
shredders and mills in the juice extraction unit of the sugar mill and the remaining is expanded in a back-
pressure turbo-alternator an exhaust steam pressure of about 2.5 bar to generate electricity for the 
process, but also considering sundry losses [3]. The exhaust steam is then de-superheated to the required 
low-pressure (LP) steam conditions for the sugar mill, by adding water from the condensates tank. In 
the case of HP cogeneration systems, the HP steam produced is expanded in an extraction turbine, to 
extract the MP steam required for the juice extraction unit, considering also the MP sundry losses and 
the remaining is either exhausted to 2.5 bar or extracted after producing enough electricity for the 
processes. In the case of the latter, the second steam extraction is let-down valve to 2.5 bar. In both 
cases, the LP steam is  de-superheated to the required sugar mill heating temperature of 130 °C. 

The cogeneration system was developed for a 250 ton of cane per hour sugar mill and simulated in 
Aspen Plus® under steady-state conditions using the UNIQUAC (UNIversal QUAsi Chemical) property 
method recommended for calculating the thermodynamic properties of non-ideal systems [17]. Sundry 
steam losses were assumed as 2.5 % and 6.5 % of the total MP and LP steams, respectively delivered to 
the sugar mill [18]. All radiation and convective losses from the furnace and heat exchangers to the 
atmosphere were assumed as 1.5 % of the gross calorific value (GCV) of bagasse [19] and taken from 
the furnace as a single heat stream. The combustion reactions were simulated with 0.99 conversions to 
account for unburnt carbon losses, and 25 % excess air was assumed to ensure complete combustion 
and no carbon monoxide production [16]. The boiler temperature profiles presented by Wienese [16] 
for an MP bagasse boiler were also assumed for the HP cogeneration systems, for lack of specified data.  

2.1.2 Organic Rankine cycle (ORC) 

The organic Rankine cycle is a thermodynamic cycle that uses organic fluids with high molecular weight 
and low boiling point as working fluid instead of water, to convert low temperature (70 – 300 °C) heat 
(mainly, from waste streams) to electricity [20].  Figure 1 shows an ORC unit retrofitted to a 
cogeneration system to recover waste heat from the flue gasses.  

The ORC using n-pentane working fluid was simulated in Aspen using the Peng-Robinson equation of 
state property method recommended for hydrocarbon applications [17] and based on assumptions 
reported in the literature [21]. The UNIQUAC property method was used for the simulation of the hot 
side of the evaporator (flue gas side) and the cold side of the condenser (cooling water side). The working 
fluid and cooling water mass flows were set to ensure no internal temperature cross in the evaporator 
(XII) and condenser (XIV), respectively. Moreover, the operating pressure of 18 bar, below the pressure 
at the maximum entropy point on the n-pentane P-H diagram [22], was assumed to ensure no 
temperature cross. Details of the description and the simulation of the ORC unit presented here and its 
thermal efficiency determined as 15.43 % are found in our previous article [11]. 
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2.2 Exergy and exergoeconomic methodology 

Exergy and exergoeconomic analysis are built on mass and energy balances of a process as well as the 
equipment costing data, derived mainly from Aspen simulations and literature. The first and important 
step in the exergy and exergoeoconomic analyses was to define the fuel and product exergies of the 
systems, based on the specific exergy costing (SPECO) approach [23]. The fuel exergy is defined as the 
sum of all exergy values entering the system and exergy decreases of respective materials, minus exergy 
increases that do not serve the purpose of the system. The product exergy is all exergy values exiting 
the system plus all exergy increases that serve the purpose of the system [23]. The exit exergy values 
that do not form part of the product exergy definition represent exergy losses of the system. Thereafter, 
the exergy and cost balance equations were set up to evaluate the performance indicators. The exergy 
methodology used in this study, as well as the costing of ORC unit, are presented in our previous studies 
[11,24], while the HP cogeneration system was costed based on the literature [13]  

2.2.1 Exergy costing equations 

Exergy costing is the core of the exergoeconomic analysis and it involves assigning costs to exergy 
streams that flow in and out of a system as well as the exergy destruction of the system [25]. Exergy 
costing equation (Eq. (1)) follows from the definition of fuel, product and loss exergies and it is 
equivalent to the exergy balance equation [24], where the investment cost rate corresponds to the 
irreversibility rate in the exergy balance equation. 

 

𝑐 𝐸�̇� + �̇� = 𝑐 𝐸�̇� + 𝑐 𝐸�̇�  (1) 

𝐸�̇�   exergy of stream, kW, 

𝑐  unit exergy cost of stream, US$/GJ, 

�̇� investment cost rate, US$/hr.  

 

The unit exergy cost, 𝑐 of each fuel stream, is calculated as the stream price multiplied by its specific 
exergy rate, while the unit exergy cost of products and losses are determined by solving the cost balance 
equation Eq.(1). The investment cost rate, �̇� (US$/h) is calculated using Eq.(2). 

 

�̇� =
𝑍. 𝐶𝑅𝐹. ∅

𝐻
 (2) 

𝑍 total equipment capital cost, US$ 

𝐶𝑅𝐹  capital recovery factor, 

𝑐  maintenance factor, 

𝐻 annual operation hours, h.  

 

The capital recovery factor is determined by Eq.(3). 

𝐶𝑅𝐹 =
𝑖(𝑖 + 1)

(𝑖 + 1) − 1
 (3) 

𝑖  interest rate, 

𝑁 plant life, y, 

 

Interest rate, i and maintenance factor, ∅ of 6.75 % and 1.06, respectively were assumed for the 
cogeneration plant scenarios [26]. Plant life of 20 years was considered for the systems, 5000 annual 
operational hours, same as the sugar mill [11]. The total equipment capital costs of HP cogeneration 
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system and ORC were determined as MUS$ 37.44 and MUS$ 0.12, respectively [11,13]. Zero capital 
cost was assigned to the existing cogeneration system since most of the existing sugar mills in the South 
African context are already fully amortised. 

To solve the cost balance equation, auxiliary costing equations were formulated based on the F-rule and 
P-rule of the SPECO approach. The F rule states that the cost associated with the removal of unit exergy 
from a fuel stream is equal to the average cost at which the exergy was supplied to the upstream of the 
same stream, while the P rule states that unit exergy is supplied to all product streams at the same average 
cost, 𝑐  [23]. Other auxiliary equations necessary to solve the cost balance equation relate to exergy 
losses of each system. Exergy losses may either be costed zero as losses to the environment, in which 
case the product bears the full burden of the system cost [25], or costed by assigning to them the unit 
exergy cost of the fuel supplied to the system [26], assuming the loss streams may be reutilised [25]. 

Table 1 presents the general cost balance and auxiliary equations for cogeneration and ORC retrofitted 
cogeneration systems. There was no auxiliary costing equation regarding F rule because there no exergy 
decrease in the fuel definition [23], and exergy losses were costed non-zero.  

2.2.2 Exergoeconomic performance indicators 

Generally, three parameters are used to indicate exergoeconomic performance of a system: the 
irreversibility cost rate, the exergoeconomic factor and the relative cost difference. The irreversibility 
cost rate, �̇�  reveals the hidden cost associated with the exergy destruction of the process and is 
determined by assigning the unit exergy cost of the fuel to the irreversibility as expressed by Eq. (4) 
[26]. 

�̇� = 𝑐 𝐸�̇�  (4) 

𝐸�̇�  irreversibility of system, kW, 
𝑐  unit exergy cost of fuel, US$/GJ, 
�̇�  irreversibility cost rate, US$/hr.  

 

The sum of the irreversibility and the investment cost rates give the total cost rate of the system. The 
exergoeconomic factor expressed by Eq.(5) indicates which component (investment or irreversibility) 
of the total cost rate is more significant to improve [26]. A high exergoeconomic factor value, 𝑓, 
indicates that investment cost is dominant and should be reduced to improve the system, even at the 
expense of irreversibility, and vice versa.  

𝑓 =
�̇�

�̇� + �̇�
 (5) 

𝑓
 

exergoeconomic factor.  
 

Finally, the relative cost difference shows the relative increase in the average cost per exergy unit 
between the fuel and product of the system, as expressed by Eq.(6). The higher the 𝑟 value, the more 
likely it to reduce the unit exergy cost of product and vice versa [26] 

 

𝑟 =
𝑐 − 𝑐

𝑐
 (6) 

𝑐   unit exergy cost of product, US$/GJ, 
𝑟

 
relative cost difference.  
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3 Results and Discussion 

The results of the simulations, as well as the exergy and exergoeconomic analyses for all four scenarios 
studied, are presented in Table 2. The amount of bagasse required to provide 5.43 kg/s MP steam and 
22.53 kg/s LP steam for the sugar mill is 14.05 kg/s in the existing cogeneration system (scenarios A 
and B). The value is higher for scenario C (15.00 kg/s) because more energy is required to produce the 
same quantity of steam needed by the sugar mill, at a higher temperature and pressure. Conversely, 
scenario D produces less superheated HP steam than its counterpart scenario C because the water added 
to de-superheat the steam after let-down valve increases the flow to meet the sugar mill steam 
requirement.  

Table 2: Simulation, exergy and exergoeconomic results of the cogeneration system 

 Cogen 
(A) 

Cogen + 
ORC (B) 

HP cogen + 
electricity 
(C) 

HP cogen + 
let-down 
(D) 

Simulations and exergy results     
Mass of bagasse burnt, kg/s 14.05 14.05 15.00 13.94 
Mass of superheated steam produced, kg/s 31.25 a 31.25 a 31.25 b 29.00 b 

Fuel exergy, kW 135710 135754 145043 134821 
Product exergy, kW 28989 29965 34688 28989 
Loss exergy, kW 16140 14509 17229 16060 
Irreversibility, kW 90581 91279 93126 89772 
Relative irreversibility 0.667 0.672 0.642 0.666 
Exergy efficiency, % 21.36 22.07 23.92 21.50 
     
Exergoeconomic results     
Investment cost rate, US$/h - 2.45 734.65 734.65 
Irreversibility cost rate, US$/h 1169.27 1180.28 1210.56 1166.96 
Exergoeoconomic factor 0 0.182 c 0.378 0.386 
Unit exergy cost of fuel, US$/GJ 3.586 3.592 3.61 3.61 
Unit exergy cost of product, US$/GJ 14.79 14.56 19.19 21.83 
Relative cost difference 3.12 3.05 4.31 5.05 

a MP steam at 360 °C and 28.6 bar 
b HP steam at 450 °C and 63.0 bar 
c Since scenario B is a retrofit of scenario A, a marginal exergoeconomic factor is calculated for scenario 
B by using the differences in the investment and irreversibility cost rates of the two scenarios. 

 

Scenario B has the highest relative irreversibility because the ORC unit added to the cogeneration system 
increases the number of process steps and the complexity of the process, and hence increases the overall 
process irreversibility per unit exergy input [24]. Therefore, alternative approaches to reduce the exit 
flue gas temperature within the cogeneration system in a single step, such as bagasse drying [27,28] may 
be explored for better exergetic performance. Again, scenario D, despite having similar operational 
conditions and configuration as scenario C, has much higher relative irreversibility because of the extra 
exergy destruction in the let-down valve per unit exergy entering the system. Additionally, due to the 
various sugar mill steam conditions and power requirements, scenario D uses the same CEST 
configuration as scenario C without maximising its power-producing capacity. Therefore, an HP 
cogeneration system with let-down valve may have a better exergy performance where no electricity 
production is required, because the CEST would be eliminated, reducing the process steps. Generally, 
the HP cogeneration systems (scenarios C and D) have lower relative irreversibility compared to the MP 
cogeneration system (scenario A and B) since the former produces higher exergy products  (HP steam) 
using similar process units and the same number of process steps as the latter. Ideally, these results 
should reflect the efficiency of the scenarios in the same trend. However, scenario B has a slightly higher 
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exergy efficiency than scenario D because additional product exergy is obtained by utilising part of 
exergy losses rather than using extra fuel.  

The unit exergy cost of fuel, 𝑐 , for scenario D is expected to be the lowest because it has the lowest 
fuel exergy input. However, it is higher than scenarios A and B because these scenarios have higher 
exergy inputs of air with zero exergy cost [26]. The 𝑐  of scenarios C and D are the same because both 
systems have the same kind of fuel input, even though the scenario C has a higher rate of fuel flow than 
scenario D, making 𝑐  an intensive property. On the other hand, compared to scenario A, scenario B has 
additional sources of fuel exergy flow including heat recovered from the flue gas and extra power inputs 
for the ORC system, resulting in its higher value of  𝑐  than scenario A.  

The unit exergy cost of product, 𝑐  for scenario B (14.56 US$/GJ) is slightly lower than that of scenario 
A (14.79 US$/GJ) due to the improvement by ORC retrofit in scenario B. Scenarios C and D have higher 
𝑐 s of 19.19 and 21.83 US$/GJ, respectively than the base cogeneration system scenario A and its ORC 
retrofit, scenario B. This may be due to a high total cost rate for replacing cogeneration system with an 
HP and CEST to improve efficiency. Therefore, the unit exergy cost of product increases to ensure a 
cost balance. Consequently, scenario D has the highest relative cost difference of 5.05 %, an indication 
of the highest potential to reduce the product cost rate, followed by scenario C with a relative cost rate 
of 4.31 %. 

A sensitivity analysis was conducted on the price of electricity produced in scenarios C and D by setting 
the unit exergy cost of MP and LP to be the same as the base scenario (A) in their respective cost balance 
equations. The unit exergy cost and subsequently, the price for electricity produced, were then 
recalculated. The results show that the selling price of electricity produced in scenarios C and D should 
be 0.090 and 0.126 $/kWh, compared to 0.053 $/kWh for scenario A, to offset the input cost rate of the 
new systems, at the same steam prices as the base case. A comparison of the sensitivity results for 
scenarios C and D shows that an HP cogeneration system is more cost-effective if optimal electricity 
production is the priority. 

The exergoeconomic factor, also reported in Table 2, indicates the balance between the investment- and 
irreversibility-related cost rates and has a value of 0.6 for a cost-balanced and optimized system, which 
has an investment cost rate of 50 % more than irreversibility cost rate [26]. When the factor is more than 
0.7, then it is necessary to reduce the investment cost rate at the expense of efficiency. On the other 
hand, a system with an exergoeconomic factor of less than 0.3 requires significant improvement in 
exergy performance, even if more expensive equipment should be utilised [26]. The exergoeconomic 
factors of scenarios suggest C and D (0.378 and 0.386, respectively) show that their irreversibility cost 
rates are higher than their respective investment cost rate and that their exergy performance should be 
improved [25]. This result could be better if a more specific temperature profile data for HP boilers that 
gives a lower flue gas exit temperature, was used.  However, scenario B has a critical exergoeconomic 
factor of 0.182 (less than 0.3), which necessitates a reduction of the irreversibility by using more 
expensive equipment. This result, together with the relative irreversibility reported earlier in this section, 
confirm the generally low conversion efficiency of waste heat thermodynamic cycles because of the low 
temperatures [29]. The exergoeconomic factor present scenario D as the most cost-effective improved 
cogeneration technology relative to scenarios B and C, having a value (0.386) closest to the optimal 
exergoeconomic factor (0.6). The main reason for this is the relatively low fuel input. 

4 Conclusion  

Exergy and exergoeconomic analyses of different energy efficiency improvement technologies for sugar 
mill cogeneration systems were presented, to identify the most cost-effective one for implementation. 
An ORC retrofit to the base cogeneration system (scenario B) showed superiority in reducing the product 
cost rate by producing an additional product flow from waste. However, its low exergy performance 
makes it altogether cost-ineffective compared to the using new HP cogeneration systems (scenarios C 
and D) to replace the base case. Scenario C, which produced extra electricity from HP steam was the 
most exergy-efficient, however, it requires additional fuel input, making it holistically cost-ineffective. 
This scenario may have better cost-effectiveness is it is solely for electricity production. Ultimately, 
scenario D, which supplies MP and LP steam from an HP steam using a let-down valve was the most 
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cost-effective among the technologies compared in this study due to its minimal fuel use. However, the 
scenario requires further optimization to reduce its irreversibility cost rate. Further studies should 
compare the cost-effectiveness of an HP cogeneration system with a let-down valve to new MP 
cogeneration system for new process plants with MP and LP steam requirements, where extra electricity 
production is not a priority, using exergoeoconomic methodology. 

Nomenclature 

𝑐 unit exergy cost, US$/GJ, 
�̇�

 
cost rate, US$/h, 

𝐶𝑅𝐹 capital recovery factor, 
𝐸�̇�

 
exergy rate, kW, 

𝑓 exergoeconomic factor, 
𝐻

 
annual operational hours, 

𝑖 interest rate, 
𝑁

 
plant life, y, 

𝑟
 

relative cost difference, 
�̇�  electricity rate, kW 
𝑍

 
capital cost, US$, 

�̇� capital (investment) cost rate, US$/h, 
∅

 
maintenance factor. 
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Abstract 

The exergy efficiency of producing microalgae biodiesel using stillage from ethanol fermentation as a 
cultivation medium was assessed in this work. Thus, mass and energy balances considered the 
following subsystems of a sugarcane ethanol mill: ethanol and CO2 production from sugarcane juice; 
biomethane production generated by anaerobic digestion of stillage; microalgae cultivation; 
conversion of lipids into biodiesel, and cogeneration via sugarcane bagasse and straw. The process 
integration strategy includes the CO2 utilization produced during ethanol fermentation for the 
photoautotrophic growth of microalgae; the biodigested stillage as the medium for the heterotrophic 
growth of microalgae; the burning of biomethane in the cogeneration unit, and the use of electricity 
and steam cogenerated in the sugarcane mill in the microalgae-biodiesel plant. The microalgae 
production and conversion plant achieved an exergy efficiency of 29 % with an exergy destruction rate 
of 159 MW. After process integration, the overall exergy efficiency was 39 % with an exergy 
destruction rate of 838 MW. This technical performance could represent an indicator following the 
circular economy concept to increase the profitability of the sugar and ethanol industry. Hence, the 
issue associated with the stillage disposal (treatment or utilization) from sugarcane ethanol production 
was addressed from the exergy analysis perspective to explore the potential of this wastewater inherent 
to the bioenergy sector. 
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1 Introduction 

Projections for the next ten years in the sugarcane industry (ethanol and sugar sector) in Brazil point to 
higher growth in production compared to the past decade [1]. To achieve this goal, the product 
diversification of the sugarcane supply chain will play a key aspect in enhancing its economic 
feasibility [2]. Therefore, the sugarcane industry has incorporated the biorefinery and the industrial 
symbiosis concepts to search for economically and environmentally viable processes integrated into 
the standard sugarcane mills. The integration of biorefinery processes allows residual/waste biomass 
to be converted into extract high-value products/by-products (i.e., cosmetics, pharmaceuticals, and 
food, feed, biofuels, and fertilizers [3]. 

The recent development of ethanol production technologies concentrates on taking advantage of by-
products and residues derived from the production/manufacturing process involved in the ethanol and 
sugar sector. For example, stillage or vinasse is the final by-product of biomass distillation, mainly 
from ethanol production from sugar and starch crops or cellulosic material. Its composition is 
primarily 93% water and 7% solids. Forecasts for Brazil indicated that 490 billion of liters of this 
material would need to be managed in 2023, considering that each liter of ethanol produced generates 
around 9 to 14 liters of stillage [4]. Despite most of the stillage utilization being in fertigation 
practices, this by-product may denote a crucial factor in enhancing the profitability and environmental 
outcomes of a plant. Thus, upgrade solutions to sugarcane-derived stillage could produce surplus 
electricity and a reduction in water consumption within a sugarcane mill [5,6]. 

Currently, the biorefinery process with microalgal biomass represents one of the key areas of interest 
in the sugar and ethanol industry. Thus, the algal biomass conversion process for biofuel production or 
high-value products has been explored through the biorefinery and industrial symbiosis concepts. For 
instance, the integration of microalgae biomass (third-generation) biofuel production process in the 
sugarcane-based biorefinery has been proven to be a possible technological scenario to maximize the 
utilization of all components of biomass [7,8]. Most of the studies assessed the biodiesel production 
from microalgae integrated to the standard sugar/ethanol production processes. 

Souza et al. [7] emphasized the technical and economic barriers related to biodiesel production from 
algae. Highlighting the need for economic incentives and the production of algae-based products with 
potential benefits, such as carotenoid pigments. Meanwhile, Moncada et al. [8] calculated a positive 
environmental impact and a high profitability index for the integrated microalgae-sugarcane 
biorefinery in a payout period of 4 years. Albarelli et al. [9] assessed the integration of first, second, 
and bioethanol production in a biorefinery system from sugarcane juice, bagasse, and extraction 
products from microalgae. These authors explored the product diversification in the sugarcane plants 
over the algae growth and supercritical CO2 extraction via thermal and economic analysis approach. 
Davis et al. [10] describe in detail a set of process designs and targets to improve the understanding of 
the economic potential for algal biomass production. The authors also studied the subsequent 
conversion to biofuels or co-products using cultivation system type ‘open pond’ and a sequence of 
dewatering operations to concentrate the biomass up to 20 wt% solids (ash-free dry weight basis). 

In this context, studying the sugarcane-microalgae system performance via simulation tools could be 
an effective method to explore several biofuels and by-products scenarios by accessing technical 
feasibility. Hence, the present study aims at assessing from the exergy point of view the integration of 
first-generation bioethanol production (autonomous configuration) from sugarcane juice and biodiesel 
from microalgae. Thus, technical performance in respect of the global exergy efficiency and 
irreversibilities rate will be used as thermodynamic criteria to identify potential enhancements in the 
sugarcane mills. 

2 Material and methods 

2.1 Scenario description 

In the case scenarios, the ethanol production (first-generation) were considered through data for an 
autonomous distillery with a processing capacity of 4 million tons of sugarcane (TC) in 210 days per 

750



year. The processes involved in the autonomous distillery and the microalgae-sugarcane plant were 
separated into representative control volumes, as described in the simplified flow diagram of the 
proposed microalgae-sugarcane biorefinery (Fig. 1). Briefly, cleaning, juice extraction, juice treatment 
and concentration, glucose fermentation, ethanol distillation, and dehydration are the main steps of the 
first-generation (1G) ethanol production process. The main operating parameters for each stage of the 
1G process for standard mills in Brazil are specified in Bonomi [11] and Silva-Ortiz [12]. 

Furthermore, the battery limits of the microalgae production and biodiesel plant (dotted line in green) 
are given in Fig. 1. This control volume involved the anaerobic biodigestion of the stillage, the algal 
biomass production (microalgae growth in an open pond), and the microalgae biomass conversion into 
biodiesel through a supercritical CO2 extraction technique. Tab. 1 shows the microalgae biomass 
composition used to model the system adapted from Davis et al. [10]. 

 

Figure 1: Simplified flowchart of first-generation ethanol production and the proposed microalgae-
sugarcane biorefinery 

Five sugarcane-based biorefinery scenarios/alternatives were evaluated based on the exergy 
performance indicators.  

S-I Integrated system. 

S-II Integrated system considering algal residue. 

S-III Microalgae production and conversion plant. 

S-IV Microalgae production and conversion plant considering algal residue. 

S-V Base case, Ethanol plant. 
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Table 1: Elemental and component compositions for mid-harvest algal biomass 

Culture mode: Scenedesmus acutus (Davis et al. [10]) 
Wt% composition (dry basis) (%) 
Carbon 54 
Hydrogen 8.2 
Oxygen 35.5 
Nitrogen 1.8 
Sulfur 0.2 
Phosphorus 0.22 
Ash 2.4 
Fermentable carbohydrates 47.8 
Non-fermentable carbohydrates 5.0 
Protein 13.2 
Lipids (fuel-relevant lipids as FAME) 27.4 
Non-fuel polar lipid impurities 2.7 
Cell Mass 1.6 

 

In this study, the culture mode selection was based on a review of the characteristics of Scenedesmus, 
Chlorella, Dunaliella, Nannochloropsis, Spirulina, and Phaeodactylum species. Scenedesmus acutus 
was selected because it presents a high growth rate constant, compatibility/flexibility with the 
considered location temperature, and available data to enable its modeling. 

Table 2 gives the details of the microalgae growth in an open pond, which were taking into account in 
the mass balance of the microalgae production step. 

Table 2: Modeling parameters (Mass balance) 

General Parameters Value 
Geometric cultivation parameters 
Installation area (hectare) 1076 
Module size (hectare) 40 
Project parameters 
CO2 absorption efficiency in the reservoir (%) 90 
Overall drainage efficiency (%) 95.5 
Key modeling parameters 
Algae productivity (g.m-2.day-1) 25 
Initial concentration on inoculation (g.L-1) 0.1 
Collection concentration of reservoirs (g.L-1) 1 
Evaporation rate of reservoirs (cm.day-1) 0.1 
Tertiary drainage biomass concentration (g.L-1) 200 

2.2 Exergy analysis 

The exergy flow of materials consists of kinetic, potential, and internal ‘thermal’ exergy terms. It was 
adopted that the variation of kinetic and potential exergy terms was negligible through the system. 
Hence, the exergy flow of materials was focus on the thermal exergy term, which involves the sum of 
physical and chemical exergy. A detailed application of the exergy method for a lignocellulosic-based 
biorefinery is given in Silva-Ortiz et al. [13]. Furthermore, Table 3 displays the specific chemical 
exergy (bch) of the compounds involved in the assessment. 
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Table 3: Specific chemical exergy of the compound 

Compounds Molar mass 
(kg/kmol) 

Formula Specific Chemical 
Exergy (kJ/kg) 

References 

Carbohydrates 162.14 C6H10O5 18875 [14] 

Glucose 180.15 C6H12O6 16280 [15] 

Protein 57.05 C2H3NO 24488 [16] 

Glycine 75.06 C2H5NO2 13981 [15] 

Lipids 801.40 C57H104O6 45861 [16] 

Glycerol 92.09 C3H8O3 18539 [16] 

Oleic acid 282.46 C18H34O2 42068 [16] 

Water 18.01 H2O 50 [15] 

Ammonia 17.03 NH3 19840 [15] 

Carbon dioxide 44.01 CO2 451 [15] 

Methane 16.04 CH4 51981 [16] 

DAP 132.06 (NH3)2(PO4) 19818 [16] 

Sodium chloride 58.44 NaCl 245 [15] 

Oxygen 31.99 O2 124 [15] 

Ash 60.08 SiO2 59 [14] 

Exergy assessment can be used to analyse, evaluate, and improve the process as a measurement 
approach of energy quality [15]. A global exergy balance for a system is described by Eq. (1). The 
terms BIN represents the total exergy inputs and BOUT the sum of the exergy outputs, respectively. 
Besides, Bloss denotes the irreversibilities or the exergy destruction in the operational units. 

�̇� − �̇� + �̇� − �̇� = �̇�  (1) 

3 Results and discussion 

3.1 Exergy assessment 

The exergy analysis was carried out founded on the mass, energy, and exergy balances of the different 
configurations. Thus, the influence of the thermodynamic efficiency of the integration of microalgae 
production and the biodiesel conversion plant into the first-generation ethanol production process 
(base case) was assessed to determine the effects of adding/modifying process modules. Indeed, this is 
a general challenge in the synthesis of energy systems, where there are many technological pathways 
based on biorefining sequences. This issue could be addressed it thought the Second law of 
Thermodynamics. 

The level of integration of biorefinery systems will also produce different alternatives, which may also 
influence the technical performance and economic feasibility of energy technologies (e.g., mass, 
energy, and thermal integration) [8]. 

Figure 2 shows the mass and energy/exergy balance for an autonomous plant (base case) (Fig. 2a). 
Later, the Grassmann diagram for this sugarcane-based biorefinery is given in Fig. 2b. In this figure, 
the exergy flows are set in MW for the alternative system S-V. 
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a). 

 

b). 

Figure 2: Mass, energy, and exergy balance, Grassmann diagram of the autonomous plant 

(SV-base case) 

Figure 3 displays the mass and energy/exergy balance for the integrated system (Fig. 3a). The 
integrated system involves the base case, microalgae production, and biodiesel conversion plant (S-I). 
In addition, the Grassmann diagram or the exergies flows in MW for this integrated sugarcane-
microalgae biorefinery is given in Fig. 3b. 
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a). 

 

b). 

Figure 3: Mass energy, and exergy balance, Grassmann diagram of the integrated system (S-I) 
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3.2 Process Indicators 

Figure 4 summarizes the technical process indicators related to the sugarcane-based biorefinery 
alternatives evaluated. Thus, the exergy efficiency and the destruction exergy rates are used to 
determine the performance of the processes. 

 

Figure 4: Process performance indicators 

It is noted that the S-IV present higher exergetic efficiency (49 %) regarding the evaluated 
alternatives. Hence, adding value to the algal residue (mainly composed of Carbohydrates 53 %, 
Protein 13 %, and Lipid 9 %) could represent a reduction of 45 MW in the irreversibilities. It is also 
emphasized that the use of the algal residue in the control volume involving the Integrated System 
allowing achieve an exergy efficiency of 39% (S-II), which is roughly the thermodynamic indicator of 
the first-generation ethanol plant (S-V). 

Thereby, extending the biorefinery/industrial symbiosis concepts into alternative biorefinery scenarios 
represent the identification of potential pathways that focus on chemical building block (e.g., glycerol, 
microalgae meal, and biodiesel). Table 4 shows the main flows related to inputs and outputs of the 
microalgae sugarcane-based biorefinery (alternative S-I). 

Table 4: Main flows (Inputs and Outputs) of the integrated system 

Parameters Value 
Inputs of the integrated plant 
Ammonia, (thousand ton/year)1 1.1 
Diammonium phosphate (DAP), (thousand ton/year)1 0.5 
Raw stillage from the autonomous plant (billion L/year)1 3.5 
Biogenic CO2 (thousand ton/year)1 262 
Ethanol as a co-solvent for supercritical extraction (thousand ton/year)2 6.9 
Sodium bicarbonate for correction of pH (thousand ton/year)3 19 
Electricity from the cogeneration unit (MW) 14 
Low and medium pressure steam (MW) 159 
Outputs at the integrated plant 
Glycerol (thousand ton/year)3 1.4 
Biodiesel, 99% purity (million L/year) 14.5 
Biogas, 76.5% (v/v) of CH4 for cogeneration (million m³/year) 26.3 

1Davis et al. [10], 2Albarelli et al. [9], 3Klein et al. [17]. 

The data were obtained through mass and energy balances adapted to the production scale. In the 
cultivation stage, the data provided by NREL [10] was used to calculate the biomass output. In the 
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biodiesel conversion stage, the efficiency and extraction yield considered parameters reported by 
Albarelli et al. [9]. In contrast, the inputs and outputs of the pre-treatment and transesterification steps 
were adapted from Ochoa et al. [18]. Lastly, the treatment of stillage for biogas production used the 
balance described by Klein et al. [17]. 

4 Conclusions 

From the Second Law of Thermodynamic perspective, it was determinate the technical feasibility of 
microalgae sugarcane-based biorefinery using exergy as an indicator. Hence, the integrated system is 
ranking as an attractive scenario to be considered into the technological portfolio of a sugarcane mill. 
Alternatives scenarios were also analyzed under the biorefinery/industrial symbiosis concepts to target 
the development and implementation of new configurations for the stillage valorization. Thereby, 
these applications could contribute to the creation of a circular economy based on the potential of 
chemical building blocks and new products at the biomass supply chain level. 

Another aspect of being highlighted is that the supercritical CO2 extraction method via ethanol as co-
solvent demonstrated to be an efficient alternative since higher carotenoids and lipid productivity with 
low-electricity consumption was achieved. In fact, the carbon dioxide flow used in the microalgae 
production and conversion plant is a key factor in these processes. In this respect, a sensitivity analysis 
should be addressed to focus on the CO2 recovery, the supercritical extraction, and the calculation of 
the exergy from the sun in future research. 
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Abstract 

Exergy may be a thermodynamic quantity capable of measuring the conversion of material and energy 
flows into comparable terms on the idea of the capacity of such flows to get mechanical work as a 
useful effect and Identifying and quantifying the thermodynamic inefficiencies of a generic process by 
means of the exergy destruction term. due to its properties, exergy may be a convenient tool for the 
calculation of the global resource consumption of both natural and engineering processes. Therefore, 
there are different exergy based approaches. Every exergy based approaches has its advantages and its 
drawbacks. It even has its own spatial and temporal domain. Reviewing different exergy approaches 
especially the approaches that introduce the externalities like Labour, Capital, and environmental cost 
with their equivalent exergy values will help to develop an approach that avoids the drawbacks and 
take advantages of other approaches. There are different exergy based approaches that are reviewed 
within this paper which are EMergy, Extended Exergy, Cumulative Exergy Consumption, Exergetic 
life cycle assessment, and Thermoeconomics. Similarities and differences between all of those 
approaches are described. 

1 Introduction 

Exergy is a thermodynamic function that contains both First and Second Law: it provides a 
quantitative basis to determine the degradation of energy (i.e., the decrease of its capacity to get useful 
work) in conversion processes. The word exergy was conceived by the Slovenian Rant [1]: at a 
scientific meeting in 1953 he suggested that the term be used to denote “technical work capacity”. But 
already within the works of Gibbs and Maxwell use was product of a function, called available energy, 
that expresses the capacity of a system to provide external work when proceeding from an arbitrary 
initial state to its stable equilibrium state through a series of reversible processes: a review of the 
connections between this function and exergy is provided in [2, 3]. within the German literature, 
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already within the ‘60s a function called “Arbeitsfaehigkeit”-completely comparable to exergy- was 
getting used within the evaluation of energy conversion processes: within the following twenty years, 
the denomination of “exergy” slowly gained universal acceptance, though other terms like available 
energy, availability, available work, potential work, useful energy, potential entropy and exergy are 
still occasionally found within the literature [4]. the tactic of exergy analysis has been developed both 
in its fundamentals and in several applications within the seventies through the works of Gaggioli, 
Moran, Fratzscher, Beyer, Szargut, Brodyanski and lots of others, both within the US and in Europe. 
Today, it's difficult to seek out archival publications on the analysis of energy conversion systems that 
don't make use of the concept of exergy. A comprehensive review of the concept of exergy and of its 
applications are often found in [4]. 

2 Exergy based accounting approaches 

General overview of exergy-based methods for system Analysis 

2.1 Thermoeconomic analysis 

The word “Thermoeconomics” was introduced in 1961 by Tribus, and further fundamental 
developments were made by El-Sayed and Evans in [5] within the US and by Elsner, Fratzscher, 
Beyer and Brodjansky in Europe [6]. Later, within the ‘80s, Gaggioli extended the applying of the 
speculation to encompass a broader set of energy- intensive systems [7]. More recently, Tsatsaronis 
[8] and Valero et al. [9–11], were able to produce a whole and chic formalization of the tactic that's 
now called thermoeconomic cost theory. Thermoeconomics is a monetary costing technique that 
mixes second law principles with traditional accountancy methods. it's also called “exergy costing 
principle”. 

Cost accounting during a company is anxious primarily with (a) determining the particular cost of 
products or services, (b) providing a rational basis for pricing goods or services, (c) providing a 
method for allocating and controlling expenditures, and (d) providing information on which operating 
decisions could also be based and evaluated [12]. This frequently requires the utilization of cost 
balances. in an exceedingly conventional economic analysis, a price balance is sometimes formulated 
for the general system (subscript tot) operating at steady state: 

�̇� , =  �̇� , + �̇� + �̇�  (1) 

The cost balance expresses that the cost rate associated with the product of the system (𝐶̇ ) equals the 
overall rate of expenditures made to generate the product, namely the fuel cost rate (�̇� ) and the cost 
rates associated with capital investment (�̇� ) and operating and maintenance (�̇� ). The rates (�̇� ) 
and(�̇� )  are calculated by dividing the annual contribution of capital investment and the annual 
operating and maintenance (O&M) costs, respectively, by the number of time units of system 
operation annually. The sum of those two variables is denoted by �̇�. 

 �̇� =  �̇�̇  + �̇�  (2) 

For a system operating at steady state could also be a variety of entering and exiting material streams 
moreover both heat and work interactions with the surroundings. Related to these transfers of matter 
and energy are exergy transfers into and out of the system and exergy destructions caused by the 
irreversibilities within the system. Since exergy measures the verity thermodynamic value of such 
effects, and costs should only be assigned to commodities of value, it is meaningful to use exergy as a 
basis for assigning costs in thermal systems. Indeed, thermoeconomics relies on the notion that exergy 
is that the only rational basis for assigning costs to the interactions that a thermal system experiences 
with its surroundings and to the sources of inefficiencies within it. We know this approach as exergy 
costing. In exergy costing a cost is related to each exergy stream. Thus, for entering and exiting 
streams of matter with associated rates of exergy transfer �̇� and �̇�  power �̇� , and also the exergy 
transfer rate related to heat transfer �̇� we write, respectively. 

�̇� = 𝑐 �̇� = 𝑐 (�̇� �̇� ) (3.a) 
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�̇� = 𝑐 �̇� =  𝑐 (�̇� �̇� ) (3.b) 
𝐶 =  𝑐 𝑊 (3.c) 
�̇� =  𝑐 �̇�  (3.d) 

Here 𝑐 ,𝑐 ,𝑐 , and 𝑐 represent the average costs per unit of exergy in dollars per gigajoule ($/GJ). 
Exergy costing includes cost balances usually formulated for every component separately. A cost 
balance applied to the kth system component shows that the sum of cost rates related to all exiting 
exergy streams equals the sum of cost rates of all entering exergy streams plus the convenient charges 
due to capital investment (�̇� ) and operating and maintenance expenses (�̇� ). The sum of the last 
two terms is denoted by (�̇� ). Accordingly, for a component receiving a heat transfer and generating 
power, we might write 

�̇� , +  �̇� , =  �̇� , +  �̇� , +  �̇�  (4) 

This equation states that the overall cost of the exiting exergy streams equals the overall expenditure to 
get them: the cost of the entering exergy streams plus the capital and other costs. Note that when a 
component receives power (for example a compressor or a pump) the term �̇� ,  would move with its 
positive sign to the right side of this expression. The term �̇� , would appear with its positive sign on 
the left side if there is a heat transfer from the component. Cost balances are generally written in order 
that all terms are positive. By introducing the cost rate expressions of Equation becomes 

(c Ė ) +  c , Ẇ =  c , Ė , + (c Ė ) +  Ż  (5) 

The exergy rates (Ė , �̇�, �̇� ,and�̇�  ) exiting and entering the kth component are calculated in an 
exergy analysis conducted at a previous stage. The term �̇� is obtained by first calculating the capital 
investment and O&M costs related to the kth component  then computing the levelized values of those 
costs per unit of time of system operation (see [13]). 

The variables in the previous Equation are the levelized costs per unit of exergy for the exergy streams 
related to the kth component𝑐 , 𝑐 , 𝑐 , 𝑐 . For making an analysis of component; we can assume that 
the costs per exergy unit are known for all entering streams. These costs are known from the 
components they exit or, if a stream enters the overall system that includes the all components that 
taken into account, from the purchase cost of this stream. Consequently, the unknown variables to be 
calculated from a cost balance for the kth component are the costs per exergy unit of the exiting 
material streams (𝑐 , ) and, if power or useful heat is generated in this component, the cost per unit of 
exergy related to the transfer of power (𝑐 , )  or heat (𝑐 , ). 

2.2 Emergy analysis 

2.2.1 Basic principle 

Emergy (M) is measured in solar embodied joules, abbreviated sej. Emergy analysis characterizes all 
products and services in equivalents of solar energy, that is, what proportion would be needed to do a 
particular task if solar radiation were the sole input. It considers the planet to be a closed system with 
solar energy, deep earth heat and tidal energy as major constant energy inputs and which all living 
systems sustain each other by participating in a network of energy flow by converting lower quality 
energy into both higher quality energy and degraded heat. Since solar energy is the main energy input 
to the planet, all other energies are scaled to solar equivalents to provide common units. Other forms 
of energy existing on the Earth can be derived from these three main sources, through energy 
transformations. Even the economy can be integrated to this energy flow network as, “wealth directly 
and indirectly comes from environmental resources measured by emergy” [14] .For examples , The 
purified water, timber, and oil. Therefore, the circulation of money is expounded to the flow of 
emergy. 
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A crucial concept in emergy analysis is Solar Transformity ( τ ), defined as “the solar emergy required 
to get one Joule of a service or product” [14]. Solar transformity is measured in sej/J. The solar 
transformity of a product is its solar emergy divided by its available energy (B), that is, 

𝑀 =  𝜏 𝐵 
 

(6) 

2.2.2 Emergy Analysis of the main Earth Processes 

The total emergy input to our planet, often called global emergy budget, is the sum of the emergy of 
solar insolation, crustal heat and tidal energy. Since they’re independent, they’re added. Other energy 
sources are assumed to be generated from these three sources, e.g. hemisphere general circulation, 
ocean circulation, global sedimentary cycle, etc. Most of them are considered co-products and thus, 
their emergy equals the global emergy budget. Figure 1 shows the main energy flows over the Earth. 
[14]. 

 

Figure 1: Main energy flows on Earth [14]. 

These three main sources combined represent the global emergy budget. Table 1 shows a summary of 
all the values calculated above for the global emergy budget. 

Table 1: Global emergy budget of the Earth [14] 

 
Conceptually, determining the emergy of non-renewable resources such as coal and petroleum would 
require accounting for solar inputs over geological time scales. This can be a problem since it is 
difficult, if it is not impossible to determine the inputs and processes over such a long time. For 
example, coal is considered a material in the earth crust that becomes available for human use because 
of the earth sedimentary cycle. The emergy of coal may be calculated approximately based on the 
earth sedimentary cycle. In the case of the Earth sedimentary cycle, the emergy per gram of sediment 
is calculated. An assumption of a layer of 2.4 cm of thickness of soil is eroded from the continental 
land and replaced by earth uplift in a lapse of 1000 years. The emergy per gram of sediment is the 
global emergy budget divided by the sediments flux. 

2.2.3 The emergy of economic inputs 

The emergy of economic inputs measured in terms of money is determined by multiplying the input in 
monetary units by the ratio of the nation’s total emergy to its economic gross national product. 
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𝑀 = 𝑍
𝑀

𝑍
 

 

(7) 

Where Z represents a particular economic input, M nation is the total nation’s emergy and Z nation is 
the gross national economic product. 

2.3 Cumulative Exergy Consumption 

This methodology initially proposed by Szargut in 1973 [15]. It has been proposed as an accounting 
method based only on exergy, and has been named “Cumulative Exergy Consumption” (CExC). Its 
objective is to calculate the cumulative consumption of natural resources, quantify this consumption in 
units of exergy, and assign the total “resource cost” to the products. In its original formulation, CExC 
did not include the externalities; later, the theory was complemented by the addition of an “ecological 
cost” calculated on a remediation basis [16]. In 1986, Valero realized that his formalization of 
Thermoeconomic made it possible to determine the “cost” of the product by using the “exergy 
costing”: if all “fuels” were assigned an exergy cost rather than a monetary one, the cost of the final 
product will be in the same units (J per kg or per unit). 

2.3.1 Industrial Cumulative Exergy Consumption 

Industrial Cumulative Exergy Consumption (ICEC) methodology is an extension of exergy analysis. It 
is used to accounts the exergy of all the natural resources that have been used directly or indirectly to 
get a product [15]. Figure 2 describes an ICEC analysis. A stream is considered to be a natural 
resource if it is one of the products of an ecological process and can be used as a raw material for 
human activities, for example, iron, coal, and water. Industrial Cumulative Exergy Consumption 
(ICEC) of a process means the summation of the exergy of all the natural resources consumed in all 
stages of the process and previous processes in the production cycle. In general, ICEC of the 
production chain 𝐶  is 

𝐶 = 𝐶 = 𝐶 ,  

 

(8) 

Where, Ni represents the number of process units included in the industrial production cycle. Cn,k and 
Cp,k represent the cumulative exergy of the natural resource entering and of the product leaving the k-
th process unit. ICEC analysis considers exergy and cumulative exergy of natural resource inputs to be 
the same, that is 

 
𝐶 , = 𝐵 ,  (9) 

 

Figure 2:  Industrial Cumulative Exergy Consumption (ICEC) analysis. 

Industrial Cumulative Degree of Perfection (ICDP), ɳ, is the ratio of the exergy (B) of the final 
product(s) to the ICEC of the product(s). This is 

 

ɳ =
B  

C
  ɳ , =

B ,

C , k
 

(10) 
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Where, Bp is the vector of product exergies, Bp,k, ɳ  is the N X N  diagonal matrix with ɳ ,  Forming 
the diagonal terms, and Cp is the vector of product CEC. The relationship between CEC for each 
product, Cp, k, and CEC of the inputs, Cn, k, may be written as, 

Cp =  Γi ⋅ Cn (11) 

Where, Cn is the vector of input CEC, Cn, k, and Γi  is the N  × N  allocation matrix 

2.3.2 Ecological Cumulative Consumption 

Ecological processes convert global exergy inputs into ecological goods and services that are 
converted into economic goods and services by industrial processes. Including ecological processes 
requires expansion of the system boundaries of ICEC analysis as shown in Figure 3. 

 

Figure 3: Ecological Cumulative Exergy Consumption (ECEC) Analysis 

The exergy and cumulative exergy of inputs that drive ecological processes are represented as, Be, k, 
and Ce, k, respectively. exergy and CEC of natural resources, Bn and Cn respectively, can be related 
through an equation 

C =  ɳ  B  
 

(12) 

Where 𝜂  is the (N  + N  ) × ( N +  N ) diagonal matrix with 𝜂  ,  forming the diagonal terms. 

Ne  represents the number of units included in the ecological supply chain. 

The exergy consumed in ecological processes to produce the natural resources and that for converting 
natural resources to industrial products may be written as 

 
Cn =  Γe ⋅ Ce and Cp =  Γi ⋅ Cn 

(13) 

 

Where Γe and Γi are the allocation matrices for mapping ecological inputs to natural resource outputs 
and natural resources to industrial products, respectively. The cumulative exergy consumption in 
ecological and industrial processes (ECEC) to create each product may be written as 

 
C  =  Γ ⋅ C  

 
(14) 

Where Γ represents the overall allocation matrix for ecological and industrial processes together.  

2.4 Life-cycle exergy based methods (ELCA) 

A life-cycle method was originally introduced by Cornelissen in 1997 [17]. The Exergy Life Cycle 
Assessment, ELCA, is an extension of CExC in time, in which materials and energy uses are 
calculated for the entire life cycle of the system, including operation and decommissioning. Unlike 
CExC, ELCA assumes the environmental cost as an indicator of the global exergy destruction over the 
considered life cycle. Like CExC, The traditional exergy approach was to consider the steady- state 
operation of the process, obtaining an “optimal”  configuration under suitable boundary conditions, 
and extrapolate the solution to off-design and unsteady operation. As most plants operate indeed for a 
substantial portion of their technical life at or near design point, this approach was perfectly 
functional. However, when the method was extended to more complex conversion systems that often 
do not operate at stable point, a life-cycle approach became unavoidable [18,19]. 
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The conventional life cycle representation of a generic production cycle that shown in Figure 4 
consists of five “operational phases” taken to represent a physical set of production steps sequentially 
ordered in time. 

 

Figure 4:  Simplified and generic life cycle of a good/commodity (material or immaterial). 

Convetional exergy analyses were applied almost to Phase 4, a very limited number of analyses 
include Phases 2 and 3, while Phase 5 was ignored or considered as minor interest. In the life-cycle 
approach presented in Figure (4), the control volume shown as a dashed line represents both the 
temporal and the spatial extension of the system domain; also, notice that in this scheme, the arrows 
indicate that there are other “possible resources” than material and energy that need to be accounted 
for: these “fuels” are called by Economists “Production Factors” , and include, besides Energy( E )and 
Materials (M); Labour(L) , Capital(C), and Environmental cost (O).  It is clear that the exergy method 
cannot be used “as it is” for the evaluation of labour L and capital C: indeed, proper models are 
necessary to include them into exergy accounting. However, since in the current modern industrial 
society the monetary cost is the crucial decision variable, the obvious approach was to try to link 
Thermodynamics and Economics.  

2.5 Extended Exergy Accounting (EEA) 

The concept of EEA was introduced in 1998 [20-22]. The word “extended” means that the resulting 
product cost includes materials, energy and externalities, and that the calculation is done along the 
whole life cycle of the system. 

Extended Exergy (EE) determines the amount of primary exergy consumed by a system through its 
life cycle. In addition to material and energy flows, externalities are included, all expressed in terms of 
exergy. EE is calculated as the sum of: 

 

 Exergy cost of materials and energy flows (renewable and nonrenewable), consumed by the 
system under consideration.  

 An externality term EExt, including labour, capital and environmental cost contributions, 
expressed by means of their primary exergy equivalents, respectively 𝐸 , 𝐸 , 𝐸  . 

 
EE = CExC +  E  (15) 

E =  E + E + E  (16) 

 
The result of (15) must be evaluated over the whole life cycle of the system. Conventionally, the life 
cycle of a system is divided into three phases: construction, operation and decommissioning, and in 
this context, (15) can be rewritten as follows: 

 
EE =  EE . + EE + EE  (17) 

 

In other words, the Extended Exergy absorbed by the system throughout its life span is equal to the 
sum of Extended Exergy contributions during its main life stages: 
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EE = (CExC + E ) +  (CExC + E ) . + (CExC + E ) . (18) 

And each term can be calculated by direct integration over the corresponding time window, e.g.: 

 

(CExC + E ) . =  (CExC + E )dt 

 
(19) 

 

It is obviously possible to express the Extended Exergy in specific terms: the extended exergy content 
(eec) is indeed defined as the extended exergy required for the generation of a single unit of product: 

eec =
EE

ɳ
 

J

kg
;
J

J
;

J

unit
 

(20) 

The calculation of the overall exergy resources use throughout the life cycle of the system is one of the 
key features of EEA. In order to do that there are some criteria need to be considered from both spatial 
and time domain. 

As Shown in Figure 5: 

 Material and energy fluxes must cross system boundaries in their raw state, without having 
been subjected to any previous pre-processing. This implies that the “traditional” control 
volume should be expanded to include all the upstream phases up to the original reservoir. 

  Labour and capital flows absorbed by the system are considered as primary resource flows 
(for the calculation of labour, capital, and environmental cost contributions , see [23]). 

  Both material and energy waste flows must cross the system boundaries at their respective 
zero exergy level. This means that the “traditional” control volume should be expanded in 
order to include all the “downstream” processes needed to reduce the exergy level of the 
effluents [24]. 

 

Figure 5: The expanded control volume for EEA (only the operational phase is represented here) [53].  

2.6 Thermo-Ecological Cost (TEC) 

The Thermo-Ecological Cost (TEC) methodolgy is introduced by Szargut. It is an approach to 
determine the efficiency of natural resources management. It mixes exergy as a resource's quality 
indicator and a cumulative calculus to achieve the thermo environmental assessment of the products. 
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The ecological cost is the cumulative consumption of non-renewable exergy connected with the 
fabrication of particular products. TEC is represented in units of exergy per unit of product, increased 
by a supplementary term accounting for the necessity to abate or compensate the negative effects of 
harmful wastes rejected to the natural environment [25,26,27]. The value of TEC can be calculated by 
the balance equation of cumulative non-renewable exergy consumption, see Eq. (21). It is important to 
mention, that in the Szargut's articles the unit of cumulated exergy was marked with the *; that’s why, 
in this section each joules of cumulated exergy is presented as J*. The total value of TEC, which is 
represented by 𝜌 , charging the products of the j-th process results mainly from the direct consumption 
of non-renewable exergy resources supplied to the process. Also, 𝜌  results from the consumption of 
intermediate exergy carriers and/or materials with known TEC value.  Additionally, the product of the 
process j-th has to be charged with the TEC resulting from rejection of harmful substances to the 
environment. TEC balance for j-th production branch can be represented in the following form: 

𝜌 = 𝛽  +  𝑎 𝜌 + 𝑝 𝜏  (21) 

Where: 

ρ ,ρ  Specific thermo-ecological cost of j-th and i-th useful product, e.g. MJ*/MJ, β  direct exergy 
consumption of s-th natural resource in j-th fabrication branch, e.g. MJ/MJ or MJ/kg of j-th product, 
a  direct consumption of i-th product in j-th branch e.g. kg i/kg j, p  specific emission of k-th harmful 
waste product per unit of jth product, kg k/kg j, and τ  thermo-ecological cost of k-th harmful waste 
product, MJ*/kg. 

Determination of the exergy cost of compensation (TEC of harmful waste product) is one of the most 
complex tasks in the TEC methodology. Szargut and Stanek [26] proposed a simplified method to 
determine the TEC of harmful substances based on information on externalities expressed by the 
monetary indices of harmfulness: 

𝜏 =
𝐵𝑤

𝐺𝐷𝑃 − ∑ 𝑃 𝑤
 

(22) 

Where: 

B annual consumption of non-renewable exergy, MJ/year, w  monetary index of harmfulness for the 
k-th substance, EUR/ kg k, GDP gross domestic product, EUR/year, and P  annual emission of the k-
th substance, kg k/year. 

3 Conclusion 

Exergy is a thermodynamic quantity capable of measuring the conversion of material and energy flows 
into comparable terms on the basis of the capacity of such flows to generate mechanical work as a 
useful effect and Identifying and quantifying the thermodynamic inefficiencies of a generic process by 
means of the exergy destruction term. Because of its properties, exergy is a convenient tool for the 
calculation of the global resource consumption of both natural and engineering processes. The main 
benefits arising from the application of an exergy analysis are: 

1. It locates and quantifies the real sources of inefficiency within the system. 
2. It allows for a comparison of different energy systems on the basis of their respective Second Law 
efficiencies 
3. It expresses material and immaterial fluxes in homogeneous terms. 
Every exergy based approaches has its advantages and its drawbacks. It even has its own spatial and 
temporal domain.  
 

Thermoeconomics is currently a typical tool in both academic studies and industrial applications due 
to its solid foundation, and continues to supply substantial contributes to the advance of the economic 
cost efficiency of energy systems. However, TE is suffering from some critical drawbacks:  

a.  the assumption of a rigidly monetary basis introduces a robust dependence of the results on 
market considerations, which influence the monetary price structure 
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b. it's difficult to formulate a TE analysis of scarce resources, since TE considers as “fuel 
cost” the product of the flow rate of a specific input stream multiplied by the particular exergy 
of the flow, and the latter is assumed to be zero when the stream is directly extracted from the 
environment. 

c. The evaluation of the costs related to the environmental remediation activities suffers of the 
shortage of a thermodynamically and physically correct link between the exergy of an effluent 
and its toxicity. 

d. in a very complex production chain, the exergetic efficiency of a component influences the 
performance of all other components, so that the ultimate product cost is a non-linear function 
of the cost of all components, their efficiency and of the connectivity of the plant: an 
accurate assessment of those effects on the optimal cost structure is inevitably depending 
on some “design decisions”made by the analyst. This problem is known as allocation problem. 

Emergy analysis overcomes the problem of the many existing approaches to consider the contribution 
of ecological processes to human progress and wealth. The importance of accounting for nature’s 
services is gaining wide acceptance. Unlike another methodologies emergy analysis offers some 
attractive features. It provides a bridge that connects economic and ecological systems. Since 
emergy may be quantified for any system, their economic and ecological aspects may be compared on 
an objective basis that's independent of their monetary perception. Its common unit allows all 
resources to be compared on a good basis. Emergy analysis recognizes the various qualities of energy 
or abilities to try and do work. for instance, emergy reflects the very fact that electricity is energy of 
upper quality than solar insolation. Emergy analysis provides a more holistic alternative to 
several existing methods for environmentally conscious higher cognitive process. Despite having 
many attractive features, emergy has been criticized for several other aspects. Emergy analysis 
Converts all energy flows into solar equivalents. this needs conversion of The Earth energy 
inputs, like tidal energy and crustal heat, into solar equivalents. this might be controversial aspect 
as there's no simple thanks to discover what quantity of any form of energy might have been needed to 
provide another within the distant past. Calculation of the emergy of deep Earth heat and tidal energy 
inherently carries some assumptions regarding the efficiency with which they're carried to their point 
of application. Emergy analysis has not considered the uncertainty in calculating the transformities. 
Averaged transformity of industrial and geological processes are frequently utilized in specific case 
studies without knowing the degree of certainty of the resulting output. the strategy used for 
partitioning or allocating inputs between multiple outputs makes the emergy algebra quite challenging. 
Allocation is maybe the foremost confusing aspect of emergy analysis, particularly to engineers who 
are used to conservation equations, even for systems with recycle. 

The Cumulative Exergy Consumption is the sum of direct and indirect exergy consumptions.. A 
sufficiently disaggregated database is not always available in practical applications, and suitable 
approximations are often necessary. CExC and Exergetic LCA do not include labour and capital 
externalities 

Industrial/Ecological Cumulative Exergy Consumption is Other developments of CExC 
method. the previous considers only the non-renewable natural resources requirements (expressed by 
means of exergy) of the analyzed productive process, and is then very simialr to the TEC method. A 
complementary result's then obtained through the ECEC method, which adds to the ICEC result also 
the exergy consumed by ecological processes to provide primary flows of energy, materials and to 
dissipate the emissions. Differently from all the other methods, ICEC/ECEC method is  formalized by 
mathematicaly based on Input-Output analysis. ECEC method is conceptually near the Emergy 
method, trying to expand the boundary over the ecosystem processes. Although ECEC approach has 
the advantage of using exergy as the numeraire, its formulation suffers from the same  problems of 
Emergy analysis, mainly associated with the allocation of exergy cost and to uncertainties caused 
by the shortage of knowledge for many of the processes that occur within ecological systems. 

Life-cycle exergy based methods (ELCA) extend temporal and spatial boundary of CExC analysis, 
evaluating materials and energy requirements for all the LC phases of the considered system by means 
of their exergy equivalents.  Moreover, a further extension of the ELCA approach, called Zero-ELCA, 
was proposed in order to include the impact due to pollutant emissions into the primary exergy cost of 
the considered product through the primary exergy requirements of emission abatement processes 
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Extended Exergy Accounting may be considered as a step forward in evaluating the overall resource 
consumption of a generic system because it is able to include social, economic and environmental 
externalities expressed in homogeneous exergy terms and because it is founded on a life-cycle 
formulation. The extended exergy cost (eec) represents an appropriate resource cost function 
compared to other possible indicators (exergy cost, CExC, ELCA): in this respect, EEA offers a 
deeper insight than simple exergy analysis and all other LC exergy based methods. Furthermore, the 
extended exergy cost function can be used within the traditional and well formalized Thermoeconomic 
framework, replacing the economic cost function in order to evaluate and optimize the consumption of 
natural resources of a system. Indeed, some recent studies show that EEA may be used to analyze both 
traditional energy systems and complex systems (complex networks and societies). The results 
demonstrate that EEA is a tool for performing design and configuration optimization, and that its 
results may give additional insight to the analyses when compared to those of a thermoeconomic 
analysis. After reviewing the Extended Exergy accounting method (EEA), some drawbacks that need 
further investigation have shown with a specific intent of indicating some high-priority research 
directions. The Extended Exergy method needs a real standardization and formalization and in order to 
do that some aspects need to be considered for further investigation: 

1) Choice of the system object of the analysis: definition of temporal and spatial boundaries. 
2)  Definition of the relevant system parameters. 
3)  Data collection, mass, energy and exergy balances of the system/environment interaction, 

including the related material and energy supply chains. 
4) Exergy analysis of the country in which the life cycle of the considered system takes place  
5) calculation of the exergy equivalents of labour and capital. 
6) Calculation of Extended Exergy (EE). 

Thermo-Ecological Cost makes use of the concept of “embodied exergy” to quantify the amount of 
primary resources consumed to produce a certain commodity. The ecological cost is the cumulative 
consumption of non-renewable exergy connected with the fabrication of particular products. It lumps 
the Labour contribution into the general Production/Consumption balance, and neglects the Capital 
production factor. 
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Abstract 

In this paper, the performances of the organic Rankine cycle system using zeotropic mixtures as 
working fluids for waste heat recovery in the cement plant are evaluated based on the exergy analysis. 
First, a mathematical model based on energy, exergy, exergoeconomic and exergoenvironmental 
approaches is developed in Matlab software; the model includes mass, energy and exergy as well as 
cost and environmental balances for each system component. The effect of significant system 
parameters on the organic Rankine cycle performances is evaluated as well. The performances 
considered are exergy efficiency, cost per exergy unit and environmental impact of the net produced 
power. A multi-objective optimization approach is applied to achieve the system optimal operating 
conditions. This approach which is based on the particle swarm algorithm is applied to find a set of 
Pareto optimal solutions. A final optimal solution is selected in a decision-making process. Finally, a 
performance comparison between zeotropic mixtures and pure fluids is conducted. The results show 
that the turbine inlet pressure and the mixtures concentration have significant effects on the ORC 
system performances. In addition, the optimization results indicate that the zeotropic mixture of 
cyclohexane/ toluene has the best thermodynamic and economic performances, while the best 
environmental performance is achieved with benzene/toluene zeotropic mixture. Compared to pure 
working fluids, the ORC with the mixtures as working fluids shows significant improvement in 
economic and environmental performances but worse thermodynamic performance. 
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1 Introduction 

Organic Rankine cycle (ORC) is a kind of power system, having practical applications to generate the 
electricity using low-temperature heat sources such as geothermal heat, solar energy, biomass energy 
and industrial waste heat. The selection of appropriate working fluid is essential factor for ORC, 
because it affects the cycle performances [1]. ORCs have been studied in a number of publications: 
they generally focused on the thermodynamic analysis and optimization of ORC performances with 
pure working fluids [1-3]. Several studies have evaluated the ORC performances by different 
performance criterions, such as energetic, economic and environmental using exergy tool [4-6]. 
Exergoeconomic and exergoenvironmental approaches have also been successfully used for the 
analysis and optimization of ORC [7-8]. 

In the previous studies, a lot of effort has been devoted in the field of ORC with pure working fluids. 
However, the pure fluid has an isothermal phase change line that can’t match with heat source and 
sink lines well, and thus leading a large irreversibility [9]. Some researchers have shown their interest 
in the mixture working fluids in ORC [10-12]. However, there are few studies have been conducted to 
investigate the economic and environmental performance of this system using mixture fluids via the 
exergoeconomic and exergoenvironmental analysis. 

The main focus of this study is to conduct a multi-objective optimization of an ORC with zeotropic 
mixtures in order to achieve the optimal design parameters from thermodynamic, cost and 
environmental impact points of view. Therefore, the application of exergy, exergoeconomic and 
exergoenvironmental analyses is the most attractive for this purpose. 

2 System description 

The main components in the ORC system are a generator (preheater and evaporator), a turbine, a 
condenser, and a pump (Figure 1). The pump pressurises the working fluid (state 2) to the evaporator 
pressure. The working fluid is heated and vaporized by the heat source. The high pressure vapour 
(state 4) flows enters the expander and generates the shaft work. The low pressure vapour (state 5) 
exits the expander and is led to the condenser where it is liquefied. 

In the evaluated ORC system, the heat source is the exhaust gas from a technological process with the 
temperature of 350°C [13]. The utilization of waste technological heat requires the use of intermediate 
working fluid - thermal oil. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Schematic diagram of ORC system and the processes on T-s diagram 
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3 Modelling and Analysis 

A numerical model of ORC system has been developed using the Matlab (version R2010a) software. 
The properties of the working fluids are calculated with the aid of Refprop software, equations are 
available in [14]. Dowtherm Q is selected as an intermediate heat transfer fluid (HTF). The 
thermodynamic and physical properties were calculated using equations in [15]. The following 
assumptions have been made in the development of simulation model. 

- The system operates at steady state 

- Pressure drop and heat losses are neglected 

- Mass fraction shift of a zeotropic mixture is ignored 

3.1 Thermodynamic modelling 

The thermodynamic model of the ORC system can be described as follows: 

Pumps 

 

�̇� , = �̇� (ℎ − ℎ ) (1) 

 

�̇� , = �̇� (ℎ − ℎ ) (2) 

 

Turbine 

 

�̇� = �̇� (ℎ − ℎ ) (3) 

 

Heat exchangers 

The heat balance equations in the intermediate heat exchanger (IHE) evaporator and condenser can be 
respectively expressed as: 

 

�̇� = �̇� 𝑐 𝑇 , − 𝑇 , = �̇� 𝑐 (𝑇 − 𝑇 ) (4) 

  

�̇� = �̇� (ℎ − ℎ ) = �̇� 𝐶𝑝 (𝑇 − 𝑇 ) (5) 

 

�̇� = �̇� (ℎ − ℎ ) = �̇� 𝐶𝑝 (𝑇 − 𝑇 ) (6) 

 

�̇� power; �̇� heat transfer rate, �̇� mass flow rate; 𝐶𝑝 specific heat capacity; h specific enthalpy, T 
temperature. 

In this study, all heat exchangers were assumed to be shell-and-tube type. The size of these 
components (A) are determined using the logarithmic mean temperature LMTDk and the overall heat 
transfer coefficient Uk. The heat transfer in these components is modelled as follows: 

 

𝑄 = 𝑈 𝐴 𝐿𝑀𝐷𝑇  (7) 
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𝐿𝑀𝐷𝑇 =
∆𝑇 − ∆𝑇

𝑙𝑛
∆

∆

 (8) 

 

∆𝑇  and ∆𝑇 are the temperature difference between hot and cold fluids at the inlet and outlet of the 
heat exchanger. 

3.2 Exergy analysis 

In exergy analysis, each component k is characterized by the definition of its exergy of product �̇� ,  , 
exergy of fuel �̇� , and exergy destruction �̇� , . 

For the kth component of a system, the exergy balance can be written as [16]: 

 

�̇� , = �̇� , + �̇� ,  (9) 

3.3 Exergoeconomic analysis 

In order to accomplish an exergoeconomic analysis, cost balance with the auxiliary equations [16] is 
applied for the kth component of the ORC cycle as follows: 

 

�̇� = �̇� + �̇�  (10) 

 

Where �̇� = 𝑐 �̇�is the application of the exergy costing principle. The term �̇� is the total capital 
investment cost rate. The capital cost correlations associated with each component is determined in 
Ref [8]. 

3.4 Exergoenvironmental analysis 

An exergoenvironmental analysis is a proper combination of an exergy analysis and LCA (life cycle 
assessment). The assignment of the results obtained from LCA to exergy streams is performed in 
analogy to the assignment of cost to exergy streams in exergoeconomics [16]. Here, the LCA is 
conducted in terms of Eco-indicator 99 points [17]. 

In order to conduct an exergoenvironmental analysis, an environmental impact balance is written for 
each component as follows: 

 

�̇� = �̇� + �̇�  (11) 

 

Where �̇� = 𝑏 �̇�with b is the specific environmental impact per unit of exergy, and �̇� is the 
environmental impact rate.  

�̇�  represents environmental impacts rates associated with the life cycle of the component. 

Correlations are developed for estimating the component-related environmental impact that occurs 
during the construction phase [8]. 
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4 System Optimization 

The ORC system is optimized using a multi-objective approach based on particle swarm algorithm; 
this method consists of optimizing several objectives simultaneously. Pareto frontier will be obtained 
for the system and a single desirable optimal solution will be selected applying a fuzzy-based 
mechanism.  

In this work, three objective functions including exergy efficiency, cost per exergy unit and 
environmental impact of the net produced power are considered for multi-objective optimization.  

The mathematical formulation of aforementioned objective functions is as follows: 
 

 Exergy efficiency 

 

ƞ , =
�̇�

𝐸�̇�
 (12) 

 
�̇�  represents the net produced power (difference between the turbine power output and the power 
consumption of the pumps) and 𝐸�̇�  is the inlet exergy to the system. 
 

 Cost per exergy unit of the net produced power 

 

𝑐 , =
�̇�

�̇�
 (13) 

 

 Environmental impact of the net produced power 

 

𝑏 , =
�̇�

�̇�
 (14) 

 

The turbine inlet pressure p1, the pinch point temperature difference in the evaporator ∆Teva, the pinch 
point temperature difference in the condenser ∆Tcon and the inlet temperature of the heat transfer fluid 
T5 are considered as decision variables in the optimization process. 

The ranges of the mentioned decision variables as well as the system constraints and optimization 
method are given in [8]. 

5 Results and Discussion 

5.1 Parametric Study 

A parametric study is carried out in order to investigate the effect of decision variables on the ORC 
cycles performances. The considered working fluids are zeotropic mixtures having high critical and 
boiling temperatures also characterized by dry properties. This choice is based on the on the slope of 
the saturated vapour line for the working fluid on a T-s diagram and the level of the heat source 
temperature [18,19].The basic assumptions and input parameters used to simulate the ORC are the 
same as those used in [8]. 

Figure 2 shows the variation of the objective functions with turbine inlet pressure for mixture fluids. 
As figures 2(a) and 2(b) indicate, the exergy efficiency is maximized and cost per exergy unit is 
minimized at a special value of turbine inlet pressure, while the environmental impact decreases with 
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increasing the turbine inlet pressure. This results exhibit the same characteristics with those shown in 
the previous work [8]. Figure 2 also shows that the best exergetic and exergoeconomic performances 
are observed for cyclohexane /toluene mixture while the best exergoenvironmental performance is for 
benzene/ toluene mixture. 

The effect of mass fraction of working fluid on the ORC performances is shown in Figure 3.  It can be 
seen that for the mixtures of cyclohexane/toluene and benzene/toluene, the exergy efficiency decreases 
with the increase of mass fraction of toluene. On the other hand, the cost per exergy for both mixtures 
increases with the increase of mass fraction of toluene.  

According to the results of parametric study illustrated in [8], ORC using cyclohexane and benzene as 
pure fluids is more effective from the viewpoint of thermodynamic and economic in comparison with 
toluene. So, increasing the mass fraction of toluene will degrade the exergetic and exergoeconomic 
performances of ORC system. In addition, it can be seen from figure 3, that the environmental impact 
decreases with the increase of mass fraction of toluene for both mixtures. This is because the 
exergoenvironmental performance of ORC with toluene as working fluid is better to that of ORC with 
cyclohexane and benzene as pure fluids [8]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                      (a)                                                                       (b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                        (c) 

Figure 2:  Effect of turbine inlet pressure on (a) exergy efficiency, (b) cost per exergy unit and (c) 
environmental impact 
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Figure 3: Effect of toluene mass fraction on (a) exergy efficiency, (b) cost per exergy unit and (c) 
environmental impact 

 

5.2 Optimization results 

The optimal performances as well the corresponding values of decision variables of ORC with the 
pure working fluids and mixtures are presented in Table 1 after selection of the final optimal solution 
from Pareto fronts. As presented in Table 1, the exergy efficiency of the ORC using 
cyclohexane/toluene is higher than that of using benzene/toluene. This is because the 
cyclohexane/toluene mixture exhibits the highest inlet temperature of the heat transfer fluid; an 
increase in heat transfer fluid inlet temperature leads to an increase in the amount of the heat input to 
the ORC evaporator that will increase the mass flow of the working fluid and consequently increase 
the net power output and exergy efficiency. On the other hand, cyclohexane/toluene mixture provides 
the best result from the viewpoint of exergoeconomic, while the best exergoenvironmental 
performance is obtained for benzene/toluene mixture. 
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When comparing performances of pure and mixture fluids, it can be found that the zeotropic mixtures 
exhibits low turbine inlet pressure, which may be desirable because a high pressures lead to 
mechanical stress problems and, therefore, unnecessarily expensive components may be required [20]. 

It can be also see that the zeotropic mixtures show lower exergy efficiency than pure cyclohexane and 
pure benzene. However, compared with pure toluene, the exergetic performance is improved 24.7% 
and 18.6% when the toluene is mixed with cyclohexane and benzene respectively. 

According to the results below, the zeotropic mixtures of cyclohexane/toluene (0.5/0.5, mass fraction) 
and benzene/toluene (0.5/0.5, mass fraction) have best exergoeconomic performances in comparison 
with pure fluids. The improvement in exergoeconomic performance for cyclohexane and benzene 
when they mixed with toluene is 0.7% and 1.1% respectively, while the improvement is 10.8% and 
9.5% if toluene is mixed with cyclohexane and benzene. On the other hand, the zeotropic mixtures 
also show a significant improvement in exergoenvironmental performance. The improvement is 19.6% 
and 23.7% for cyclohexane and benzene respectively, while the improvement is 25.4% and 31.1% for 
toluene if it is mixed with cyclohexane and benzene respectively. 

Table 1: Final optimal results of the ORC system with zeotropic mixtures and their pure fluids 

Parameters  Cylohexane/ Toluene 
(0.5/0.5, mass fraction) 

Benzene/Toluene 
(0.5/0.5, mass fraction) 

Cylohexane 

[8] 

Benzene 

[8] 

Toluene 

[8] 

P1 (bar) 10.70 11.62 15.12 14.43 12.96 

T5  (°C) 296.3 294.8 296.8  297.1 310.0 

∆Teva (°C) 20.0 20.0 20.0 20.0 21.1 

∆Tcon (°C) 20.0 25.0 37.0 34.6 26.1 

Ƞex,ORC (%) 22.5 21.4 27.1 25.6 18.0 

cp,sys ($/GJ) 18.02 18.3 18.14 18.49 20.21 

bp,sys (mpts/GJ) 119.1 110.1 148.3 144.4 159.8 

6 Conclusions 

In this paper, an Organic Rankine Cycle with zeotropic mixtures for waste heat recovery was modelled 
and evaluated using exergy, exergoeconomic and exergoenvironmental approaches. Parametric study 
is carried out to investigate the effects of several thermodynamic parameters on the system 
performances. A multi-objective optimization process is conducted to reveal the optimal performances 
of the ORC system. The optimization was performed for two zeotropic mixtures cyclohexane/ toluene 
(0.5/0.5, mass fraction) and benzene/ toluene (0.5/0.5, mass fraction). Furthermore, a comparison 
between pure and mixture working fluids is discussed and following conclusions might be drawn:  

- The turbine inlet pressure and mass fraction of working fluid have significant effect on the exergetic, 
exergoeconomic and exergoenvironmental performances of ORC system. 

- On the basis of the optimization results, the mixture of cyclohexane and toluene seems to be a better 
choice when the energetic and economic criterions are dominants. However, the mixture 
benzene/toluene is more beneficial choice, since the environmental criterion still has to be taken into 
account. 

- In case of zeotropic mixture working fluids, thermodynamic performances such as exergy 
efficiencies are not certain to be higher than those of pure fluids. 

- Using zeotropic mixtures as working fluid, an improvement in exergoeconomic and 
exergoenvironmental performances of ORC system is found comparing with using their pure 
constituents. 
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Abstract  

A multitude of investigations in diverse scientific branches, from botanics to neurophysics, have 
attempted to concoct a general model of the formation and evolution of bifurcations. The issue is equally 
interesting for natural and engineered bifurcations. This paper presents an application of the exergy cost 
theory to the development and self-sustenance of natural bifurcated structures and concludes that such 
a general model does not exist: the shape and connectivity the structure depends on several, inevitably 
case dependent, factors: this result is general. Both the exergy inflows and the embodied exergy are used 
to calculate an average exergy input. The cost is obtained by dividing this "cumulative input" by the 
exergy flux of the "products". This cost is called the Exergy Footprint and represents the gross resource 
consumption necessary to generate the outputs. The novelty of the results is twofold: first, they show 
that two popular bifurcation models (Fractal and Constructal) fail to generate credible predictive 
correlations. Second, they prove that exergy costing rigorouly explains the features of natural 
bifurcations and to identify the optimal bifurcation geometry, i.e., predict the optimal shape once the 
function is assigned: the penalty for a better accuracy and rigor is a loss in generality. 

1 Introduction: the Hess-Murray Law 

Over a century ago, the Swiss physiologist  Walter Rudolf Hess formulated a model of blood flow in 
capillaries that led to an allometric correlation between the radii of successive branchings in 
bi/trifurcated vessels: the original concept is presented and discussed in Hess’ doctoral thesis, an excerpt 
of which resulted in a little known 1903 paper, with an extended version published in 1917. The same 
correlation was “rediscovered” by the American physiologist Cecil Dunmore Murray in 1926, and it is 
since referred to as the “Hess-Murray law” (HM in the following).  The method was innovative for the 
times: under the assumption that blood and lymph circulation in living organisms is governed by a “work 
minimization” principle, Hess and Murray proved that -under certain conditions- there exists an “optimal 

branching ratio” 𝛿 = =
√

= 0.7937  between the diameters of two successive branchings. This 

“cubic root of 2” correlation underwent extensive theoretical and experimental reassessment in the 
second half of the 20th century, and the results indicate that while it is sufficiently accurate for the 
smallest vessels (d of the order of millimeters), it fails for the larger ones (like arteries); moreover, it can 
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be extended to turbulent flows only by changing the exponent. Recent comparisons with numerical 
investigations of branched flows led to similar conclusions. The HM law was more recently extended 
by Adrian Bejan in his Constructal Theory (CT in the following), a very clever generalization based on 
fundamental physical reasoning. In spite of the great success of CT, some questions remain unanswered: 
Why do bifurcations occur? What underlying principle governs the diameter ratio between successive 
branches? Is there a general “slenderness ratio” =dj/Lj that describes the ratio of the diameter of a 
branch to its length? How do the prevailing boundary conditions influence the onset of bifurcations? 

This paper presents a description and a detailed discussion of a rigorous thermodynamic bifurcation 
model. First, an exergy balance of the onset of the bifurcation is presented, and it is argued that the 
exergetic gain of the bifurcated configuration must be higher, in a lifetime perspective, than the 
persistence of the original, non-bifurcated, one. An application to flow systems for viscous 
incompressible fluids is presented and discussed. Finally, an extension is proposed for any system in 
which a flow of matter and energy is present, with specific application to convective fluxes in a 
solid/fluid interaction. 

The new model discussed herein may be rightfully considered an extension and a completion of the 
Hess-Murray law -and as a consequence of CT. The results of this study lead to three additional 
important considerations: 

 If we regard the onset of a bifurcated flow in an evolutionary sense, there is no need for 
arithmetical correlations (allometric laws with fixed coefficients) or for “self-similarity rules 
(fractals): each one for its own purpose, branched structures intrinsically enjoy a higher exergy 
efficiency, and can thus better exploit the resources available in their immediate surroundings. 
Quite obviously, the same principle ought to guide the design of artificial bifurcated structures 
or networks to obtain more effective delivery of material and immaterial fluxes, milder 
mechanical and thermal gradients, higher power/volume and power/surface ratios; 

 A “Fractal Model” (FM in the following) cannot capture the physics behind the evolution of the 
branched structure: it can only, and imperfectly for that matter, reproduce it, or in other words 
generate a “picture” of the structure that resembles more or less closely the natural occurrence. 
FM has no built-in phenomenology, and therefore using it as a design guide for engineered 
artefacts is misleading; 

 The  entropy generation minimization approach (EGM in the following) can indeed identify the 
“least irreversible” shape. But it applies only to the operation of the system and neglects any 
associated “building costs”. 

 

1.1 The original formulation by Hess and Murray: minimum energy cost  

The Hess-Murray's law (HM in the following) is a formula that relates the radii of daughter branches to 
the radius of the parent branch of a multi-furcated circulatory or respiratory system. The original 
formulation is due to Hess [9,10], who was in search of a general principle ruling the vessel radius in 
arterial circulation: by means of a “power minimization” he calculated an “optimal” ratio between the 
radii of two successive branchings in vascular tissue, defined as the one that provides the minimal 
expenditure of energy by the organism (Figure 1). Hess provided an explicit proof of the so called “cubic 

root of 2” rule ( 𝛿 = =
√

= 0.7937): a critical analysis of his procedure is presented in [25, 28]. 

Murray's goal [16,17,18] was that of identifying structures leading to the most efficient oxygen transport 
-via blood circulation in human tissues. He introduced the idea of a “metabolic cost of blood”: his 
intuition was that “If the vessels are too small, the work required to drive the blood through them 
becomes too great; if the volume of the vessels is too large, the volume of blood, being equally large, 
becomes a burden to the whole body” [16]. By a procedure slightly different from Hess’ (and not giving 
complete credit to him), he re-derived the same “cubic root of 2” rule, and validated it against some 
experimental results available at that time. The agreement  was good for capillary flow but unsatisfactory 
for larger vessels (arteries): Murray speculated that such a poor correlation may be due to “side effects” 
like turbulence and vessel wall structure. In  [16] he also derived an original formula for the optimal 
branching angle (figure 2), extended the treatment to non-symmetric branchings and to tri-furcations, 
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and also suggested that the correlation might apply to any fluid transport system in nature, like sap 
transport in plants. It is noteworthy that nowhere in his derivation is the length L related to the vessel 
diameter: he neither posits nor derives any “slenderness ratio” for the vessels.  

The novelty of the HM law, remarkable for those times, derives from a minimization of the energy 
“embodied” in a bifurcation: for a given fluid velocity, an increase of the radius ratio of the vessel leads 
to an increase of the energy carried by the flow and to a decrease of the pumping energy necessary to 
maintain it. The merit of the law is thus to establish an optimal diameter ratio under quite general and 
well-defined conditions.  

1.2 Limits of the Hess-Murray law  

The Hess-Murray law is supposed to be valid for branched flow systems (animal tissues and tree 
structures) in the laminar isothermal regime: readers are referred to [25,28] for a detailed discussion of 
the discrepancies with the results of confirmed and well-documented experiments. Both in vitro and in 
vivo  tests suggest values of 2-0.37 through 2-0.43 in capillaries and arterioles, and for turbulent flow in 
larger circular vessels (veins, arteries), 2-0.47 [1,20,28,29,30,32]. More importantly, slenderness factors 
appear to be correlated to the mother radius by a power law of the type L/d0=r0

n, with 0.47<n<1.1 and 
 being itself a function of d0 [11,13,21]: this implies that the splitting length 0=L0/L (see figure 3) is 
also a relevant parameter. Uncorrelated studies of different types of foliage measured branching ratios 
between 0.17 and 0.47 [2], and 0.4 and 0.85 [30]. The importance of the HM law does not rest though 
on its (doubtful) absolute and universal accuracy, but rather in the subsumed methodology: it suggests 
that biological organisms may scale “allometrically” and that the scaling factor can be derived via an 
“energy costing” approach. As noted in [28] and later by Bejan [5], this in turn implies the existence of 
a similar allometry between different species: if the relative sizes of the respective blood or sap vessels 
scale according to the 2-n rule then, whatever the value of n, the average physical dimensions of the 
individual organism depend on the radius of the main branch, which in turn depends on the metabolic 
rate of the species [31]. This aspect was extensively explored by Bejan and coworkers [5,8,14].  
 

 
 

Figure 1: Hess’ original concept (from [10]) Figure 2: Murray’s drawing for the optimal 
splitting angle (from[16]) 

 

On the engineering side, in spite of Sherman’s [28] argument that the HM law should also hold -with 
some corrections- for human artefacts (pipelines, fluid carrying networks, porous media), if the 
hydraulic diameter dh is substituted for d, the matter is more complex, because heat exchangers, 
pipelines, fluid networks etc. are designed under several “non-natural” constraints, some of which derive 
from purely technical requirements (entry length in a HE, material compatibility, vessel wall mechanical 
resistance, etc.) and others are cost-related (minimal material costs, optimal thermal isolation, minimum 
pumping work, etc.).   
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In 1997 Adrian Bejan [4] published a very ingenious generalization of the HM law: he reasoned that, if 
the law holds, then every bifurcated stream that carries a material or immaterial flow from one point (the 
source) to two others (the end-users) in a given domain should -in an evolutionary sense- develop along 
a global structure exactly specified by the “cubic root of 2” rule. This intuition forms the basis for his 
Constructal Theory, which has since seen a great number of applications in the most diverse fields (see 
[5,8] for the Author’s own reassessment). Not by chance, the very name “constructal” was conceived to 
be an antonym of “fractal”, to signify that real structures follow from goals and physical laws, in line 
with Hess’ & Murray’s teleology, rather than from abstract “shape factors”. The goals are in turn 
determined by external factors related, in nature, to evolutional pressures, and in engineering, to design 
specifications (in the words of Bejan: “Nature is not fractal”). In this sense, CT represents a “closed” 
scientific paradigm, not only qualitative but quantitative: it leads on the one side to a better interpretation 
and classification of natural (abiotic and biological) structures, and on the other side to measurable and 
repeatable design procedures for engineered artefacts.  

Another very useful scientific paradigm used to optimize bifurcated structures, also pioneered by Bejan 
[3,6,15], is the Entropy Generation Minimization (EGM). True to its name, EGM is based on the idea 
that the shape-defining parameters of a branched flow structure can be related to the total amount of 
irreversibility occurring during its “operation” (life for a tree, technical life for a pipeline).  In spite of 
having been formulated earlier than CT, EGM turns out to be -rather oddly!- its best current competitor. 
In fact, the two approaches do not consistently lead to the same results:  in [22,23,25,26] for example it 
was demonstrated that the branching ratio in circular tubes carrying a Newtonian fluid is not described 
by a single numerical value 2n but depends on the flow regime and on the aspect ratio of the domain, 
two parameters not included in Hess’ and Murray’s scaling, and that indeed several “optima” exist, each 
corresponding to a certain splitting length and branching ratio.  

Why then looking for a new approach? First, because of the unsatisfactory agreement of both HM law 
and CT with experiments. Second, because of some inconsistencies discovered in the application of 
EGM theory that carry over to CT as well.  The third reason is very practical: HM, EGM and CT deal 
with the operating life of a branched structure, i.e., with the minimal energy cost of its operation. None 
of them considers that the bifurcation must be created with an investment of material and energy.   

In this paper, it will be shown that these very same “construction” can be derived by a single principle, 
namely that of minimizing the amount of resources needed to create and maintain the bifurcated structure 
so that it serves the scope for which it was generated. Both the resources and the “products” can be 
measured by their exergy content [24], or better yet, by the equivalent amount of primary exergy 
resources consumed for each given “task”. The results prove that there is indeed a range of radius ratios 
for each physical material or energy transport through bifurcated structures (that collapses into a single 
optimum only in rather special cases), and that all values obtained by experimental campaigns fall within 
these ranges.  

2 The exergy cost method  

In spite of its shortcomings, Hess’ and Murray’s original suggestion that the scope of the branching is 
to deliver a material or immaterial flow from an origin or source (point O in figure 3) to two endpoints 
or sinks (C1, C2) with “minimal pumping work” was indeed quite fruitful and is surely worth pursuing. 
To better model the actual “service” offered by capillaries and sap vessels, we shall also assume that the 
channels walls are permeable and diabatic, i.e., that a portion of the conveyed flow may be diffused into 
the surrounding domain or that thermal energy can be exchanged at the fluid/wall boundary. For each 
domain aspect ratio ar=H/L there exists (figure 3) a maximum branching angle =90° that corresponds 
to the so-called “T” shape with L0=L and L1=H/2; and a minimum =arctan[H/(2L)]  that corresponds 
to the other limit case, the “V” shape with L0=0 and L1=(H2/4+L2)1/2. In the following we shall examine 
the general configuration, “Y”, bound by the two above limits. The values of L0 and L1 (a similar 
derivation applies to any Li+1), the splitting angle 1 and the initial diameter din are shown in Table 1.  
The study presented here concerns steady flow of a fluid with constant properties:  pulsating flow effects 
and compliant walls are neglected.  
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To “exist” and operate (i.e., maintain itself and evolve), a branched structure requires three types of 
exergy1 inputs (more precisely, of exergy inflows): a volumetric one, EM, directly proportional to the 
physical volume of the structure and inversely proportional to its lifespan; a chemical and/or thermal 
one, EC or EQ, related to the exergy content of the material or immaterial flow through the bifurcation, 
and an operational one, ER, required to overcome the frictional resistance to the flow through the 
branches (the thermal resistance being usually included in EQ). Table 2 presents the formulae used in 
the following calculations. Since the search is for an “optimal shape”, it is convenient to work with 
dimensionless variables, adopting the notations defined in Table 1.  

The contention here is that, for each type of “duty” the bifurcation is required to fulfil, there exists for 
each domain shape angle 0 at least one “optimal” configuration identified by a unique set of geometric 
parameters (01,1)  for which the exergy cost, defined as the ratio of the exergetic gain EC+EQ (the 
“product”) to the total primary exergy resource consumption EM+ER (the “fuel”) attains a minimum.  
The objective function of our search is:  
  fobj=〈EM,EC,EQ,ER〉                          (1)  

It is already clear from the above definition that the existence of a “universal optimum” is unlikely, 
because all factors in (1) depend on the material properties and on the boundary conditions: still, even 
the identification of “case dependent” optima would help our understanding of natural bifurcations and 
improve our ability to formulate design procedures. 

 Table 1: Geometric features of the considered branched configuration 

Parent branch length Daughter branch length Aspect ratio Diameter ratio  

𝝀𝟎 =
𝑳𝟎

𝑳
= 𝟏 −

𝒕𝒂𝒏𝜷𝟎

𝒕𝒂𝒏𝜷𝟏

 𝝀𝟏 =
𝑳𝟏

𝑳
=

𝒕𝒂𝒏𝜷𝟎

𝒔𝒊𝒏𝜷𝟏

 
𝑯

𝑳
= 𝟐𝒕𝒂𝒏𝜷𝟎 

𝒅𝟏

𝒅𝟎

= 𝜹 
(2) 

3 Calculation of the exergy cost  

Let us consider first the isothermal transport of a Newtonian fluid from O to A and B through circular 
vessels with rigid permeable walls, so that a portion of the carried fluid “feeds” the surrounding domain 
by diffusion. In this case EQ is absent, and EM, ECH and ER are calculated as shown in Table 3. The first 
monomial term on each formula has the dimensions of [W] and depends on the physical characteristics 
of the flow and on the geometric dimensions, while the second term is a dimensionless shape factor.  EM 
and ER are always considered “costs” (“fuels”) because they represent “exergy invested” in the creation 
and operation of the bifurcation. On the contrary, EC and EQ may represent costs or benefits (“products”) 
depending on the bifurcation “task”. For example, in a leaf or tree the chemical exergy carried by the 
sap vessels covers the metabolism of the plant, and as such EC is a “product”. The same reasoning applies 
to arterial circulation, respiratory bronchioles etc. In flow networks and heat exchangers, whether EQ is 
a fuel or a product depends on the design goal. 
 
 
 

                                                      
1 Exergy [7] is a thermodynamic function defined -for a simple system at state 1- as e1-eref=h1-href-T

ref
s1-sref), where h= enthalpy, s=entropy 

and T
ref

 is an arbitrary reference temperature usually taken to be that of the environment, T0, where e0=0. It can be shown that its variation from 

a state 1 to a state 2 represents, within the frame of reasoning adopted in this paper [26], the amount of primary natural resources necessary to 
enforce the transformation. Exergy is expressed in Joules (its specific counterpart in J/kg) and its flow is in W (W/kg respectively). The symbol 
“E” used in this paper refers to the exergy flux. 
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“T” configuration   “V” configuration  Generic “Y” splitting  

Figure 3: Bifurcated vessels: “T” and “V” shapes and the “Y” shape studied here 

 

Table 2: The four types of exergy flow in a branched configuration 

EM, [W]  MeM(Vdomain+Vvessels)/life    

ECH, [W]  eCmC     
(3)  

  

  

EQ, [W]  (1-T0/Tsource)Q or, if available, Esource  

ER, [W]    (material transport) pfrictionmfluid/fluid  ;   (heat transfer)  (Tsource-T0)2/(TsourceRth) 

 

Table 3: Exergy “fuels” and “products” in a permeable branching [W] 

EM=𝐾 − 𝐾 (𝜆 + 2𝛿 𝜆 ) 𝐾 = 𝐻𝐿𝑠; 𝐾 = 0.25𝜋𝑑 𝐿  

EC=𝐾 (𝑚 + 2𝑚 ) 𝐾 = 𝑒 ;    〈𝑚  & 𝑚 〉 = ℱ (𝜆 , 𝜆 , 𝛿 ) (4) 

EQ 𝐾 ℱ (𝜆 , 𝜆 , 𝛿 ) 
𝐾 = 1 −

𝑇

𝑇
 ℱ (𝑇 , 𝑇 , 𝑇 ) 

 

ER=𝐾 (1 + ) 
𝐾 =

16𝑓 𝑚

𝜋 𝜌 𝑑
 

 

 

The entry Reynolds number and the mass flowrate m0 are necessary input data, so that d0 is calculated 
by continuity and -under the assumption that the thickness is proportional to the vessel radius- s is known 

as well. The simplifying assumption 𝑓 =  has been made. The functions ℱ , ℱ  and ℱ  are derived 

via mass- and energy balances.    Under the assumption that EC and EQ are products, the objective function 
(the exergy cost for which a minimum is sought after) takes the form: 

           𝑓 =
𝐾 − 𝐾 (𝜆 + 2𝛿 𝜆 ) + 𝐾 (1 + )

𝐾 (𝑚 + 2𝑚 ) + 𝐾 ℱ
                      (5) 

Equations (5) and (6) confirm that neither a universal “optimal splitting length” or “optimal branching 
angle” can exist, because the quantities KM, KC, KQ and KR depend both on the size of the domain and 
on the material properties, and therefore any “optimal set” is bound to be case dependent. As 
an example, consider the values reported in Table 4 that refer to blood flow in a capillary and to 
diathermic oil flow in a micro-heat exchanger. In spite of the fact that the two systems have identical d0 
and L, the K coefficients take widely different values. 
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Table 4: Values of the configuration parameters for two different  physical situations 

Capillary flow 

L, m d0, m =s/d , s  m2/s m0, kg/s eM, J/kg eC, J/kg 

0.001 0.00001 0.125 2 109 2.57 10-6 2-07 10-10 1.83 109 1330 

Nu0 Tf,in, K T0, K Tav,K M, kg/m3 f, kg/m3 pw 
n.a. 310 300 n.a. 1050 1025 2.5 10-7  

Micro-Heat Exchanger flow 
L, m d0, m =s/d , s  m2/s m0, kg/s eM, J/kg eC, J/kg 

0.1 0.005 1.5 3.15*107 3 10-6 3.33 10-4 6*105 0 

Nu0 Tf,in, K T0, K TM,K M, kg/m3 f, kg/m3 pw  

12 300 300 750 2700 850 0  

 

Table 5: Values of the K coefficients for two different  physical situations 

 KM KC KQ KR 

Capillary flow 7.36 10-12 3.19 10-9 0 6.83 10-13 

Micro-Heat exchanger  4 10-5 0 1.8 10-3 6.17 10-8 

 

The above considerations highlight the fundamental merit of the application of an exergy cost model: 
contrary to previous belief, bifurcations can be “optimal” only under very restrictive conditions, specific 
of the vessel material, the carried fluid and -most importantly- of their goal (mass or heat transfer). 
Different optima may exist as a consequence of even small variations of size and material properties, 
i.e, even during the life of the structure.   

These features make the results of the model less “universal” but substantially more credible: it is an 
experimentally accepted fact that rivers deltas, tree branchings, capillary bifurcations and leaves veins 
are not exactly “similar” in shape: the variability of their geometrical parameters is well reproduced by 
the present model.  

As for practical engineering applications, the exergy cost model offers case-specific design guidelines, 
freeing designers from the artificial and often ill-motivated constraint of allometric rules and providing 
them with a tool that is rigorously rooted in thermodynamics. In manufacturing, material properties are 
known for each specific device, and the reference lengths d0 and L0 are determined a priori by the 
imposition of an inlet Reynolds number and (in the case of heat exchangers) by a proper selection of the 
Graetz length. When designing branched permeable vessels, the permeated mass is also part of the 
specifications. In the next sections we shall examine some applications to realistic fluid flow transport. 

4 Some applications to fluid transport 

4.1 Isothermal flow of a constant property viscous fluid with wall suction 

Let us consider the case in which the branching duty is to transport a Newtonian fluid from O to C1 and 
C2 through circular vessels with rigid permeable walls that allow for a portion of the carried fluid to 
permeate and “feed” the surrounding domain. If the flow is isothermal, as per the original HM 
assumptions, EQ is absent, and EM, EC and ER are calculated as shown in Table 3. Two important 
applications are to the blood flow in capillaries and to the sap flow in leaves: the physical parameters 
for the former case are those shown in Tables 4 and 5 above, while for the leaves the values displayed 
by Table 6 were used in the simulations. 

 

 

 

  

787



Table 6: Values of the configuration parameters for sap flow in leaves 
 

 L, m d0, m =s/d , s  m2/s m0, kg/s 

 0.01 0.001 0.125 3.15 107 8.72 10-7 6.84 10-9 

 Tf,in=T0, K eM, J/kg eC, J/kg M, kg/m3 f, kg/m3 pw 

 300 3.78 107 925 150 999 2.5 10-7 

  KM1 KC KQ KR  

  7.03 10-8 4.16 10-6 0 2.6 10-16  

 

The results for capillary flow differ rather radically for blood and sap. Figure 4 shows the model 
predictions for blood flow (data as per Table 4). Geometric congruency rules the dependence of 0 and 
1 from the shape angle 0, while the diameter d1 is calculated by imposing that the permeated mass 
flowrate is proportional to the volume spanned by the branches L0 and L1 respectively. Acceptable 
splitting angles 1 vary between a lowest bound imposed by 0 and 90°. The exergy cost is practically 
constant and rather low for all splitting angles below 57-60°, above which it steeply increases. This 
suggests that bifurcations occurring in nature ought to be statistically skewed towards lower splitting 
angles and higher diameter ratios. This tendency is independent of 0: the numerical value of the cex and 
the range  of 1 vary, but the trend is the same for 15°<0<45°. 

 

  

Figure 4a: Model predictions for blood capillaries - 0=15° 
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Figure 4b: Model predictions for blood capillaries - 0=30° 

  

Figure 4c: Model predictions for blood capillaries - 0=45° 

 

For comparison, figure 5 displays the results obtained by adopting for 1 to the 2-1/3 value specified by 
the HM law: both the Gouy-Stodola lost work and the cex are minimal for the “T” shape (1=90°), with 
the value of the cex of the same order as the one obtained with the lowest 1 and 1 of figure 4.  
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Figure 5: Blood flow: EGM solution and exergy cost. 1=2-1/3, 0=30° 

 

Figure 6 shows the results for sap flow (data as per Table 6). Geometric congruency rules the dependence 
of 0 and 1 from the shape angle 0 (base case 30° here as well), and the diameter d1 is calculated as it 
was for blood capillaries. The exergy input by solar radiation has been calculated assuming an average 
irradiation of 200 W/m2 and using Petela’s exergy factor .[19]: the radiation energy is used only for 
chemical processes and does not heat up the sap. Acceptable splitting angles 1 vary between about 23° 
and 90°. The exergy cost displays a clear maximum and two minima, one for the “T” configuration 
(1=90°) and a lower one for the minimum allowable splitting angle, to which of course it corresponds 
an “optimal” d1.  

For comparison, figure 7 displays the results obtained by using 1= 2-1/3: both the minimum resistance 
and the cex are minimal for the “T” shape (1=90°), while the value of the cex (calculated here with the 
HM diameter ratio) is of the same order as the one obtained with the lower 1 and 1 of figure 4.  

 

  

Figure 6a: Model predictions for sap flow - 0=30° 

  

Figure 6b: Optimal 1 and 1 for sap flow as f(0) 
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Figure 7: Sap flow: HM objective function and the corresponding exergy cost, 0=30° 

 

4.2 Flow of a constant property viscous fluid in diabatic channels 

The case of the micro-heat exchanger is somewhat more complicated, because of the influence of the 
Graetz entry length. For a given L, the selection of L0 must be made in such a way as to obtain a 
sufficiently short conjugate entrance length to maximize Nu0 [12]. In practice, this means fixing the ratio 
L0/d0 in such a way that the Graetz number (Gr=Re0Pr0L0/d0) is “high”. To quantify this consideration 
for the present application, the following procedure was adopted: 

 An “acceptable” value of Gr0=200 was arbitrarily assumed; 

 A value of =L0/d0=Re0Pr0/Gr0 was imposed; 

 L1 follows from a set of geometric constraints: first, the “Y” configuration must completely 
cover the domain (see figure 3); second, the splitting angle cannot be arbitrarily assigned, but it, 
too, depends on L1 (and therefore ), H and the domain shape-setting angle 0; 

 Nu was interpolated using one of the Shah & London correlations [27], for a fixed Pr; 

 The temperature at points B and C1 (C2 is assumed to be in a perfectly symmetrical state) is 
calculated for a constant radiation flux impinging on the sector’s surface; 

 The thermal power and the corresponding exergy are approximated by introducing a Carnot 
factor 

        C=1-T0/Tav,domain.  

Figure 8 reports the calculated exergy cost cex compared with its energy counterpart as a function of  
and 0. The total amount Qout of thermal power extracted by the fluid is shown in figure 9. 

Quite unexpectedly, the minimum exergy cost is attained by the “V” configuration (=0), in force of its 
superior thermal performance (highest Qout). For a fixed shape angle 0, increasing  leads to a decrease 
of the Nu0 and of the Nu1, reflected in a lower amount of extracted heat and in an increase in cost: this 
is true for all tested values of 0 (15<0<45). For constant , the cost decreases with 0: slenderer 
domains have the best efficiency. The diameter ratio 1 is equal to 1 for the lower values of  (figure 10) 
and decreases toward 0.5 for 20: its value is calculated iteratively: the first trial value is d1=L1/, but 
since L1 is not a controlled variable, it may happen that 1=d1/d0 is larger than unity, in which case  is 
increased until 1=1. 
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Figure 8: Micro-HE: dependence of the energy & exergy cost on  and 0 

 

The adoption of the HM 1=2-1/3 diameter ratio results in a performance decrease (lower Qextracted) and in 
an increase of the exergy cost except for the highest values of  already identified as the least efficient. 
The entropy generation rate (figure 11) indicates that the optimal configuration is the “T” one (0=1). 
At any shape angle, the HM configuration displays a lower Gouy-Stodola lost work than the “optimal 
cex” configuration (figure 12): this result reinforces the claims for “optimality” of the HM law, as long 
as they are restricted to the minimum irreversibility in operation. But of course the cex accounts for 
additional resources, those due to the “thermodynamic material cost”. An increase in the Reynolds 
number, as long as the inlet flow remains laminar, does not influence the above results substantially: for 
Re0=1000, the cex decreases only about 0.1%. The model can be extended to turbulent flows by 
introducing proper correlations f(Re), Pr(T) and Nu(Pr): this is left for future investigations. Fluid 
properties have of course an impact: but since the dominating term turns out to be the exergy embodied 
in the material, the absolute values of cex are not substantially affected, and the trends remain the same.  

As a last remark, it is worth noticing that the minimum cex is in the range of 30-70, indicating that the 
primary resource investment in a branched heat exchanger is relatively high. 
 

 

Figure 9: Micro-HE, Optimal extracted thermal 
power vs. , 0=30° 

Figure 10: Micro-HE: diameter ratio as f() 
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Figure 11: Micro-HE, HM solution: volumetric 
rate of entropy generation 

Figure 12: Micro-HE, exergy destruction rate 
comparison 

 

5 Conclusions 
 
The Hess/Murray law was revisited by adopting an exergy cost approach. If branched structures are 
represented as symmetrical bifurcations, there is a necessary exergy to build the vessels (material exergy 
EM), one corresponding to the carried material or immaterial flow (chemical exergy EC and thermal 
exergy EQ) and one necessary to overcome the irreversible exergy destruction (“pumping” exergy ER): 
all these “exergy fuels” can be related to the size, aspect ratio and material characteristics of the structure 
and to the imposed conditions for the (material or immaterial) flow through it. The minimization of the 
exergy cost leads to the identification of a set of optimal shapes that differ from those identified by a 
straightforward application of the 2-n laws or of EGM. The major reason for this discrepancy is the 
inclusion of the “embodied exergy” in the calculations. The results confirm another interesting trend: 
there is no a priori reason for a natural structure to bifurcate with a constant volume ratio V1/V0, 

constant Reynolds number Re0=Re1, or constant velocity, etc., because the optimal shapes do not, in 
fact, correspond to either one of these constraints.  

Nomenclature 

Symbol. units  Meaning  Symbol, units  Meaning  

ar  Domain aspect ratio  T, °K  Temperature  

c, W/kg  Energy cost of the unit flow  V, m/s  Velocity  

d, m  Vessel radius  V, m3  Domain Volume (solid or fluid) 

E, W   Exergy flow   Shape angle, splitting angle  

e, J/kg  Specific exergy  d1/d0 Diameter ratio  

H, m  Domain width   Entry length ratio, Lentry/d 

k, W/(m2K)  Thermal conductivity  L0/L;L1/L Splitting length ratios  

L, m  Domain height   kg/(ms) Dynamic viscosity  

m, kg/s  Mass flowrate   m2/s Kinematic viscosity  

p, N/m2  Pressure  , kg/m3 Density  

Q, W  Heat flow  (dext-dint)/dint Dimensionless vessel thickness  
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Abstract 

The main purpose of this publication is to shown the possibility of synthesis of palladium 
nanoparticles using a combination of chemical and physicochemical methods directly on a nickel 
substrate to form a nanocatalyst. Procedure of examining and characterization of those materials was 
also shown. Surface morphology studies of the obtained particles were made using Zeiss's Supra 35 
scanning electron microscope and S/TEM TITAN 80-300 transmission electron microscope. In order 
to confirm the chemical composition of observed layers, qualitative tests were performed by means of 
spectroscopy of scattered X-ray energy using the Energy Dispersive Spectrometer (EDS). 
Nanocatalyst structure were identified using x-ray crystallography. Using those methods proved that 
obtained material is Pd-Ni synthesized with the use of mixture of alcohol and water assisted by 
ultrasound. Nanoparticles with oval shape and diameter below 10 nm were obtained. Nanocatalyst has 
been gaining an incrementally increasing interest of scientists in the environmental areas. Presented 
materials can be used in the low-temperature carbon dioxide methanation. 

1 Introduction 

Methanization of carbon dioxide is a well-known reaction and used not only in the chemical industry, 
but also in the storage of energy obtained from renewable energy sources. The CO and CO2 
methanation processes discovered in 1902 by Paul Sabatier and Jean-Baptiste Senderens are a 
promising solution in reducing emissions of environmentally harmful gases [1-3]. The exothermic 
nature of the methanation reaction causes problems in terms of accurate control of the reaction 
temperature. Hence, research into developing an effective catalyst is crucial. In addition, the use of a 
suitable catalyst allows for a chemical reaction between unreacted gaseous substrates. The catalytic 
activity of the material depends mainly on the structure and properties of its surface, because it is 
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where the catalytic reaction occurs [4-6]. There is also a relationship between the catalyst particle size 
and its catalytic activity. In most cases, the activity increases inversely in proportion to the size of the 
particles. Some materials exhibit catalytic passivity in the form of microstructures, while the transition 
to nanometric sizes increases the catalytic capacity [7]. This is due to changes in electronic properties 
on the surface of atoms. The reactivity of the nanocatalyst can also be modified by changing its 
morphology. Many monometallic and bimetallic nanocatalysts used to reduce carbon monoxide and 
carbon dioxide are known. The most frequently studied monometallic catalysts are: Ni, Ru, Rh, Pt, Fe, 
Cu and Au. Metallic nanocatalysts are most often supported by carriers in the form of Al2O3, SiO2, 
ZrO2, MgO, CeO2 or TiO2 [8-15]. Among the one of most interesting metal to study is the palladium, 
which acts for instance as excellent catalyst for hydrogenation of unsaturated hydrocarbons and has 
many other applications such as environmental catalysts. In this context our proposal relates to the 
completely unexplored area of catalytic methanation, i.e., low temperatures slightly over 100°C 
(whereas low temperatures according to the current methanation literature means 300-400°C) using 
nanocatalyst base on Pd/Ni and using a combination of chemical and physicochemical methods 
deposited Pd nanoparticles directly on a nickel substrate to form a nanocatalyst. Current catalysts are 
inefficient in such conditions; therefore; the falsification of this belief is an interesting contribution to 
the current catalysis. 

2 Material Descriptions and Research Methodology 

The Pd-Ni nanocatalyst was synthesized and investigated. Palladium nanoparticles with high stability 
and high chemical purity, as well as the desired sizes were deposited directly on the nickel substrate by 
chemical and physicochemical methods (Table 1). Palladium chloride was chosen as the precursor of 
palladium nanoparticles, which was dissolved in alcohol, water or  
a mixture thereof. Synthesis using a chemical reduction method was carried out without  
a reducing agent or with an ascorbic acid reducing agent. In the case of the physicochemical method, 
ultrasounds and temperature were used. Alternatively, all three reducers were used. The synthesized 
nanoparticles were deposited directly on a nickel substrate in the form  
of a molecular mesh (Figure 1). 

Table 1: List of performed experiments 

Marking 
samples. 

Precursor Solvent Reducer 

PdCl2 Ethanol Water 
Ascorbic 

acid 
Ultrasounds  Temperature 

1 + + - - + + 
2 + + - + + + 
3 + - + - + + 
4 + - + + + + 
5 + + + - + + 
6 + + + + + + 
7 + + - - - + 
8 + + - + + - 
9 + - + - - + 
10 + - + + + + 
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Figure 1: Nickel molecular mesh 

The prepared nanocatalyst has been subjected to structural analysis using a transmission electron 
microscope (TEM). High-resolution transmission electron microscopy (HR-TEM) analysis was carried 
out using transmission electron microscopy/scanning transmission electron microscopy (TEM/STEM) 
system (Titan 80-300, FEI, city, state abbrev if USA, country) with a super twin-lens operated at 
300kV and equipped with an annular dark field detector. Scanning Electron Microscopic (SEM) 
images were taken with a Zeiss Supra 35. Qualitative studies of chemical composition were also 
performed using the Energy Dispersive Spectrometer (EDS). X-ray diffraction studies were carried out 
on an X'Pert Pro MPD diffractometer by PANalytical, using the filtered (Fe filter) radiation of an X-
ray tube with a cobalt anode (Co λ = 1.7909 Å), supplied with 40kV voltage, with the filament current 
= 30mA. On the axis of the diffracted beam applied state detector PIXcell 3D. X-ray diffraction 
measurements were made in the Bragg-Brentano geometry in the angle range 20 - 120° [2θ] with a 
0.05° step and counting time 60s per  step. The obtained diffractograms were analyzed using the 
X'Pert High Score Plus software together with the dedicated structural database PAN-ICSD. 

3 Results and Discussion 

The option with self-contained solvent in the form of water has been eliminated by optimization. 
Satisfactory results have been obtained using ethyl alcohol or a mixture of alcohol and water (Figure 
2-7). Secondary electrons (SE) detection using In Lens detector was used to obtain surface topography 
SEM images. The accelerating voltage was 5 kV. Clusters of palladium nanoparticles on most of the 
nickel surface were recorded. As can be seen from the image there is a size distribution of particles 
below 10nm. However, there is a high preference for the very small clusters. (Figure 2). The reducer in 
the form of ascorbic acid, which in combination with temperature and ultrasound negatively affected 
on the nickel substrate was abandoned (Figure 4). In addition, the reaction occurred too quickly, which 
would require the use of a stabilizer, which the authors want to avoid. 
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a) b) 

  
c) d) 

Figure 2: SEM surface topography images of the Pd-Ni nanocatalyst synthesized with the use of 
mixture of alcohol and water assisted by ultrasound 

An EDS analysis was performed, recording reflections characteristic of palladium and nickel (Figure 
3). For palladium 2,838 eV (spectrum line Lα1) and 2.990 eV (spectrum line Lβ1) were registered. For 
nickel 0.866 eV (spectrum line L β1), 7.480 eV (spectrum line Kα1) and 8.267 eV (spectrum line Kβ1) 
were registered. 

 

Figure 3: EDS spectrum of the Pd-Ni nanocatalyst 
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Figure 4: SEM surface topography images of the Pd-Ni nanocatalyst synthesized with the use of a 
reducer in the form of ascorbic acid 

In order to obtain more information about the morphology of the synthesized Pd nanoparticles, a 
STEM analysis was performed. STEM imaging (Figure 5) showed, same as a SEM analysis, that the 
size of the nanoparticles did not exceed 10nm. In addition, nanoparticles primarily of oval shape were 
registered. EDS examination was performed in a wider range of energy than in the case of SEM. 
Additional reflections for palladium 21,177 eV (spectrum line Kα1) and 23.818 eV (spectrum line 
Kβ1) were revealed (Figure 6a). Selected area electron diffraction (SAED) patterns were registered 
(Figure 6b). The SAED pattern shows a clear appearance of diffraction rings from the Pd 
polycrystalline nanoparticles and Ni substrate. The structural studies were complemented by X-ray 
examinations (Figure 7). To solve the diffractogram, JCPDS files were used, according to which were 
assigned the appropriate Miller indices. For the 1rst peak of palladium, for which  is 46.980°, the 
index is (111), for the second peak at 54.807°, the index is (002). For the 1rst peak of nickel, for which  
is 52.243°, the index is (111), for the second peak at 61.113°, the index is (002) (Figure 7a). The 
crystal structure for the platinum was identified as face centred cubic (Figure 7b). 
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a) b) 

  

c) d) 

Figure 5: The BF_DF (a, c) and HAADF (b, d) images of Pd nanoparticles reginstered in STEM mode 

 
 

a) b) 

Figure 6: The EDS spectrum of the palladium nanoparticles on Ni substrate (a) and the SAED pattern 
(b) 

0
5

10
15
20
25
30
35

0 5 10 15 20 25

In
te

ns
ity

 [C
ou

nt
s]

Energy [KeV

Pd-Lα1

Pd-Lβ1
Ni-Kα1

Ni-Kβ1

Pd-Kα1

Pd-Kβ1

802



a) 

 

b) 

 

Figure 7: The diffraction pattern of palladium nanoparticles (a) and the face centred cubic crystal 
structure of palladium (b) 

4 Conclusions 

In summary, we prepared nano Pd supported by Ni molecular mesh. By using electron transmission 
microscopy and XRD, the phases in the nanocatalyst were identified. Our findings confirm that this 
proposed combination of chemical and physicochemical methods (with the participation of ultrasound) 
can be used to produce nanoparticles from noble metals such as palladium. The obtained material is 
Pd-Ni nanocatalyst synthesized with the use of mixture of alcohol and water assisted by ultrasound. 
Nanoparticles with oval shape and diameter below 10 nm were prepared. The results obtained by the 
authors of this paper provide a promising perspective for research and indicate that this is an attractive 
direction in the search for new solutions to manufacturing nanomaterials. 
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Abstract 

Nuclear power engineering produces 10.2% of the world's electricity. The nuclear reactors fleet counts 
440 units, which are a mix of the generation II, III, and III+ units. Analyzing available data it might be 
expected that within 10 years first reactors of generation IV become available. Safety is the most 
important element of a nuclear reactor operation, and it is also a measure of reactors' development. It 
may be observed that environmental impact of nuclear power engineering is also very important, and 
considering this topic the problem of radioactive waste, especially a spent nuclear fuel seems to be the 
most challenging. The work is an attempt to analyze the radioactive waste problem during the 
operation of selected power nuclear reactors, and the focus is paid to a spent fuel issue. Water reactors 
of generations III and III+ were analyzed: pressurized water reactors (EPR, AP-1000, APR-1400), 
boiling water reactors (ABWR, ESBWR), and heavy water reactor (ACR-1000). Generation IV 
nuclear reactors represents six technologies: very high temperature reactors, sodium cooled fast 
reactors, super critical water reactors, gas cooled fast reactors, lead cooled fast reactors, and molten 
salt reactors. From among many designs of generation IV reactors under development, 7 units were 
selected for analysis representing 6 reactor technologies mentioned above: HTR-PM and GT-
HTR300C (very high temperature reactor type, two chosen as they have different fuel form and core 
construction), CFR-600 (sodium cooled fast reactor), Super-Fast LWR (supercritical water reactor), 
EM2 (gas cooled fast reactor), ELFR (lead cooled fast reactor), and MSFR (molten salt reactor). The 
analysis for most of the considered units was done based on design data, so it should be recognized 
just as some estimation. Nevertheless, it can be observed that development of nuclear reactor 
technology improves also environmental aspects, not only the safety. It should be also noted that many 
of the generation IV project are rather long-term programs, mainly due to material constrains.  

1 Introduction 

The beginnings of nuclear energy as a technology for the production of electricity and heat were 
possible thanks to groundbreaking research from the 19th and 20th centuries. The most important of 
them were the discovery of radioactivity in 1896 by Henri Becquerel (as well as later works by Pierre 
Curie, Maria Skłodowska-Curie and Ernest Rutherford), the special theory of relativity created by 
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Albert Einstein, the consequence of which is, among others mass-energy equivalence (1905), the Niels 
Bohr model of atomic structure (1913), the first atomic fission reaction by Otto Hahn and Fritz 
Strassmann (1938), to the controlled fission reaction under Enrico Fermi (1942). The culmination of 
these and many other works was the commissioning of the first 6 MW experimental nuclear power 
plant in Obninsk (now Russia) in 1954 [1,2]. The second half of the 20th century was a period of 
intense work related to enlargement and the improvement of nuclear technology, as well as the 
intensive construction of new nuclear power plants in the world [2,3].  

Figure 1 presents subsequent generations of power reactors. Generation I refers to the prototype and 
early power reactors, constructed in the 1950s and 1960s, that launched civil nuclear power. These 
reactors were the first power plants designed for the commercial generation of electricity to the grid. 
Generation II refers to a class of commercial thermal reactors designed to be economical and reliable. 
The most common Generation II reactors are water-cooled and moderated reactors (LWRs). These 
include pressurized water reactors (PWR), and boiling water reactors (BWR). Examples of Generation 
II reactors designs which have been implemented primarily within one country are the heavy water 
CANada Deuterium Uranium reactors (CANDU) [4]. Nuclear reactors of Generation III are an 
evolution of previous light and heavy water reactor technology with improved performance and 
extended design lifetimes. They have also more favourable characteristics in the event of extreme 
events such as those associated with core damage. The most important features of Generation III/III+ 
designs have been discussed in [5-8], and they may be listed as follow: 

 simpler and more rugged design, making the reactors easier to operate and less vulnerable to 
operational disturbances, 

 extensive use of passive safety features that require no active controls and rely on natural 
phenomena, 

 reduced probability of severe accidents (involving core melting),  

 additional mitigation systems in case of core melt accidents, 

 resistance to the impact of a large aircraft, 

 standardized designs enabling reduction of licensing and construction time (modules), 

 longer time interval between refuelling, resulting in a higher availability factor,  

 higher burnup to increase fuel use and reduce the amount of waste produced, 

 longer operating lifetime (60 years). 

 

Figure 1: Generations of power nuclear reactors (prepared according to [4,5]) 

Nowadays, the nuclear industry is looking for advanced - so-called Generation-IV - reactor designs 
that could be commercially deployed from 2035-2040. The Generation IV International Forum (GIF) 
was created in 2000 in order to coordinate research and development works in this area [9]. As shown 
in Figure 1 there are four main goals for Generation IV designs: sustainability, safety and reliability, 
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economic competitiveness, proliferation resistance and physical protection. The GIF has selected six 
systems as Generation IV technologies: 

 gas-cooled fast reactor (GFR), 

 lead-cooled fast reactor (LFR), 

 molten salt reactor (MSR), 

 sodium-cooled fast reactor (SFR), 

 supercritical-water-cooled reactor (SCWR), 

 very-high-temperature reactor (VHTR). 

The main principle in nuclear power is that safety is more important than electricity production. The 
development of nuclear reactor technologies is therefore mainly measured in terms of improving the 
safety of reactor's operation. Environmental considerations, as well as economical aspects, have also 
become very important recently. 

Power Reactor Information System by International Atomic Energy Agency [10] reports that there are 
440 power reactors in operation worldwide, and 54 units are being constructed. Analyzing the present 
status of nuclear power engineering, it can be stated that over 90% of currently operating nuclear 
power reactors are cooled and moderated with water. Those reactors belong mostly to the second 
generation of power reactors. Only six countries are exploiting newer generation reactors. These are: 
China (6 units of generation III, and 6 units of generation III+), Korea (2 units of generation III), Japan 
(4 units of generation III), Russia (one reactor of generation III, and 3 units of generation III+), India 
(2 reactors of generation III), and Iran (one generation III unit) [10,11]. Such units are also the vast 
majority of currently built nuclear reactors, which belongs to generation III or III+ of power nuclear 
reactors. The situation looks quite different while looking at the generation IV designs. There is only 
one water reactor type, among six technologies being considered in this generation. It is also important 
to mention that electricity is not always considered as the main product for generation IV nuclear 
reactors. It is also hydrogen, or technological heat at least. Considering environmental aspects it is 
worthy to note that some generation IV reactors are foreseen to burn out actinides contained in spent 
fuel from older generations reactors. 

Nuclear energy allows to generate electricity or heat in significant amounts without CO2 emissions, 
which in the era of the widespread trend of reducing carbon dioxide and opposing climate change it is 
a source of energy as one of the foundations for optimal human development and reducing the 
negative impact of energy production on the natural environment. 

Nuclear energy, unfortunately, is not without its dangers. Although the military activities on the 
construction of the nuclear bomb also contributed to the development of nuclear energy, it is difficult 
to deny that the effects of these works were catastrophic. Serious accidents at nuclear power plants 
(Chernobyl, 1986 and Fukushima, 2011) contributed to a decline in public confidence in this type of 
power plant and raised questions about its future [12-15]. A significant problem is also the 
management of radioactive waste, which is not generated in amounts corresponding to the amounts of 
waste from conventional power plants, but their harmfulness is many times greater [16-18]. 

The most important waste problem concerning nuclear power engineering is the spent fuel. Although 
it represents just about 5% of the total volume of radioactive waste produced by a nuclear power unit, 
it is responsible for roughly 95% of total radioactivity of those waste. Therefore, this work focuses on 
the spent fuel issue. 

2 Short characteristics of analyzed objects 

The analysis is aimed in determination of the spent fuel mass. Therefore, very short characteristics of 
the analyzed objects are limited to the most important parameters presented in the form of tables. It 
should be noted that the availability parameter is understood as the time period during the exploitation 
of a reactor when the unit may produce electricity at its full power.  
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2.1 Generation III nuclear power reactors 

Two Generation III reactors have been chosen for the analysis. Namely, they are Advanced Boiling 
Water Reactor (ABWR) by GE-Hitachi, and Korean Advanced Power Reactor APR-1400 designed by 
KEPCO and KHNP. Both designs represent evolutionary approach for safety, and they utilize 
solutions known and proven in Generation II reactors.  

Table 1: Main parameters of the Generation III nuclear reactors under analysis   

Parameter ABWR [19] APR-1400 [20] 
Reactor type BWR PWR 
Thermal power, MW 3926 3983 
Gross electrical power, MW 1356 1455 
Fuel chemical form UO2 UO2 and MOX 
Fuel physical form pellets/rods pellets/rods 
Fuel burnup, MWd/kgHM 45 60 
Fuel cycle, months 24 18 (or more) 
Availability, % 87 90 
Lifetime, years 60 60 

 

The ABWR reactors are first Generation III reactors operating in the world. According to [10] 
database cumulative availability factor of Japanese units is below 50%. This, of course, is the effect of 
Fukushima accident, and a long brake in their operation. 

The Korean APR-1400 reactor's core consists of 241 fuel assemblies. The average fuel enrichment is 
4.1%, and expected fuel burnup according to [20] is 44.6 MWd/kgU. Up to 1/3 of the core may be 
Mixed Oxide fuel (MOX) made of plutonium extracted from a standard uranium spent fuel. First AP-
1400 reactor started its commercial operation in 2016 (Shin-Kori 3 unit), and the availability factor is 
78.8% so far [10]. Again, the accident in Fukushima Nuclear Power Plant affected the operation of 
those units.  

2.2 Generation III+ nuclear power reactors 

Four Generation III+ under consideration are: Economic Simplified Boiling Water Reactor (ESBWR) 
by GE-Hitachi, European Pressurized water Reactor (EPR) by Areva, Advanced Passive reactor AP-
1000 designed by Westinghouse, and CANDU design of advanced heavy water reactor ACR-1000. 
The main parameters of those reactors are gathered in Table 3. 

 

Table 2: Main parameters of the Generation III+ nuclear reactors under analysis [20]  

Parameter ESBWR EPR AP-1000 ACR-1000 
Reactor type BWR PWR PWR HWR 
Thermal power, MW 4500 4590 3400 3200 
Gross electrical power, MW 1600 1770 1200 1165 
Fuel chemical form UO2 UO2 and MOX UO2 UO2 
Fuel physical form pellets/rods pellets/rods pellets/rods pellets/rods 
Fuel burnup, MWd/kgHM 60 50 60 20 
Fuel cycle, months 12-24 24 18 on-line ref. 
Availability, % 92 92 93 95 
Lifetime, years 60 60 60 60 

 

Two EPR and four AP-1000 rectors are operational in China at the moment [10], and their availability 
exceeds 95%. However, their exploitation time is too short to make an objective assessment of this 
parameter. 
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2.3 Generation IV nuclear power reactors 

There are six reactor technologies chosen by the GIF [9] as technologies enabling to reach the goals 
for Generation IV power reactors, as stated in section 1. Seven designs has been chosen for the 
analysis in this work: HTR-PM and GT-HTR300C (very high temperature reactor type, two chosen as 
they have different fuel form and core construction), CFR-600 (sodium cooled fast reactor), Super-
Fast LWR (supercritical water reactor), EM2 (gas cooled fast reactor), ELFR (lead cooled fast 
reactor), and MSR-FUJI (molten salt reactor). Table 3 presents their main parameters of interest.  

 

Table 3: Main parameters of the Generation IV nuclear reactors under analysis [9,20]  

Parameter HTR-PM 
GT-HTR 

300C 
CFR-600 JSCWR EM2 ELFR 

MSR-
FUJI 

Reactor type VHTR VHTR SFR SCWR GFR LFR MSR 
Thermal 
power, MW 

500 600 1500 3681 500 1500 450 

Gross 
electrical 
power, MW 

211 274 600 1700 265 630 207 

Fuel 
chemical 
form 

UO2 
UO2, 
MOX 

UO2, 
MOX 

UO2 UO2 MOX 

LiF-
BeF2-
ThF4-
233UF4 

Fuel 
physical 
form 

pebbles 
spheres/ 

rods 
pellets/ 

rods 
pellets/ 

rods 
pellets/ 

rods 
pellets/ 

rods 
liquid 

Fuel burnup, 
MWd/kgHM 

90 120 100 45 143 100 n.a. 

Fuel cycle, 
months 

on-line 
refuelling 

24 24 24 360 30 
on-line 

refuelling 
Availability, 
% 

85 90 90 90 95 90 90 

Lifetime, 
years 

40 60 60 60 60 60 30 

Fuel 
enrichment, 
% 

8.5 14.3 64.4 7.2 7.7 16.2 Pu 2 

 

It is necessary to note that the fuel enrichment (i.e. the mass fraction of U-235 isotope in the metallic 
uranium) is higher than in Generation III and III+ water reactors. Some reactors (like ELFR) may by 
fuelled by a MOX fuel, which is a product of reprocessing the standard uranium spent fuel. In such 
case the enrichment refers to the plutonium fraction in the fuel (the rest is U-238). Except two high 
temperature reactors, all the remaining are fast reactors, and they are designed to realize the closed 
fuel cycle [9]. That means the spent fuel is undergoing reprocessing for extraction of fissile material 
not used (U-235), and the plutonium isotopes produced in the reactor's core (Pu-239 and Pu-241). 
Additional comment is necessary for the MSR unit. Thanks  to  the  MSR  fast  spectrum, the fuel 
reprocessing unit only extracts a small amount of the fuel salt (order of a few litres per day) for fission 
product removal and then returned the cleaned fuel salt to the reactor. [20] It is also important that 
most of the Generation IV designs are planned to supply technological heat, for example to produce 
hydrogen. This is, in fact, the main goal of VHTRs operation. This analysis is limited to the electricity 
production, as it has been not established how hydrogen would be produced. 
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3 Analysis and results 

3.1 Methodology 

The parameter of interest in this analysis is the nuclear fuel mass consumed during a reactor's lifetime, 
as it could be assumed roughly as  the amount of highly radioactive waste in the case of the open fuel 
cycle, or the amount of an input material for reprocessing the spent fuel in the closed cycle. 
Determining the spent fuel mass could be done based on the fuel burnup. This approach is based on 
design data, so it should be clearly stated here, that this is just some estimation. Moreover, it can not 
be used for the MSR unit. 

Nuclear fuel burnup is understood as an amount of energy (heat) Eh produced by given mass of so-
called heavy metal, which is in fact the metallic uranium (mHM or mU): 

 

𝑓𝑢𝑒𝑙 𝑏𝑢𝑟𝑛𝑢𝑝 =
𝐸

𝑚
 (1) 

 

The fuel burnup is usually expressed in gigawatt days per tonne of metallic uranium (GWd/tHM), or 
megawatt days per kilogram of metallic uranium (MWd/kgHM). Heat produced by the reactor is 
calculated as follow: 

 

𝐸 = �̇� ∙ 𝜏 ∙ 𝑎 (2) 

 

�̇�   thermal power of the reactor, MW, 
𝜏 time of reactor's operation (lifetime assumed), days, 
𝑎  availability, %. 
 

The last parameter is strongly influenced by the accident in Fukushima for operating reactors. 
Therefore, the design goals (as stated in Tables 1 - 3) are used for calculations. 

The uranium fuel cycle is most popular in nuclear power engineering. Thus, the further considerations 
in this section focus on such a fuel cycle. However, the same way of analysis is applicable for other 
chemical compositions of the nuclear fuel. 

The metallic uranium in a nuclear fuel is a mixture of the fertile isotope of U-238 and the fissile U-
235. Technical specifications of nuclear reactors do not give information about the metallic uranium 
load in the core usually. The most often information is the total nuclear fuel mass. A nuclear fuel may 
have different chemical composition, but mostly it is the uranium dioxide. So, it should be noted that 
actual mass of the metallic uranium is the nuclear fuel mass mF multiplied by the metallic uranium 
fraction in the fuel gU: 

 

𝑚 = 𝑚 = 𝑚 ∙ 𝑔  (3) 

 

Assuming that the standard uranium nuclear fuel has a chemical form of uranium dioxide the metallic 
uranium fraction in the fuel may be calculated as follow: 

 

𝑔 =
𝑀

𝑀
 (4) 

The metallic uranium fraction depends on the fuel enrichment wU-235, which is the fraction of fissile 
isotope of U-235 in the metallic uranium. The fuel enrichment influences the molar mass of the 
metallic uranium: 
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𝑀 = 𝑤 ∙ 𝑀 + 𝑤 ∙ 𝑀  (5) 

 

Obvious relationship for the molar mass of the uranium dioxide is: 

 

𝑀 = 𝑀 + 𝑀  (6) 

 

The uranium nuclear fuel enrichment ranges typically between 2% - 5% for LWRs fuel [1,2], and for 
this assumption the metallic uranium fraction in the UO2 nuclear fuel is about 88.1%. This value is 
applicable for all Generation III and III+ reactors analyzed in this work, but the accurate value has 
been calculated for each analyzed reactor.  

The most important relationship for this part of the analysis is obtained by combining Equations (1), 
(2), and (3): 

 

𝑚 =
�̇� ∙ 𝜏 ∙ 𝑎

𝑓𝑢𝑒𝑙 𝑏𝑢𝑟𝑛𝑢𝑝 ∙ 𝑔
 (7) 

 

Application of Equation (7) enables determining the mass of fuel used during the reactor lifetime, and, 
as stated earlier, approximate amount of highly radioactive waste or input material for reprocessing. 
The analysis considers different type of reactors, so the mass of the spent fuel may be not enough to 
compare the reactors under analysis. Therefore an additional indicator is calculated, which is a unit 
mass of the spent fuel per the unit electricity generated: 

 

𝑚 , =
𝑚

𝑃 ∙ 𝜏 ∙ 𝑎
 (8) 

 

Taking into account the information about the electric power Pel of the nuclear unit allowed also to 
consider the efficiency of the electricity production, which utilizes mostly Rankine cycle, or Brayton 
cycle in the case of gas cooled reactors. 

The methodology described earlier is not applicable for the molten salt reactor. The maximum fuel 
burnup is limited by accumulation of fission products in the core. Those isotopes strongly affect the 
reactivity of the reactor. Thus, in the case of solid nuclear fuels it is necessary to reload a part of this 
fuel to reduce the amount of fission products in the core. The nuclear fuel management system in the 
MSR is designed to remove fission products on-line, and such reactor may theoretically work without 
any break.  

A single fission reaction produces about 200 MeV (320·10-13 J) of energy in average. Assuming that 
the U-233 is the fissile material and applying Equation (2) for calculation of the total energy produced 
during reactor's lifetime the number of fission reaction Nf.r. may be calculated: 

 

𝑁 . . =
𝐸

320 ∙ 10  𝐽
 (9) 

 

This is simultaneously the number of the nuclear fuel atoms consumed during the reactor's operation. 
Applying the Avogadro number NA, and the molar mass of U-233 isotope MU-233 the mass of the fissile 
material consumed is given by the following formula: 
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𝑚 =
𝑁 . .

𝑁
∙ M  (10) 

 

The work [20] reports that the MSR-FUJI reactor may be fuelled by U-233 fissile isotope, as well as 
U-235 or Pu-239. The method presented here could be applied for all of them. It should be however 
noted that Equation (10) gives a very estimated value of the spent fuel mass. It is necessary to add a 
fresh fuel to compensate its consumption in the case of thermal reactors, and this is possible in the 
designed system. However, this is a fast reactor with the possibility of breeding the nuclear fuel. 
According to information given in [20] the conversion ratio is designed to be 1.0, and that means the 
consumed fuel atoms will be substituted by new fuel atoms produced during the reactor's operation. 
So, there should be rather fresh fertile material (Th-232) added to the liquid fuel solution, than fissile 
isotope of U-233. 

3.2 Results and discussion 

As it has been stated earlier the presented way of the spent fuel mass determination is just an 
assessment. Results of computations have been gathered in Table 4.  

 

Table 4: Results of analysis 

Generation Reactor mF, kg mF,el, kg/MWh 

III 
ABWR 1 887 140 3.041·10-5 

AP-1400 1 485 415*/1 998 317 2.157·10-5*/2.901·10-5 

III+ 

ESBWR 1 715 521 2.216·10-5 
EPR 2 099 822 2.452·10-5 

AP-1000 1 310 272 2.232·10-5 
ACR-1000 3 779 017 6.492·10-5 

IV 

HTR-PM 78 276 1.245·10-5 
GT-HTR300C 111 899 0.863·10-5 

CFR-600 335 951 1.183·10-5 
JSCWR 1 430 870 2.275·10-5 

EM2 82 590 0.624·10-5 
ELFR 335 597 1.125·10-5 

MSR-FUJI 4 635 0.095·10-5 

 

Some verification of the values shown in Table 4 may be possible by utilizing information about the 
fuel campaign. Those are not available for all the considered reactors, and as an example only the 
ABWR reactor case is presented.  

The ABWR reactor's core is built of 872 fuel assemblies, each containing 183 kg of UO2. An initial 
fuel enrichment ranges from 1.7% up to 3.2%, and fuel cycle is one or two years. An average fuel 
enrichment for standard fuel assemblies is 4.2%, and fuel cycle length is 24 months [19]. According to 
works [9, 19, 20] about 35% of the fuel assemblies is reloaded during the refuelling. So, the mass of 
the UO2 in the core is almost 160 tonnes, and assuming the first too cycles lasting for 12 month, and 
the later lasting for 24 months there is 32 refuelling processes during the ABWR reactor lifetime. The 
spent fuel generation under the assumed conditions will be then 1 792 000 kg. This value is about 5% 
less than calculated earlier, so it may be assumed that the fuel burnup based method for the spent fuel 
mass estimation is satisfactory.  

Evaluation of the obtained results needs a reference state to be defined. This is the mass of the spent 
fuel and the unit mass of the spent fuel per MWh of electricity produced for a typical LWR of 
Generation II. The methodology described earlier has been applied to Flamanville 1 power unit 
(France). There is PWR type reactor operating with thermal power equal to 3817 MW, and gross 
electrical power of 1382 MW. The reactor's commercial operation began in 1985, and according to [9] 

812



its availability factor for the exploitation period is 72%. Typical burnup of the spent fuel from second 
generation light water reactors ranges between 20 ... 35 MWd/kgHM [1,2,16]. Assuming the burnup to 
be 33 MWd/kgHM, and taking into consideration actual lifetime (35 years) one obtains: 

mF = 1 207 826 kg and mF,el = 3. 956·10-5 kg/MWh 

Comparing the latter value to the results presented in Table 4 it can be observed that only the ACR-
1000 reactor has worse outcomes. This is of course the effect of very low fuel burnup. The APR-1400 
reactor has been analyzed twice: for design goal burnup (60 MWd/kgHM), and for the burnup expected 
according to the currently realized fuel management strategy (44.6 MWd/kgHM). The lower burnup 
value results in higher spent fuel production, what is obvious, but this is still better than for Generation 
II reactors.  

Evaluation of the results by a simple comparison to Generation II indicators is definitely not complete. 
It has to be noted that most of newer generations reactors is designed to run on the MOX fuel, which is 
produced by reprocessing the standard uranium spent fuel from Generation II reactors. So, this 
solution helps to utilize a part of radioactive waste at least.  

Additional comment is necessary for the molten salt reactor case, which has the best indicators. As 
stated earlier the mass of the spent fuel has been calculated assuming that this is only the mass of the 
fissile material consumed during the lifetime of the MSR. The available information about the fuel 
cycle is very limited, and not all the problems have been addressed in the design. Database [20] gives 
information that the fuel enrichment would be about 2%. If it is assumed that the fertile and fissile 
materials are mixed together and the latter constitutes 2% of this mixture, and assuming that they are 
simultaneously removed from the liquid fuel, the mass of spent fuel increases 50 times as compared to 
the previously determined one. Similarly the mass of the spent fuel per MWh of electricity produced 
increases by 50 times. This would definitely worsen the position of the MSR-FUJI reactor. On the 
other hand, this reactor may be fuelled by different fissile isotopes, and it is planned that it may 
transmute actinides extracted during reprocessing highly radioactive waste (including the spent fuel) 
from older generations of nuclear reactors. 

4 Conclusions 

The work is an attempt at a preliminary, simplified estimation of the amount of high-level radioactive 
waste produced during the operation of generation III, III + and IV power nuclear reactors. The focus 
was on the problem of spent nuclear fuel, which accounts for more than 95% of the total activity of all 
radioactive waste generated in nuclear power plants. 

For a more objective assessment of different generations and reactor technologies, the mass of spent 
nuclear fuel per unit (MWh) of electricity produced was calculated. 

The comparison of the results summarized in Table 4 with the results obtained for an exemplary, 
typical Generation II reactor clearly shows that the issues related to increasing the efficiency of fuel 
use and minimizing the amount of radioactive waste are important in the design of modern nuclear 
reactors. 

However, the computational analysis performed is only an estimation and cannot constitute a 
complete, objective assessment of the problem under consideration. There are also aspects that are 
difficult to include in the calculations due to the lack of sufficient data (e.g. the use of MOX fuel, 
which is a form of utilization of high-level waste, or the situation of a reactor cooled with molten 
salts). Certainly, the analysis should also take into account the fact that the heat generated in the 
reactor is used not only for electricity production, but also for technological purposes (e.g. hydrogen 
production). This aspect is of particular importance in the case of Generation IV reactors. 

Summarizing, it can be stated that successive generations of reactors are characterized by a lower and 
lower generation of spent fuel per unit of electricity produced. However, determining the amount of 
this type of radioactive waste is not a trivial task. There are also certain couplings between the 
analyzed generations of nuclear reactors, which are important due to the analyzed problem (use of 
recovered fuel, burning of activates).  
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Abstract 

This document presents the issues of cooperation between a high temperature nuclear reactor and a 
coal-fired boiler in a hybrid system, where the main goal is to reduce the cumulative emission of 
carbon dioxide. Both devices can run on a common steam turbine and electricity generator. The 
meaning of the cooperation of these two sources is such as to obtain the final financial results, to 
achieve the level of CO2 emissions and thus the valley, that such a hybrid solution rewards comparison 
in the energy market and apply for different financial support schemes. Coal-nuclear hybrid system, as 
a unit generating electricity in cogeneration with heat, could apply for a share in the capacity market, 
where the entry gate is the indicated maximum level of CO2 emissions, e.g. 450 kg/MWh, which is 
unattainable for coal technologies. Based on the data on the actual amounts of coal fuel and the 
characteristic data of the OP-380 coal boiler, calculations were made of the actual CO2 emissions from 
such a source. The reported amount of emissions disqualifies such a source from further electricity 
production due to the fact that the current EU emission standards are twice exceeded. The results of 
the calculations confirm the assumptions regarding the connection of the two sources into a hybrid 
system that meets environmental standards in terms of carbon dioxide emissions. High temperature 
reactor may produce steam of parameters consistent with the parameters of steam from a coal boiler 
(temperature, pressure). The paper presents very preliminary, simplified analysis of such system. 
Results seems to be quite optimistic while considering emission issue, however important problems 
related to the elasticity of operation have been also identified.  

1 Introduction 

A change in the energy mix in Poland consisting in an increasing share of the so-called renewable 
sources [1], which are characterized by high variability of generation and considerable uncertainty as 
to the time in which this generation will be possible, will also affect the method of generating 
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electricity from conventional energy sources. Currently, conventional energy sources are used to 
stabilize the national power system and to a large extent contribute to the compensation of electricity 
power fluctuations in the system. Compensation of fluctuations in the network by conventional coal 
sources is achievable due to the possibility of relatively dynamic power change - fast uphill - due to 
the cumulative properties of energy in the boiler itself and its subsequent release through control 
valves to the steam turbine. Following the rapid changes in power and the possibility of a deep 
reduction of the power generated even below the technical minimum (60% of nominal power level), 
changes in the basic parameters of steam, i.e. temperature and pressure, both on the primary and 
secondary side of the system, appear. For example, Figure 1 shows the temperature variation as a 
function of electric power, as an extremely important parameter of the working medium due to the 
safety and stability of the steam turbine blade system [2]. This is a typical system of dependencies 
between two parameters in a classic power unit with a coal-fired boiler producing steam for the 
production of electricity, the so-called a centrally disposed generating unit, where the electric power 
demand signal at a given moment is generated by the national power disposition, and block control 
systems are designed to control individual actuators in such a way that the electric power set to be 
generated can be achieved by the entire system. 

 

Figure 1: Steam temperature as a function of power [2] 

 

The aggregated data presented in the diagram come from the existing generation unit of 120 MWe 
class, for which the steam temperature at the point tn = 540°C, and the fresh steam pressure pp = 13.9 
MPa, reflect the real dependence of steam temperature changes on the amount of generated electric 
power. The relationship between the indicated values of temperature and electric power may vary 
significantly depending on the quality of the fuel used. With poorer fuel quality, the steam temperature 
at lower electric power generation (during descent with power) may reach lower values than those 
shown in the diagram, and during power input, the steam temperature rise gradient will also be slower. 
In addition, there are other factors that may differentiate the discussed relations, including individual 
settings of the fuel feeding or water injection control regulators, as well as the individual preferences 
of the operator of such a generating unit, which has a real impact on the settings of individual power 
unit regulators and often uses the manual mode of some settings [3]. Apart from the presented reasons 
for the occurrence of differences during the collection of measurement data, it should be assumed that 
the presented trend of dependence is true. The observed values of temperature changes are significant. 
A decrease in generated power by 70 MWe causes a decrease in steam temperature by approx. 50°C. 
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From the point of view of the CO2 emission regimes currently in force in the EU, coal-fired generating 
units will not be able to continue production or use the available electricity production support systems 
[3]. One of the methods of reducing the emission intensity of coal generating units is combining them 
with a zero-emission source, which allows to reduce the CO2 emission factor to the level of gas 
generating units with the emission level of approx. 350 kg CO2/MWh - depending on the share of the 
energy stream from each source. More zero emission energy = lower factor of emission. 

In the case of a carbon source, energy is released as a result of the combination of oxygen and carbon 
molecules at the level of atomic reactions [4]. In the case of a nuclear source, energy is released inside 
an isotope atom as a result of the nuclear fission reaction  [5,6]. The resulting energy is not affected by 
chemical reactions that produce greenhouse gases such as CO2. 
The above-described method of reducing the index will not work for the remaining greenhouse gases 
emitted as a result of the combustion of solid fuels such as sulfur oxides SOx, nitrogen oxides NOx or 
dust. The emission of these substances is measured per unit of exhaust gas volume, e.g. mg/m3

n, and 
naturally cannot be averaged - the nuclear reaction does not generate a flue gas stream. 

When examining the possibility of using steam from a non-emission source, which is the High 
Temperature nuclear Reactor (HTR), the natural direction is power engineering. At the time of 
fundamental changes in the method of generating electricity and heat, the search for the possibility of 
synergy of various sources towards the creation of hybrid systems that meet the current and planned 
exhaust emission standards is most justified. 

Taking into account the fact that there is no HTR in Poland, the considerations in the field of the high-
temperature reactor are based on theoretical data, while on the other side of the hybrid system the 
existing coal source based on the OP-380 boiler is considered. 

2 Characteristics of the analyzed systems 

2.1 Coal boiler 

The OP-380 boiler produced by RAFAKO [7] is considered as the traditional coal heat source in this 
work. It is a natural circulation steam boiler with steam drum, fuelled with a pulverised hard coal 
which is supplied to  tangentially arranged burners. Main technical parameters are presented in 
Table 1. 

Table 1: OP-380 boiler main technical parameters [7] 

Parameter, unit Value 
Maximum capacity (fresh steam mass flow rate), kg/s 105.6 

Fresh steam temperature, °C 540.0 
Fresh steam pressure, MPa 13.9 

Reheated steam temperature, °C 540.0 
Reheated steam pressure, MPa 2.65 

Feedwater temperature, °C 227.0 
Boiler's efficiency, % 91.0 

Lower calorific value of the standard fuel, MJ/kg 21.0 

 

2.2 High temperature reactor 

The theoretically analyzed high-temperature reactor system, which is currently in the very preliminary 
design phase (Gemini plus [8]), will be able to generate steam with parameters identical to the 
parameters of steam from a coal-fired boiler (steam temperature at the point tn = 540°C, and fresh 
steam pressure p = 13.9 MPa). It is therefore possible to combine both steam streams (from the coal 
boiler and the high temperature reactor) into one stream directed to the steam turbine.  

There are no detailed technical characteristics of the HTR available at the moment. The assumption of 
the Gemini plus group is to design a HTR in order to fit the system under consideration. Based on 
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publicly available information [5,9] the core of the HTR may be prismatic or has a form of the pebble 
bed. High temperature reactors are cooled with gas (helium), where the moderator is graphite. 
Characteristic for this type of reactors is that the working medium at the outlet of the reactor can reach 
a temperature of approximately 1000°C. Such a high temperature of the medium means that high-
temperature reactors can be used in many industries, e.g. hydrogen production, chemical industry. The 
HTR's will use TRISO type nuclear fuel. In the final version, it will most likely be placed in zirconium 
covers to increase the safety of use. 

3 Hybrid system analysis 

3.1 Carbon dioxide emission analysis 

The reduced emission of carbon dioxide (CO2) should be understood as the emission reduction 
obtained as a result of the implementation of projects limiting or eliminating the entire consumption of 
chemical energy contained in fossil fuels. Determination of chemical energy consumption in fuel has 
been determined based on the guidelines of KOBiZE (National Center for Balancing and Emission 
Management) [10], which include CO2 emission factors as part of reporting and settlements of the 
Emission Trading System, among others for the purposes of projects related to the introduction of 
electricity to the National Power System (NPS), a reference indicator for unit carbon dioxide 
emissions is used for electricity production in power plants and utility CHPs WECO2 = 93 kg/GJ. 
Figure 2 shows a schematic diagram of such a system and the emission effect achieved. Details of the 
emission calculations are described further in the text. 

 

Figure 2: Diagram of connection of the coal steam system with the nuclear steam system 

 

In order to present the possibility of reducing the cumulative emission index of the hybrid system, an 
example of power generation, e.g. 120 MWe during 1 hour, was followed, where the power is 
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generated from two steam streams in one generator. Dividing the generated power equally into two 
energy sources, we get the generation of 60 MWe for the coal source for which the consumption of 
coal fuel and the level of CO2 emissions is calculated. 

Assumptions for the coal-fired boiler: 
efficiency of electricity production 𝜂= 35% 
lower calorific value LHV = 21 MJ/kg 
electricity production Eel,cb = 60 MWh 
factor of emission CO2 : WECO2 = 93 kg/GJ 
 
The amount of chemical energy contained in coal fuel Epc: 
 

𝐸 =
E ,

η
 (1) 

 

Substituting values of parameters into Equation (1) it may be calculated: 

  

𝐸 =  
60 𝑀𝑊ℎ ∙

1 𝐺𝑊ℎ ∙ 3600 𝑠
1000 𝑀𝑊ℎ

0.35
= 617 𝐺𝐽 

 
 
Amount of emitted CO2 EMCO2 may be determined by multiplying the CO2 emission factor [10] and 
the chemical energy of the consumed fuel:  
 

𝐸𝑀 =  𝑊𝐸 ∙  𝐸  (2) 

 

𝐸𝑀 = 93 ∙ 617 𝐺𝐽 = 57 400 𝑘𝑔  

 
Finally, amount of CO2 emitted per unit of electricity produced EMCO2ee is given by the following 
relationship: 
 

𝐸𝑀 =  
𝐸𝑀

𝐸 ,
 (3) 

 
and after substituting the values of the parameters it is computed that: 
 

𝐸𝑀 =  
57 400 𝑘𝑔

60 𝑀𝑊ℎ
=  956.6 

𝑘𝑔 𝐶𝑂

𝑀𝑊ℎ
 

 

For the adopted assumptions, the CO2 emission for the carbon segment was 956.6 kg CO2/MWh. It is 
a high carbon dioxide emission index, typical of low-efficiency generating units. On the other side of 
the hybrid system there is a nuclear source for which zero was assumed (0 kg CO2/MWh) carbon 
dioxide benchmark. Assuming the same efficiency for a nuclear source as for a coal source, the same 
required amount of energy contained in nuclear fuel (GJ) as for a coal source is obtained. Lower 
averaged carbon dioxide emission index is achieved by combining both energy streams into one and 
generating electricity from it. 

It is obvious that by regulating the share of the coal and the nuclear units in common steam stream it is 
possible to get the desired level of the carbon dioxide emission. 
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3.2 Dynamic loads issue 

The main difference indicated by the designers of the high-temperature HTR reactor is that the reactor 
will not be able to operate in the regime of dynamic change of the generated power. The energy source 
itself as a reactor has the ability to regulate the amount of steam produced, but the dynamics of 
changes will be much lower than in the case of a coal boiler. The limited dynamics of changes results 
from the design of the reactor and the maintenance of safe, stable operation without exposing the gas 
and steam system to unnecessary stresses and loads throughout the entire period of operation.  

Other reasons for the limited possibilities of dynamic change of the reactor's power are the heat 
exchanger systems. The primary circuit of the high-temperature reactor is carried out with helium 
(gas), which receives the heat in the reactor core from the nuclear fuel. The heated helium is directed 
to a steam generator, where it releases the heat to the feedwater, which then evaporates and could 
theoretically be directed directly to the steam turbine. Such a three circuit reactor cooling system -
primary cooling circuit (reactor), secondary cooling circuit (steam turbine contour), ternary cooling 
circuit (turbine condenser) - would be the most effective solution for the Rankine cycle. However, the 
designers indicated the need to use one more steam-steam heat exchanger (reboiler) in order to 
strengthen the radiological protection of the system - another barrier. Such a complex system is itself 
non-dynamic and is capable of generating steam for electricity production virtually only in steady 
states - a steady stream.  

This discussion does not settle the question of the steam recirculation in the coal boiler. Reheating of 
steam leaving a high pressure turbine is widely applied in coal boilers, but not in nuclear systems. It 
could be imagined that the intermediate heat exchanger (reboiler) might be used for steam reheating. 
This, however, additionally would complicate the heat exchangers system, and influences the elasticity 
of the whole unit operation. 

Therefore, on the technological side, it is possible to combine the streams of water vapour from both 
sources, and the issue to be solved is maintaining the stability of cooperation of both systems in 
changing network conditions.  

4 Conclusions 

An attempt was made to combine both steam systems based on the existing coal unit, so that the 
measurement data used came from a physically existing source, and the work was not theoretical. The 
obtained results of the preliminary analysis of the possibilities of cooperation between the nuclear and 
coal sources confirm the assumptions concerning the reduction of the cumulative CO2 emission. 
However, looking from the investment point of view, designing and building a nuclear facility in the 
form of a high-temperature reactor may take even several years. At that time, certainly none of the 
currently existing coal-fired generating units will no longer be in operation. Nowadays, not the highest 
efficiency, fuel availability or the latest solutions allow for the implementation of investments, and 
compliance with environmental standards by a given installation opens the possibility for commercial 
use on a large scale.  

When considering the construction of a hybrid system based on a carbon and nuclear source, the need 
to design a dedicated hybrid system should be taken into account. This will enable to optimize many 
technological nodes and, as a result, obtain a set of devices that can cooperate with each other for a 
long time. So, it seems that the considered hybrid coal-nuclear system has a great potential for 
reducing the greenhouse gases emissions, but there is a lot of problems to be investigated. Hence, the 
development of the indicated concept of a nuclear-coal system makes a lot of sense. In the next steps, 
the main issues to be developed will be issues related to the technical possibilities of cooperation 
between the two sources. 

Of course, another issue, which has been not addressed in this analysis is the fact, that a HTR based 
power unit may achieve much higher energy efficiency if combined with Brayton cycle (gas turbine), 
or even gas-steam cycle. However, as mentioned before, such a coal-nuclear hybrid system would 
reduce the CO2 emission, and will enable extending the operation of the coal part by fulfilling the 
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emission standards. This is of course rather political or social reason for applying such solutions. It 
could be however very important in Polish reality. 
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Abstract 

In the last few decades the high (hyperthermia) and low (hypothermia) temperature have become very 
important medical treatment in treating civilisation diseases like cancer or cardiovascular diseases. 
However, in order to increase effectiveness of the therapy and decrease its negative influence on the 
whole organism and affected tissues, it is necessary to have reliable and robust mathematical model to 
be able to predict fluid flow and temperature field in tissues. The most commonly used mathematical 
model which is used to describe heat transfer in tissues if the Penne’s bioheat equation. Although widely 
used this model suffers from a number of simplifying assumptions: 

 neglecting heat transfer between big blood vessels and surrounding tissue, 

 neglecting shape of blood vessels, 

 isotropic flow of blood in capillary vessels, 

 temperature of blood entering capillary vessels equals to deep body temperature and temperature 
of blood exiting capillary vessels equals to tissue temperature, 

 neglecting of countercurrent blood flow in veins and arteries. 

In this paper mathematical model which does not have some of listed shortcomings was proposed. This 
model is based on the multifluid approach to heat and mass transfer connected with direct modelling of 
the big blood vessels. In the proposed approach three phases are considered fluid phase comprising vein 
blood, fluid phase comprising artery blood and porous medium which models tissue. This methodology 
was applied to model heat and mass transfer in a simplified forearm geometry. Obtained results were 
compared with those obtained with Penne’s model. 

1 Introduction 

Porous materials are one of the most common materials in nature and technology. This group includes, 
on the one hand, natural loose materials, such as soil or sand, through substances such as various types 
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of rocks or wood, which seemingly seem to be solids, but due to the numerous natural pores, they should 
be classified as porous materials. In essence, porous materials are a type of composite consisting of a 
solid body forming the so-called matrix that is intersected by pores filled with a gas, liquid or two-phase 
fluid mixture. All phases that make up the porous medium interact with each other through the exchange 
of mass, momentum and heat. Moreover, taking into account the abovementioned definition, there are 
many man-made materials that can be classified as porous materials and which, thanks to their composite 
nature, obtain the desired physical properties (thermal, strength, etc.), examples of such materials are 
insulation materials, building ceramics or metal foams. The study of porous materials are extremely 
important from the theoretical and practical point of view, and the literature on the subject is extremely 
extensive, including books [1,2] or journals devoted only to this topic. 

Mathematical modelling of heat and mass flow in porous media is very demanding scientific problem 
mainly due to the fact that the pores are very different size and shapes and usually their size is 
significantly smaller than the size of elements of computational grid. Generally, two approaches are 
used for modelling of porous materials. The first is to accurately map the computational area 
representing the matrix of the porous medium and the computational area representing the pores, and 
numerically solve the conservation equations describing the phenomena of heat and mass transfer in 
these areas. This approach has two significant drawbacks. It requires a precise knowledge of the 
geometric shape of the pores and, due to the enormous computational requirements, in practice it can be 
used only for small computational areas. The second approach is based on the volume averaged 
conservation equations, which avoids the problems of accurately modelling the pore geometry.  

The second approach, which is based on the spatial averaging of governing equations across the 
representative elementary volume (REV), results in additional nonlinear source terms describing 
exchange of heat, mass and momentum phenomena at the interface between fluid and solid. Most often, 
these terms are dependent on the mean values of dependent variables and on the parameters statistically 
describing the geometry of pores, such as porosity, pore diameters or tortuosity, etc. and need to be 
modelled. Significant simplification of heat transfer modelling problem in porous media is an 
assumption on thermodynamic equilibrium between phases composing porous material. However, not 
always such a simplification has a physical justification, first of all, it will be far from reality in the case 
of processes in which temperature changes rapidly with time, or in situations where the heat capacity of 
the solid phase significantly differs from the heat capacity of the fluid filling the pores, or in the situation 
where the thermal conductivity of the phase solid and fluid differ significantly. Then, it is necessary to 
solve individual energy balances for each of the phases and take into account the heat flow at a finite 
temperature difference between the phases. This approach was developed in this work and it was used 
to model the heat flow in living tissue. 

The mathematical modelling of heat flow in living tissues is currently one of the most important research 
problems in theoretical mechanics. It is related to the rapid development of bioengineering and the use 
of new medical procedures using high (hyperthermia) and low (hypothermia) temperatures for the 
treatment of cancer or cardiological diseases [3-10]. One of the first mathematical models describing 
heat transfer in living tissue was proposed by Pennes, it was applied to describe the temperature 
distribution in the human arm [11]. The most important simplifying assumptions of the Pennes model 
are: 

 omission of heat exchange between larger vessels and surrounding tissues, 

 omission of the shape of blood vessels, 

 assumption of isotropic heat exchange between capillaries and tissue, 

 assumption that the temperature of the blood flowing into the capillaries is equal to the core 
body temperature and the temperature of the return blood is equal to the tissue temperature. 

escriptions of heat transfer in living tissues developed later eliminated some of the mentioned 
simplifying assumptions. The model proposed by Wulff assumes that heat exchanged between blood 
and tissue is proportional to the temperature difference between these media [12]. In contrast to the 
Pennes model, where the heat exchange between blood and tissue is proportional to the temperature 
difference between the blood flowing in and out of the tissue. The model proposed by Klinger was very 
close to the Wulff model [13]. Chen and Holmes proposed one of the more complex models of heat flow 
in living tissues using a two-area approach and describing separate energy conservation equations for 
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the tissue and blood area [14]. Despite the high degree of sophistication, the Chen and Holmes model 
did not take into account the counter-current blood flow in the aortas and veins - this fact was taken into 
account in the work of Weinbaum et al. [15,16].  

In this work mathematical model describing heat and mass flow in living tissues is presented. A 
multifluid non-equilibrium approach to model heat transfer was applied to describe heat transfer around 
large blood vessel, more over blood flow in the vessel as well as its penetration of the surrounding tissue 
is considered. At this stage the model was implemented in a simple geometry of blood vessel surrounded 
by tissue. 

2 Mathematical model 

As it was already mentioned, a non-equilibrium model of a porous medium was used to model heat and 
mass transport in a living tissue, the following assumptions were made in developing the model: 

 the tissue is a porous medium which is cuted by small-sized blood vessels which are analogous 
to the pores in the porous medium, 

 the tissue and blood that infiltrates the tissue are not in a state of thermodynamic and mechanical 
equilibrium, 

 the tissue is a stationary solid phase, 

 large blood vessels are directly modelled, 

 the walls of the large blood vessels are semi-permeable so that the blood can infiltrate the tissue. 

The above assumptions lead to the following system of differential equations describing heat and mass 
transport in living tissue: 

- mass balance equation for the fluid phase (liquid, gas): 

∂𝜌

∂𝜏
+ ∇ ⋅ 𝜌 𝐰 = 0 (1) 

 

- momentum balance equation for the fluid phase (liquid, gas): 

∂ 𝜌 𝐰

∂𝜏
+ ∇ ⋅ 𝜌 𝐰𝐰 = −∇𝑝 + 𝜌 𝐠 + ∇ ⋅ 𝐓 + 𝐒  (2) 

 

where the last part of equation (2) is the momentum exchange between the flowing fluid and the 
stationary matrix of the solid and is described by the equation: 

𝐒 =
𝑎 𝜇

2𝑑
𝐖+

𝑎

2𝑑

𝜌 |𝐖|𝐖

2
 (3) 

 

- energy balance equation for the fluid phase (liquid or gas) 

𝛾 𝜌 𝑐 ,

∂𝑇

∂𝜏
+ ∇ ⋅ 𝐰 𝜌 𝑐 , 𝑇 + 𝑝 = ∇ ⋅ (𝐓 ⋅ 𝐰) + 𝛾𝑘 ∇𝑇 + ℎ 𝑇 − 𝑇  (4) 

 

- energy balance equation for the solid phase (matrix of the porous medium) 

(1 − 𝛾) 𝜌 𝑐 ,

∂𝑇

∂𝜏
= ∇ (1 − 𝛾)𝑘 ∇𝑇 + ℎ 𝑇 − 𝑇  (5) 

ℎ =
3(1 − 𝛾)

𝑑
ℎ  (6) 
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Nu =
𝑘 𝑑

ℎ
= 1.91 + 0.17𝑅𝑒 .  (7) 

𝑅𝑒 =
𝑊𝑑 𝜌

𝜇
 (8) 

 

In the above equations  

f  the fluid phase density 

w  the velocity of the fluid related to the full cross-section of the control area (so-called speed per 
full section of the apparatus), 

p  refers to the pressure, 

T  the fluid shear tensor,  

g  the acceleration of gravity.  

 

Assuming that the volume porosity is equal to the surface porosity, then the average actual velocity in 

the pores can be determined from the equation 



w

W . 

sT  the temperature of the porous matrix (in the case of the application of the model to heat flow in 

living tissues it is the tissue temperature)  

fT  the temperature of the fluid (in the case of application of the model to heat flow in living tissues 

it is the blood temperature). 

fk  the heat conduction coefficients of the fluid (blood) 

sk  the heat conduction coefficients of the solid (tissue). 

fpc ,   the specific heat of the fluid (blood) 

spc ,  the specific heat of the solid (tissue). 

The key element of the non-equilibrium model of the porous medium is the model describing the heat 
exchange between the phases at a finite temperature difference, these are the last parts of the energy 
balance for the fluid (4) and the solid phase (5). Where  is the heat transfer coefficient related to the 
volume unit of a porous medium,  is the heat transfer coefficient between the fluid (blood) and the inner 
surface of the pores (blood vessels),  is the mean diameter of the pore (blood vessel). At the current 
stage, the value of the heat transfer coefficient for blood vessels was determined from the standard 
criterion relationships (7) and (8). 

3 Results 

At the present stage of the application of the mathematical description of the porous medium, a simple 
model of a piece of tissue containing one thick blood vessel has been developed, the walls of the blood 
vessel are semi-permeable to blood, which simulates numerous smaller blood vessels departing from 
the main vessel, penetrating the tissue and reaching each cell that comprises this tissue. This model was 
built using ANSYS Fluent software, the missing mathematical model equations were implemented using 
the User Defined Functions (UDF) technique, these are functions in the ANSI C programming language, 
compiled and linked to the ANSYS Fluent core. 
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Figure 1 shows the distribution of the velocity field around the main blood vessel. It can be seen that the 
main flow is in the direction of the blood vessel, but some blood flows through the vessel wall and 
penetrates the tissue. 

 

 

Figure 1: Distribution of blood velocity in a blood vessel and surrounding tissue. 

 

Figures 2, 3 and 4 show the temperature distributions in the analysed tissue area and in a large blood 
vessel for different diameters of small blood vessels, which are not directly modelled, but using the 
methodology of modelling porous media. It can be seen that as the effective diameter of small blood 
vessels increases, the heat transfer between blood and tissue is more intense, leading to higher tissue 
temperatures. 

 

Figure 2: Blood temperature distribution in a blood vessel and surrounding tissue for a diameter of 
small blood vessels of 0.001 m. 

827



 

 

 

Figure 3: Blood temperature distribution in a blood vessel and surrounding tissue for a diameter of 
small blood vessels of 0.0005 m. 

 

Figure 4: Blood temperature distribution in a blood vessel and surrounding tissue for a diameter of 
small blood vessels of 0.0001 m. 

4 Summary 

The above work presents the results of the heat flow analysis. To describe the heat transport, the 
equations describing the transport of blood in the area of a large blood vessel and the muscle tissue that 
behaves like a porous material were used. Energy transport equations for blood and tissue were also 
used. 

In the velocity distribution fields for the considered cases, it can be seen that the main flow is in the 
direction of the blood vessel, but part of the blood flows through the vessel wall and penetrates the 
tissue. Simultaneously with the increase in the effective diameter of the blood vessels, the heat exchange 
between the blood and the tissue is more intense, which results in higher tissue temperatures. 

The developed model requires further testing and extension to the possibility of modelling the flow of 
arterial (supplying cells) and venous (draining from cells) blood. In addition, consideration will be given 
to take into account the size distribution of blood vessels penetrating tissue. 

The approach presented in the above work will be implemented in the currently prepared model of the 
real forearm geometry, developed on the basis of photos of human body sections made as part of The 
Visual Human Project. Such a geometric model will allow the development of a mathematical model 
that is free from the disadvantages of Pennes' equation and its derivatives. As a result, it will be possible 
to better predict the temperature distribution inside a living organism. 
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Figure 5: Real forearm model. 
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Abstract 

The paper presents the most recent developments for abatement of the particulate matter emissions 
(PM) produced by small combustion installations (SCIs). Namely a prototype design of the new 
micro-scale electrostatic precipitator is described. Apparatus is meant to reduce emission from the 
SCIs fuelled with solid fuels. SCIs are a common sources of a useful heat in the domestic sector, and 
when fuelled with solid fuels are also found to be a major source of smoke. It is due to a fact the these 
are the sources of so called short-stack emissions of particulate matter. A new technical solution offers 
efficient removal of PM from flue gasses be electrostatic mechanism. A well-known industrial 
technique was modified to account for technical, economic and safety requirements specific for 
domestic sector. A prototype design includes an innovative, automatic mechanism for self-cleaning of 
the settling electrode. The feature limits the frequency of required maintenance by man, thus 
increasing reliability of the apparatus. The results of laboratory experiments as well as field testing in 
the real-life conditions are provided and discussed. 

1 Introduction 

In the autumn and winter period, in many regions of Poland, there is a phenomenon of high 
concentrations of dust suspended in the air, commonly known as smog, namely aerosol smog. The 
regions of our country most at risk of smog are the southern provinces (Małopolskie, Śląskie). Poor air 
quality also occurs in other parts of the country, and the concentrations of particulate matter and toxic 
pollutants, including benzo(a)pyrene, very often exceed all acceptable standards. 

The literature on the subject defines smog as an atmospheric phenomenon related to a high 
concentration of PM10 and PM2.5 suspended dusts in the air, i.e. dusts with an aerodynamic diameter 
smaller than 10 µm and 2.5 µm, respectively [1]. As it results from the annual reports of the European 
Environment Agency (EEA), this is a common problem across Europe, caused by emissions from the 
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residential sector and road transport, with their share in national emissions depending on economic 
conditions [2].  

The permissible level of PM10 dust concentration in the air is calculated as a daily average and 
amounts to 50 μg/m3 in Poland, while the permissible annual concentration of PM10, expressed as an 
annual average, is 40 μg/m3. The threshold value requiring the public to be informed about the 
exceedance of PM10 dust concentration is 200 μg/m3, and the alarm level is 300 μg/m3 (daily average 
values). For comparison, the permissible dust concentration of PM2.5 is 25 μg/m3 (annual average 
value). 

The occurrence of the smog phenomenon has a definitely negative impact on human health [1]. 
Children, pregnant women and the elderly are particularly exposed to negative effects. Smog, fine 
solid and liquid aerosols may cause diseases of the respiratory and vascular systems. According to 
many reports published by WHO (World Health Organization) and EEA (European Environmental 
Agency), it is the cause of a significant number of premature deaths. Particularly unfavourable impact 
is attributed to fine dust fractions, PM2.5 inhalable dusts, able to penetrate the upper respiratory tract 
and respirable PM1.0, which have the ability to penetrate the lower respiratory tract [1]. According to 
the data of the European Environment Agency [2], over 46,000 people die in Poland every year due to 
air pollution (due to the impact of PM2.5). people. The occurrence of smog is also accompanied by the 
presence of other harmful pollutants in the atmosphere, including: nitrogen oxides, carbon monoxide, 
polycyclic aromatic hydrocarbons, as well as toxic elements. The latter, mainly heavy metals, are 
adsorbed to a large extent on the surface of a solid aerosol - suspended dust. These pollutants pose a 
serious threat not only to human health but also to the environment. 

This phenomenon is mainly caused by the combustion of solid fuels, coal and biomass in the so-called 
small combustion installations of outdated design. These include stoves, fireplaces, cookstovs, and 
boilers, both powered automatically and manually. These devices are commonly used in individual 
households as well as municipal blocks of flats. Significant pollutant loads also come from the 
combustion of liquid fuels, especially diesel oil, used in road transport.  

In the case of Poland, the major share in the national emission of PM10 and PM2.5 particles comes 
from the residential sector, their share in 2016 was, respectively: 45.5% and 48.2%, [3]. 

2 Emissions from small combustion installations fuelled with solid fuels 

Combustion of solid fuels, especially poor quality fuels, in obsolete heating devices, is accompanied 
by intensive emissions of pollutants, including products of incomplete combustion [4]. The resulting 
combustion by-products, including pollutants harmful to the environment, are partly transferred to the 
exhaust gases and partly remain in the bottom ash. In the exhaust gases, toxic combustion products 
exist in two forms: gaseous and adsorbed on the dust surface. 

Emission from SCIs is caused by a poorly controlled combustion process carried out, among others, 
by in fireplaces, stoves, central heating boilers, with manual and automatic fuel feeding. Incomplete 
combustion products may contain [5]: NH3, CO, VOC (aliphatic and aromatic hydrocarbons - benzene 
and its alkyl derivatives, aldehydes, ketones, phenol and its alkyl derivatives, nitrogen, sulfur and 
oxygen hetero compounds), persistent organic compounds (dioxins, PAHs), carbon black as part of the 
TSP and its subfractions PM10 and PM2.5. 

Small heating devices are characterized by a large variety of combustion techniques used and the 
degree of advancement of design solutions. Heating appliances up to 50kWth used in households and 
in the services sector, are commercially available as a readymade product for use after meeting the 
criteria specified in testing and product standards. These installations include fireplaces, stoves and 
central heating boilers. applicable for the production of useful heat - space heating and the preparation 
of domestic hot water. In terms of the organization of the combustion process, they can be divided into 
manual and automatically fueled. Generally, manually powered by fuel, they are characterized by low 
energy efficiency (below 50% annual average), solid fuel is usually burned, especially low-quality 
coal, and dust emissions reach 900 g/GJ. On the other hand, modern automated boilers have high 
efficiency (annual average over 70%), are characterized by low dust emission, even significantly 
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below 40 mg/mn
3 (50-80 g/GJ), but require constant and appropriate quality fuels (pea type coals, 

pellets wood). 

Improved combustion technique and controlled quality of the fuel are main, primary options for 
emission abatements. The difference in the emission levels of selected pollutants observed between a 
good, fully automatic combustion of a suitable fuel (automatic boiler), and a bad combustion of low-
quality fuel in a traditional furnace, is shown in the Figure 1. 

 

Figure 1: Environmental impacts of different SCIs fuelled with coal [5] 

An ultimate option for improving the environmental performance of SCIs with regards to dust 
emissions are secondary abatement measures. If it is not possible to replace an obsolete heat source 
fired with coal or wood, a highly energy-efficient low-emission source, including the one powered by 
clean fuel, the dust separators cane be used. There are different dedusting devices available, among 
which the most effective for fine dust i.e. PM 10 and PM2.5, are electrostatic precipitators.  

3 Microscale, electrostatic precipitators 

A number of commercial solutions of micro, electrostatic precipitators are available on the domestic 
and European Union market, as well as in the Scandinavian countries, with the predominance of 
variants mounted directly by a heating device or at the exhaust outlet of the chimney flue gas system. 
Herein presented solutions developed by the Silesian University of Technology and implemented by 
industrial partners are the two basic variants: 

- tubular electrostatic precipitators installed directly behind the heating device flue (see Figure 
2.) [6], 

- disk electrostatic precipitators installed at the outlet of the flue gas channel to the atmosphere, 
with a bypass (see Figure 3.)[7]. 
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Figure 2: A design of the tubular ESP 

 

In the variant assembled with heating appliance (a tubular ESP), the discharge electrode (item 3, Fig. 
2) can take the shape of an elongated, stiff wire placed inside the exhaust gas duct. The electrode is 
supplied with direct current, high voltage (20kV) from the generator (item 1, Fig. 2). Thanks to the use 
of shielding air supplied through the ventilation holes (item 6, Fig. 2.) through the central pipe (item 5, 
Fig. 2.), the emission electrode is protected against the harmful effects of dust. Cleaning of the 
collecting electrode and the wall of the body (item 2, Fig. 2.) is performed with the use of the 
mechanical cleaning system (items 13-16, Fig. 2.). The dust released in this way falls down to the ash 
pan (item 17, Fig. 2), from where it is periodically removed by the user. 
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Figure 3: A design of the disc ESP 

 

A disc micro-electrostatic precipitator (fig.3.), made of stainless steel 1.4307, is equipped with the 
extraction fan (item 1, Fig. 3.). After reaching the set temperature in the chimney, the fan sucks in the 
exhaust gas to the body of the micro-plate electrostatic precipitator - bypass through the inlet channel 
(item 2, Fig. 3). High voltage connected to the discharge electrode (item 3, Fig. 3.) causes a corona 
discharge and ionization, first of the exhaust gas, and then of the dust contained in the exhaust gas. 

Ionized dust particles settle on the surface of the collecting electrode (item 4, Fig. 3.) in the form of 
three plates mounted on a shaft connected to a low-speed motor (item 5, Fig. 3.). Regeneration of the 
settling surface is carried out by rotating the discs and grinding the dust layer with special scrapers 
(item 6, Fig. 3). The dust removed in this way is collected in the ash pan (item 7, Fig. 3.), which 
requires periodic emptying by the user. Additionally, the cleaning mechanism is equipped with a 
mallet system (item 8, Fig. 3.), which causes periodic vibrations of the discharge electrode, shaking off 
the accumulated dust. The special construction of the body forces the exhaust gas to flow through two 
ionization zones, which guarantees the maximum use of the surface of the collecting electrode. After 
the dust removal process, the flue gas stream is directed through the exhaust duct (item 9, Fig. 3.) back 
to the main chimney duct. 

The operation of the fan forcing the exhaust gas flow through the bypass begins when the flue gas 
temperature in the chimney is above 42°C (the controller is equipped with a temperature sensor, 
installed in the chimney). The discharge electrode is activated after exceeding 45°C, which guarantees 
a good heating of the body before starting work. 

 

The design of both presented assemblies was carried out on the basis of design algorithm employing a 
known models of electrostatic precipitation, including fractional separation efficiency as described by 
Deutch, Maths Onhnenfled [8]. 

4 Laboratory and field testing 

Measurements were performed in accordance with the applicable Regulation of the Minister of the 
Environment of October 30, 2014 on the requirements for conducting emission measurements (Journal 
of Laws of 2014, item 1542 of October 30, 2014). Every series of the measurement consisted of 3 
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trials. Measurements of dust concentration and gas volume flow were made in accordance with Polish 
Standards EN-PN –Z-04030-7 of December 1994 "Air Cleanliness Protection". 

Measurements of the dust removal efficiency were carried out using the gravimetric method with 
internal filtration, while maintaining the isokinetic sampling and the standard length of the 
measurement sections. Measurements of gas flowrate and dust concentration were carried out using an 
automatic gravimetric dust meter type P-10 ZA with the Central Measuring Unit "CJP-10" produced 
by ZAM Kęty Sp. z o.o. Measurements of the mass of the filter inserts (bags) were carried out using a 
non-automatic laboratory balance of accuracy class 1, type WA-32, with an accuracy of 0.0001 [g]. 
The weighing of the filter inserts (bags) was preceded by drying them in a laboratory dryer at a 
temperature of about 105 °C for about 2 hours, repeating it until a constant weight was established 
(both with and without dust). Measured concentration of dust emitted from the boiler upstream of the 
dedusting devices (cin) and downstream (cout) was recalculated into reference conditions (dry gas, 10% 
O2 in the flue gas).  

The overall efficiency of the dust collectors was determined in accordance with the relationship below. 

 

η =
c − c

c
100% (1) 

4.1 Laboratory testing 

Both design variants of the micro-electrostatic precipitator were subjected to laboratory tests to 
determine the key process parameters, including the efficiency of dedusting. The tests were conducted 
on a testing rig (see Figure 4.) consisting of: 

• Solid fuel boiler (item 1, Fig.4.); automatic coal boiler (nominal power output 30kW) and 
manually fuelled coal boiler (power up to 25kW) 

• Dedusting device (item 2, Fig.4.) (Tubular ESP and Disk ESPs) 

• High voltage generator with controls (item 3, Fig.4.) 

• Measurement sections with M64 nozzles, inlet and outlet from the ESP (items 5, Fig.4.) 

 

Figure 4: Laboratory setup of a testing rig  
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The installation was equipped with all the necessary control and measurement equipment, including: 

• Automatic dust samplers at the inlet and outlet section (items 6, Fig.4.) with internal filtration 
probe (items 7, Fig.4.) 

• Flue gas composition analyser  

• Flowmeter with Prandtl probe, thermometers and manometers 

 

Testing was carried out for tubular ESP, both in start-up phase and steady state conditions as well as 
for a disc ESP with 2 different discharge electrodes (Disc ESP v1 nad v2). Measured values of overall 
efficiency are presented in Figure 5.  

 

Figure 5: Measured, overall efficiency of different ESPs by laboratory testing 

 

The dedusting efficiency achieved by the prototype tubular ESP in the firing-up phase was in the range 
of 50-60%, and during the period of stabilized operation of the heating device, it was up to 90. A disc 
ESP offered slightly lower efficiency ranging between 40 and 60% for a simple plane rode electrode 
and around 75 % for modified tooth saw electrode. 

High dedusting efficiencies in the case of the pipe structure installed have also been confirmed by 
independent research units, including the certified testing laboratory of the Institute for Chemical 
Processing of Coal [9]. The tests were carried out for various designs of automatic boilers. These 
measurements confirmed the results obtained during the own laboratory tests and showed that the 
designed devices offer slightly higher dust removal efficiency than competing solutions offered by 
Western European companies. The results of tests carried out by the Institute for Chemical Processing 
of Coal confirmed the reduction of dust in the full range of operation of central heating boilers. 
powered by both hard coal and biomass - wood pellets. When operating the boilers with a minimum 
load, the efficiency was achieved at the level of 60%, while when operating the boilers with the 
nominal load, the reduction of dust emission exceeding 80% was achieved. 

What is important regardless the efficiency outlet concentration in vast majority of cases was falling 
below the level required by eco-design, see Figure 6 (emission requirement marked by red horizontal 
line). 
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Figure 6: Inlet and outlet dust concentration measured by laboratory testing 

4.2 Field testing 

The implementation works and research on the dedusting device also included monitoring of their 
operation in the combustion installation under real conditions. During the pilot campaign, disc micro-
electrostatic precipitators were installed in the individual households and blocks of flats in the 
municipalities of southern Poland. The pilot campaign was to confirm the effectiveness of the device 
operation in real conditions. In addition, a comprehensive information on the operation was collected.  

ESPs were installed on a bypass and testing was carried out according to the scheme presented in 
Figure 7., consisting of: 

• Solid fuel boiler (item 1, Fig.7.); automatic coal boiler (nominal power output 30kW) and 
manually fuelled coal boiler (power up to 25kW) 

• Dedusting device (item 2, Fig.7.) (Disk ESP) 

• High voltage generator with controls (item 3, Fig.7.) 

• Extraction fan with controls (item 4, Fig.7.) 

• Measurement sections with M64 nozzles, inlet and outlet from the ESP (items 5, Fig.7.) 
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Figure 7: Experimental setup of a field testing  

The installation was equipped with all the necessary control and measurement equipment, including: 

• Automatic dust samplers at the inlet and outlet section (items 6, Fig.7.) with internal filtration 
probe (items 7, Fig.7.) 

• Flue gas composition analyser  

• Flowmeter with Prandtl probe, thermometers and manometers 

 

Measured values of overall efficiency are presented in Figure 8. 

 

Figure 8: Measured, overall efficiency of disc ESP by field testing 
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In real conditions, the devices achieved a stable dedusting efficiency ranging between 70% and 80%, 
proving the performance of laboratory testing. 

As in case of laboratory testing outlet concentration of dust in vast majority of cases was falling below 
the level required by eco-design, see Figure 9., except for a single case where bakery furnace was 
tested, though respective efficiency was 75.91%. 

 

Figure 9: Inlet and outlet dust concentration measured by tubular ESP testing 

5 Summary and conclusions 

The tubular variant is characterized by a simpler design, resulting also from less challenging working 
conditions and lower safety requirements. The investment costs for the pipe variant are 
correspondingly lower and represent about 50% of the costs of the chimney variant. The total 
electricity consumption of the pipe variant is max 25Wh and is lower than in the case of the chimney 
structure, the consumption of which is max. 48 Wh. Operating costs are at the level of PLN 0.014 and 
PLN 0.027/h, respectively. The difference is mainly due to the necessity to use an exhaust fan in the 
chimney variant. 

Higher costs in the case of disc ESP solutions installed on the chimney (compared to the location of 
the dust collector behind the boiler) result from the operating conditions of these devices. Solutions 
installed as a shunt must be equipped with an additional exhaust fan. In addition, other 
physicochemical parameters of the flue gas at the chimney outlet, and above all their lower 
temperature, create a risk of condensation of water vapours and inorganic acid substances which 
results in a necessity of the use of more expensive materials, proof to corrosion. 

Comparing different types of devices, it should be stated that the devices installed behind the heating 
device flue are technically a much simpler solution. On the other hand, solutions such as an 
electrostatic precipitator allow for retrofitting of these devices in existing SCIs operated in the 
municipal sector, also in the case of heating devices such as stoves or fireplaces - local space heaters. 

The installation of an electrostatic precipitator at the outlet of the chimney is also a much more 
effective solution from the point of view of reducing the emission of primary and condensing dust. 
The temperature profile from high at the heating device's flue to low at the chimney outlet, observed in 
a typical chimney, is associated with the phenomenon of volatile gas precursors condensation. As a 
result, at the chimney outlet, so-called condensation dust. It is a very fine fraction of total dust. Due to 
the size of these particles and their chemical composition (the so-called tar substances, containing, 
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among others, polycyclic aromatic hydrocarbons), it is a fraction with a particularly detrimental effect 
on human health. 

Regardless of the selected construction variant, electrostatic precipitators, as secondary emission 
reduction methods, offer the achievement of the intended environmental effect in the form of a 
significant reduction of dust emissions, including the most dangerous small fractions harmful to 
health. They guarantee compliance with dust emission standards, according to the ErP Directive 
relating to newly installed solid fuel heating devices, even when used to supply fuel with slightly 
worse quality parameters than was used during laboratory tests (especially ash contents and subgrain 
share). In addition, the presented disk and tubular ESP solutions can be installed in existing 
installations. Therefore an immediate, direct ecological effect by reducing the so-called short-stack 
emissions from the municipal sector, causing smog during the heating season, can be achieved. Micro 
ESPs are therefore an effective alternative to other technical options such as, fuel substitution, 
connecting to heating grid or replacement of heating devices. 

Nomenclature 

η overall dedusting efficiency, %, 
𝑐

 
inlet concentration of dust in the dry flue gases, mg/mu

3 at reference oxygen level of 10% 
in the exhaust gases.  

𝑐
 

outlet concentration of dust in the dry flue gases, mg/mu
3 at reference oxygen level of 

10% in the exhaust gases.  
 
Abreviations used 
ESP electrostatic precipitator 
SCIs small combustion installations 
PM particulate matter 
TSP total suspended particles 
WHO  World Health Organization  
EEA  European Environmental Agency 
VOC Volatile organic compounds 
PAH Polycyclic Aromatic Hydrocarbons 
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Abstract 

In this article, the previously underrepresented contributions of Natanson to the field of thermodynamics 
have been presented. In order to identify a source of irreversibility at Nature, Natanson introduced the 
concept of Coertia, which is similar to inertia. Natanson’s Coertia is a fundamental property of space 
that is responsible for every irreversible phenomena in matter, as well as in the electromagnetic and 
gravitational fields.  We focus on the mathematical reconstruction of a few of his principal ideas that 
until now have been neglected by the literature. To set these ideas in proper epistemological order, we 
thought it would be valuable to first revalue and reconstruct some missing parts of the proceedings 
process by Ladislavus Natanson constructed their thermodynamics. We also aimed to present 
Natanson’s achievements against the background of modern continuum mechanics, exemplifying old 
but still relevant approaches. We propose that Natanson’s ideas were ahead of their time by about one 
century. Give that scientist was educated in the scientific royal way: chemistry, through mechanic of 
solid and fluid, thermodynamics, electro-chemistry, electrodynamics, early quantum and relativistic 
mechanics, we can closely compare their conceptions and solutions. Natanson was in strong opposition 
with Newtonian mechanisms, the Maupertuis least action principle formed the basis of his activities, 
which they were developing as a sum of elementary quantum actions. 
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1 Introduction 

This Cimmelli, Jou, Rugerri and Ván [1] have recently elaborated concise versions of the modern 
mathematical methods used in thermodynamics. To do this, they surveyed numerous results from 
classical, irreversible, extended and statistical thermodynamics in order to obtain a summary of current 
methods and their usefulness as scientific tools. Here we take a similar approach but instead outline the 
state of thermodynamics at the end of the 19th century. We begin by short as possible introducing the 
state-of-art for the period of 1870-1880 before describing the thermodynamic models developed by 
Natanson.    

Here we aimed to reconstruct and revalorize extremely abstract, potential-based thermodynamic model 
that was created by Ladislavus Natanson (Cracow). We specifically wanted to show the important 
developments that took place at the end of the 19th century and restrict oversells to some selected not 
yet published mathematical ideas devoted to Natanson [see:2-5]. Thus, we can rediscover an original 
construction of a very general theory that starts from the formal unification of mechanics and 
thermodynamics. Sometimes we present the original results without explanation of the original symbols 
in the equation, if nowadays those are well-known. The authors would like to mention that a historical 
reconstruction of the abstract thermodynamics in the second half of the 19th century was given by S. 
Bordoni [6]. Natanson belongs to that historical context. 

1.1   Towards Rational Thermodynamics  

Most would agree that the tradition of classical field theory finally began with Lagrange’s Analitique 
Mechanics. In analogy, we agree that Carnot’s roots of rational thermodynamics also have the same 
origin. Lazare Carnot’s statement, shared in a form of an advice to his son Sadi, is well-known : “In 
order to find a base for thermodynamics you have to prolongation the mathematics of Analytic 
Mechanics”. Therefore, the overall aim of Sadi Carnot was to create a science of caloric balance, similar 
to and the formal structures of analytical mechanics. Thus, it is unsurprising that Carnot’s equation of 
motion of substantial caloric possesses the same mathematical structures as the balance of entropy. 

However, Carnot’s abstractive approach to energy conversion from heating to working is very mystique. 
Truly speaking, Sadi Carnot provides a germ of a mathematical model that is actually a specific 
mechanical model, completely hidden in footnotes. This Carnot approach blossomed slowly over about 
ten decades across Britain and Europe. Owing to the efforts of Clapeyron, Lamè, Hoëné-Wroński, 
Ferdinand Reech, James Thomson (older brother of Lord Kelvin), some elements of Carnot’s ideas were 
retained in the foundation of the Second Law of thermodynamics. Unfortunately, none of the three 
foundations of thermodynamic laws (Clausius, Thomson, Helmholtz) borrowed from Carnot’s concept 
of rational thermodynamics.     

After the 1850s, some researchers occasionally turned into towards rational thermodynamics (e.g., 
Mikhail Okatov, Francois Massieu, Josiah Willard Gibbs, Franz Neumann, Arthur von Oettingen and 
the young Max Planck). Thus, Pierre Duhem and Ladislavus Natanson were the first among chemists to 
explore the connections between the contents of thermo-chemistry and the formal structures of analytical 
mechanics.  

1.2  Energetism 

Energetism began with William Macquorn Rankine and Ferdinand Reech’s researches in the mid-19th 
century. Unfortunately, this science was a kind of reaction to a powerful paradigm that assumed that all 
physical phenomena are essentially mechanical; several researchers were in fact actively engaged in the 
project of demonstrating this by reducing physical theory to mechanics. Both Duhem and Natanson were 
against a direct interpretation of the Rankine-Reech approach to a clear and adequate foundation for 
thermodynamics. They especially rejected the orthodox vision developed by the German school of 
energetism. It is important to note that in Germany, the three leading figures of Georg Helm, Wilhelm 
Ostwald and Ernst Mach, had been promoting a theory of energetic inspired by thermodynamics at the 
end of the 19th century, but with rather different motivations.  
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In 1911, Duhem [7] directly criticised the understanding of energetism. He disagreed with Ostwald’s 
stance about treating energy as the only ultimate real object (also known as Helm’s phenomenal view). 
Although Duhem was in agreement with Ostwald and Helm in opposing the universal reduction of 
everything to mechanics, he did not offer an alternative form of reduction and never appeals to their 
writings. However, Mach’s concept of relativity, as well as his criticism of Newton, were appreciated 
by both Duhem [8] and Natanson [9].  

1.3 Atomism – kinetic Theory of Gases 

Basing on the atomistic version of nature and the philosophical fundamentals given by Democrit, 
Lucrecjus and Rudolf Clausius in the middle of 19th century, a new version of thermodynamics and 
traditions of research emerged from the kinetic theory of gases. Different “mechanical theories of heat” 
were presented during the last decades of the 19th century and very meaning of the adjective mechanical 
was at stake. Between 1860 and 1870, Krönig, Meyer, James Clerk Maxwell and Ludwig Boltzmann 
pursued the integration of thermodynamics with the kinetic theory of gases. Stefano Bordoni has 
recently proposed [6] a finer classification would require at least five streams, which can be sorted 
according to their conceptual distance from mechanics: 

1. a purely phenomenological approach, where thermodynamics relied on its own foundations; 

2.the energetism approach, where thermodynamics emerged as a specific implementation of a science 
of energy; 

3.a macroscopic approach based on structural analogy with abstract mechanics; 

4.the combination of macroscopic and microscopic approaches based on the same analogy; 

5.a microscopic approach, where specific mechanical models of forces and/or collisions merged with 
statistical assumptions that did not belong to the tradition of mechanics 

1.4  Irreversible Thermodynamics  

The concept of irreversibility likely originated from Leonardo da Vinci, who was the first to make a 
distinction between first and second type perpetuum mobile. Unfortunately, from the extensive writings 
about the irreversible phenomena, only a few concepts have been translated into precise mathematical 
meaning. In the time of Duhem and Natanson, irreversibility, relative to reversibility, had a poor 
mathematical understanding. However, interest in irreversibility was renewed following discoveries by 
Jaumann, Lippmann, Eckart, Onsager, Prigogine, Meixner, Reik, Lohr, de Groot, Gyarmathy, 
Kluitenberg, Liukov, Ziegler, Biot, Machlup and others [10]. With regard to recent trends in rational 
thermodynamics and the thermodynamics of irreversible processes, the authors would like to mention 
the excellent paper of I. Muller and W.Weiss [10]. 

1.5 Extended Irreversible Thermodynamics  

Although extended irreversible thermodynamics formally began with Maxwell’s much celebrated paper, 
it was only developed after a resurrection inspired by Ingo Müller’s 1969 dissertation. G. Lebon, David 
Jou, José Casas-Vázquez, Péter Ván, Vito Cimmelliand Tommaso Ruggeri are among the researchers 
that have addressed the various types of extended thermodynamics [1,11]. 

1.6 Thermodynamics of hidden parameters 

The concept of hidden parameters is typically considered to have arisen from the efforts of such pioneers 
and veterans as Josef Kestin, Wolfgang Muschik, Miroslav Grmela, Gerard Maugin, Witold Kosiński, 
Lilliana Restuccia and Bogdan Maruszewski. Unfortunately, authors such as Herman Helmholtz, 
Edward Routh, Kálmán Szily von Nagy-Szigeth, Hans Reissner and Pierre Duhem are rarely recognized 
[12,13,14]. Contemporary related literature about internal variables are classified into two groups 
according to Maugin and Muschik [12,13]. Internal variables of state with a relaxation type evolution 
generated by thermodynamics and dynamic degrees of freedom with variational evolution. The two kind 
of evolution is actually the same when one uses dual internal variables and weakly nonlocal theory [14]. 
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2 Natanson’s nonlinear extended thermodynamics 

Ladislavus Natanson initial interests were focused on the Maxwell kinetic theory of gases [15], which 
was the subject of his diploma [16] and doctoral theses [17] prepared at Dorpat under the supervisor of 
professor Arthur von Oettingen. His interest in the kinetic theory of gases increased after a long trip to 
the Cavendish Laboratory [18] and to Gratz University [19]. In 1980, Natanson (now 26-years-old) and 
living in Warsaw written his first book, entitled “Introduction to Theoretical Physics” [9].  This book 
was wholly original and the few last chapters were completely novel, containing an introduction to 
extended thermodynamics in a fully three-dimensional framework.      

2.1 Natanson’s fundamental equation  

According to Maxwell, Natanson introduced the use of two kinds of velocity vectors:  molar 𝐮 and 
molecular 𝐜  [9,20,21]: 

𝐮 + 𝐜 = 𝑢𝐞 + 𝑣𝐞 + 𝑤𝐞 + 𝜉𝐞 + 𝜂𝐞 + 𝜁𝐞  (1) 

 

Taking into account the body force  𝐟  Natanson, repeating Maxwell’s original reasoning [15], was able 
to extended Maxwell fundamental equation [9,p.385,eq.12] : 

𝑑

𝑑𝑡
(𝑄𝑛) + div 𝑛𝐜 ⊗ 𝑄 + div(𝐮)𝑄𝑛 =

𝛿

𝛿𝑡
(𝑄𝑛) + 𝑛 𝐟 ⋅

𝛿𝑄

𝛿𝐮
 (2) 

 

That is now the well-known starting point for the kinetic theory of gases.  

2.2 Continuity equation  

By repeating Maxwell’s reasoning, step-wise, Natanson obtained a set of evolution equations for 
different balanced quantities 𝑄 (topological charges). By firstly taking 𝑄 = 𝑚  and the following 
identities [22]: 

𝐜 ⊗ 𝑄 = 𝑚𝐜 = 0, 𝑄𝑛 = 𝜌, 𝑄 = 𝑚, 
𝛿𝑄

𝛿𝐮
= 0 (3) 

 

Natanson arrived at the Euler mass continuity:  

𝑑

𝑑𝑡
𝜌 + 𝜌div𝐮 = 0 (4) 

 

Next, by setting (3) into (2), a non-conservative form of the fundamental equation was obtained 
[23,§1,eq.5] :  

𝜌
𝑑

𝑑𝑡
𝑄 + div 𝜌𝐜 ⊗ 𝑄 = 𝜌

𝛿

𝛿𝑡
𝑄 + 𝜌 𝐟 ⋅

𝛿𝑄

𝛿𝐮
 (5) 

 

where the d’Alembert-Euler material derivative is defined as:  

𝑑

𝑑𝑡
(⋅) const =

𝜕

𝜕𝑡
(⋅) const + grad(⋅)𝐮 (6) 

2.3  Balance of linear momentum  

Next, putting 𝑄 = 𝐮 + 𝐜 and using the following identities:  
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𝑄 = 𝐮, 𝒄 ⊗ 𝑄 = 𝐜 ⊗ 𝐜, 
𝛿

𝛿𝑡
𝑄 = 0, 

𝛿𝑄

𝛿𝐮
= 𝐈  (7) 

 

Natanson obtains the evolution of the linear momentum [23, §4,eq.4] :  

𝜌
𝑑

𝑑𝑡
𝐮 + div 𝜌𝐜 ⊗ 𝐜 = 𝜌𝐟  (8) 

 

where, according to Gabriel Stokes and the British tradition of the instance of the Cauchy tension tensor 
𝐭, Natanson introduced a Stokes-Reynolds pressure tensor,  denoted as: 𝐩 = 𝜌 𝐜 ⊗ 𝐜 . 

2.4 Balance of total energy 

 It was more difficult and time consuming for Natanson to balance the total energy. Taking  

𝑄 = (𝐮 + 𝐜) ⋅ (𝐮 + 𝐜) = (𝑢 + 𝜉) + (𝑣 + 𝜂) + (𝑤 + 𝜁)   and a few not trivial identities:      

𝑄 = 𝐮 ⋅ 𝐮 + 2𝐜 ⋅ 𝐮 + 𝐜 ⋅ 𝐜 = 𝐮 + 𝐜 = 𝐮 + 𝜉 + 𝜂 + 𝜁   (9) 

 

𝐜 ⊗ 𝑄 = 𝐜𝐮 ⋅ 𝐮 + 𝐜 ⋅ 𝑢𝒄 + 𝐮 ⋅ 𝐮𝐜 + 𝐜 ⋅ 𝐜𝐜 = 2𝐮 ⋅ 𝐜𝐜 + 𝐪 

 

(10) 

 

div 𝜌𝐜 ⊗ 𝑄 = div(𝜌𝐪) + 2div 𝜌𝐜 ⊗ 𝐜 ⋅ 𝐮 =

= div(𝜌𝐪) + 2div 𝜌𝐜 ⊗ 𝐜 ⋅ 𝐮 + 2 𝜌𝐜 ⊗ 𝐜 ⋅ 𝐮 ⊗ 𝛻 

 

(11) 

 

as well as:  
𝛿

𝛿𝑡
𝑄 =

𝛿

𝛿𝑡
𝜉 +

𝛿

𝛿𝑡
𝜂 +

𝛿

𝛿𝑡
𝜁 = 0    (12) 

 

(an assumption) and:  

𝜌𝐟 ⋅
𝛿𝑄

𝛿𝐮
= 2𝜌𝐟 ⋅ 𝐮, 𝐩 = 𝜌𝐜 ⊗ 𝐜 = 𝐩 ,  grad𝐮 ≡ 𝐮 ⊗ ∇, 𝐝 =

1

2
(𝛻 ⊗ 𝐮 + 𝐮 ⊗ 𝛻) (13) 

 

Natanson, defined the heat energy flux as 𝐪 = 𝐜 ⋅ 𝐜𝐜 , arriving at:  

𝜌
𝑑

𝑑𝑡
𝐮 + 𝐜 + div(𝜌𝐪) + 2div(𝐩) ⋅ 𝐮 + 2𝐩 ⋅ 𝐝 = 2𝜌𝐟 ⋅ 𝐮  (14) 

 

and after removing a contribution coming from momentum, ultimately arrived as: [22,§2, eq.4]:  

𝜌
𝑑

𝑑𝑡
𝐜 + div(𝜌𝐪) + 2𝐩 ⋅ 𝐝 = 0  (15) 

2.5 Evolution of heat flux 

Furthermore, by considering 𝑄 = (𝐮 + 𝐜) ⊗ ( 𝐮 + 𝐜) ⊗ ( 𝐮 + 𝐜) Natanson decided to take a source of 
energy flux as: 𝑄 = (𝐮 + 𝐜) ⋅ ( 𝐮 + 𝐜) ⋅ ( 𝐮 + 𝐜) by exploring the not-trivial identities:  

𝑄 = 𝐮𝐮 + 𝐮(𝐜 ⋅ 𝐜) + 𝐜𝐮 ⋅ 𝐜 + 𝐜𝐜 ⋅ 𝐮 + 𝐜𝐜 ⋅ 𝐜  (16) 

𝐜 ⊗ 𝑄 = 2(𝐜 ⋅ 𝐮)𝐜 ⊗ 𝐮 + 𝐜 𝐜 ⊗ 𝐮 + 𝐮 𝐜 ⊗ 𝐜 + 2𝐜 ⋅ 𝐮𝐜 ⊗ 𝐜 + (𝐜 ⋅ 𝐜)𝐜 ⊗ 𝐜 (17) 
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𝛿

𝛿𝑡
𝑄 = 𝐮

𝛿

𝛿𝑡
𝐜 +

𝛿

𝛿𝑡
(𝐮 ⋅ 𝐜)𝐜 +

𝛿

𝛿𝑡
𝐪 

(18) 

𝐟
𝛿𝑄

𝛿𝐮
= 𝐟(𝐮 + 𝐜) ⋅ (𝐮 + 𝐜) + 2𝐟 𝐮 ⊗ 𝐮 + 𝐜 ⊗ 𝐜   

(19) 

 

Natanson [23,§3,eq.2] obtain the evolution equation for energy heat flux vector:  

𝜌
𝑑

𝑑𝑡
𝐮 + 𝐜 𝐮 +

( )

2(𝐮 ⋅ 𝐜)𝐜 + 𝐪 + div
2𝜌(𝐮 ⋅ 𝐜)𝐮 ⊗ 𝐜 +

 ( )

𝜌𝐮 ⊗ 𝐪 + 𝜌𝐮 𝐜 ⊗ 𝐜 +

+
( )

2(𝐮 ⋅ 𝐜)𝐜 ⊗ 𝐜 + (𝐜 ⋅ 𝐜)𝐜 ⊗ 𝐜

 

= 𝜌
𝛿

𝛿𝑡
𝐜 𝐮 +

( )

2(𝐜 ⋅ 𝐮)𝐜 + 𝐪 + 𝜌𝐟 𝐮 + 𝐜 + 2𝐟 𝜌𝐮 ⊗ 𝐮 +
( )

𝜌𝐜 ⊗ 𝐜   

(20) 

 

This fully geometrically nonlinear equation that appeared in Natanson’s original paper required 26 
pages. Natanson has found this equation steeply [21-25], in following papers [21,sign (1)], [22, sign 
(2)], [24,sign (3)], [25,sign (4)],  [23,sign(5)]. It is worth noting that a linear version of this equation was 
discovered by Cattaneo in 1948:  

𝜕

𝜕𝑡
𝐪 +

𝐪

𝜏
= 𝜅𝛻𝑇  (21) 

Which is a prototype of eq.(21) that can be derived from Maxwell’s eq. (167) of his celebrated paper 
[15]. 

2.6  Evolution of the linear momentum flux 

Next, taking 𝑄 = (𝐮 + 𝐜) ⊗ (𝐮 + 𝐜) and the appropriate identities:    

𝑄 = 𝐮 ⊗ 𝐮 + 𝐜 ⊗ 𝐜 ≡ 𝐮 ⊗ 𝐮 + 𝐩  (22) 

𝒄 ⊗ 𝑄 = 𝐜 ⊗ 𝐮 ⊗ 𝐜 + 𝐜 ⊗ 𝐜 ⊗ 𝐮 + 𝐜 ⊗ 𝐜 ⊗ 𝐜  (23) 

div 𝜌𝐜 ⊗ 𝑄 = div 𝐩 ⊗ 𝐮 , + 𝐩 ⊗ 𝐮 + 𝜌𝐜 ⊗ 𝐜 ⊗ 𝐜 = 

= (grad𝐩)𝐮 + 𝐩(div𝐮) + (div𝐩) ⊗ 𝐮 + 𝐩 grad 𝐮 + div 𝜌𝐜 ⊗ 𝐜 ⊗ 𝐜  

(24) 

𝜌
𝛿

𝛿𝑡
𝑄 =

𝛿

𝛿𝑡
𝐩,    𝜌 𝐟 ⋅

𝛿𝑄

𝛿𝐮
= 𝜌(𝐮 ⊗ 𝐟 + 𝐟 ⊗ 𝐮)  

(25) 

 

Natanson obtains the nonlinear evolution equation for momentum flux:  

𝑑

𝑑𝑡
𝐩 + (grad𝐮)𝐩 + 𝐩 grad 𝐮 + (div𝐮)𝐩 + div 𝜌𝐜 ⊗ 𝐜 ⊗ 𝐜 + 

+𝐮 ⊗ 𝜌𝛿 𝐮 + 𝜌𝐮grad 𝐮 + div𝐩 + 𝜌𝛿 𝐮 + 𝜌𝐮grad 𝐮 + div𝐩 ⊗ 𝐮 = 

                                     =
𝛿

𝛿𝑡
𝐩 + 𝜌(𝐮 ⊗ 𝐟 + 𝐟 ⊗ 𝐮)  

(26) 

 

By next omitting parts 𝐮 ⊗ (⋅)  ,  (⋅) ⊗ 𝐮  and   (𝐮 ⊗ 𝐟 + 𝐟 ⊗ 𝐮):  

grad𝐮 = 𝐮 ⊗ ∇=
1

2
(𝛻 ⊗ 𝐮 + 𝐮 ⊗ 𝛻) +

1

2
(𝐮 ⊗ 𝛻 − 𝛻 ⊗ 𝐮) = 𝐝 + 𝐰  (27) 

 

Natanson arrived at [26,eq.12]: 
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𝜕

𝜕𝑡
𝐩 + (grad 𝐩)𝐮 + (𝐝 + 𝐰)𝐩 + 𝐩 𝐝 + 𝐰 + (div 𝐮)𝐩 + div 𝜌𝐜 ⊗ 𝐜 ⊗ 𝐜 =

𝛿

𝛿𝑡
𝐩  (28) 

2.7 Evolution of mass flux vector   

According to Maxwell, by considering an evolution equation for a diffusion flux 𝐣 = 𝜌𝐮, Natanson was 
able to formulate the following equation  [27,1,§6,eq.4]:  

𝜕

𝜕𝑡
𝐣 + div 𝜌𝐮 ⊗ 𝐮 + 𝜌𝐜 ⊗ 𝐜 =

𝛿

𝛿𝑡
𝐣 + 𝜌𝐟   (29) 

 
where 𝐟  is a diffusion force. 

3 Hypothesis of Coertion and logical structure of extended 
thermodynamics  (1901)  

In order to identify a source of irreversibility at Nature, Natanson introduced the concept of Coertia, 
which is similar to inertia. Natanson’s Coertia is a fundamental property of space that is responsible for 
every irreversible phenomena in matter, as well as in the electromagnetic and gravitational fields.  
Owing to this concept, the irreversible changes proposed in the Maxwell procedure can be described 
with appropriate relaxation times as [28]:   

𝛿

𝛿𝑡
𝐪 = −

𝐪

𝜏
 ;   

𝛿

𝛿𝑡
𝐩 = −

𝐩

𝜏
;     

𝛿

𝛿𝑡
𝐣 = −

𝐣

𝜏
  (30) 

where 𝜏 , 𝜏 , 𝜏   are relaxation times for heat, momentum and mass fluxes.  

By looking at the Maxwell procedure of finding moments of the fundamental equation, Natanson 
quickly realized the necessity for cutting of the moment, hereby setting appropriate closure equations. 
He proposed the following logical structure: taking 𝑄 as a balanced quantity and the 𝐟   flux of   𝑄 and  
𝐅  as a super-flux of 𝐟 , the set of equations were determined [23]: 

▪     Balance equation:  

𝜕

𝜕𝑡
𝑄 + div𝐟 = 0  (31) 

 

▪   Evolution equation 𝐟 :  

𝜕

𝜕𝑡
𝐟 +

1

𝜏
𝐟 + div𝐅 = 0  (32) 

 

▪   Evolution equation 𝐅 :  

𝐅 = 𝑎 grad𝑄  (33) 

 

▪    Resulting equation for  𝑄:  

𝜕

𝜕𝑡
𝑄 +

1

𝜏

𝜕

𝜕𝑡
𝑄 − 𝑎 div(grad𝑄) = 0 (34) 

 

In Natanson’s opinion, the above governing equation describes a whole real phenomena of nature, where 
reversibility is entangled with irreversibility by the relaxation time only. Thus, if 𝜏 = ∞  (inertia), it is 
a case of reversible, while if  𝜏 = 0   (coertia)  it is an irreversible phenomenon.    

849



 

 

At around 1903 year, yet another professor of Jagellonian University, Stanisław Zaremba, starting from 
a general discussion on the possibility of Galilelian relativity extension to continua, other than 
Maxwellian electromagnetic aether. From this position, Zaremba proposed a further group of 
transformations beyond the Lorentzian. Zaremba started from a clear argument [29-31] that: 
“Natanson’s evolution equation does not fulfill the principle of Galillelian relativity”. Zaremba, was 
especially interested in Natanson’s fully nonlinear evolution equation for the linear momentum flux (eq. 
28), rewritten in the new form:   

𝑑

𝑑𝑡
𝐩 + div 𝜌𝐜 ⊗ 𝐜 ⊗ 𝐜 =

𝛿

𝛿𝑡
𝐩 (35) 

 

where  the Maxwell-Natanson (un-objective) time derivative is:  

𝑑

𝑑𝑡
𝐩 =

𝛿

𝛿𝑡
𝐩 + (grad𝐩)𝐮 + (𝐝 + 𝐰)𝐩 + 𝐩 𝐝 + 𝐰 + (div𝐮)𝐩 (36) 

Here our revalorization, called  “The Maxwell-Natanson Derivative”, is in opposition to Truesdell’s 
reconstruction, which he called “The Maxwell-Zaremba Derivative” [32]. Such an expression 
erroneously suggests that the original Maxwell fundamental equation is objective; it only becomes an 
objective after Zaremba’s correction. 

4 Conclusions 

Among thermodynamics researchers, there is a deeply rooted belief in the impossibility of fittingly take 
the laws of thermodynamics to a precise mathematical framework. This leads to the impression that the  
mathematical foundations of our sciences have “shallow roots” [33-34].  Looking at the theoretical base 
from a mathematical perspective, and especially at the first law of thermodynamics, it is impossible to 
identify a unique framework among the collection of numerous incomplete, restrictions on real energy 
conversion and questionable mathematical equations [35-37]. There has been no experimental violation 
of the first law of thermodynamics for more than 200 years, yet there remains no intellectual ambition 
to develop a single mathematically consistent statement of the first and second law of thermodynamics. 
Therefore, the laws continue to be understood pragmatically and taken by us “on faith”. 

Most investigators are not interested in the mathematical foundation of nature, simply because the 
foundations must first be extended and this is as yet beyond our knowledge limits. Referring to Josef 
Kestin, from a purely mathematical standpoint, we have a Babel-like understanding of the foundations.  
This problem Maxwell undertakes in his Mater and Motion, saying that: the foundation of the first law 
of thermodynamics requires a knowledge of the whole of physics, chemistry, biology and even 
sociology. While at the end of 19th century this was possible, given the current volume of the literature, 
it is today impossible to achieve such knowledge. The best examples of those that have come close to 
achieving such a pinnacle are the subject of this article Ladislavus Natanson. He invested much time 
and effort into building a mathematical framework of generalized thermodynamics. Here our aim was 
to reconstruct, in a way that is understandable for a contemporary reader, a sole example of his original 
mathematical approaches to thermodynamics. 

Finally, we stress that he had a love of Aristotle, and he was overcome by Cartesian’s approach to the 
description of gravitation and light and both developed the Maxwellian electrodynamics into a 
thermodynamic frame (Natanson – the quantum thermodynamics). Ladislavus Natanson started as 
chemists in a private laboratory of Jerzy Bogucki  (Marie Curie’s uncle) in Warsaw; as the excellent 
starting points. In Table 1 we present a scheme outlining the steps in his evolution of knowledge, from 
chemical practice to the thermodynamics, history of physics and, ultimately, to Aristotelian metaphysic 
and wisdom. 
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Table 1:  The frame of knowledge and scientific activity of Natanson. 

The King’s Road to Happiness 
 

Thermo-chemistry 
↓ 

Continuum Thermodynamics 
↓ 

Electromagnetic Thermodynamics 
↓ 

Gravitation Thermodynamics 
↓ 

General Thermodynamics 
↓ 

History of Physics 
↓ 

Metaphysics 
↓ 

Wisdom 
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Abstract 

This work deals with the optimal synthesis, design, and operation of an integrated triple-pressure 
steam-reheat combined-cycle heat and power (CCHP) plant with a multiple-stage flash (MSF) 
desalination process to simultaneously generate electricity and produce freshwater from seawater. The 
study is performed using mathematical programming techniques and a generalized gradient-based 
optimization algorithm. A superstructure-based representation of the heat recovery steam generator 
(HRSG) of the CCHP embedding simultaneously several attractive candidate structures was proposed 
and a mixed-integer nonlinear programming model was derived from it. The model is developed in 
such a way that the number of the pressure levels in the HRSG is also included to the set of 
optimization variables. Series, parallel, and combined series-parallel heat exchanger arrangements and 
steam reheating are allowed. Depending on the demands of electrical power generation and freshwater 
production rate, HRSG structures involving three, two, or one pressure levels can be obtained as the 
optimal structure since the heat exchangers can be selected or removed from the superstructure 
accordingly. First-principle models of the involved equipment are used. In this work, the maximization 
of the ratio between the freshwater production rate and total HRSG heat transfer area is performed, 
while satisfying a fixed electrical power generation level. An existing dual-purpose desalination plant 
with a single-pressure HRSG is used as a reference case for model validation and result comparison. 
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1 Introduction 

The demands of energy and water have considerably increased over the last decades as a consequence 
of mainly the growth of population and limitations in fuel and freshwater resources. The cogeneration 
of water and power in combined power and water plants by integration of combined gas/steam power 
generation cycles with seawater thermal desalination plants turns into an auspicious alternative for a 
cleaner production of both electricity and freshwater. As the heat recovery steam generator (HRSG) 
produces steam using the exhaust gases leaving the gas turbine, they play a key role in the combined-
cycle heat and power (CCHP) plants because its configuration, design, and operating mode 
considerably affects the overall efficiency of the integrated process. (In this paper, the terms 
‘configuration’ and ‘structure’ are used as synonymous). 

There are several papers addressing the study of combined-cycle heat and power plants and thermal 
desalination systems considering different process structures, optimization methodologies, and 
optimization criteria. Uche et al. [1] and Rensonnet et al. [2] focused on the simulation and 
thermoeconomic analysis of different configurations of gas turbine-based dual-purpose power and 
desalination plants, and hybrid plants. Some of these configurations included the coupling of a gas 
turbine and reverse osmosis, combined-cycle and reverse osmosis, combined-cycle with multi-effect 
distillation (MED), and hybrid systems by combining them. To study each configuration, the authors 
employed the Structural Theory of Thermoeconomics [3], which is based on the Theory of Exergetic 
Cost [4]. Ahmadi et al. [5] performed energy, exergy, and exergoeconomic analyses of an integrated 
dual-purpose plant consisting of a 40 MW gas-turbine power plant and a MED desalination system 
with thermal vapor compression. By using a genetic algorithm, the authors examined several multi-
objective optimizations considering the total exergy destruction rate, unit electricity price, total cost 
rate, gain output ratio, distilled water cost, and total exergy efficiency. Wu et al. [6] proposed a 
MINLP mathematical model to optimize an integrated hybrid multi-stage flash desalination-reverse 
osmosis process and a boiler with a back-pressure steam turbine. They used integer variables to model 
the number of stages in the multi-stage flash system. By using a modified genetic algorithm, the 
authors minimized the total annual cost of the entire process to simultaneously satisfy desired 
electricity and freshwater demands. 

Despite the existence of many publications concerning with the study of CCHP plants under different 
assumptions and using different computational tools, only a few publications address the simultaneous 
optimization of CCHP cycles considering the structure of the HRSG as an optimization variable, 
together with the sizes of the system components and the operating conditions of the entire process. 
This paper addresses this issue from the Process Systems Engineering perspective. An existing plant 
of a dual-purpose desalination plant is used as case study. 

A mixed-integer nonlinear mathematical programming (MINLP) optimization model, derived from a 
superstructure-based representation of the process, which embeds a large number of candidate 
structures of CCHP plants, is used. Due to space limitation, only the most representative model 
equations to perform the study are included. Series, parallel, and combined series-parallel 
arrangements of heat exchangers are simultaneously considered. The optimization problem consists in 
determining the way these heat exchangers should be interconnected in order to maximize the ratio 
between the freshwater production rate and total heat transfer area required in the HRSG, while 
satisfying a fixed, specified electrical power generation level.  

This work contributes with optimal solutions obtained by the MINLP model corresponding to the 
repowering of an existing dual-purpose desalination plant located in Kuwait. 

2 Process description 

Figure 1 shows a schematic of a dual-purpose desalination plant, which integrates a CCHP plant and a 
multiple stage flash (MSF) desalination process. The CCHP plant consists of a gas turbine (GT) and a 
HRSG that recoveries heat from the exhaust gases to produce steam for both generating electricity in 
the steam turbine ST and for producing freshwater in the MSF process (as a heating utility). The 
CCHP and MSF plants are coupled through the main heater. 
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Figure 1: Dual-purpose desalination plant. Integration of a combined-cycle heat and power (CCHP) 
plant with a multiple-stage flash (MSF) desalination process.  

3 Mathematical model 

3.1 Heat recovery steam generation (HRSG)  

The two-pressure heat recovery steam generator (2P-HRSG) model presented in Manassaldi et al. [7] 
has been properly extended to a three-pressure heat recovery steam generator (3P-HRSG), thus 
increasing the number of candidate structures in the optimization problem. Figure 2 shows a schematic 
of the new proposed superstructure. The inclusion of the splitter SP allows embedding different 
alternative ways of feeding the working fluid. All the heat exchangers, including the evaporators, can 
be selected/removed from the superstructure. As shown in Figure 2, the HRSG is divided into 12 
sections according to the thermal level (temperatures), with the index ‘i’ ranging from 1 to 12, and into 
4 zones according to the pressure level, with the index ‘j’ indicating high- (HP), medium- (MP), low-
(LP), and intermediate- (IP) pressure levels. The index i=1 refers to the section with the highest 
temperature of the working fluids. Each heat exchanger of the superstructure can be referred to by the 
pair (i,j). Then, in order to model the selection/removing of a heat exchanger (i,j), a binary variables 
xi,j is proposed for each exchanger. For instance, in Figure 3, the evaporator working at the low 
pressure LP is identified by the binary variable x11,LP. In addition, an index ‘k’ is used to refer to a 
stream of the working fluid of the Rankine cycle (water and saturated and superheated steam) 
entering/leaving a heat exchanger. 
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Figure 2: Superstructure representation of the dual-purpose desalination plant. 

 

Figure 3: Location of a heat exchanger in the superstructure representation. Example: evaporator 
(11,LP) in the thermal section i=11 at the pressure level j=LP. 

 

Based on the defined indexes, the energy balance in each heat exchanger and its associated heat 
transfer area are expressed as follows: 

𝑄 , = 𝑚  ℎ − ℎ      ∀𝑖

∈ ( , )

 (1) 

𝑄 , = 𝑈 ,  𝐴 ,  ∆𝑇 ,      𝑖, 𝑗 ∈ 𝐻𝐸(𝑖, 𝑗, 𝑘) (2) 

where ΔT is the logarithmic mean temperature difference, which is calculated by the Chen 
approximation (Eq. (3)): 

∆𝑇 , = 𝑇 − 𝑇 𝑇 − 𝑇
𝑇 − 𝑇 + 𝑇 − 𝑇

2
     𝑖, 𝑗, 𝑘 ∈ 𝐻𝐸(𝑖, 𝑗, 𝑘)     (3) 
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 Constraints used to select/remove heat exchangers from the superstructure 

𝑄 , ≤ 𝑥 , 𝑄 ,      𝑖, 𝑗 ∈ 𝐻𝐸(𝑖, 𝑗, 𝑘) (4) 

𝑄 , ≥ 𝑥 , 𝑄 ,      𝑖, 𝑗 ∈ 𝐻𝐸(𝑖, 𝑗, 𝑘) (5) 

If xi,j = 1, then the heat exchanger (i,j) is selected and Qi,j ≠ 0, with |Qi,j|lower ≤ Qi,j ≤ |Qi,j|upper. Otherwise, 
if xi,j = 0, then the heat exchanger is removed and Qi,j = 0. 

 Constraints used to avoid equivalent solutions: 

In order to avoid equivalent mathematical solutions, the heat exchangers are removed from the 
superstructure from the right to the left: 

𝑥 , + 𝑥 , + 𝑥 , + 1 − 𝑥 , ≥ 1     i = 10,9,6,5 (6) 

𝑥 , + 𝑥 , + 𝑥 , + 1 − 𝑥 , ≥ 1     i = 10,9,6,5 (7) 

𝑥 , + 𝑥 , + 𝑥 , + 1 − 𝑥 , ≥ 1     i = 10,9,6,5 (8) 

According to Eq. (6), if xi−1,LP =1, then xi,LP and/or xi,MP and/or xi,HP must be 1 to satisfy the inequality 
constraint. Similar constraints are considered for xi−1,MP and xi−1,HP as are expressed in Eq. (7) and Eq. 
(8), respectively. 

 Constraints used for allowing parallel heat exchangers:  

𝑥 ,

∈ ( , )

≤ 3   𝑖 = 10,9,8,6,5,4,2,1 (9) 

The model involves other discrete and continuous decisions such as those related with the optimal 
location of steam reheating, which are not here presented due to the space limitation. More detail on 
these constraints can be found in Manassaldi et al. [7]. 

3.2 Steam turbine 

The steam turbines are considered to be isentropic: 

𝑊 =  𝑚  ℎ − 𝑚  ℎ      𝑛, 𝑘 ∈ 𝑆𝑇(𝑛, 𝑘) (10) 

𝜂 , =  
ℎ − ℎ

ℎ − ℎ ,
        𝑛, 𝑘 ∈ 𝑆𝑇(𝑛, 𝑘) (11) 

𝑠 , = 𝑠 ,        𝑛, 𝑘 ∈ 𝑆𝑇(𝑛, 𝑘) (12) 

3.3 Multiple-stage flash (MSF) desalination system 

Figure 4a shows a schematic of the MSF system and Figure 4b shows a generic flashing stage 
indicating the optimization variables considered in the model. The mass and energy balances, design 
equations used to calculate the dimensions of a flashing chamber (height, length, and width), and the 
corresponding heat transfer areas associated with the stages and the main heater can be found in 
Mussati et al. [8]. The mathematical model was derived considering that the number of stages is a 
continuous decision (optimization) variable with an upper bound set to 25 and that all stages have the 
same dimensions. 
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(a) 

 

(b) 

Figure 4: Schematic of (a) MSF system and (b) generic flashing stage. 

3.4 Physicochemical property estimation 

Extrinsic functions executed outside the General Algebraic Modeling System optimization software    
– GAMS – from dynamic-link libraries (DLL) – coded in the programming language C – are used to 
estimate the thermodynamic properties of both circulating fluids (flue gas and water) at different 
conditions (in the case of water as subcooled and saturated liquid, saturated and superheated steam). 
Details about the implementation of DLLs can be found in Manassaldi et al. [9]. 

4 Problem statement 

Given the flow sheet shown in Figure 2, the optimal synthesis and design problem consists in 
maximizing the ratio between the freshwater production rate (D) and the total heat transfer area of the 
HRSG (THTA), and it is formulated as follows:     

Maximize (𝐷/𝑇𝐻𝑇𝐴)  
    𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜: 

𝑀𝑎𝑠𝑠 𝑏𝑎𝑙𝑎𝑛𝑐𝑒𝑠 
𝐸𝑛𝑒𝑟𝑔𝑦 𝑏𝑎𝑙𝑎𝑛𝑐𝑒𝑠 
𝐷𝑒𝑠𝑖𝑔𝑛 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛𝑠 (𝑠𝑖𝑧𝑖𝑛𝑔) 
𝑃ℎ𝑦𝑠𝑖𝑐𝑜𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑝𝑟𝑜𝑝𝑒𝑟𝑡𝑦 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑖𝑜𝑛 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛𝑠 
𝑇ℎ𝑒𝑟𝑚𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝑝𝑟𝑜𝑝𝑒𝑟𝑡𝑦 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑖𝑜𝑛 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛𝑠  
 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑑𝑒𝑠𝑖𝑔𝑛 𝑒𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛𝑠:  
− 𝑁𝑒𝑡 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑝𝑜𝑤𝑒𝑟 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛: 72.568 𝑀𝑊 
𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑑𝑎𝑡𝑎: 
− 𝑆𝑒𝑎𝑤𝑎𝑡𝑒𝑟 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒: 298 K 
− 𝑆𝑒𝑎𝑤𝑎𝑡𝑒𝑟 𝑠𝑎𝑙𝑖𝑛𝑖𝑡𝑦: 45000 𝑝𝑝𝑚  

(13) 
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As result, the optimal values of the following decision variables are obtained: 

Discrete decisions, which are modelled by using integer variables (0-1):  

 Optimal structure (layout) of heat exchangers. This implies to select the number of the heat 
exchangers and their locations inside the HRSG, indicating how they should be interconnected 
(in series, series-parallel, or parallel arrangements), 

 Optimal number of pressure levels. The results indicate if the HRSG should be operated with 
three, two, or one pressure levels. For instance, if the high pressure level is removed, then the 
associated economizer, evaporator, and superheater must be also removed,   

 Optimal location of the reheating stream.   

Continuous decisions:  

 Optimal values of mass flow rate, pressure, temperature, and composition of the process 
streams,  

 Optimal heat loads at the system components,  

 Optimal distribution of the total heat transfer area among the system components of the HRSG 
and MSF process (economizers, evaporators, superheaters),  

 Optimal geometric dimensions of system components (tube length and diameter; flashing 
chamber height, length, and width).  

5 Discussion of results 

Firstly, the developed model is verified by comparison of the model outputs with a reference case 
reported in the literature [10], which corresponds to the existing Shuaiba North gas turbine combined-
cycle (GTCC) power-desalination plant. It consists of 3 gas turbines GE912FA of 215.5 MW each, 3 
heat recovery steam generators HRSG, 1 back pressure steam turbine ST of 215.7 MW (operated with 
the steam generated in the three HRSG), and 3 MSF desalination systems of 15 MIGD each. Then, the 
optimization results obtained by solving the problem formulated in section 4 are discussed and 
compared with data of reference case. 

5.1 Model verification  

Figure 5 illustrates the simulated solution obtained considering the input data reported in [10], which 
is referred to as solution 1P-SimSol. In order to verify the model results, it is necessary to set the same 
configuration and fix the same values of certain operation variables as in [10], so that the model is 
solved in simulation mode instead of in optimization mode. Verification is performed by comparing 
the values of the remaining variables. That is, the mathematical model is solved with zero degree of 
freedom. Pressure and temperature values of two gas streams are fixed: stream #1a entering the HRSG 
and stream #13 leaving the HRSG. Also, the heat load required in the MSF system and the freshwater 
production rate are fixed during the validation step. The flowrate and temperature of streams #1, #37, 
and #57 and the electrical power generated in the steam turbine are some of the variables used for 
comparison. It can be concluded that the model outputs are in good agreement with the data reported 
in [10]. For instance, for stream #1, the flowrate differs only by 0.6 kg/s (100.7 kg/s vs. 101.3 kg/s) 
and the temperature by 2.5 K (388.9 K vs. 386.4 K). Similar differences are observed for streams #37 
and #57, while the total net electrical power calculated by the model is slightly higher than that 
reported in [10] (72.6 MW vs. 71.7 MW). 
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Figure 5: Simulated solution 1P-SimSol obtained for the reference case (Shuaiba North GTCC power-
desalination plant) [10]. 

Regarding the MSF system, the values of the desalter heat load and freshwater production rate are 
fixed at 215.14 MW and 15 MIGD, respectively, as in [10]. The obtained results indicate that the total 
area required by the MSF system is 348.3x103 m2, of which 271680 m2 corresponds to the total heat 
transfer area, 74770.5 m2 to the area associated with the flashing stage construction, and 1848.7 m2 to 
the area of the main heater. The optimal value of the total number of stages reached the upper bound 
(25 stages). Figure 6 shows the dimensions of the flashing stages. 

 

Figure 6: Dimensions of the flashing stages.  

5.1 Optimization results  

Once verified, the model is used to its maximum potential to solve the optimization problem 
formulated in section 4. Maintaining the same gas turbine characteristics (size and operating 
conditions), the same total net generated electrical power (72.568 MW), and the same MSF system, 
the aim is to see how much the freshwater production rate can be increased if the HRSG is replaced 
with another one that can operate at 2 or 3 pressure levels with and without steam reheating. To this 
end, the model is solved without imposing any constraints on the structure (configuration) and number 
of pressure levels of the HRSG. 

Figure 7 shows the obtained optimal solution, which is referred to as the solution 3P-OptSol. As can 
be observed, it selects a HRSG structure consisting of 10 heat exchangers, includes all the 3 pressure 
levels, and includes steam reheat optimally located. It is worth noting that 2 of the 10 selected heat 
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exchangers operate in parallel. They are the superheater (6,LP), which is located in the section i=6 at 
the low-pressure level j=LP, and the economizer (6,HP), which is located in the same section at high-
pressure level j=HP. In this section, the gas stream temperature decreases from 596.5 K to 521.3 K to 
transfer 49.678 MW in total (3.188 MW exchanged in the superheater, requiring a heat transfer area of 
1141 m2, and 46.49 MW exchanged in the economizer, requiring an area of 21990 m2). Additionally, 
the solution 3P-OptSol proposes first to reheat the steam formed by mixing the steam leaving the 
turbine ST1 (stream #46) with the steam leaving the first superheater (5,MP), located in the section i=5 
at the medium-pressure level j=MP, and then to reheat it in a second superheater (2,MP), located in the 
section i=2 at the pressure level (j=MP), before entering the turbine ST2 (stream #28). 

Compared with the simulated solution 1P-SimSol obtained for 1P-HRSG (Figure 5), the optimal 
solution 3P-OptSol allows increasing the freshwater production rate by 36 kg/s (825 kg/s vs. 789 
kg/s), requiring, in turn, 16.429 m2 less of HRSG heat transfer area (101823 m2 vs. 118252 m2). 
Regarding electrical power generation, it can be seen in Figure 7 that the 3 steam turbines contribute 
almost equally to the total generated electrical power (ST1, ST2, and ST3 contributes with 24.75 MW, 
23.26 MW, and 25.71 MW, respectively). 

 

 

Figure 7: Optimal solution 3P-OptSol obtained by the MINLP model for the entire dual-purpose 
desalination plant. 

Considering the same gas turbine (flowrate and temperature of the flue gas entering the HRSG), the 
same freshwater production rate (825.0 kg/s) and the same MSF system (i.e. the same heat transfer 
areas required by the main heater and preheaters and dimensions of the flashing chambers) as in the 
3P-OptSol solution, the same optimization model is solved but now restricting the number of pressure 
levels in the HRSG to 2. The solution obtained for this case is shown in Figure 8, which is referred to 
as solution 2P-OptSol. The fact of considering a fixed freshwater production rate and allowing only 2 
pressure levels reduces the degrees of freedom of the original optimization problem (with 3 pressure 
levels), so the solution obtained for this case is a sub-optimal solution with respect to the 3P-OptSol 
solution. In this new optimization problem, it is proposed to investigate whether an HRSG operating 
with 2 pressure levels can reach the freshwater production rate obtained in the solution 3P-OptSol and, 
if feasible, to determine the optimal HRSG structure with the associated heat transfer areas and 
operating conditions. 
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Table 1 compares the objective function and main process variable values obtained for the integrated 
process considering single-, double-, and triple-pressure HRSGs (solution 1P-SimSol, 2P-OptSol, and 
3P-OptSol, respectively). 

According to Figure 8, the optimal structure obtained in 2P-OptSol involves 6 heat exchangers i.e. 3 
less than in 3P-OptSol due to the elimination of a pressure level from the problem formulation, and 
consequently, the economizer, evaporator, and superheater associated with it.  

Firstly, it should be mentioned that it is possible to continue producing 825.0 kg/s (if the 3P-HRSG is 
replaced with a 2P-HRSG while maintaining unchanged the variables related to the gas turbine and the 
MSF system). According to Table 1, the total heat transfer area (THTA) is 6735 m2 larger than that in 
3P-OptSol (108588 m2 vs. 101823 m2). The total heat transfer areas required in economizers and 
evaporators increase by 8536 m2 and 2096 m2, respectively, with respect to those in 3P-OptSol (46962 
m2 vs. 38426 m2 and 49253 m2 vs. 47157 m2) while the total area required by superheaters is reduced 
by 3897 m2 (12343 m2 vs. 16240 m2). 

Regarding the behavior of the steam turbines, it can be seen in Figure 8 that the power generated by 
the turbine ST2 increases by only 2.77 MW with respect to that in 3P-SolOp (26.03 MW vs. 23.26 
MW) while the turbine ST1 increases its generation by almost twice to meet the specified total 
electrical power (72.568 MW). 

Table 1: Comparison of the 1P-SimSol, 2P-OptSol, and 3P-OptSol solutions. 

  1P-SimSol 2P-OptSol 3P-OptSol  

Objective function (kg/s/m2) 
(Freshwater production/THTA in HRSG) 

6.672 7.599 8.069 
 

Freshwater production (kg/s) 789.0 825.0* 825.0#  

Total heat transfer area in HRSG (m2)     118252 108558 101823  

– Economizers  58310 46962 38426  

– Evaporators 47911 49253 47157  

– Superheaters 12031 12343 16240  

Total heat load in HRSG (MW) 301.609 311.943* 311.943#  

Total flowrate of working fluid (kg/s) 100.70 107.31 107.31  

Total net electrical power (MW) 72.568 72.568* 72.568*  

– HP steam (ST1) 72.568 47.69 24.75  

– MP steam (ST2)   – 26.03 23.26  

– LP steam (ST3) – – 25.71  

# Optimal values; * Fixed values. 

6 Conclusions 

This work addressed the optimization of dual-purpose desalination plants – simultaneous production 
of electricity and freshwater – by integrating a combined-cycle heat and power (CCHP) plant with a 
multiple-stage flash (MSF) desalination process.  

The study was performed using mathematical programming techniques and a generalized gradient-
based optimization algorithm. A superstructure-based representation of the heat recovery steam 
generator (HRSG) of the CCHP was proposed and a mixed-integer nonlinear programming (MINLP) 
model was derived from it. The superstructure and the model embed simultaneously several attractive 
candidate structures, from single-pressure (1P) to triple-pressure (3P) HRSG configurations. Series, 
parallel and series-parallel heat exchanger arrangements as well as steam reheating are allowed.  

An existing dual-purpose desalination plant with a 1P-HRSG, located in Kuwait, was used as a 
reference case for model validation and result comparison purposes.  
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Figure 8: Optimal solution 2P-OptSol obtained by the MINLP model for the entire process limiting 
the number of pressure levels to 2. 

For the same main characteristics of the MSF system (heat transfer areas and dimensions of the 
flashing stages) and gas turbine (flue-gas flowrate and temperature entering the HRSG) as the 
reference case, it was intended to increase the amount of freshwater produced per unit of heat transfer 
area required in the HRSG. The MINLP optimal solution showed that the freshwater production rate in 
the MSF is increased by 4.6% if the 1P-HRSG is replaced with a 3P-HRSG, consisting of 10 heat 
exchangers (of which 2 operate in parallel with the gas stream), with steam reheating. Interestingly, it 
was observed that, not only the freshwater production rate is higher, but the heat transfer area required 
in the 3P-HRSG structure is reduced by 13.9% with respect to that of the 1P-HRSG. 

Finally, the model was solved by limiting the maximum number of pressure levels to 2, for the same 
freshwater production rate as in the optimal 3P-HRSG structure, while maintaining unchanged the 
desalter and gas turbine dimensions and characteristics. The total heat transfer area required by the 2P-
HRSG is 6.6% greater than that required in the optimal 3P-HRSG structure. Compared with the 1P-
HRSG, the heat transfer area required in the 2P-HRSG is 8.2% lesser and the freshwater production 
rate is by 36 kg/s higher. 

In future works, other objective functions such as cost and efficiency will be considered and the model 
will be used for plant design for different ranges of electrical power and freshwater production values. 
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Abstract 

One of the keys to efficient systems based on renewable energy sources is an expander. On the one 
hand, it has to be reliable, efficient and erosion resistant but on the other hand, it has to be cheap so the 
system is economically viable. Tesla radial turbine could be a potential candidate for this purpose. In 
the paper, a comprehensive numerical and experimental analysis of the Tesla turbine is presented. The 
turbine rotor has 5 discs with 160 mm in diameter and changeable inter-disc gaps within range 0.3-1.2 
mm. It is supplied with four converging nozzles, each providing air to all inter-disc gaps. The turbine 
works in the subsonic regime because the maximal pressure ratio is equal to 1.88, which results in 
maximal generate power on the level of 200 W. Results from the experiment are compared to 
numerical analysis. The simulations are performed with the use of Ansys CFX commercial software. 
Comparison of power and efficiency characteristics are in good agreement. An attempt to find the 
influence of inter disc spacing and thermodynamic parameters on power and efficiency is presented in 
the paper. 

1 Introduction 

One of the biggest challenges in power engineering is to provide a continuous power supply to all 
electric grid users. The power units have to be on the one hand reliable and efficient, but one the other 
hand do not pollute the environment. The growing share of renewable energy units in the energy mix 
is a positive trend, but certain limitations (e.g. a limit of the share of wind energy in the total amount 
of electricity generated in the system [1] and unpredictability of photovoltaics and wind turbines [2]) 
do not allow to fully replace power plants burning fossil fuels. One of the ways of improving this 
situation is a recuperation of waste heat. More than 50% of the energy used in the world is wasted as 
low-temperature heat [3] (e.g. 60% of fuel energy in an internal combustion engine is lost as waste 
heat [4]), so retrieving a part of this energy is vital to increase the efficiency of a process and thereby 
decreasing of the fuel consumption. Organic Rankine Cycle is a technology suitable for this aim. It is 
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similar to a classic Rankine Cycle, but the working medium is an organic fluid characterized by the 
low temperature of boiling. One of the most important parts of such a unit is the expander. Dumont et 
al [5] and Żywica et al [6] conducted a comparative analysis of expanders suitable for small-scale 
ORC systems. Tesla turbine seems to be an interesting alternative to expanders used so far.    

Tesla turbine is a bladeless radial turbine invented by Nicola Tesla in 1913 [7]. Contrary to 
conventional turbines, its principle of operation is based on viscous effects in a fluid. Despite its 
unsophisticated construction, phenomena in the turbine are quite complex. The supply system is 
responsible for the increase of kinetic energy of the working medium and the inflow direction to the 
disks. It may consist of a plenum chamber and a set of nozzles or guide vanes [8]. The supply system 
is the major reason for low turbine efficiency [9,10]. Although nozzles can work efficiently, there is a 
problem with phenomena like shock waves or the interaction between inlet apparatus and rotor [11]. 
More details regarding the selection of the inlet shape can be found in [9,12]. The rotor of the Tesla 
turbine is its most characteristic component. It’s comprised of a set of thin discs mounted co-axially on 
a shaft. The efficiency of energy conversion in the rotor under specific conditions e.g. laminar flow 
and small mass flow rate can be higher than 95% [10]. However, due to the non-uniformity of the flow 
and kinetic energy loss in the outlet system, it’s not an easy task to reach that level of efficiency. Many 
researchers have carried out numerical and analytical investigations concerning flow in the rotor. 
Carey [13] developed a one-dimensional model of the rotor, where viscous shear forces were 
substituted with body forces. The research proved that the Tesla turbine applied in small scale Rankine 
system can achieve isentropic efficiency above 75%. The model was confirmed to give results in line 
with numerical simulations of a real turbine [21]. Further improvement of this model was presented in 
[14,15], where the flow is treated as turbulent and compressible and radial pressure gradient is 
considered. The model agreed well with experimental data within low and medium-range of rotational 
velocities but differs in high velocities. Guha and Sengupta [16] developed a 3-dimensional model of 
the flow in the rotor, in which the impact of inertial, viscous, Coriolis and centrifugal forces on the 
fluid dynamics and generated power was explained. Based on models presented in [13,16,17], 
Manfrida and Talluri [18] presented a 2-dimensional analytical model, which took into account real 
fluid properties depending on local variables. In [19,20], the model was upgraded of the stator impact 
and detailed treatment of the losses and was tested on refrigerant and hydrocarbon fluids. The model 
was also validated using CFD analysis and gave a correct distribution of kinematic and 
thermodynamic parameters [22]. One of the important parameters is the quality and shape of the disc 
surface. For microchannels where a relative roughness is higher than 0.05, the constriction of flows 
becomes an important factor [25]. Rusin et al. [23] proved by means of numerical simulation that the 
appropriate value of roughness can lead to a rise in generated power by 35%. Romanin and Carey 
presented in [24] analytical model which took into account roughness by means of increased Poiseuille 
number. An important factor influencing the turbine efficiency is disc spacing. Qi et al [26] 
investigated an optimal spacing for two sets of the inlet system configurations: one-to-one where one 
nozzle supplies exactly one gap and one-to-many where one nozzle supplies all gaps. Research 
presented in [27] concerns the impact of the shape of the disc tips (blunt, sharp, circular and elliptic 
tips) and inlet nozzle configuration on the turbine performance. According to this research, a blunt tip 
is recommended for one-to-many inlet while a sharp tip for one-to-many inlet. Similar scientific 
problem was a topic of investigations of Sengupta and Guha [28]. They concluded that small disc 
thickness, blunt disc tips, full nozzle opening, optimum radial clearance and uniform inlet condition 
are necessary factors to achieve high turbine performance. 

An important part of the Tesla turbine analysis is experimental investigations. One of the early works 
concerning this subject was the thesis of Armstrong [29]. He performed a series of investigations on a 
Tesla turbine with steam as the working medium. Leaman [32] investigated turbine whose rotor 
consisted of 4 discs with 10cm in diameter and obtained 8.6% maximal efficiency. Davydov and 
Sherstyuk [30] carried out investigations on a turbine with 40mm in diameter and air as working 
medium. In the comprehensive studies, they determined the influence of admission degree, gap 
spacing, number of discs and type of the outlet on turbine performance. Krishnan et al [31] provided 
design recommendations for scaling Tesla turbines to the millimetre scale. The maximal efficiency of 
such a turbine with water as the medium was equal to 36%. A new technique for measurement turbine 
net torque called the angular acceleration method was presented in [33]. The subject of investigation 
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of Lemma et al [34] was 50mm in rotor diameter turbine whose plenum chamber was 100mm in 
diameter. Maximum obtained power and efficiency were equal to, respectively, around 220W and 
25%. It was concluded that the turbine could reach over 38% of efficiency if parasitic losses like 
losses in the bearing, end wall losses, and other dissipative processes in the plenum chamber were 
eliminated. Talluri [35] investigated two turbines: the first one with 0.125 mm rotor diameter and air 
as the medium and the second one with 0.216mm rotor diameter intended for ORC unit with 
R1233zd(E) as the medium. The maximum achieved efficiency of air turbine was of 11.2% and 9.62% 
for ORC turbine. Rusin et al [36] presented an investigation of the Tesla turbine, whose rotor had 
73mm in diameter. The maximum power obtained for pressure ratio equal to 4 was 71.5 W and the 
maximum efficiency totalled 8.9%. 

Research presented herein concerns the analysis of the impact of inter-disc gaps and thermodynamic 
parameters on the turbine performance by means of numerical investigations. An overview of the new 
Tesla turbine design is presented in the first part, in the second part experimental validation of 
numerical models is presented and the last part concerns numerical investigations.   

2 Object of investigation 

The object of investigations is a new design of a Tesla turbine presented in Figure 1. Its rotor in 
nominal configuration consists of 5 discs with 160 mm in diameter with the inter-disc gaps equal to 
0.75mm. The lateral clearance between the rotor and the turbine casing is equal to 0.25mm and the 
disc tip clearance is equal to 0.5 mm. The construction is flexible which makes it possible to change 
the inter-disc gap between 0.3 mm to 1.2 mm while keeping constant lateral clearance due to the 
addition of stationary discs with appropriate thickness mounted to the casing. The rotor discs are made 
out of aluminium alloy and the thickness is equal to 2mm, which prevent discs from vibrations at high 
rotational velocities. The inlet apparatus consists of the plenum chamber and 4 converging inlet 
nozzles. The inlet nozzles are in configuration one-to-many [26], which means that the nozzles spread 
throughout the whole rotor and the fluid hits discs tip. The dimensions of the minimal cross-section 
are 2.85 mm in height and width depends on the rotor configuration (i.e. inter-disc gap width and a 
number of discs). The aim of the plenum chamber is to decrease total pressure losses [9] and organize 
the flow of the medium. The working medium is supplied to the chamber by two pipes each 12.4mm 
in diameter. There are 4 taps in the rotor casing intended to measure static pressure in the plenum 
chamber and in the rotor tip clearance. The outlet comprises 5 ellipsoidal holes in the rotor’s discs 
close to the shaft and the collecting chamber. The total area of a set of the holes in a disc is 
approximately equal to 350 mm2. The collecting chamber gathers the working medium and enables 
outflow into the ambient. 

 
 

Figure 1: Cross-section of the turbine Figure 2: Test stand 
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3 Test stand 

The test stand (Figure 2) was located in the Fluid Flow Laboratory of the Department of Power 
Engineering and Turbomachinery at the Silesian University of Technology. It consists of the air 
installation, the measurement equipment and the turbine unit. The air installation (Figure 3) works in 
negative gauge pressure and its main parts are roots blower, air tank and piping. Roots blower creates 
negative gauge pressure (up to 50 kPa) in the tank and air is sucked through the Tesla turbine. 
Maximum output of the roots blower totals 12.3 m3/s. The aim of the 3.4 m3 tank is to stabilize 
pressure pulsation and to make it possible to regulate pressure at the turbine outlet by the control 
valves. Due to pressure losses in the piping, static pressure at the turbine outlet is slightly higher of 
approximately 1kPa than the pressure in the tank. For this configuration, it is possible to achieve high 
fluid velocities in subsonic regime. 

 

 
Figure 3: Scheme of air installation Figure 4: Location of sensors 

The measurement equipment makes it possible to record on-line most of the important turbine 
parameters. Figure 4 presents the location of the measurement sensors. There are 6 pressure 
transducers: 2 in the middle of the plenum chamber, 2 in the rotor tip clearance, one in the outlet 
section of the turbine and one at the inlet. Temperature is measured at the outlet section and in the 
ambient. The turbine is loaded by means of 1 kW brushless motor acting as the generator connected to 
the electric load. This configuration allows setting generator load at a demanded level. The torque 
meter is placed between the turbine shaft and the motor enables the measurement of the rotational 
velocity up to 20000 min-1 and torque up to 2 Nm. It also gives an opportunity to directly measure the 
shaft power of the turbine. Using efficiency characteristic of the bearings provided by the producer, it 
is possible to precisely determine the internal efficiency of the turbine which can be later directly 
compared to results obtained from numerical simulations. 

4 Numerical model 

Numerical simulations were performed using Ansys CFX commercial software, which is based on the 
finite volume method. The geometry of the 3D model reflected all details of the turbine prototype, but 
to decrease the time of the calculations, only half of the rotor was modelled. Details of the boundary 
conditions are presented in Figure 5. The inter-disc gaps were modelled as stationary, but with 
adiabatic, smooth rotating walls. Symmetry condition was set at the lateral wall of the plenum 
chamber and one side of the tip clearance. Total pressure and total temperature were set at the inlet 
sections and static pressure was applied at the outlet. These boundary conditions correspond to the 
quantities measured in the experiment, which makes it easier to compare results. The dimensions of 
the inlet tubes to the turbine were changing in accordance to the width of the inter-disc gap and 
thereby the whole domain width, so the cross-section of the inlet tubes was kept constant throughout 
all simulations. Shear stress transport with intermittency model was selected as the turbulence closure. 
Equations of mass, momentum and energy conservation were solved. The equations are discretized in 
space using a high-resolution scheme and an implicit second-order Euler scheme is used to integrate 
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the equations with respect to time. All performed analysis was done in a steady state. Figure 6 presents 
mesh independence study. The study was conducted using power as the most important global 
parameter. It was calculated based on the tangential stresses, velocity gradient in the normal direction 
and rotational velocity as presented in details in [21]. The major conclusion of this study is that the 
discretization of the boundary layer of the inter-disc gap is the most important for power estimation. 
The height of the first element in the inter-disc gap has to be of 10-3 mm order. Mesh selected for the 
numerical test campaign counted approximately 4M of nodes. 

  

Figure 5: Details of the numerical model Figure 6: Mesh independence study 

5 Results 

5.1 Validation of the numerical model 

Validation of the numerical model was carried out with the use of the data collected from the 
experimental stand. Power and the distribution of pressure were compared for inter-disc gap 0.75mm 
and two pressure ratios: π1=1.88 and π2=1.4. Figure 7 presents a comparison of power and Figure 8 
and Figure 9 depict static pressure distribution. For CFD calculations, curves were created out of 5 
sampling points for different rotational velocities as an area average over the planes located in the 
plenum chamber and tip clearance. In the case of experimental investigations, pressure samples taken 
from sensors located in those regions were averaged to obtain one sample. Interpolations were 
performed: quadratic for power with coefficients of determination around R2=0.86 and linear for 
pressure with coefficients of determination around R2=0.89. 

  

Figure 7: Comparison of power for CFD and 
experiment 

Figure 8: Comparison of pressure distribution 
for CFD and experiment for π1=1.88 
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Figure 9: Comparison of pressure distribution 
for CFD and experiment for π2=1.4 

Figure 10: Comparison of static temperature 
distribution for CFD and experiment for π2=1.4 

It can be seen that for both pressure ratios the agreement of power is excellent for rotational velocities 
up to 10 000 rpm. The discrepancies are getting bigger as the rotational velocity increases. One of the 
reasons might be over-prediction of the eddy viscosity as the centrifugal forces increase and interact 
with turbulence. Another problem might be modelling of losses in the supply system as the cross-
section of the inlet channels to the plenum chamber is rectangular in CFD, but circular in reality. 
Those losses can be observed in the pressure distributions in Figures 8 and 9. Pressure distributions 
concern plenum chamber, thereby inlet to the nozzles and tip clearance. It is important to note that 
pressure in the tip clearance is not equal to the pressure at the outlet section of the nozzles, so it is 
impossible to calculate e.g. degree of reaction in the experiment, but it is possible to determine 
pressure drop in the rotor. As the rotational velocity increases, pressure in the tip clearance and the 
plenum chamber rises. This is due to forces acting on the fluid particles in the rotor. Increased 
centrifugal force, which acts outwardly, resulting from rotational velocity has to be countered by 
inwardly acting pressure force. Hence, the pressure drop in the rotor rises and a share in the total 
pressure drop of the nozzles is getting smaller. Moreover, the mass flow rate decreases with the 
rotational velocity as the radial velocity in the rotor inlet decreases. Therefore, the losses in the plenum 
chamber are decreasing due to smaller velocity in the inlet tubes and plenum chamber. Differences 
between CFD and experiment in case of pressure in the plenum chamber are almost constant for all 
rotational velocities: for π1=1.88 it is equal to 5 kPa and for π2=1.4 it totals 4 kPa. For tip clearance, 
differences are getting bigger with rotational velocities. For π1, pressures from CFD and experiment 
are the same for 5000 rpm, but for 15000 rpm it differs about 3.6 kPa. It might be concluded that this 
is another reason for the inaccuracy of power. The pressure at the inlet to the rotor and pressure drop 
in the rotor are different in CFD and experiment, so other important kinematic quantities like 
circumferential and radial velocities are different.  

Figure 10 presents static temperature distribution at the inlet and outlet sections of the turbine obtained 
from CFD and experiment. It should be noted that total temperature equal to 25 oC was set at the inlet 
in numerical simulations whereas ambient temperature during the experimental campaign was within 
20-23oC threshold. Coefficient of determination for experimental investigation is equal to 0.73, which 
is a lower value compared to previous R2 coefficients. Bigger value of standard deviation might be 
caused by the time not long enough between subsequent measurements so thermocouple could reach a 
steady state. CFD results show also that static temperature is increasing between the turbine inlet and 
outlet. This phenomenon can be explained by the principle of operation of the Tesla turbine. Transfer 
of momentum from fluid to disc is carried out by viscous forces, which accompanying effect is energy 
dissipation as heat. There is a drop in the total enthalpy between the turbine inlet and outlet but also 
rise in static enthalpy in the rotor due to a rise in temperature. Analysing Figure 10 also can be said 
that with the rise in the rotational velocity, the outlet static temperature is increasing. Higher rotational 
velocity imposes longer particle path due to an increase in centrifugal forces, hence longer contact 
between the fluid and disc walls results in more intense energy dissipation as heat. Increase of the 
static temperature at the inlet is explained by the lower velocity at the inlet section of the turbine. As it 
was already said, the mass flow rate decreases with the rotational velocity, so while the total 
temperature is constant, static temperature increases.   
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Taking into account the analysis presented in this section, it can be said that the numerical model was 
validated and confirmed to yield relatively precise results.   

5.2 Influence of inter disc spacing 

The impact of the inter-disc spacing δ on the turbine performance was determined. Calculations for 
1.2mm, 0.9mm, 0.75mm and 0.3mm were performed for different pressure ratios. Figure 11 presents 
characteristics of power as a function of rotational velocity and Figure 12 shows efficiency 
characteristics. 

 

  

Figure 11: Power vs rotational velocity for π=4 Figure 12: Efficiency vs rotational velocity for 
π=4 

It can be said that the bigger gap, the higher generated power because wider spacing enables a bigger 
mass flow rate. A fourfold increase in the gap spacing caused about two times higher power. Maximal 
power is reached for 17 500 rpm for 0.9mm and in other cases peak is expected within range 15 000-
20 000 rpm. The highest efficiency was achieved for δ=1.2mm gap and it totalled 10.5%. Efficiency 
characteristics are similar for δ=0.9mm and δ=0.75mm with peak values equal to roughly 10%. For 
δ=0.3mm, the maximal efficiency is substantially lower and is equal to almost 7%. Results shown in 
Figure 12 might indicate that optimal spacing for which the momentum transfer from the fluid to the 
rotor is the most efficient is equal to 1.2mm (or even more), but the case is more complex. It is 
necessary to look at the phenomena taking place in each of the gaps. Table 1 presents power generated 
in gap 1, gap 2 and clearance between the rotor and casing related to power generated in the whole 
model (Ng/Ntotal), mass flow rate flowing into gaps related to total mass flow rate (mg/mtotal), isentropic 
efficiency of gaps (ηg) and isentropic efficiency of the whole turbine (ηtot).  

Table 1: Power, mass flow rate and efficiency for individual gaps for 10000 min-1 and π=4 

δ 
Ng/Ntot mg/mtot ηg 

ηtot 
Gap 1 Gap 2 Gap 3 Gap 1 Gap 2 Gap 3 Gap 1 Gap 2 Gap 3 

1.2mm 0.486 0.487 0.027 0.404 0.442 0.154 0.278 0.265 0.053 0.089 
0.9mm 0.477 0.495 0.027 0.417 0.419 0.164 0.287 0.295 0.051 0.083 
0.75mm 0.481 0.491 0.028 0.414 0.413 0.173 0.299 0.304 0.048 0.079 
0.3mm 0.463 0.456 0.081 0.331 0.327 0.342 0.241 0.244 0.044 0.059 

 

Isentropic efficiency was calculated from Eq.(1): 

𝜂 =
𝑁

�̇�𝑐 𝑇 1 −
𝑝
𝑝

 
(1) 

Ni  power generated in CFD model, W 
m  mass flow rate, kg∙s-1 

cp  specific heat capacity at constant pressure, J∙kg-1∙K-1 
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To  total temperature at the inlet to the turbine (or a gap), K 
pout  static pressure at the outlet of the turbine (or a gap), Pa 
pin  total pressure at the inlet of the turbine (or a gap), Pa  
κ  heat capacity ratio  

Gap 1 and gap 2 are located between two rotating walls and their size is equal to δ, but gap 3 is lateral 
clearance (placed between one rotating and one stationary wall) and its width is equal to 0.25 mm in 
all cases. It can be seen that in all cases most of the power is generated in gaps 1 and 2 and only a 
small fraction of power comes from gap 3. However, the amount of mass flow rate flowing into gap 3 
is significant and is increasing with the decrease of the gap size. For δ=1.2 mm, 15.4% of total mass 
flow rate flows through gap 3, but for δ=0.3 mm it is 34.2%, which is more than values for gap 1 and 
gap 2. Resistance to flowing is smaller in the lateral clearance due to smaller centrifugal forces, 
therefore the working medium tends to flow that way despite much narrower width. The efficiency of 
gap 3 is increasing with the size of other gaps, however, the value is still very low (5.3% or less). The 
efficiency of gaps 1 and 2 is the highest for δ=0.75 mm, but combining mass flow rates propelling 
gaps and individual efficiency of gaps, the highest efficiency of the whole turbine is achieved for 
δ=1.2 mm. It can be concluded that the influence of the lateral clearance for narrow rotors is 
significant and it is recommended to design multi-gap rotor to reduce the impact of the rotor clearance. 

Figure 13 presents the characteristic of efficiency as a function of Reynolds number. Different gap 
sizes and pressure ratios were investigated. Reynolds number is calculated on the basis of radial 
velocity, gap size and rotor radius as proposed in [18]: 

𝑅𝑒 =
𝜌 ∙ 𝑣 ∙ 𝐷

𝜇
=

�̇�

𝜋𝑟𝜇
 (2) 

ρ density, kg/m3 
vr  radial velocity, m/s  
Dh hydraulic diameter (2δ), m 
μ  dynamic viscosity, Pa∙s 
r  rotor radius, m  
 

  
Figure 13: Efficiency as a function of Re number Figure 14: Efficiency as a function of reaction 

degree 

For each case the curve is steep and even small change in Re number causes significant alteration of 
efficiency. This effect is more intense with the rise of pressure ratio. In the case of π=4, maximal 
values are not achieved yet, as the calculations were performed for rotational velocities too small, so 
the mass flow rate is too high and thereby Re number. It can be said that for each geometrical 
configuration and pressure ratio there is an optimal mass flow rate. 

Figure 14 presents efficiency as a function of reaction degree. It is defined as a ratio of static pressure 
drop in the rotor to a static pressure drop in the whole turbine [37]: 

𝛽 =
𝑝 − 𝑝

𝑝 − 𝑝
 (3) 

 β reaction degree 
 pn  static pressure at the nozzle outlet, Pa 
 pin  static pressure at the inlet to the turbine, Pa 
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 pout  static pressure at the outlet from the turbine, Pa 

It can be said that for all but one gap, there is the same optimal value of reaction degree and it is equal 
to 0.55. For δ=0.3 mm, flow resistance in the rotor is substantial, therefore a high-pressure drop in 
rotor occurs. In order to work with the highest possible efficiency, this turbine model has to work as a 
reaction type of turbine. 

Figure 15 presents turbine efficiency as a function of rotational velocity for different lateral gaps size 
and the width of the main gaps equal to 0.3 mm. The curve obtained for lateral gap 0.1 mm is 
characterized by a much faster drop in the efficiency with the rise in the rotational velocity. It can be 
attributed to a rapid drop in the mass flow rate in the whole turbine and thereby the value of the 
circumferential velocity at the inlet to the rotor is far from optimal. It can be also noted that the peak 
values differ in all cases. It is approximately 7.8% for 10 000 min-1 for gap 0.1 mm, 9% for 12 000 
min-1 for gap 0.3 mm and 8.8% for 13 000 min-1 for 0.6 mm. The bigger gap, the bigger shift in peak 
value towards higher rotational velocity. The highest turbine efficiency was obtained for 0.3 mm, 
which coincides with the width of the main gap. However, it cannot be concluded that the maximal 
efficiency is obtained for the same size of the lateral clearance as the size of the main gaps. Figure 16 
shows turbine efficiency as a function of the lateral gap size for two different widths of the main gap 
and rotational velocity equal to 10 000 min-1. It turns out that in both cases the highest efficiency was 
obtained for lateral clearance 0.3 mm. It proves that the optimal value depends also on other factors, 
e.g. the geometrical configuration of the inlet and the tip clearance size. Both of these factors influence 
the spread of the fluid at the entrance to the rotor and mass flow rates introduced to gaps.  

  

Figure 15: Efficiency as a function of rotational 
velocity for the main gap δ1=0.3 mm and different 

lateral gap size 

Figure 16: Efficiency as a function of the width of 
the lateral gap for different size of the main gaps 

(n=10 000 min-1) 

6 Conclusions 

The manuscript presents an experimental and numerical analysis of 160 mm diameter Tesla turbine. 
Experimental investigations were conducted on air for two pressure ratios π1=1.4 and π2=1.88. 
Pressure distributions in the plenum chamber and rotor tip clearance were determined. The bigger 
rotational velocity of the turbine, the bigger static pressure in those regions. Measurement of the static 
temperature at the turbine outlet shows that the working medium heats up in the turbine rotor. 
Numerical analysis was validated by results from experimental investigations. The highest achieved 
turbine efficiency for pressure ratio π=4 was equal to 10.5%. It is of great importance to take into 
account phenomena occurring in the lateral rotor clearance, as this gap might contribute to efficiency 
drop. Numerical analysis showed that the optimal gap width (among investigated ones) was equal to 
0.75mm, but due to the impact of the lateral clearance, the highest turbine efficiency was achieved for 
gap equal to 1.2mm. This effect is important in turbine models with a small number of discs. The 
analysis also confirmed that there are optimal values of Reynolds number and reaction of degree for a 
specific turbine design. 
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Abstract 

Demand for raw materials is increasing exponentially. To satisfy that demand, more minerals need to 
be mined from the Earth’s crust. As a result, minerals are being exhausted and ore grades decline. 
Lower ore grade mines mean also more energy, which in turn entails fossil fuel emissions and more 
climate change. This paper estimates the specific energy for the beneficiation process of metals lead 
and zinc as case studies. The evaluation is performed with a specialized software, HSC Chemistry 
which assesses the specific energy for every stage: comminution, flotation, and refining. Different 
scenarios have been established to simulate the behavior of a mine when it approaches depletion. 
Preliminary results show that energy consumption for lead would increase by 5 times when compared 
to the current situation if ore grades decrease until the level of tailings, while for zinc by almost 2. 

1 Introduction 

Modernization and consumer culture are increasing the demand for materials in order to satisfy the 
needs of the society [1]. In this respect, electric and electrionic equipment [EEE] or renewable 
energies are developing very fast relying on the use a huge amount of raw materials [2]. For instance, 
the trend for EEE is that this industry will increase the coming years at 3-5% [3]. To satisfy this 
exponential demand, more metals need to be extracted every year, for which more energy needs to be 
brought into play. Mining energy still relies almost completely on fossil fuels, exacerbating the 
liberation of greenhouse gases to the atmosphere and accelerating climate change. It is a fact that 
mining is among the most polluting industries [4].  

As minerals are limited in the Earth’s crust, with extraction, high-grade ores become depleted [5]. 
Accordingly, the energy required to extract the same amount of materials spirals up [6], since as we 
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will see in this paper, extraction follows a negative logarithmic pattern with the ore grade. This is a 
consequence of the Second Law of Thermodynamics. Can we then expect more fossil fuel use and the 
emission of GhG due to mining in the future? What would be the increase in energy consumption if 
we extracted metals from tailings? Is there an ore grade limit considering current technology?  

In this paper we will analyze the influence of ore grade decline on energy consumption for two very 
important metals: lead and zinc. To that endeavor, we will model through the metallurgical software 
HSC Chemistry, all the processes required to mine, beneficiate and refine the metals, starting from 
current ore grade mines. The simulation allows us to obtain the energy consumption as a function of 
the starting ore grade, providing us with valuable insights to answer the questions raised above. 

2 Case study 

Based on previous studies [8, 18–20], the specific energy required for concentrating lead and its by-
product, zinc will be assessed. To proceed with the evaluation of minerals, HSC Chemistry [10], a 
specialized software in carrying out thermodynamic and mineral processing calculations for has been 
applied. For this endeavor, models in HSC software have been carried out for every metal to estimate 
the energy required for its processing. The starting point will be a typical concentration found in 
mines, 4-8 wt-% for lead [11] and 2-5 wt-% for zinc [12]. Then, different scenarios will be created 
with a lower concentration, simulating what the mine will eventually face in the future. In this way, it 
will be created 12 scenarios, since the concentration will decrease lineally and the ore grade in 
Thanatia must be reached, which is obtained with these scenarios. 

It has been decided to study these two metals at the same time as they are usually found together in 
Nature [13], so it can be stated that their geological distribution is the same [14]. Figure 1 shows the 
general flowchart for the mining, beneficiation and refining of lead and zinc. It has been developed 
following guidelines found in technical reports: Prairie Creek mine in Canada [15] with a capacity 
converter of 87 tons per hour [tph], Platosa Silver-Lead-Zinc in Mexico [16] with a capacity converter 
of 83 tph, and Ying property mine in China [17], with a capacity converter of 74 tph. Additionally, 
important data to elaborate the flowsheet has been taken from specialized mineral processing books 
[18], [19], [20], while specific details for every process for the particular metals analyzed along with 
this paper have been consulted from different references [30, 31]. 

It should be stated from the outset that there are no similar mines and therefore, the results obtained 
from every mine could be different. That said the results obtained for a generic mine can be used as a 
proxy for the rest, as the results show an estimation of the specific concentration energy when the ore 
grade decreases. In this paper, Ying property minerals have been chosen as a starting point for the 
simulation in HSC [17]. Additionally, the lead and zinc bearing minerals chosen are galena and 
sphalerite, respectively, for being both the most abundant in the considered mine and generally in 
other mines [21]. 
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Figure 1: Flowsheet of the beneficiation process for lead and zinc. 

3 Methodology 

3.1 HSC simulation 

The starting point for the model is a feed of 800 tph with a maximum particle size of 600 mm.To 
proceed with the calculation of the energy costs and validate it with bibliographic data, three main 
energies have been considered: ore handling, concentration and refining.  
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Ore handling entails the diesel used for transportation, machinery and electricity production. After ore 
handling, the first stage is comminution, which is carried out through crushing and grinding machines 
to reduce the particle size, until the rock is small enough to proceed with the next stage. As calculated 
in [6], [8], [9] the comminution was computed with well-known formulas such as Bond’, Eq. (1) [27, 
34], which is applied to calculate the specific energy required for the different mills used along the 
comminution process. 

 𝑊 =  10 𝑊
1

𝑃
−  

1

𝐹
 𝐸𝐹  (1) 

In Eq. 1, Wi  is the work index, which is defined as the comminution parameter that expresses the 
resistance of the material to crushing and grinding, P80 is the diameter in microns through which 80% 
of the product passes, F80 is defined as the size through which 80% of the feed passes [20] and EFx 
which is an Efficiency Factor and it is an adjustment of the power calculated by utilizing efficiency 
factors dependent on the size of the mill, size and type of media, type of grinding circuit etc. [27, 36, 
37]. 

The aim of the first stage (comminution process) is to reduce the particle size up to 35 μm [16], using 
the flowsheet shown in Figure 1. Comminution is divided into three main steps: Crushing, grinding 
and regrinding. Crushing is carried out by a primary crusher, reducing the size to 100,000 μm, and 
then, the feed is sent to a screen, acting as a filter for particles higher than 100,000 μm. Any larger 
particle is diverted through a cone crusher, decreasing the size to 50,000 μm and passing through the 
same screen. 

Once all the feed has passed through screen 1, another screen is introduced with a size filter of 20,000 
μm, starting the grinding process. Particles, which do not pass screen 2, are sent to the SAG mill to 
reduce the size to 2,000 μm, being able now to cross the filter applied. A ball mill is the next step 
when all the feed is out of the screen 2, to minimize it up to 300 μm, adding a cyclone just right after 
to assure that all particles accomplish with the configuration. Similarly, to Ball mill 1, is the Ball mill 
2, reducing the size to 80 μm and allowing the feed to go to flotation. It is important to mention that 
the comminution process has been developed according to the reduction ratio [27, 34, 38]. Table 1 has 
been elaborated to summarize all the numbers and to recap every process with its details. 

Table 1: Details of comminution process. 

 Primary 
crusher 

Cone 
crusher 

SAG 
mill 

Ball mill 
1 

Ball mill 
2 

Re-grinding 
Pb Zn 

Feed [tph] 800 512 578 1,569 1,406 474 250 
P80 [μm]1 100,000 50,000 2,000 300 80 35 35 
F80 [μm]2 245,631 219,277 38,163 3,164 138 50 48 

1 80% of the passing size of the product [8]. 
2 80% of the passing size of the feed [8]. 

Sulfide metals are the main resources to produce lead and zinc also because they are separated from 
the rest of the minerals applying flotation [26]. There is a particular situation between these two metals 
since the tailing from the lead recovering concentrate unit (in the flotation process), is fed to the zinc 
flotation unit [27]. The flotation process consists of a rougher circuit followed by a number of cleaners 
and a retreat circuit [28]. The aim of this stage is to make the wanted metals float by adding additives. 
The rest of minerals (unfloated) are vacated to the tailings [40, 41]. As two different metals are 
wanted, two different processes will be carried out, setting up the volume and the number of cells with 
common values obtained from manufacturers data [25, 42] and institutions specialized in flotation 
cells [30]. 

The process ends with the refining stage. When the feed contains the concentration desired, 
pyrometallurgy will be carried out to obtain pure lead while hydrometallurgy and an electrolytic 
process will be carried out to obtain pure zinc [31]. Pyrometallurgy is composed of a sintering and 
blast furnace [32]. 
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4 Results 

As was previously explained, the comminution process is common for both minerals. Hence, in this 
section, the results obtained from modeling through HSC software and the specific energy required for 
every unit for the comminution process will be shown. Subsquently, the section will be divided to 
explain the flotation and refining process for every mineral, highlighting the values obtained. 

4.1 Comminution process 

In order to start with the calculation of every unit, it must be noted that the Work Index (Wi) selected 
to introduce in Eq. (1) is the same for both minerals as their proximity is very close and the difference 
between them in final results cannot be appreciated. Hence, the value chosen to introduce as a Wi is 11 
kWh/t, which is obtained from [33]. Furthermore, different efficiencies must be added according to 
Rowland Efficiency factors (EFx) obtained from a literature review [25]. 

Table 2 is elaborated to determine the energy used for the comminution process. Eq. (1) has been used 
to calculate the specific energy for every unit, while the machines selected and settings come from 
references [27, 48], proposing units able to supply the power demanded. The results obtained are in 
line with the literature [27, 42, 48, 49]. It can be seen that there is a different regrinding for lead and 
zinc. 

Table 2: Power demand and energy required for the comminution process. 

4.2 Flotation process 

The flotation process is a concentration technique that uses the difference of the surface properties in 
order to separate minerals [21]. The flotation circuit is composed of three elements: roughers, cleaners 
and scavengers. Roughers receive the pulp coming from the mills, then, valuable sulfides float 
obtaining a concentrate with many impurities [21]. Cleaners are commissioned to eliminate the 
impurities to obtain the concentrated mineral [21]. Scavengers are usually added right after the 
roughers in order to make the remaining sulfides that did no float in the rougher machine to float [21]. 

In order to simulate the behavior of a mine when the ore grade decreases, different scenarios will be 
created, reducing the initial concentration in the mine. In this way, the aim of this process will be to 
increase the concentration until typical values to send the feed to the metallurgy process. Every 
scenario will contain a lower ore grade, this also means that more flotations units will be needed to 
obtain the same concentration. 

The first scenario was developed with a typical value found in mines of 2.83 wt-% and 6.29 wt-% [15] 
for lead and zinc respectively. These values must be increased to 45 wt-% for lead and 52 wt-% for 
zinc [31], as they are normal concentrations for sending the minerals to the metallurgy process. In 
order to increase the concentration, the feed with both minerals is introduced in a rougher to start the 
separation. Due to their froth properties, galena floats in the surface while sphalerite is vacated through 
the tailings, starting a new flotation process. 

Then, the concentration stream from the rougher, containing galena, is passed through different 
cleaners and scavengers until the concentration is reached, with a regrinding process in between to 
make sure there are no particles larger than 35 µm. It must be mentioned, that other tailings from 
flotation units are sent to the zinc flotation process in order to try to recover all possible minerals. 

Equipment Power demand [MW] Specific energy [kWh/t-rock] 
Primary crusher 0.60 0.75 

Cone crusher 0.45 0.88 
SAG mill 4.20 7.27 
Ball mill 1 17.80 11.40 
Ball mill 2 17.80 12.72 

Re-grinding Pb 5.96 12.57 
Re-grinding Zn 2.7 10.80 
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Once all the sphalerite feed starts the flotation process, it is sent through a new rougher unit, and after 
a regrinding and flotation process, the required concentration is achieved to be sent to the refining 
process. 

More scenarios are created in order to simulate the state of mines and see how the specific energy for 
the concentration of each metal increases when the ore grade decreases and therefore, more flotation 
units are needed to obtain the same value. Table 3 has been elaborated to see how the specific energy 
for concentration increases with the different scenarios created, highlighting that the last scenario 
created (12) entails the highest value of specific concentration energy, which corresponds to the feed 
with the lowest starting ore grade.. It must be said that flotation process for each mineral has been 
designed according to parameters such as recovery ratio, residence time, volume of cell, etc, obtained 
from a different literature review [26, 37, 40, 45, 51, 52]. These scenarios have been chosen due to 
they are important points to analyze: Scenario 1 represents the current ore grade, scenario 4 represents 
the tailings ore grade, scenario 8 represents the theoretical limit stablished by Sverdrup and scenario 
12 represents a minimum concentration, very close to crustal concentrations. 

Table 3: Variation of the specific energy for concentration in flotation. 

Scenario Ore grade 
wt-% 

Lead, GJ/t-ore Ore grade 
wt-% 

Zinc, GJ/t-ore 

Scenario 1 (con. in mine) 4.55 10.85 6.5 50.90 
Scenario 4 0.17 51.11 0.24 93.01 
Scenario 8 0.002 3,220 0.003 3,579 
Scenario 12 2.5x10-5 267,407 3.6x10-5 293,007 

4.3 Refining process 

Refining minerals is the last step to obtain the pure metal. In this case, metals studied are not pure yet, 
so further processes will be carried out to obtain bullions from each of them. It has been decided to 
apply pyrometallurgy for lead refining due to the high velocity of the reactions, the high production 
and because this is the most common and developed process for obtaining pure lead [39]. 

For the zinc refining process, there are several ways to obtain the bullion, being ISF (Imperial 
Smelting Furnace) and electrolysis the most common [31]. Although ISF experimented an important 
growth at the end of 90’s decade, the electrolytic process is the most applied since 1970 and it is 
expected to continue as it counts with 86 plants, 76 more than the second one [31]. 

4.3.1 Lead 

There are several procedures to treat lead, being historically the most common the primary production, 
based on the two-stage processes [40]. Secondary lead production is derived from scrap and acid 
batteries due to the high proportion of lead they contain [41]. There is an alternative process to the 
two-stage process called direct smelting, which contains advantages (e.g. more efficient process in 
terms of energy consumption), obtaining a high percentage of lead in the slag [40]. 

In this study, direct smelting will be used for being the most efficient and simplest process to obtain 
lead [32]. There are several direct smelting processes (Isasmelt, Kivcet, QSL, Outokumpu) and all of 
them hold different heat input, designs, and process control [44, 51]. It has been decided to proceed 
with the QSL process due to the advantages that it offers, as it can be done just in one single step 
smelting process, the emissions are lower and the range of feed is very wide [32]. 

Figure 2 shows the process applied to obtain the lead bullion. As can be seen, a sintering machine and 
a blast furnace are the main units of the process. Although is not necessary to incorporate the sintering 
unit, there is remaining water in the pulp which is removed through this unit. With the feed dried, it is 
ready to feed the blast furnace, as well as the different components to proceed with the chemical 
reactions. Coke is introduced in the blast furnace as a fuel, limestone is introduced to react with the 
pulp, and the fuel and air are introduced to control the temperature of the blast furnace [44, 51]. 

The outputs from the blast furnace are related to the chemical reactions produced in it, achieving a 
lead bullion with a lead grade of 99%, while matte is mainly composed by sulfides. Further, speiss 
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(mixture of metal arsenides and antimonides) is composed by oxides and the slag is composed by 
various metal oxides, as well as a small percentage of lead. 

 
Figure 2: Lead the refining process. 

4.3.2 Zinc 

As it was already mentioned, in order to obtain pure zinc, it will be used the electrolytic process, 
which is shown in Figure 3. This process consists, firstly, in a roasting step, to eliminate the sulfur and 
convert the zinc mineralization to zinc oxide [31]. The following step is to prepare the solution, which 
involves different leaching stages. Electrolysis is then applied with finally melting in a furnace to 
obtain pure zinc [31]. 

The feed contains a high amount of sulfides and must be converted into oxides to eliminate the 
impurities from the pulp to prepare it for the following steps [45, 50], being the major impurities in the 
roasting process Cu, Pb, Si, Ca, Na and K [42]. This process is carried out through the roasting 
furnace, where natural gas is introduced in order to react with the pulp and eliminate sulfurs. 
Temperature is controlled by the oxygen introduced, avoiding to reach temperatures higher than 960ºC 
to prevent molten phases [42]. 

Once the feed is almost free of sulfides, it is sent to the leaching unit in order to dissolve zinc as 
selectively as possible to create a solution suitable for future processes [45, 54]. Apart from other 
leaching agents, zinc oxide is usually leached by sulfuric acid due to its chemical properties and its 
low cost, setting up the leaching rate according to variables such as temperature, time, pH and particle 
size, among others [54, 55]. Leaching is carried out in two steps: the primary leaching where zinc 
sulfate and the high amount of zinc oxide will be dissolved by neutral leaching, and secondary 
leaching where zinc ferrites will be eliminated, although it could be difficult to leach the ferrite [45, 
56]. 

To end up with the refining, the feed is introduced in the electrowinning unit, where zinc ions are 
discharged from a zinc sulfate solution with an open electrolytic cell [31]. It must be noted that gas 
treatment has been considered along the refining process. However, due to the low impact in the final 
results, it has been discarded. 
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Figure 3: Zinc refining process. 

5 Analysis 

5.1 Specific energy for concentration 

As explained in the introduction, ore grades are expected to decrease in the future as mines become 
depleted through the increasing extraction. As a result, the energy increases exponentially with 
decreasing ore grades. 

Different scenarios were created reducing the concentration in mines to estimate the corresponding 
energy consumption. Figure 4 and Figure 5 show the results obtained for lead and zinc respectively. It 
can be seen that the energy increases exponentially when the ore grade of the mine is decreasing. This 
can be explained by analyzing the comminution and flotation processes. The comminution process is 
applied to reduce the particle size with a certain concentration. When this concentration is really low, 
more feed is needed to reach the aforementioned values (concentration before send the feed to the 
refining process). On the other hand, the flotation process increases as well because more roughers, 
cleaners and scavengers are needed to concentrate the mineral until typical values before sending it to 
the metallurgy process. With this concentration, flotation units require a high amount of specific 
energy, since the concentration values must be increased from a very low order of magnitude (close to 
0 wt-%). 

 
Figure 4: Specific energy for concentration for lead [GJ/t-Pb]. 
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Figure 5: Specific energy for concentration for zinc [GJ/t-Zn]. 

Some authors [61–63] have designed different models trying to identify which is the lowest ore grade 
to be able to extract any metal. Some results show that this value is 5x10-5 wt-% [47] as an ore grade 
limit. Below that number, the production cost would be higher that the value of the ore, considering 
the best available technologies nowadays [48]. It is known that there are mines with an ore grade close 
to 0 wt-%, but it is not economically efficient to extract the metal from the mineral in that mine [46]. 
Additionally, it is demonstrated by the same authors, that the lower the concentration, the lowest 
recovery yield, being necessary to do the process much more times, since this parameter goes down 
with small values of ore grade [61–63]. 

Nowadays, the specific energy for concentration used for the beneficiation process for lead and zinc is 
10,85 GJ/t-Pb and 50,90 GJ/t-Zn, respectively. According to the data obtained along with the study, 
these values would increase exponentially when the ore grade decreases. Table 4 has been elaborated 
to put into context the results, making a comparison between the specific energy obtained and the tons 
of oil equivalent (toe) with meaningful concentrations in order to understand the order of magnitude 
that could be reached. The scenarios generated have been created by reducing the concentration one 
third any time until the theoretical limit is reached. 

Table 4: Comparison of the specific energy obtained. 

Pb Zn 
Wt-% GJ/t-Pb toe/t-Pb Wt-% GJ/t-Pb toe/t-Zn 

Sce. 1 (4.55) 10.85 0.259 Sce. 1 (6.5) 50.90 1.22 
Sce. 4 (0,002) 51.11 0.55 Sce. 4 (0.24) 93 2.22 

Sce. 8 (0.00208) 3220 76.91 Sce 8 (0.00297) 3579 85.5 

The first scenario has been chosen since it is a typical concentration found in mines and it is the start 
point of this study. In this case, to obtain a tonne of lead and zinc requires 0.259 toe and 1.22 toe, 
respectively. Scenario 3 for lead and Scenario 4 for zinc, represent a concentration which is in the 
same order of magnitude that can be found in tailings [17]. It can be seen that to obtain a tonne of lead 
from tailings would require 0.55 toe, which more than doubles current extraction energies. On the 
other hand, a tonne of zinc would require 2.22 toe, which means an increase of more than 80% of the 
energy needed from the first scenario. 

The scenario 8 is the last scenario compared since the concentration analyzed for both metals is just 
after the limit established by Sverdrup [48], which affirms that it is not economically feasible to 
extract any metal from that concentration. At this point, the energy required to extract a tonne of lead 
would increase to almost 77 toe, while 85.5 toe would be needed to obtain a tonne of zinc. In other 
words, the energy to obtain lead would increase almost 300 times in comparison with the first scenario 
while zinc would increase more than 70 times. 

As a consequence, and after comparison with previous studies from the literature review, it has been 
stated that the values obtained are much higher, so the situation is even worse than what other authors 
thought. It must be mentioned that the procedure followed in this study can be considered more robust 
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than those calculated by [19, 46]. This is because in this paper we have precisely modelled all units 
required to mine and beneficiate the minerals when ore grade declines. The data obtained is not based 
on trends, but on simulated behaviours of what a real mine would eventually undergo.  Thanks to the 
methodology used in this paper, we have been able to calculate the energy required to extract minerals 
from tailings, finding a new source affordable in terms of energy and economy. 

5.2 Conclusions 

Through the methodology applied and HSC software, it has been possible to analyse the behaviour of 
the specific extraction and beneficiation energy of lead-zinc deposits when ore grades decline. Such 
deposits serve as a proxy of what is likely to happen to the whole mining sector, when mines become 
depleted through a probable accelerated extraction in order to meet increasingly higher raw material 
demands. As expected, the trend is not linear but exponential, what implies that as long as mining 
relies on fossil fuels, much more GhG emissions will be generated. This means that the mining 
industry will arguably rank first among the most consuming and climate change contributing 
economic sectors. 

Some authors consider that there is no limit of extraction because they trust in technology 
development. However, it is not possible to know how technology would evolve and in any case, the 
second law of thermodynamics cannot be overcome: the lower the ore grade, the greater the energy 
and other resources costs and the associated environmental impact. Some limit of extraction must be 
considered. With current technology and the minimum concentration calculated in this paper, to 
extract a ton of lead and zinc would require 76.91 toe and 85.5 toe respectively, needing to process 
millions of tons of ore, which would be of course, economically unfeasible. 

Decreasing ore grades opens the opportunity to new sources of minerals. As has been seen in the 
paper, demand in the future could be supplied extracting minerals from tailings. This would however 
entail that the energy would be multiplied by more than 5 times in the case of lead and almost 2 times 
in the case of zinc. As a consequence, more emissions would be released to the atmosphere, even if 
this would preserve new unexplored regions and ecosystems to be potentially altered through mining. 

Another opportunity that opens up is what is called landfill mining. Many devices that contain a high 
amount of minerals are sent to landfills, provoking also serious environmental damage. As such, the 
concentration of many strategic materials in landfills is increasing year by year, even exceeding that of 
natural deposits. Landfill mining will therefore become arguably an important source of materials in 
the near future. That said, as long as consumption grows, relying on secondary materials will not be 
enough to satisfy the whole demand and natural mining will still be required. 

Acknowledgments 
This paper has received funding from the Spanish Ministry of Economy and competitiveness 
(ENE2017-85224R). Thanks as well to Ivan Fernandes of Helmholtz Institute Freiberg for Resource 
Technology for the revision of the first versions of this paper. 

References 
[1] V. Charles and S. Linda, “Human Behavior and Environmental Sustainability: Problems, 

Driving Forces, and Research Topics,” J. Soc. Issues, vol. 63, no. 1, pp. 1–19, 2007. 
[2] M. Ikhlayel, “An integrated approach to establish e-waste management systems for developing 

countries,” J. Clean. Prod., vol. 170, pp. 119–130, 2018. 
[3] R. Hischier, P. Wa, and J. Gauglhofer, “Does WEEE recycling make sense from an 

environmental perspective ? The environmental impacts of the Swiss take-back and recycling 
systems for waste electrical and electronic equipment ( WEEE ),” Environ. Impact Assess. Rev., 
vol. 25, pp. 525–539, 2005. 

[4] E. Camizuli et al., “Trace metals from historical mining sites and past metallurgical activity 
remain bioavailable to wildlife today,” Sci. Rep., vol. 8, no. 34–36, pp. 1–11, 2018. 

[5] S. Northey, S. Mohr, G. M. Mudd, Z. Weng, and D. Giurco, “Modelling future copper ore grade 

888



decline based on a detailed assessment of copper resources and mining,” Resour. Conserv. 
Recycl., vol. 83, pp. 190–201, 2014. 

[6] P. Jose-Luis et al., “The energy needed to concentrate minerals from common rocks: The case of 
copper ore,” Energy, vol. 181, no. August, pp. 494–503, 2019. 

[7] A. Abadías et al., “Simulation-based exergy, thermo-economic and environmental footprint 
analysis of primary copper production,” Miner. Eng., vol. 131, no. September 2018, pp. 51–65, 
2019. 

[8] J. L. Palacios, A. Abadias, A. Valero, A. Valero, and M. A. Reuter, “Producing metals from 
common rocks: The case of gold,” Resour. Conserv. Recycl., vol. 148, no. April, pp. 23–35, 
2019. 

[9] J. L. Palacios, I. Fernandes, A. Abadias, A. Valero, A. Valero, and M. A. Reuter, “Avoided 
energy cost of producing minerals: The case of iron ore,” Energy Reports, vol. 5, pp. 364–374, 
2019. 

[10] Outotec, “OUTOTEC HSC CHEMISTRY SOFTWARE,” 2020. [Online]. Available: 
https://www.outotec.com/. [Accessed: 04-Dec-2019]. 

[11] C. A. Sutherland, E. F. Milner, R. C. Kerby, T. Herbert, A. Melin, and H. M. Bolt, “Lead 
Ullmann’s encyclopedia,” Encycl. Ind. Chem., p. 48, 2006. 

[12] G. G. Graf, “Zinc Ullmann’s encyclopedia,” Encycl. Ind. Chem., p. 23, 2005. 
[13] A. Arribas and C. Moro, “Mineralizaciones españolas de Pb-Zn asociadas a fenómenos cársticos 

en rocas triásicas y jurásicas,” Stvdia Geológica Salmant., vol. XXI, no. October 11th, pp. 125-
151., 1985. 

[14] C. Vicencio, R. Alday, R. Rojas, N. Pizarro, and A. Soublette, “Zinc y Plomo,” Chile, 
Universidad Católica del Norte. Facultad de Ingeniería y Ciencias Geológicas. Departamento de 
Ingeniería y Sistemas de Computación, 2008. 

[15] D. Arne, P. Geo, L. Mcgarry, P. Geo, and L. Mcgarry, “NI 43-101 Technical Report on the 
Macmillan Pass Zinc-Lead-Silver Project , Watson Lake and Mayo Mining Districts,” Yukon 
Territory, Canada, 2018. 

[16] R. Maynard et al., “Technical Report for the Platosa Silver-Lead-Zinc Mine, Mexico,” p. 150, 
2018. 

[17] P. R. Stephenson, H. A. Smith, A. Riles, and M. Molavi, “Technical Report for Ying Gold- 
Silver-Lead-Zinc Property , Henan Province , China,” AMC Min. Consult. LTd, vol. June, p. 
221, 2012. 

[18] Metso, Basics in minerals processing, 10th ed. Metso Corporation, 2015. 
[19] W. Rankin, Minerals, Metals and Sustainability. Meeting Future Material Needs. 2011. 
[20] T. Napier-Munn and W. Barry A., Mineral Processing Technology. An Introduction to the 

Practical Aspects of Ore Treatment and Mineral Recovery, no. October. 2006. 
[21] R. Flores Briceño and J. R. Castillo Espinosa, “Flotación de Plomo y Zinc,” Universidad 

Nacional Jose Faustino Sanchez Carrion, Perú, Ingeniería Química y Metalurgia. Concentración 
de minerales II, 2013. 

[22] O. I. Skarin and N. O. Tikhonov, “Calculation of the Required Semiautogenous Mill Power 
based on the Bond Work Indexes,” Eurasian Min., vol. 1, no. Technology and technic of ore 
preparation processes, pp. 5–8, 2015. 

[23] C. Rowland and D. Kjos, Rod and ball mills, Mineral Processing Plant Design. New York: 
AIMME, 1978. 

[24] R. P. King, Modeling and simulation of mineral processing systems. UTAH: Reed Educational 
and Professional Publishing Ltd A, 2001. 

[25] C. A. Rowland, “Using the Bond work index to measure operating comminution efficiency,” 
Miner. Metall. Process., vol. 15, no. 4, pp. 32–36, 1999. 

[26] B. Luo et al., “Characterization of sulfide film on smithsonite surface during sulfidation 
processing and its response to flotation performance,” Powder Technol., vol. 351, pp. 144–152, 
2019. 

[27] Y. A. W. Shardt and K. Brooks, “Automated System Identification in Mineral Processing 
Industries: A Case Study using the Zinc Flotation Cell,” IFAC-PapersOnLine, vol. 51, no. 18, 
pp. 132–137, 2018. 

[28] T. Krolak, K. Palmer, B. Lacouture, and N. Paley, “NI 43-101 Technical Report, Red Dog Mine, 

889



Alaska, USA,” Anchorage, AK USA, 2017. 
[29] M. Silva and A. Casali, “Modelling SAG milling power and specific energy consumption 

including the feed percentage of intermediate size particles,” Miner. Eng., vol. 70, pp. 156–161, 
Jan. 2015. 

[30] R. C. Dunne, G. S. Lane, G. D. Richmond, and J. Dioses, “INTERPRETATION OF 
FLOTATION DATA FOR THE DESIGN OF PROCESS PLANTS,” Australas. Inst. Min. 
Metall., vol. January, p. 28, 2002. 

[31] R. J. Sinclair, “The Extractive Metallurgy of Zinc,” Australas. Inst. Min. Metall., vol. 13, p. 297, 
2005. 

[32] R. J. Sinclair, “Chapter 7. Direct Smelting processes,” in The Extractive Metallurgy of Lead, vol. 
15, no. Australas. Inst. Min. Metall., 2009, pp. 99–127. 

[33] D. Michaud, “Table of Bond Work Index by Minerals,” 911 Metallurgist, 2015. [Online]. 
Available: https://www.911metallurgist.com/blog/table-of-bond-work-index-by-minerals. 
[Accessed: 19-Jun-2015]. 

[34] Siemens AG, “Maximum productivity with maximum safety,” www.siemens.com/mining, no. 
VRMI-B10009-00-7600, p. 16, 2016. 

[35] S. Atchireddi and E. Faria, “Achievement of high energy efficiency in grinding mills at Santa 
Rita,” 45th Annu. Meet. Can. Miner. Process., vol. 22–24, no. January, pp. 97–110, 2013. 

[36] L. Sehlotho, Nthapo; Sindane, Zandile; Bryson, Mike; Lindvelt, “Flowsheet development for 
selective Cu-Pb-Zn recovery at Rosh Pinah concentrator,” Miner. Eng., vol. 122, pp. 10–16, Jun. 
2018. 

[37] R. J. Sinclair, “Chapter 16. Energy Consumption,” in The Extractive Metallurgy of Lead, vol. 
15, 2009, pp. 259–268. 

[38] Outotec, “OUTOTEC FLOTATION TANKCELL ® e-SERIES BENEFITS,” Sustainable use of 
Earth’s natural resources. p. 4, 2016. 

[39] M. O. Bustamante Rua, Ó. J. Restrepo Baena, and A. C. Gaviria Cartagena, “Pirometalurgia,” 
Univ. Nac. Colomb., vol. Programa a, p. 109, 2008. 

[40] I. Thornton, R. Rautiu, and S. Brush, “Lead industry profile,” Lead Facts, vol. Chapter 4, pp. 47–
70, 2001. 

[41] J. Berdowski et al., “Lead production,” EMEP/EEA Emiss. Invent. Guideb. 2009, p. 24, 2009. 
[42] J. Nyberg, U. Kortela, S.-L. Jämsä-Jounela, and R. Ylinen, Characterisation and control of the 

zinc roasting process. Faculty of Technology, Oulu University, 2004. 
[43] D. Napo, F. Ntuli, E. Muzenda, and M. Mollagee, “Process Intensification of Zinc Oxide 

Leaching Process Using Sulphuric Acid,” Lect. Notes Eng. Comput. Sci., vol. 2, no. 2194, pp. 
623–627, 2011. 

[44] T. K. Gupta, C. K.; Mukherjee, “Hydrometallurgy in Extraction Processes, Volume II,” CRC 
Press, vol. 2, pp. 39–78, 1990. 

[45] S. Nayak and K. Charan Sabat, “Principles of extractive metallurgy,” Dep. Metall. Mater. Eng. 
Parala Maharaja Eng. Coll. Berhampur, vol. 3rd semest, no. Lectures note, p. 98, 2009. 

[46] T. Prior, J. Daly, L. Mason, and D. Giurco, “Resourcing the future: Using foresight in resource 
governance,” Geoforum, vol. 44, pp. 316–328, 2013. 

[47] M. Lenzen, “Life cycle energy and greenhouse gas emissions of nuclear energy: A review,” 
Energy Convers. Manag., vol. 49, no. 8, pp. 2178–2199, 2008. 

[48] H. Sverdrup and K. V. Ragnarsdottir, “Natural resources in a planetary perspective,” 
Geochemical Perspect., vol. 3, no. 2, pp. 129–341, 2014. 

[49] A. Valero and A. Valero, Thanatia: the destiny of the Earth’s mineral resources. Zaragoza: 
World Scientific Publishing, 2014. 

[50] G. Calvo, A. Valero, and A. Valero, “Thermodynamic Approach to Evaluate the Criticality of 
Raw Materials and Its Application through a Material Flow Analysis in Europe,” J. Ind. Ecol., 
vol. 22, no. 4, pp. 839–852, 2017. 

[51] S. W. Park, Jihwan; Jung, Insang; Choi, Wonhee; Choi, Sang Ok; Han, “Greenhouse gas 
emission offsetting by refrigerant recovery from WEEE: A case study on a WEEE recycling 
plant in Korea,” Resour. Conserv. Recycl., vol. 142, no. July 2018, pp. 167–176, 2019. 

[52] P. Kiddee, R. Naidu, and M. H. Wong, “Electronic waste management approaches: An 
overview,” Waste Manag., vol. 33, no. 5, pp. 1237–1250, 2013. 

890



6th International Conference on Contemporary Problems of Thermal Engineering 
CPOTE 2020, 21-24 September 2020, Poland 

Experimental research and CFD analysis of selective 
catalytic reduction of nitric oxides in the original 

SCR system and WALKER’s replacement 

Damian Kurzydym1, 2*, Adam Klimanek2, Zbigniew Żmudka2 

1Tenneco Automotive Eastern Europe Sp. z o.o., Gliwice, Poland 
e-mail: dkurzydym@tenneco.com 

 
2Silesian University of Technology, Department of Thermal Technology, Gliwice, Poland 

e-mail: adam.klimanek@polsl.pl, zbigniew.zmudka@polsl.pl 

Keywords: selective catalytic reduction (SCR), computational fluid dynamics (CFD), reaction 
kinetics, diesel engine, NOx 

Abstract 

The article presents comparative study of nitrogen oxides removal systems based on selective catalytic 
reduction (SCR). The systems under investigation are an original part of a passenger car with a diesel 
engine and a recently developed WALKER’s replacement part. Development of a SCR system is 
performed by a thorough analysis of the processes and subsequent devices of the system in order to 
meet the desired performance and requirements of the European emission standards. For this purpose, 
experimental research was conducted for the SCR systems at different operational parameters. 
Proposed solutions were investigated under conditions that reflected the real operating conditions of 
the diesel engine. Among other things, gas distribution and conversion of nitrogen oxides were tested 
and analyzed. In the next step, laser scanning was used to extract 3D models of the real geometries. 
This allowed for preparing the SCR systems for comparative simulations by means of ANSYS Fluent 
computational fluid dynamics (CFD) software. The developed numerical model takes into account the 
flow of flue gases, as well as the injection, evaporation and decomposition of the urea-water solution. 
The geometry encompasses the inlet part, the mixer and catalyst, which was treated as a porous 
medium. Attention was given to the implementation of the catalytic reaction kinetics, which was 
represented by a global mechanism. The implementation was verified by comparison with analytical 
solution. The overall CFD model was then validated against the experimental data showing good 
agreement between the measured and simulated parameters.  

 

1 Introduction 

Diesel engines are used for light and heavy duty transportation, however, one of the main problems is 
the reduction of NOx. Currently, the major deNOx aftertreatment technology is Selective Catalytic 
Reduction, whose main components and operation principle is presented in Figure 1. The SCR system 
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uses urea as a reducing agent, which decomposes into ammonia (NH3) in the hot exhaust gases and 
reduces the NOx inside a catalyst to nitrogen (N2) and water (H2O) [6, 10, 11]. The reduction reaction 
occurs according to the stoichiometry given in Eq.(1), known as the standard SCR reaction.  

2NO + 2NH + 0.5O  →   2N + 3H O (1) 

After evaporation of urea-water solution (UWS) droplets, the isocyanic acid and ammonia are formed 
by thermolysis, as given by Eq.(2). Then in the hydrolysis (Eq.(3)), the isocyanic acid and water 
vapour react to form ammonia and carbon dioxide [6, 11]. 

(NH ) CO →   HNCO + NH  (2) 

HNCO + H O  →   NH + CO  (3) 

 

Figure 1: Processes in the tested SCR 

Knowing the concentration of NO at inlet and outlet, the average NO conversion is given by [12]: 

𝑋 [%] = 𝐶 − 𝐶 /𝐶 ∙ 100% (4) 

2 Experimental research 

The experimental part of this work is focused on NOx removal in the WALKER’s replacement part 
and the original SCR part, which is dedicated for VW Passat 2.0 BlueTDI, fulfilling Euro 6b. The 
measurements were divided into cases, as presented in Table 1. Conversion tests were performed for 
the entire spare part and for the original part, comparing the impact of mixers’ design. 

Table 1: Investigated cases and measurements of flow distribution and conversion of gases 

1: WALKER prototype with static mixer  

 

 
2: Original part with static mixer 

 

In a laboratory test facility as presented in Table 1, has the ability to check gas concentration and 
temperature. To simulate the given engine operation conditions, the laboratory has gas burners, NOx 
gas dispenser, AdBlue dosing system, sampling probe for CLD (chemo luminescence detector) and 
FTIR (fourier transform infrared spectroscopy) gas analysis. Under steady state condition, the 
collected data allows to determine the NOx reduction efficiency and ammonia slip as a basis for 
validation of CFD simulations. 

The tested prototype had a vanadium SCR catalyst as the active component impregnated and 
supported on an anatase and silica (1.5% V2O5-TiO2/SiO2). The tested monoliths had dimensions: 
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5.66x3” and x6” (diameter x length inch) with cell density of 300 cells/inch2 and 0.23mm thick walls. 
According to Brzeżański et al. [2], where the original part was discussed, the catalytic coating was Cu-
zeolite. The operating parameters and inlet exhaust gases used in this study are shown in Table 2.  

Table 2: Operating inlet conditions 

Load 
�̇� , 
kg/h 

T, 
°C 

NOx, 

ppm 
AdBlue 

dosing, g/h 
NO/ 
NO2 

O2, 
% 

CO2, 

% 
H2O, 

% 
N2, 
% 

NH3/ 
NOx 

OP1:High 541 501 500 650.5 
96-97 
% NO 

15.3 2.1 4.8 
bal-

anced 
0.75 OP2:Med. 206 404 128 63.6 16.0 1.8 3.7 

OP3:Low 98 268 165 38.9 17.0 1.3 2.9 

3 Numerical model 

The governing equations solved during the CFD simulations are the mass, momentum and energy 
conservation equations, supplemented with the transport equations [1], [5] and [6]. The ‘standard 
SCR’ reaction was implemented to the ANSYS Fluent by adopting the intrinsic reactivity kinetic 
model presented in the study of Marangozis et al. [8]. A catalyst with a similar structure and active 
layer (0.8% V2O5-TiO2 monolith) was chosen from the work [8]. Marangozis [8] presents the reaction 
rate in two ways calling them intrinsic and apparent. To take into account the influence of catalyst 
structure on the reactions process, an apparent reaction rate, which takes into account the diffusion 
effects, can be defined as: 

𝑅 = 𝑘 𝜂(1 − 𝜀 ) ∙ 𝐶 𝐶 𝐶 = 𝑘 ∙ 𝐶 𝐶 𝐶  (5) 

𝑅  apparent reaction rate, mol of NO/(s∙cm3 of reactor volume), 
𝐶  molar concentration of NO, O2 and NH3 respectively, mol/cm3, 
𝛼, 𝛽, 𝛾 reaction orders w.r.t. NO, O2 and NH3, in this case equal to 1, 0.25 and 0 respectively, 
𝜂 catalyst effectiveness factor, fractional, 
𝜀  reactor bed voids (porosity: 0.44 for this article), fractional, 
𝑘 , 𝑘  intrinsic and apparent reaction rate constant, s-1(mol cm-3)x, where 𝑥 = 1 − (α + β + γ). 

The apparent reaction rate constant can now be expressed by the Arrhenius equation: 

𝑘 =  𝐴 ∙ 𝑒 /  (6) 

In Figure 2(left) the plot of 𝑙𝑛 𝑘 𝜂(1 − 𝜀 ) versus 1/𝑇 is presented. The linear fit to the data leads to: 

𝑙𝑛(𝐴) = 10.19 𝑙𝑛 (mol  cm  s ) (7) 
−E/R = −2569.78 K (8) 

 

Figure 2: Arrhenius plots: apparent reaction rate const.[8](left), apparent reaction rate[4](right) 

Pre-exponential factor 𝐴 and activation energy 𝐸 can now be recomputed to Fluent units as follows: 

𝐴 = 2.65 ∙ 10  (mol  cm  s ) = 4.72 ∙ 10  (kmol  m  s ) (9) 

𝐸 = 2.14 ∙ 10  J/kmol (10) 
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To validate the appropriate conversion of kinetic data and implementation of the reaction scheme into 
the CFD model, a 1D analytical model presented in [8] has been used. Knowing the reactor height 𝑧, 
and its velocity vector �⃗�, the reactant conversion 𝑋  as defined in Eq.(4) leads to:  

𝑋 (𝑧) = 1 − 𝑒𝑥𝑝 − 𝑘 𝜂(1 − 𝜀 )𝐶 ∙ z /�⃗�  (11) 

Marangozis [8] provides tabular data for the product 𝑘 𝜂𝐶 called a pseudo-first-order apparent rate 

constant, therefore, 𝑋 (𝑧)  can be calculated and compared with CFD model with the kinetics 
described above. In Fig. 3 comparison of results obtained from CFD simulation for a 2D axisymmetric 
model of a front catalytic converter and the 1D model given by Eq.(11) is presented.  

 

Figure 3: NO conversion in the 2D axisymmetric model(left), verification of reaction kinetics(right) 

The verification shows that the model has been implemented correctly into the Fluent code. However, 
the second approach takes into account the effect of NH3 concentration on the reaction rate. Therefore, 
kinetic data from Iwasaki et al. [4] for V2O5-W/TiO2 catalyst has been used for 3D model simulation. 
In Figure 2(right) the Arrhenius plot of apparent reaction rate 𝑙𝑛(𝑅 ) versus 1/𝑇 is presented. To 
determine the Arrhenius parameters from Eq.(5), mass units of 𝑅 , μmol/gs should be adapted to the 
CFD code volume units of 𝑅 , kmol/m s , by known bulk density (volumetric or apparent) 𝜌 , kg/
m . Through known porosity 𝜀  and the solid density 𝜌 = 3825 kg/m  as stated in [10] for 
vanadium-based catalyst, the apparent reaction rate is defined as [3]: 

𝑅 = 𝑅 ∙ 𝜌 = 𝑅 ∙ (1 − 𝜀 )𝜌  (12) 

The data presented in Figure 2(right) was used to determine the activation energy 𝐸 = 4.97 ∙
10  J/kmol in required units as it was presented in Eq.(9 and 10). In order to determine the pre-
exponential factor, an apparent reaction rate constant 𝑘  had to be calculated: 

𝑘 = 𝑅 /𝐶 𝐶 𝐶  (13) 

Iwasaki et al. [4] provides composition of the gas (NO=0.05%, O2=8%, NH3=0.05%) and thus the 
Arrhenius plot could be prepared. Reaction orders for O2 and NO were assumed as previously (𝛼 =
1, 𝛽 = 0.25) according to [8]. However, the effect of NH3 concentration, was selected based on 
analysis of literature data. Many authors for simplicity accepts the value 𝛾 = 0. Nevertheless, in most 
cases for vanadia-titania catalyst, this value may range from − 0.15 to 0.29, depending on the 
temperature [7, 9]. The best representation of experimental results in 3D CFD simulations could have 
been obtained for the rate exponents of NH3 from 0.094 to 0.127 depending on the operational 
parameters, as presented in Table 3. Assuming the individual data, and applying Eq.(13), the 
Arrhenius plots allowed for determining the pre-exponential factors. The obtained results are presented 
in Table 3. The remaining kinetic data in Table 3 are for the thermolysis and hydrolysis reactions of 
urea-water-solution, which were taken from the ANSYS Fluent code data. 
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Table 3: Kinetic data for 3D CFD simulations 

Reaction Reactant Rate exponent E, J/kmol A Unit 
Standard SCR: 

 

OP1(High): 
 

OP2(Med.): 

OP3(Low): 

NO 
O2 

NH3 

1 
0.25 
0.123 4.97E+07 

1.83E+09 

s
kmol

m
 

NH3 0.127 1.92E+09 
NH3 0.094 1.29E+09 

Thermolysis CO(NH2)2 1 1.00E+02 1.00E+15 
s  

Hydrolysis 
HNCO 

H2O 
1 

− 0.001 
6.22E+07 2.50E+05 

4 From reverse engineering to CFD modeling 

To start CFD simulation, first the 3D geometric models had to be prepared. For this purpose, the 
reverse engineering was used and defined is as the process of obtaining a geometric CAD model from 
3D points by scanning a part [5]. In the first step, the tested parts were scanned using a ROMER laser 
scanner. Non-contact scanning allowed to obtain a cloud points data to Metrolog X4 software, which 
define the geometry. The point cloud data were imported to the Leios2 software, where the cleaning of 
noise and reduction of points were applied. The triangle meshes and cross-sections were used as a 
basis for reconstruction of 3D models in Catia software as presented in Figure 4(left). 

 

Figure 4: Process of reverse engineering(left), process of preparation CFD simulation(right) 

On the basis of WALKER’s part presented in Figure 4(right), the internal 3D models with cut out 
mixer geometry were prepared. To have a mesh with good quality, the models were simplified by 
removing irrelevant small details such as edges, fillets or grooves. Simulations have been set as a 
steady state with the RNG 𝑘 − 𝜀 turbulence model flow domain, except the porous medium where the 
volume of flow was treated as laminar, with viscous and inertial resistance coefficients calculated 
according [5]. The simulations also included the species transport equations. The laminar finite-rate 
model of volumetric reactions for urea-water mixture and standard SCR reaction was applied. The 
discrete phase model (DPM) was used with three injections, where the heat and mass exchange 
includes the convection-diffusion vaporization model. The Rosin-Rammler function was used to 
specify the droplets size distribution, based on the data presented by Shahariar et al. [11] for a similar 
injector as applied in this study. All necessary data are summarized in Table 4. 
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Table 4: General settings for CFD simulations 

2D axisymmetric & 3D simulations Only for 3D simulations 

Analysis type Steady state 
DPM 
(type reflect) 

Continuous phase & Iteration; 
Temp. Dependent Latent Heat 

Turbulence model K-Epsilon/RNG/Standard wall - Injection x3: Solid-cone / multicomponent 
Species transport: Mixture of gases - Material urea - water (32.5% / 67.5%) 
- Reactions 
  Volumetric 

Finite-Rate, diffusion: energy / 
multicomponent / thermal 

- Size 
  distribution 

Rosin-Rammler: 5, 45, 85μm,  
5 diameters with spread 3.19 

Mixture reactions See section with kinetics data - Tem. & vel. 293K (UWS) / 24m/s 
Inlet conditions: See table with inlet conditions - Outer radius 60μm (radius of injector hole) 
- Species mole fr. See table with inlet conditions - Cone angle 4° (included half-angle) 
Outlet conditions Open to atm. & temp. 295K - Total flow r. See table with inlet conditions 
Porous media 
(porosity ε = .44) 

Laminar/Reaction/Porous with 
viscous & inertial resistance 

Vaporization   
 model UWS 

convection/diffusion-
controlled of particle mixture 

5 Results 

This section presents experimental results and their validation by using CFD numerical simulations. 
To evaluate the ammonia or nitrogen oxides concentration, the uniformity index (UI) is used [6]. The 
CFD model simulations were validated against average NO conversion (Eq.(4)) at the outlet face of 
pipe of experimental results. In Figure 5 the particle size distributions were compared for the 
WALKER replacement and the original SCR part. Figure 5(left) shows grater ammonia distribution at 
the bottom area of the WALKER part. On the other hand, the result for the original part shows mostly 
distribution of ammonia on the edges of the walls, but with a little better mixing (NH3 UI) and droplets 
evaporation. The relationship between the distribution of NH3 and the conversion of NO can be seen in 
the Figure 5(right). WALKER spare part shows higher NO conversion in the lower and middle area of 
monoliths while in the original part, larger NO conversion is around the walls of the body. Visible 
difference even in the NO UI at the outlet of the SCR system, did not affect so much for the difference 
in NO conversion which were 53.48% for case 1 (upper view) and 53.93% for case 2 (bottom view). 

 

Figure 5: Case 1 vs. 2 (OP2), NH3 particle diameter distribution(left), NO conversion(right) 

The Figure 6, shows the results of experimental tests for all three operating conditions that compare 
the original part (OE) with the WALKER aftermarket part (AM) at the outlet pipe of SCR systems. 
The graphs shows very similar characteristic for NO conversion level. On the other hand, the level of 
ammonia slip for WALKER part is relatively higher for OP1 and OP2. 
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Figure 6: Case 1 vs. 2 (OP1/OP2/OP3), NO conversion and NH3 of the outlet of pipe 

6 Summary 
In this study a 3D numerical model for simulation of the SCR systems for diesel engine cars was 
developed. The model allows for prediction of important flow variables, including the relevant species 
concentrations, essential from the emission control point of view. Attention was given to the analysis 
and implementation of the heterogeneous catalytic reaction kinetics, which was represented by a 
global mechanism. Due to lack of accurate kinetic data of the tested catalyst, it was necessary to 
conduct appropriate studies to obtain the desired form of model and its parameters. The studies were 
supplemented with verification of the implemented kinetic mechanism and validation of the overall 
CFD model. The validation showed good agreement between the measured and simulated NO 
conversions. The model was then used to study different types of SCR systems. 

Choosing a different type of monolith than in the original part did not worsen the NO conversion. 
Division of the SCR monolith into two smaller monoliths, that were moved away from each other and 
connected by a short tube, proved to have a positive effect. The additional mixing space between them 
was gained and a more uniform ammonia distribution supplied to the second part of the monolith was 
obtained. An additional advantage of such a solution is certainly a faster reaching the operating 
temperature (called “light-off”) in the first monolith due to its less thermal inertia. 

The only problem noted was the high ammonia slip at the outlet tube of the WALKER part. Although 
ammonia emission is not controlled during the NEDC (New European Driving Cycle) type approval 
tests, this can contribute to the formation of solid deposits, which increases the backpressure and 
deactivation of the catalyst. Therefore, another type of catalyst should be chosen with a better capacity 
and conversion of NH3. In this case further research will be conducted to improve the design of the 
WALKER mixer. 
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Abstract 
Large scale production sites for the generation of the bulk chemical methanol are capital and energy 
intensive. The design of a synthesis loop system is crucial to the conceptual design phase and finally 
decisive for the overall plant performance its economics. Industrial synthesis loop configurations are 
complex systems which have to be highly efficient, in order to meet the requirements in terms of cost 
efficiency and environmental impact. Direct quench reactor systems represent the major technology for 
industrial conversion of syngas to methanol. Typically these systems are designed for syngases with a 
low CO2-content. The utilization of carbon dioxide in chemical synthesis for further valorization to more 
valuable products is a topic which gained large attention in the recent years. The integration of CO2 by 
direct hydrogenation in the synthesis of methanol not only can have a remarkable ecological contribution 
but also reduces the required feedstock (typically fossil fuels) and consequently also the production 
costs. This study focusses on the economic design optimization of commercial synthesis loop 
configuration with integration of CO2 as a feedstock.  The optimal design conditions and minimum 
methanol costs are determined by applying the sequential quadratic programming (SQP) technique to a 
steady state simulation model. Design aspects such as the CO2 inlet concentration for injection, the 
catalyst bed dimensions, the quench ratio, the split ratio as well as operation parameters including the 
temperature and pressure are the variables determined by the optimization algorithm. The results show 
that the minimum levelized product cost for methanol are highly dependent on the CO2 inlet fraction. 
The minimum methanol price for 10%, 25% and 40% CO2 inlet concentration is in the range of 500 – 
800 US$/mt, 700 – 1250 US$/mt and 1000 – 2000 US$/mt. The optimization is embedded into a 
sensitivity analysis to investigate economic and design aspects under varying boundary conditions (fuel 
costs).  

1 Introduction 

Adiabatic and isothermal synthesis reactors are widely used in chemical industry to carry out complex 
reaction schemes within the production of synthetic fuels and bulk chemicals. One of them is the 
chemical intermediate methanol, which not only is used as a precursor for a variety of synthetic fuels, 
such as DME and MTBE, but also for further processing to other chemicals including formaldehyde, 
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acetic acid and olefins [1] [2]. With a forecasted global production capacity of 280 million metric tons 
in 2030, methanol is one of the demanded chemicals [3]. The key drivers behind the steady increase 
during are the further processing to gasoline and olefins.   

Economically viable large scale applications for the processing of methanol are based on indirect 
synthesis routes via the generation of a syngas from fossil fuels. The variety of synthesis routes differs 
in regard to the syngas generation unit, including reforming and gasification as the main technologies, 
and in the design of the chemical synthesis unit. The different synthesis pathways have been discussed 
intensively in the literature. Baltrusaitis et al. [4] investigated and compared different syngas generation 
technologies for the production of liquid fuels from an energetic and economic point of view. In all 
cases, the syngas had a fixed H2:CO ratio of 2. A combination of steam methane reforming (SMR) and 
dry methane reforming (DMR) has the lowest value for the total annual cost. Blumberg et al. [5]-[6] 
analysed a variety of different synthesis routes for the production of methanol from natural gas with the 
aim of finding the most economic and ecologically sustainable synthesis route. In this context, sensitivity 
analyses were carried out to investigate the methanol yield from an isothermal and an adiabatic reactor 
concept with recycling of syngas. The results showed that the advanced cooling concept of the 
isothermal reactor allowed an idealized operation curve for high product yields. However, still adiabatic 
reactor concepts represent the major technology. Finally, two-step reforming concept consisting of a 
serial configuration of SMR and autothermal reforming was identified to produce methanol at the lowest 
levelized cost.  

The utilization of CO2 in large scale applications for the production of chemical precursors such as 
polyols, formaldehyde, urea and methanol received particular interest in science and industry due to 
promising synergies between emission reductions and a reduced use of fossil feedstock [7][8]. Some of 
these processes are commercialized, including the production of urea or polycarbonate polyols, while 
others, such as the production of CO2-derived methanol, are technically feasible, but are not widely 
adopted.  In this context, a large number of studies investigated conventional synthesis routes with CO2 
utilization by valorization to methanol [9][14]. The integration measures not only serve for a reduction 
of greenhouse gas emissions, but also for an increase in product yield by adjusting the syngas 
composition to the stoichiometric requirements. The impact of the feed composition on the methanol 
yield under isothermal and adiabatic conditions was analysed by Blumberg et al. [9]  and Shachit et al. 
[15]. The results of the first study [9] show that a maximum methanol yield for a fixed geometry of the 
reactor is obtained for a feed composition having an H2:CO:CO2 ratio of 60 mole-% / 30 mole-% / 10 
mole-%. The study of Shachit et al. [15] for single- and two-phase methanol synthesis showed that there 
is a maximum consumption of CO for high inlet concentration of the same. For low carbon species 
within the inlet composition a net formation of CO can be observed.  

The authors of [16] modeled a four-bed quench reactor using available kinetics by vanden Bussche et 
al. and compared their results with industrial data. Santangelo et al. [17] carried out an optimization 
procedure for a similar synthesis loop at steady state conditions to increase the methanol yield from 
commercial quench reactors. The process decision variables only included the split fractions of the 
reactor feed to the catalyst beds. Accordingly, Chen et al. [19] performed an optimization study on a 
steady-state model of the Lurgi isothermal synthesis reactor. The syngas inlet temperature, the steam 
drum pressure, and the cooling water volumetric flow rate represented the decision variables. The study 
of Hepburn et al. [8] estimated the CO2 utilization potential and the break-even cost in the production 
pathways of methanol. The different scenarios showed a potential 100 – 400 mio. tons of CO2 with 
break-even cost being in the range 50 – 380 US$ per ton. In one of our previous studies [18] we 
investigated the economics of methanol production from different syngas generation units. Details on 
fixed and variable costs as well as on the product costs have been provided there. The work also 
represents the base for the present study, since the boundary conditions for the sensitivity analysis were 
obtained from the investigations at that time.   

This study focusses on a cost optimization of a quench reactor system for the generation of methanol 
from natural gas derived syngas and CO2 as a feedstock. Fundamentally, the design is based on the 
commercial ICI quench reactor technology consisting of a series of four catalyst beds with intermediate 
cold gas quench. The entire synthesis unit including the recycle loops and the thermal separation is 
modeled at steady state using the software Aspen Plus V9. The nonlinear optimization problem is solved 
by the sequential quadratic programming method. Taking into account fixed and variable costs, the 
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optimization aims for a minimization of the levelized cost of the product (LCOP). On the condition of 
the global minimum, process and geometric parameters, such as the split ratios, the vent, and the catalyst 
bed dimensions, are evaluated and discussed.  

2 State-of-the-Art  

Methanol can be produced by any hydrocarbon feedstock, including fossil fuels and biomass, via direct 
or indirect synthesis routes. Large scale production is exclusively based on indirect synthesis routes, 
since the technical and economic obstacles for a direct conversion are still large. All indirect synthesis 
routes use a synthesis reactor which is fed with a syngas consisting of H2, CO, CO2, CH4 and traces of 
long chained hydrocarbons.  The syngas should have a balanced composition of H2, CO and CO2, which 
has been discussed controversially and thus has been characterized by various stoichiometric measures 
[6]. The stoichiometric module S, which is represented by the ratio (H2 – CO2)/ (CO + CO2), has an 
optimal value of slightly above 2 for maximization of the methanol yield. The product can be produced 
by direct hydrogenation of CO2 and CO via the reactions given in Eqs. (1) and (2).  Furthermore, both 
reactants might participate in the water gas shift reaction in Eq.(3), which also has a strong impact on 
the overall reaction mechanism.  

CO2 + 3H2  H2O + CH3OH                                                         ‐41.2 kJ/mol     (1) 

CO + 2 H2  CH3OH                                                                     ‐90.7 kJ/mol                (2) 

CO + H2O  CO2 + H2                                                                   41.5 kJ/mol                (3) 

The synthesis is limited by the chemical equilibrium and is favored at low temperatures and high 
pressures. In order to achieve significant conversion rates, the synthesis is carried out in the presence of 
a Cu/ZnO/Al2O3 catalyst in a pressure range of 50-100 bar and temperatures between 200‐300 °C. The 
crude product typically contains 5‐15 mole‐% methanol [1, 6, 17].  

In our previous study, a sensitivity analysis has been conducted using an equilibrium reactor model with 
a fixed pressure and temperature. The ternary diagram in Figure 1 shows the sensitivity of the methanol 
yield to the inlet syngas composition at equilibrium conditions of 50 bar and 250 °C. The synthesis is 
also kinetically constrained, which will lead to lower yields for the rate based model.  

 
Figure 1:Sensitivity of the methanol yield to the inlet composition of the syngas at equilibrium 

conditions of 50 bar and 250°C [18].  
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Obviously, the methanol yield decreases with an increasing fraction of CO2 in the inlet gas composition. 
Consequently, the investment and the operation cost will increase when CO2 is utilized and valorized 
within the synthesis unit. 

A variety of different synthesis unit configurations has been used in demonstration and large scale 
applications. The concepts mainly differ in regard to make-up gas introduction, heat integration and 
reactor design. Due to product yield limitation, the major part of the syngas leaves the reaction zone 
unconverted and is recycled to the reactor (synthesis loop). For economic reasons once-through concepts 
only are applied in serial coupled syntheses for multi-product generation. The product separation and is 
carried out in a staged flashing unit before purification is conducted by distillation. The methanol 
synthesis is highly exothermic, therefore requiring efficient cooling to avoid catalyst sintering and 
damage of the reactor vessel. 

The reactors in commercial operation are either based on an adiabatic quench reactor technology or an 
isothermal single reactor technology. The former technology was developed and licensed by ICI Synetix 
and has a market share of around 60% in the entire methanol market [21]. The reactor system has a line 
capacity between 1500 – 3000 metric tons per day and thus predominantly is suitable for medium 
methanol plants [22].  The adiabatic concept comprises a series of catalyst beds in a common pressure 
vessel. The reactor as the key component has a decisive impact on the design of the overall system. Five 
parameters have to be controlled aiming for the mimimum methanol yield – the reaction temperature, 
the reaction pressure, the residence time of the syngas components, the volume of the catalyst bed, and 
the syngas composition. Some of the parameters are interdependent, e.g. for a given temperature there 
is an optimal residence of the syngas in the catalyst bed. The residence time in turn depends on the 
diameter and the length of the catalyst bed.  

The characteristic operation of an adiabatic system is illustrated by the dotted line in Figure 2.  The 
operation temperature increases linearly with the conversion rate for an exothermic reaction in an 
adiabatic bed. Intermediate cooling is performed by introduction of cold quench gas shots. Therefore, 
the feed gas is split into several parts which are supplied to the reactor between four individual catalyst 
beds by means of effective distribution devices [23]-[25] . The devices must be adjusted for providing 
an even flow through the catalyst beds in order to avoid any hot spots deactivating the catalyst granulate. 
The main disadvantage over other reactor concepts refers to the fact that the reactor is not designed for 
heat recovery.  

 

Figure 2: Scheme of the process operation lines of an adiabatic reactor and an isothermal reactor. 
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3 Modelling and Simulation 

A flowsheet of the investigated system is depicted in Figure 3. The systems of investigation are depicted 
in Figure 3 with the corresponding stream data given in Table 1. Regarding the first system in Figure 1, 
the synthesis reactions are carried out within an adiabatic reactor consisting of a series of four catalyst 
beds (A to D) with intermediate cold gas quench. The operating pressure at the reactor inlet is given by 
𝑝  decreasing over the axial length 𝐿  of the catalyst beds, having each a diameter of 𝐷 . The 
prerequisite for initialization of the synthesis reactions is a sufficiently high activation energy which is 
given by maintaining the minimum temperature 𝑇 . The reactor feed is split into several fractions, which 
are supplied to the reactor by means of effective distribution devices. Serving for temperature control, 
the cold gas shots are injected at splitting ratios of 𝑓 , 𝑓 , 𝑓 . The crude product leaving the reactor with 
the gas phase is cooled in the shell and tube heat exchangers E-01 and E-02, having a heat transfer area 
of 𝐴  and 𝐴 , respectively. Crude product cooling is controlled by fixing the temperature 𝑇 . 
Downstream the condensate is purified by flash evaporation in D-01 and D-02 and thermal separation 
in the distillation column C-01. The dimensions of the flash drums are given by specification of their 
height (𝐻  and 𝐻 ) and their diameter (𝐷  and 𝐷 ). Regarding the distillation column C-01, the 
design parameters to be selected, include the height 𝐻 , the diameter 𝐷 , the total number of stages 
𝑇𝑆, the feed stage 𝐹𝑆, the reflux ratio 𝑅𝑅 and the distillate to feed ratio 𝐷𝐹. The unconverted syngas 
and the low boiling components exiting the separation unit with the gas phase (streams 13, 18 and 20) 
are recycled to the location of make-up gas introduction (stream 1) using three centrifugal compressors 
CM-01, CM-02 and CM-03. The isentropic efficiencies (𝜂 , 𝜂 , 𝜂 ) determine the performance 
of the compressors which compress the syngas to a pressure (𝑝 , 𝑝 , 𝑝 ) being equal to the 
operation pressure 𝑝 . In order to avoid a build-up of inert components within the recycle loop a 
fraction of syngas 𝑓  is purged from the loop (gas vent).  

The simulation of the processes shown in Figure 3 was conducted using the software Aspen Plus® V9.0 
(Aspen). The Redlich-Kwong-Soave (RKS) property model is used to calculate the thermodynamic 
properties.   

The HEATX model is used for the heat exchangers E-01 and E-02 which feature a shell and tube design. 
The quench reactor is represented by a series of RPLUG reactors operated in adiabatic mode. The 
restricted catalytic conversion of syngas to methanol via reactions (1), (2) and (3) is met by the 
implementation of a kinetic model which is described by the LHHW-type equations (Langmuir-
Hishlewood-Houston-Watson). The reaction kinetics inputs to the RPLUG model are based on a study 
by van den Bussche et al. [28], who investigated a commercial Cu/ZnO/Al2O3 catalyst. The kinetic and 
adsorption parameters in the form as required by Aspen are taken from [28] and are implemented as 
described in [25]. The pressure drop along the catalyst beds is calculated using the Equation of Ergun.  
In regard to the flash drums a FLASH2 model is applied, while the compressors are simulated using the 
COMPR model. The design features of the distillation column C-01 can be considered by using the 
RADFRAC model.   
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Figure 3: Flowsheet of the synthesis unit using an adiabatic quench reactor system.  

Table 1: Flow information with respect to the quench reactor system in Figure 3. 

Flow No. Flow type Description / Function 
1 Syngas Make-up gas  
2 Syngas Make-up gas and recycled gas 
3 Syngas Preheated syngas 
4 Syngas Preheated syngas 
5 Syngas Preheated syngas 
6 Syngas  Preheated syngas 
7 Syngas  Preheated syngas 
8 Syngas  Preheated syngas 
9 Crude product Mixture of unconverted syngas and methanol 
10 Cooling water Cooling water inlet 
11 Cooling water Cooling water outlet 
12 Crude product Syngas and liquid methanol 
13 Syngas Recycled syngas 
14 Syngas Vent gas 
15 Syngas  Compressed and recycled syngas 
16 Syngas Compressed and recycled syngas 
17 Syngas Compressed and recycled syngas 
18 Syngas Recycled syngas 
19 Crude product Mixture of light carbons and methanol 
20 Gas Light hydrocarbons 
21 Product Grade AAA methanol 
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4 Methodology 

4.1 Optimization 

The method of sequential quadratic programming (SQP) is an effective and commonly used 
optimization approach for the numerical solution of constrained nonlinear optimization problems (NLP) 
[26]. The SQP is an iterative prodecure that models the NLP for a given iterate Xk by quadratic 
programming (QP) subproblem before solving the QP and finally using the solution before constructing 
a new iterate Xk+1. The construction is conducted until the sequence of Xk converges to a local minimum 
X* of the NLP. The initial NLP can be expressed by Eqs. (4)-(6), where f : ℝn → ℝ is the object function, 
with h: ℝn → ℝm and g: ℝn → ℝp describing the equality and inequality constraints.  

 

Find X ϵ ℝn which minimizes f(X),                                    (4)
                           

subject to:  

 

hi(X) = 0,   with  i = 1,2,3,…,m,                                                                                                             (5) 

 

gi(X) ≤ 0,   with  i = 1,2,3,…,p,                                                                                                              (6) 

 

The Lagrangian function L: ℝn of this problem is given by Eq. (7) 

 

L(X, λ, μ) = f(X) + λT h(X) + μT h(X)                       (7) 

 

with λ and μ representing vectors of multipliers for equality and inequality constraints. The quadratic 
subproblem is constructed by linearization of the objective function and its contraints and should reflect 
the local properties of the NLP in regard to the current iterate xk. 

 

minimize ∇f(Xk)T d(X) +  d(X)T Hf(Xk)T d(X)                       (8) 

 

over d(x) ϵ ℝn 

 

subject to:  

h(Xk) + ∇h(Xk)Td(X) = 0                                                                                (9) 

g(Xk) + ∇g(Xk)Td(X) ≤ 0                      (10) 

 

Solving the Eqs (8)-(10) results in a solution vector d(x), with multiplier vectors λ and μ, which are 
defined as d = X – Xk, Δλ = λ – λk, and Δμ = μ – μk, respectively. The quadratic result indicates a search 
direction for X and gives an estimation of the Karush-Kuhn-Tucker (KKT) multipliers, which are 
updated by the Broyden-Fletcher-Goldfarb-Shanno method, calculating the second derivatives of the 
objective function and constraint functions. A solution to the optimization problem is found when the 
vector d is less than the tolerance δ of 0.001 and the KKT conditions are satisfied [26]. A step size α has 
to be determined to ensure a reduction in the objective function. The optimization procedure is iterated 
until the solution X* is found.  

The SQP optimization algorithm is implemented within the simulation software Aspen Plus®. The 
optimization problem for the synthesis unit with a quench reactor and multiple recycle loops is specified 
in Eq.(8), targeting the mimimum levelized cost of product (LCOP).  
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Minimize  

LCOP = 
( ̇  ̇  ̇ )  

̇
 = 

�̇�  (𝑝 , 𝑓 , 𝑓 , 𝑓 , 𝐿 , 𝐿 , 𝐿 , 𝐿 , 𝐷 , 𝐷 , 𝐷 , 𝐷 , 𝜂 , 𝜂  , 𝜂  , 𝑝 , 𝑝 , 𝑝 ) +

 �̇�  (𝜂 , 𝜂  , 𝜂  , 𝑝 , 𝑝 , 𝑝 , 𝑅𝑅, 𝐷𝐹) +
 �̇�  (𝑝 , 𝑓 , 𝑓 , 𝑓 , 𝐿 , 𝐿 , 𝐿 , 𝐿 , 𝐷 , 𝐷 , 𝐷 , 𝐷 , 𝜂 , 𝜂  , 𝜂  , 𝑝 , 𝑝 , 𝑝 )             (11) 

 

Subject to the following :  

50 ≤ 𝑝 , 𝑝 , 𝑝 , 𝑝  ≤ 100 

0.1 ≤ 𝑓 , 𝑓 , 𝑓 ≤ 0.9 
0 ≤ 𝑓  ≤ 0.2 

0 ≤ 𝐿 , 𝐿 , 𝐿 , 𝐿  ≤ 7 

0 ≤ 𝐷 , 𝐷 , 𝐷 , 𝐷  ≤ 5 

0.5 ≤ 𝜂 , 𝜂  , 𝜂   ≤ 0.9 

0 ≤ 𝑅𝑅 ≤ 10 

0 ≤ 𝐷𝐹 ≤ 1 

 

Table 2 summarizes the equality and inequality constraints and the range of the decision parameters. 
The constraints were selected considering the technological status of the respective components. Design 
variables, such as the isentropic efficiencies of the compressors 𝜂 , the split ratios between the 
catalyst beds 𝑓  the geometric dimensions of the catalyst bed , are included in costing equations which 
are shown in (11). These design parameters have also been used in the optimization algorithm.  

 

Table 2: Constraints and range of decision variables in mathematical optimization.  

Parameters Variation Range Unit 
Equality constraints 

𝑝 =  𝑝  50 –  100  bar 
𝑝 =  𝑝  50 –  100  bar 
𝑝 =  𝑝  50 –  100  bar 

Inequality constraints 
𝑝 , 𝑝 , 𝑝 , 𝑝 ≤ 100  50 – 100  bar 

𝜂 , 𝜂  , 𝜂  ≤ 0.9 0.5 – 0.9 - 
𝑅𝑅 ≤ 10 0 – 10 - 
𝐷𝐹 ≤ 1 0 – 1 - 

𝑓  ≤ 0.2 0 – 0.2 - 
𝑓 , 𝑓 , 𝑓  ≤ 0.9 0.1 – 0.9 - 

𝐿 , 𝐿 , 𝐿 , 𝐿   ≤ 7 0 – 7 m 
𝐷 , 𝐷 , 𝐷 , 𝐷   ≤ 5 0 – 5 m 

 

Some boundary conditions such as the electricity price and the cost of the syngas are not object, but 
input parameters to the optimization algorithm, since they are determined by the technical periphery and 
market forces. In order to take into account the effect of varying boundary conditions on the LCOP, the 
optimization algorithm is embedded into a sensitivity analysis. The electricity price ranges from 0 US$ 
to 80 US$, while the price for the syngas was taken from previous studies conducted for the most 
common reforming technologies. The syngas composition with a varying content of CO2 has been 
specified from outside to reveal the impact of CO2 on the cost-optimal design and the levelized cost of 
product. The composition of the synthesis gas is characterized by a constant H2:CO ratio of 2, which is 
ideal for maximum methanol yield with varying CO2 content (see Figure 1).  

906



4.2 Cost Estimation 

The total revenue requirement method (TRR) is applied for an economic assessment of the investigated 
process [29]. The method considers the major cost that are involved a project - the capital cost (CC), the 
fuel cost (FC) and the operation and maintenance cost (OMC). All monetary values are calculated in 
US$2016. The annual cost rate of capital �̇�  is calculated by levelization of the total capital investment 
(TCI), which includes the fixed capital investment (FCI), the allowances for funds used during 
construction time AFUDC) and the start-up costs. According to Bejan et al. [29], the FCI is the sum of 
the direct and indirect cost. The direct costs involve the onsite and offsite costs. The onsite cost represent 
the purchased equipment cost (PEC), the cost of installation, piping, controls, and expenses for electrical 
equipment and materials. The offsite costs include the expenditures for structural, civil and architectural 
work as well as service facilities.   

Table 3: Main parameters used in the cost estimation.  

Economic Parameter Unit Value 
Effective interest rate (ieff) % 7 
Economic lifetime of the plant (n) year 20 
Annual operation time h 8000 
O&M cost  (in % of the TCI) % 5.0 
Nominal escalation rate for fuel (rf) % 2.4 
Nominal escalation rate for goods (rn) % 2.1 
Average general inflation rate % 2.5 
Cost of the syngas  USD/kg 0.1 – 0.6 

The major cost parameters used for the economic estimation are provided in Table 3. Regarding the 
calculation of the purchased equipment cost (PEC) costing equations for each component �̇�  are 
provided in Table 4. They were obtained from the report by Amirkhas et al. [30], and the pulications by 
Seader et al. [31], Walas et al. [32], Turton et al. [33] and Douglas et al. [34]. The expenditures for 
service facilities and architectural, structural and civil work are estimated with 30% of the total PEC, 
while the cost of the contingencies are taken into account with 15% of the PEC.  In contrast to the TCI, 
representing a single cash flow, annually repeated cash flows for fuel, and operation and maintenance 
are subject to a cost increase. For their conversion to an annuity, the constant levelization factor (CELF) 
is used, assuming an invariable escalation rate for fuel and maintenance (rf  and rn) and an effective 
interest rate ieff. The construction is supposed to be completed during 2 years. 40% of the investment is 
made in the middle of the first year, while the remaining 60% is spend in the middle of the second year. 
The system is operated with 8.000 full load hours a year and the economic life time is assumed to be 20 
years.  The cost for syngas (in 2016) generated by different reforming technologies was obtained from 
previous studies [5][9] and is escalated by a nominal average rate of 2.5%. The costs were calculated 
using the average natural gas spot market price provided by the US energy information administration. 
The cost for electricity is taken into account with 0 – 80 US$. Finally, the levelized cost of product 
(LCOP) is calculated in US$ per metric ton. 

Table 4:Costing equations for the components used in the simulation.  

Component Cost Equation  
Heat Exchanger Z = 𝑒( . . ( ( )) . ∗( ( )))  
Compressor  Z =  𝑒 . . ∗  ( ) 
Reactor Z =  𝑒( . . ( ( )) . ∗( ( ))) 
Distillation  Z =   17640 ∗ ((1.4) . ) ∗ ((46.8) . ) +  7296 ∗

(𝐴 ) . +  7296 ∗ (𝐴 ) .   
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5 Results 

The impact of CO2–integration in the synthesis of methanol has been investigated from a thermodynamic 
and economic point of view. The levelized cost of a sustainable methanol production with utilization of 
CO2 is minimized by adjusting the design parameters which have been introduced in section 4. The 
system is optimized for different boundary conditions which concern the prices for syngas and 
electricity. Thus the optimization is embedded into a sensitivity analysis. In addition to the investigations 
of the economic effects of changes in the boundary conditions, their influence on design and process 
characteristics is also examined.  

The reactor design, and thus the control of reaction parameters, has a decisive impact on the design of 
the loop system. The interdependencies between the dimensions of the catalyst volume, the residence 
time, the temperature and the product yield are defined by the chemical equilibrium. A cost-optimal 
reactor design is the result of a compromise between these variables. The optimal dimensions of the 
catalyst beds A-D (length 𝐿  and diameter 𝐷 ) as well as the split ratios 𝑓 −  𝑓  have been 
investigated and will be discussed in the following. Figure 4 shows the optimal dimensions of the 
catalyst beds A-D for a variety of electricity prices and syngas costs. Each of the subfigures 4a) – c) 
illustrates the results for a syngas composition with different CO2-content (composition). For a constant 
syngas composition, an agglomeration of the results for a reactor bed is illustrated by an ellipsis.  

A comparison of the subfigures shows that the reactor dimensions do not change significantly with the 
CO2 content of the fresh syngas. Reactor bed A (4.2 – 5.8 m) is shorter than the subsequent beds and is 
of small diameter (2.5 – 3.5 m). The reactor only has to process a part of the gas volume (60 – 70 % 
according to the split ratio 𝑓 , so that the chemical equilibrium already is achieved for a small catalyst 
bed volume. According to respective inlet gas volume, which can be derived from the split ratios in 
Figure 5, the size of the reactor beds increases downstream. Interestingly there are some outliers, 
especially for the 4th reactor bed, which suggest that the chemical equilibrium is already reached within 
the third reactor bed. Thus an economic saving potential can be identified here.  
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Figure 4: Dimensions of the reactor beds for several syngas compositions under varying fuel cost. 
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Figure 5: Split ratios 𝑓 =  
̇

̇
, 𝑓  =  

̇

̇
 and 𝑓  =  

̇

̇
  for varying syngas compositions and fuel cost.  

In Figure 5 the split ratios 𝑓 -𝑓  are presented, which provide an information about the mass distribution 
within the quench reactor system. The subfigures a) – c) refer to a CO2 inlet concentration of 10, 25 and 
40 mole-%, respectively. The split fraction 𝑓  represents the ratio of the mass flow (stream 3) entering 
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reactor bed a and the mass flow which is bypassed around reactor bed a (stream 4). The split fraction 
𝑓  represents the ratio of the mass flow (stream 6) used for quenching the outlet stream of reactor bed a 
and the mass flow which is bypassed around reactor bed B (stream 5). The split fraction 𝑓  represents 
the ratio of the mass flow (stream 7) used for quenching the outlet stream of reactor bed B and the mass 
flow which is bypassed around reactor bed C. For almost all inlet concentrations and fuel cost the largest 
load is on reactor bed A, as indicated by an 𝑓 -value being larger than 0.5. Interestingly, the 𝑓 -values 
for 10 and 40 mole-% CO2 inlet concentration (in the range of 0.6 – 0.9) are larger than for the case with 
25 mole-% inlet concentration. This suggests that the conversion rate for 25 mole-% CO2 and thus the 
temperature increase is larger. The optimization tries to decrease the temperature by increasing the 
quench shots for intermediate reactor bed cooling. For 10 mole-% CO2, the amount of hydrogen exceeds 
the demand for hydration of carbon species resulting in a low temperature of the outlet stream of reactor 
bed A. Vice versa, for the case with 40 mole-% CO2 in the inlet, the amount of carbon species exceeds 
the demand in relation to the amount of hydrogen. According to the values for 𝑓 , relatively large mass 
flows are used to quench the reactor outlet flows for the case with 25 mole-%  CO2. Most of the values 
for 𝑓  are in the range of 0.4 – 0.6. Consequently, 70-80% of the circulating syngas mass flow is passed 
over bed B. Finally the values for 𝑓  (in the range of 0.4 – 0.5) indicate that approximately 90% of syngas 
is passed over the catalyst bed C. Due to the large conversion in the reactor beds A, B and C, the 
residence time in reactor D can be kept small. As a result, in some optimization cases there are small 
dimensions of reactor bed D (see Figure 4).   

The sensitivity of the LCOP (minimum levelized cost of product) to the cost for syngas and electricity 
is illustrated in Figure 5a) – 5c) for a CO2 inlet concentration of 10, 25 and 40 mole-%, respectively. 
The product cost increase with increasing fuel cost for electricity and syngas. A comparison of the 
impacts shows, that the fuel cost for syngas have a larger influence than the cost for electricity. The 
LCOP for 10 % CO2 (Figure 6a)) is in the range of 500-800 US$/ton for syngas prices 0.1 – 0.15 US$/kg 
and electricity prices of 0 – 80 US$/MWh. For an increased CO2 content of 25 and 40 mole-% (Figure 
6b) and c) ), the LCOP is in the range 700 – 1250 US$/ton and 1000 – 2400 US$/ton, respectively.  

An interesting finding refers to the sensitivity of the LCOP to the composition, particularly to the content 
of CO2. With an increasing share of CO2 in the inlet syngas composition, the LCOP increases. On one 
hand, this is caused by a decreasing yield (see Figure 7a) - c) and Figure 1) generated from the ternary 
component system via the synthesis reactions given in Eqs. (1) – (3). On the other hand, an increased 
share of CO2 in the inlet syngas means increased investment and fuel cost. Low product yields result in 
large recycle mass flows and thus in large component sizes and a high electricity demand 
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Figure 6: LCOP for different CO2 inlet concentrations under varying fuel cost.  
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Figure 7: Absolute and relative product yield for different CO2 inlet concentrations under varying fuel 
cost.   

Due to varying composition and mass of the inlet gas flow, a consideration of the relative yield (mass 
of outlet methanol divided mass of inlet gas flow) is more meaningful. A CO2 inlet concentration of 10 
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mol-% (see Figure 7a)) will result in a mass conversion of 47 – 57 wt% according to a total product 
yield of 65 – 80 kg/s. For an increased concentration of 25% CO2 (Figure 7b)), a significant lower 
amount of 27-37 wt% syngas is converted to methanol. The total product yield 55 – 72 kg/s. Finally, for 
a CO2-content of 40 mol-% in the inlet syngas, only 16-22 wt% is converted (40 – 52 kg/s).  

6 Conclusion 

The recycling of CO2 for a production of the bulk chemical methanol is a promising alternative to reduce 
greenhouse gas emissions. However, the commercialization of such systems also requires economic 
competitiveness, which is indicated by the levelized cost of the product. This study investigated the 
alternative of recycling CO2 by direct hydrogenation in the synthesis of methanol. An optimization is 
conducted for a commonly used quench reactor system to find the minimum levelized product cost 
resulting from typical fuel cost (for electricity and syngas) and CO2 intensity. A syngas composition 
with 10, 25 and 40 mole-% of CO2 is selected as an input stream to the system. The LCOP for 10% CO2 
is in the range of 500-800 US$/ton for syngas prices 0,1 – 0,15 US$/kg and electricity prices of 0 – 80 
US$/MWh. For the same boundary conditions, but an increased CO2 content of 25 and 40 mole-%, the 
LCOP is in the range 700 – 1250 US$/ton and 1000 – 2400 US$/ton, respectively. The steep increase of 
the LCOP results from the chemical equilibrium of the reactions of the present species, lowering the 
methanol yield with increasing CO2 content. The product yield for 10, 25 and 40 mole-% is in the range 
of 65 – 80 kg/s, 45 – 70 kg/s and 40 – 50 kg/s, respectively. With regard to the fresh inlet gas, the relative 
yield (mass flow methanol / mass flow inlet syngas) is 47 – 63 %, 27 – 37 %, and 17 – 22 %.  

A small yield in turn causes a large gas recycle from the separation unit and thus high electricity cost 
for power supply to the compressors. Furthermore, the dimensions of the components increase and thus 
also the investment cost. A thorough study of the reactor design and operation is carried out using an 
analysis of the split fractions and the reactor beds. The analysis shows that the size of the reactor beds 
corresponds to the quantity of the inlet gas - thus the first and second reactor reactor are slightly bigger. 
In some optimization cases the last reactor bed D only has a very small contribution to the chemical 
conversion, since the major part of the syngas is already converted upstream in catalyst beds A,B,C. 
Therefore, the design be might be small, since the residence time can be of short.  

For a more profound understanding of the behavior under the varying boundary conditions (CO2 inlet 
concentrations), further studies should be conducted. It would be of great benefit to investigate the 
selectivity, the carbon conversion, the composition and the temperatures of the inlet and outlet streams 
of each reactor bed. Finally, the creation of typical process operation lines would be a good base for 
further research in the field of CO2 valorization.  

Nomenclature 

𝐴   heat exchange area reboiler 
𝐴   heat exchange area condenser 
𝐷 diameter of the rector bed 
𝑓 , ,  mass flow split fractions 
𝐿 length of the reactor beds A-D 
𝜂  isentropic efficiency of a compressor 
𝑝 pressure  
T temperature 
𝑍 purchased equipment cost of a component 
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Abstract 

The influence of gaseous and solid aggressive spices on the corrosion process of steel is a major subject 
of interest in biomass combustion studies. The slagging, fouling and high temperature corrosion are the 
most important problems in biomass-firing units and lead to heat transfer limitation, bed agglomeration 
and metal surface degradation. The work reports the results of the laboratory-scale corrosion studies of 
selected steel grades under aggressive species in gaseous and solid phases. Two steel grades: 10CrMo9–
10 and X10CrMoVNb9–1 were analysed. Studied steel samples were specially prepared: polished, 
cleaned, degreased and covered with a synthetic deposit: KCl, KCl+K2SO4 (in an eutectic point) and 
corn straw ash doped with 0.5 wt. % of KCl to simulate salt condensation process occurring in a real 
boiler. The corrosion experiments were carried out under oxidizing conditions at 610 °C for 168 hours. 
To simulate aggressive atmosphere: 1000 ppm or 2000 ppm of HCl and steam (H2O) were added to the 
dry synthetic air. After the experiments the corrosion coupons were mounted in epoxy resin and cut off 
in the middle to reveal the cross-sections. The corrosion products were analysed using SEM-EDS 
(Scanning Electron Microscopy with Energy Dispersive Spectroscopy) technique. The results showed 
that both steam and HCl have the major impact on steel oxidation at studied temperature. The scale 
formed in an aggressive environment is porous and do not adhere well to the steel surface. 

1 Introduction 

1.1  Steel oxidation process in contaminated environment 

1.1.1 Chlorine corrosion principles 

High temperature corrosion is a quite common steel degradation process in boiler technology. Fuels of 
chlorine content, higher than 0,2% (Clar>0,2%) like: high chlorine coals, biomass and wastes may cause 
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problems with corrosion during combustion process. It is possible to distinguish some main sources of 
high temperature corrosion in boilers: 

1.1.2 Corrosion in a gaseous phase 

The impact of hydrogen chloride and chlorine on the progress of corrosion was analyzed due to an 
increased metal tubes material loss in the presence of HCl in the flue gases. Chlorine present in the 
biomass and waste organic bonds is easily released during combustion mainly in the form of HCl. The 
HCl content in flue gases of biomass and wastes-fired boilers is considerable and ranges from 25 to 
1000 ppm (some sources gives even higher numbers in case of wastes combustion) [1]. An oxidation of 
hydrogen chloride in an exothermic Deacon reaction promotes formation of even more corrosive 
gaseous chlorine [2]. 

2𝐻𝐶𝑙 + 𝑂 ↔ 𝐶𝑙 + 𝐻 𝑂    (1) 

The reaction has quite slow kinetics, but it might be catalyzed by oxides forming a scale on a metal 
surface in a so called Weldon process [3].  

During combustion of biomass and wastes high amounts of Na2O and K2O are released, afterwards the 
oxides in reaction with hydrochloric acid form highly corrosive alkali metal chlorides. 

(𝐾,𝑁𝑎) 𝑂 + 2𝐻𝐶𝑙 ↔ 2(𝐾, 𝑁𝑎)𝐶𝑙 + 𝐻 𝑂   (2) 

Another way of chlorine release to flue gases are the reactions between alkali metal chlorides with oxide 
scale compounds, especially iron and chromium oxides: 

2(𝐾,𝑁𝑎)𝐶𝑙 + 𝐹𝑒 𝑂 + 𝑂 ↔ (𝐾,𝑁𝑎) 𝐹𝑒 𝑂 + 𝐶𝑙   (3) 

4(𝐾,𝑁𝑎)𝐶𝑙 + 𝐶𝑟 𝑂 + 𝑂 ↔ 2(𝐾, 𝑁𝑎) 𝐶𝑟𝑂 + 2𝐶𝑙   (4) 

In higher temperatures volatile metal chlorides evaporates from metal surface through porous and loose 
scale layer directly to flue gases and in gaseous phase are instantly oxidized. In a metal chlorides 
oxidation reaction chlorine is released as well.  

3𝐹𝑒𝐶𝑙 + 2𝑂 ↔ 𝐹𝑒 𝑂 + 3𝐶𝑙     (5) 

2𝐹𝑒𝐶𝑙 + 𝑂 ↔ 𝐹𝑒 𝑂 + 2𝐶𝑙     (6) 

Described before, steel oxidation process accelerated by chlorine presence in flue gases was nominated 
an active oxidation. The name comes from the loose and porous scale layer, which gives a limited 
protection or does not protect the steel against the process of corrosion at all. All the reactions form a 
closed cycle and the most important product of metal chlorides oxidation is chlorine. Below the scheme 
of the reactions cycle described above [3].  

1.1.3 Corrosion in a solid phase –fly ash deposits 

The chlorine in flue gases is not only present in the form of hydrochloric acid and pure chlorine but also 
as solid alkali metals chlorides. In biomass-fired boilers KCl(g) is in majority, however in waste-fired 
boiler KCl(g) and NaCl(g) are both present in a considerable amount. 

The superheater metal tube temperature is lower than dew point temperature of KCl(g) and NaCl(g), 
therefore both chlorides condensate on a surface of the tubes immediately. According to Resse and 
Grabke, alkali metals chlorides react with metal oxides and the product of the reaction is chlorine which 
is taking part in the active oxidation cycle.  
The oxide protective scale breaking down: 

2𝐾𝐶𝑙 + 𝐶𝑟 𝑂 + 𝐻 𝑂 ↔ 𝐾 𝐶𝑟𝑂 + 2𝐻𝐶𝑙   (7) 

Chromium oxides and other metal oxide mixtures (spinels) form a protective scale on a steel surface. 
The reaction with alkali metals degrades the protective layer and gives an open access to iron oxides 
layer which does not protect the steel against the corrosion process. A breakdown of the chromium 
oxides scale gives and easy access for hydrogen chloride or chlorine and it may cause an acceleration 
of the corrosion process [2]. 
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1.1.4 Molten salt corrosion  

Another type of corrosion in the ash deposits is a degradation of the protective oxide scale layer through 
melted salts (molten salt corrosion). Corrosion caused by molten salts is called "hot corrosion" and two 
types might be distinguished. Type I of hot corrosion refers to temperatures higher than the melting 
point of the salts on the metal walls, type II refers to the molten salts which are formed below the melting 
point of a pure salt. The second type is even more severe when the melting point of the salt mixtures is 
decreased by mixing of the salt with the corrosion products [2]. 

The protective oxide scale, first is dissolved within the melted salts and then precipitates in the salt layer 
or on its surface. Such complex mixture of oxides and salts has low steel protection properties. What’s 
more, the kinetics of a corrosion process is much higher in the liquid then in the solid phase.  

In biomass-fired boilers low melting compounds or its mixtures deposit on heat exchanging surfaces in 
a boiler and a molten salt corrosion process is quite often observed.  Iron, nickel and chromium oxides 
are easily dissolved in melted alkali metal chlorides and its solubility is affected by a flue gas 
composition. The melting points for chlorides are much lower than in case of sulfates and they are found 
to be main issue in terms of corrosion [4].  

Many observations of real scale units and lab experiments as well prove that high temperature corrosion 
is a fact. However the reaction sequence and the influence of corrosive species in gas phase and in solid 
phase separately on corrosion process is unclear. The most popular model of high temperature corrosion- 
an active oxidation model, raises many questions among scientists. Also an influence of steam on 
corrosion process is usually neglected. Many experiments were carried out for different, more or less 
complicated gas phase composition, solid phase composition, temperature range and materials. 
Although corrosion process depends upon many parameters and it is needed to analyze step by step the 
influence of all corrosive agents in gas and solid phase, their interactions and influence of other 
parameters (steam content, low-melting eutectic mixtures formation, reducing or oxidizing conditions) 
on the corrosion process in the same conditions. Because even small difference in process conditions 
like: temperature (some of deposits may be melted) or material (addition of chromium change 
completely the influence of steam on corrosion process) can change the mechanism of the process. 
Experiments are carried out mainly for the conditions and fuel composition interesting for given region, 
not for explanation of corrosion process nature. What’s more interesting thermodynamic calculations in 
equilibrium state shows that the chlorine corrosion process in gas phase for parameters present in power 
boilers has now thermodynamic basics, but the heat exchanging surfaces damage is observed. 

Chlorine and its compounds in the flue gas accelerate steel corrosion processes by: increasing oxidation 
rate and metal loss, protective oxide scale degradation, pitting and sub-surface corrosion mechanism [5]. 
The most common in the literature mechanism of high-temperature corrosion is an active oxidation 
model, based on the idea of steel oxidation rate acceleration by chlorine closed cycle of reactions in the 
gas and liquid/solid phase [6]. However, in biomass-firing units the alkali metals concentration in raw 
fuel is significant and the main corrosion mechanisms are under-deposit and molten salt corrosion [7,8]. 

2 Materials and methods 

2.1 Long-term high-temperature corrosion tests – materials  

In the present study, two boiler steels were selected for the corrosion tests: a conventional ferric boiler 
steel 10CrMo9-10 and austenitic steel with high corrosion resistance due to increased concentration of 
chromium and nickel:  X10CrMoVNb9-1. Steel sample composition was determined by SEM-EDS 
analysis (Nova NanoSEM 450) and presented in [7].  

2.2 Long-term high-temperature corrosion tests - methods 

Long-term corrosion tests in oxidizing atmosphere were performed in a horizontal tube furnace with 
quartz 40 mm tube reactor. The time of experiment was 168 hours. The test rig shown in Figure 1 was 
equipped with a synthetic flue gas system consisting of gas cylinders equipped with pressure redactors 
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and rotameters with needle valves for stream regulation. Gases: air and HCl were mixed according to 
desired concentration and in some experiments saturated with H2O. First air was saturated with desired 
concentration of steam, further HCl was added (in an upper part). After addition of hydrochloric acid 
the reactor was heated by heating tape to prevent condensation. The total flue gas stream was around 1 
l/min. After passing through furnace the exhaust gas cleaning system was included.  It consisted of one 
water scrubber for chlorine compounds collection, one scrubber with 0,1M NaOH solution and two dry 
columns with silica gel acting as water traps. The main purpose of the system is neutralization of acidic 
compounds and water from the exit gases. 

 

Figure 1: Test rig for high temperature corrosion experiments in simulated gas atmosphere 

The process conditions during all tests were isothermal, selected temperature 610 °C, characteristic for 
biomass combustion corrosion studies [9]. All specimens were made form seamless pipe and cut into 
10-20 x 10 mm pieces. Coupons were polished with SiC paper of different grid size: from 180, up to 
2500 in acetone to obtained flat and smooth surface. Samples before the ash covering were cleaned and 
degreased in ultrasonic bath in acetone. Prior the corrosion tests, all samples (except one – acting as the 
reference measurement) were covered with a known amount of pure biomass ash mixture with KCl, 
pure salt – KCl and an eutectic mixture KCl+K2SO4.  

Table 1: High temperature corrosion test process conditions and ash deposits. 

Lp. Atmosphere Steel grade Deposit 
1 

Air + 1000 ppm HCl 

10CrMo9-10 No deposit 
2 10CrMo9-10 KCl 

3 10CrMo9-10 
Corn straw deposit doped with 

0.5% KCl [7] 
4 10CrMo9-10 KCl+K2SO4 [10] 
5 X10CrMoVNb9-1 No deposit 
6 X10CrMoVNb9-1 KCl 

7 X10CrMoVNb9-1 
Corn straw deposit doped with 

0.5% KCl [7] 
8 X10CrMoVNb9-1 KCl+K2SO4 [10] 
9 

Air + 2000 ppm HCl 

10CrMo9-10 No deposit 
10 10CrMo9-10 KCl 

11 10CrMo9-10 
Corn straw deposit doped with 0.5% 

KCl [7] 
12 10CrMo9-10 KCl+K2SO4 [10] 
13 X10CrMoVNb9-1 No deposit 
14 X10CrMoVNb9-1 KCl 
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15 X10CrMoVNb9-1 
Corn straw deposit doped with 0.5% 

KCl [7] 
16 X10CrMoVNb9-1 KCl+K2SO4 [10] 
17 

Air + 1000 ppm HCl + 
H2O 

10CrMo9-10 No deposit 
18 10CrMo9-10 KCl 

19 10CrMo9-10 
Corn straw deposit doped with 

0.5% KCl [7] 
20 10CrMo9-10 KCl+K2SO4 [10] 
21 X10CrMoVNb9-1 No deposit 
22 X10CrMoVNb9-1 KCl 

23 X10CrMoVNb9-1 
Corn straw deposit doped with 

0.5% KCl [7] 
24 X10CrMoVNb9-1 KCl+K2SO4 [10] 

2.3 SEM-EDS analysis 

After the exposure the corrosion coupons were cooled down in desiccation and afterwards mounted in 
chlorine-free epoxy resin to stop the process and fix the corrosion products. For the SEM-EDS analysis 
the specimens were cut off in the middle to reveal the cross-sections. The selected samples were analysed 
with a scanning electron microscope and energy-dispersive X-ray (Nova NanoSEM  450) to identify 
scale chemical composition. The SEM backscatter images were taken to reveal the structure of the scale.  

3 Results and discussion 

In Figure 2 corrosion coupons made of 10CrMo9-10 steel were presented before 168 hours in 1000 ppm 
HCl and after the experiment. During the tests partial evaporation of salts: KCl and KCl + K2SO4 was 
observed. Salt evaporation was also observed in corrosion tests presented in [10]. Additionally, it was 
observed that ash deposit was also burned out leading to unburned organic carbon minimisation. In case 
of corrosion coupon without a deposit, produced scale was nonuniform, wavy and not adherent.  

 
Figure 2: Samples of 10CrMo9-10 steel before 
(left) and after (right) long-term corrosion tests 

Figure 3: Corrosion coupons after test in 
1000 ppm HCl + H2O atmosphere 

In Figure 3 corrosion coupons made of 10CrMo9-10 and X10CrMoVNb9-1 steel were presented after 
168 hours in 1000 ppm HCl with water vapour. In both cases the scale formed in the beginning of the 
experiment fell off and severe corrosion was observed under the scale.  
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Due to not adherent scale, only most adjacent layer was mounted in epoxy resin and analysed with SEM. 

Table 2: SEM micrographs of corrosion coupons 

Samples without deposit Samples with deposit 

10CrMo9-10 in 1000 ppm HCl 
10CrMo9-10 + corn straw ash deposit doped 

with 0.5 % KCl in 1000 ppm HCl 

  

X10CrMoVNb9-1 in 1000 ppm HCl 
X10CrMoVNb9-1 + corn straw ash deposit 

doped with 0.5 % KCl in 1000 ppm HCl 

  

10CrMo9-10 in 1000 ppm HCl and H2O 
10CrMo9-10 + corn straw ash deposit doped 
with 0.5 % KCl in 1000 ppm HCl and H2O 

  
  

922



X10CrMoVNb9-1 in 1000 ppm HCl and H2O  

 

 

 

After 168 hours in 1000 ppm HCl atmosphere, a dense and very thin layer was formed on 10CrMo9-10 
corrosion coupon, both without and under the biomass ash deposit. However, some pitting was also 
observed in both cases. In the same atmosphere, but in case of oxide scale on X10CrMoVNb9-1 coupon 
thicker and multilayered scale was observed. The scale formed on high-chromium steel was weak and 
fragile. When steam was added to the gas atmosphere, formed scale was very dense and thick. However 
differences between samples with and without deposit were observed. In case of clean coupon (without 
deposit) some pitting corrosion was observed. Severe pitting was also observed in case of 
X10CrMoVNb9-1 steel samples, when HCl and H2O are both present in reaction atmosphere. 

In further work, an EDS analysis of the scales is planned to be performed together with thermodynamic 
modelling using the computer software FactSage. The program is used for a multi-phase slag - solid - 
gas  equilibrium calculations in multi-component systems. The modelling results will be correlated with 
obtained experimental results.  

4 Conclusions 

In the present study the influence of gaseous and solid aggressive spices on the corrosion process of 
steel was examined in laboratory scale. Two steel grades: 10CrMo9–10 and X10CrMoVNb9–1 were 
analysed without and covered with a synthetic deposit: KCl, KCl+K2SO4 (in an eutectic point) and corn 
straw ash doped with 0.5 wt. % of KCl to simulate salt condensation process occurring in a real boiler. 
The corrosion experiments were carried out under oxidizing conditions at 610 °C for 168 hours. To 
simulate aggressive atmosphere: 1000 ppm or 2000 ppm of HCl and steam (H2O) were added to the dry 
synthetic air. During the experiments some salt evaporation from steel coupons was noted. After the 
experiments the corrosion coupons were mounted in epoxy resin and cut off in the middle to reveal the 
cross-sections. The results showed that both steam and HCl have high impact on steel oxidation at 
studied temperature. The scale formed in an aggressive environment was multi-layered and do not 
adhere well to the steel surface. Therefore only layer closer to the metal surface was analysed on SEM. 
In case of corrosion experiments with HCl some pitting corrosion was observed, but when the simulated 
flue gases were saturated with water even more severe pitting corrosion occurred.  
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Abstract 
Over the past few years, significant technological progress has been observed in the vehicle’s heating 
and cooling systems. This development is related to electromobility, which is getting popular nowadays. 
Vehicles equipped with batteries are challenging for the constructors in terms of keeping an efficient 
source of heat and cooling without reducing the vehicle range. Current problems with the range of 
electric vehicles are caused by the limitations of used refrigerants and the design of heating and cooling 
systems. It has been observed, that the most efficient solution is based on a heat pump system. The 
development of heat pump systems includes the indication of boundary conditions that directly affect 
the vehicle’s range.  The aim of this work is to present the thermodynamic characteristics of the 
refrigerants for different heating and cooling systems in an electric car equipped with a heat pump. The 
study shows the effect of the specific temperatures adopted for the design of heating/cooling systems on 
the efficiency of the system. Based on the example of two configurations: (1) single-stage heating and 
cooling system with steam compression, (2) and system with internal heat exchanger, a calculation 
analysis of heating and cooling systems with R134a and R1234yf have been carried out. Differences in 
individual points of the operating cycle of R134a and R1234yf having a direct influence on the car use 
have been indicated 

1 Introduction 

Electric vehicles (EVs) are a substantial and growing component passenger fleet. Despite EVs’ lifecycle 
cost savings, lower environmental impact and lower lifecycle energy consumption, their incremental 
purchase cost and reduced range are cited as reasons for their relatively small market share [1]. Clear 
efforts by governments, industry and green investments are expanding the electric vehicle market as a 
promising alternative to oil-dependent combustion vehicles. EVs have become possible due to the 
significant advancement in battery and power electronic design and manufacturing [2]. Emerging design 
challenges in the construction of electric vehicles are aimed at increasing the range and lifetime of 
batteries. The range is related to battery capacity, cost, and size. Additional aspects influencing the range 
are all devices installed in the vehicle which require electricity to operate. The limited driving range and 
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its erroneous estimation may make the drivers cut their daily trips shorter in order to avoid getting 
stranded (range anxiety) [3]. The basic indicator of the functionality of an electric car influencing its 
usability is the battery range. Electric vehicles have been the subject of research for many years now as 
early as 1989. Adams and Song [4] have expressed their concerns about the winter operation of electric 
vehicles. However, current measurement results indicate that the problem of different climatic 
conditions under which electric vehicles should be fully functional affects their performance. As stated 
by [5] the air-conditioning system lowers the range by up to 13 % at under zero temperatures, 
temperatures higher than 20 degrees above zero reduce the range to 10 %. The heating and cooling 
system in electric vehicles is more commonly based on a heat pump, this solution is used to reduce the 
impact of the system on the battery range. The design process of an air conditioning system assumes 
certain operating conditions related to the ambient temperature of an electric vehicle. The design also 
includes the selection of the system type including the appropriate refrigerant. Due to the specific 
requirements of electric vehicles, air conditioning systems are evaluated for their efficiency. The basic 
parameter is the efficiency of the performance. A higher COP translates into lower energy consumption. 
When determining the COP value for the climate system, the calculation should take into account the 
energy consumption of all energy consuming auxiliary equipment in the whole system. The COP 
depends on the operating conditions, the environmental and interior temperature of the vehicle is an 
influencing aspect of the COP. Heating and cooling systems in electric vehicles are selected on the basis 
of their efficiency, and the key aspect of the selection is the correct working conditions. The most 
popular solution in recent years is the heat pump. Heat pump system is a potential development direction 
of the automobile air conditioning because of its characteristic of high efficiency and energy saving [6]. 
An important point is the correct validation of calculations under laboratory and actual conditions. Tests 
are often short term, based on limited data. Costly test methods and the equipment required for testing, 
e.g. cold chambers, affect the actual performance of vehicle owners under adverse climatic conditions. 
The efficiency of a heating and cooling system based on a heat pump system selected during vehicle 
design should include as many attempts as possible to validate multiple possible configurations. The 
costs incurred shall be translated into a fully functional system under extreme conditions. A few studies 
have modelled the device-level function and energy consumption of vehicle heating, ventilation, and air 
conditioning (HVAC) systems [7][8][9]. Studies of this type show a clear impact of the energy 
consumption of the battery of an electric vehicle with a range, but so far this problem has not been 
clearly solved. Every manufacturer introduces solutions to reduce the impact of the A/C system on the 
battery range, e.g. Renault has introduced two types of conditioning of the passenger compartment 
during charging on a ZOE model. The systems are divided up according to the time it takes to stabilise 
the temperature conditions, with the aim of reducing the effect of heating the cabin while driving. 
However, the choice of an appropriate air conditioning system is a key aspect affecting the range. 

2 Electric vehicles 

Electric vehicles have an increasing share of the automotive market. By 2025, electric vehicles will 
account for 10% of world passenger vehicle sales, rising to 28% in 2030 and 58% in 2040.The ratio of 
the purchase price between zero emission and diesel vehicles is similar in most segments, but the real 
market share is related to the geographical location. In Europe, according to analyses [10]  the larger 
market share of electric vehicles will only be registered after 2022 and in India and Japan only after 
2030. It is expected that by 2030, 72% of electric vehicle sales will be in China and Europe. It is 
estimated that 60% of farms will be electrified between 2030, which clearly shows an increase in 
popularity. Electric vehicles enable emission-free mobility in a variety of conditions, have a lower 
environmental impact, but these benefits are linked to the earliest possible marina purchase costs. In 
electric vehicles, the battery serves as an energy storage for all vehicle functions, including traction, 
auxiliary loads and air conditioning. Various electric motor designs are available for EVs with different 
torque, efficiency, and power map [11]. Attention should be paid to researchers [12] who point to 
variables that are often not taken into account during design. The design of electric vehicles has to meet 
many technical aspects, but also systematically increase the number of factors to be considered. It should 
be remembered that CO2 emissions are also correlated with colder months due to the impact of additional 
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emissions from home heating sources. In such regions, high-performance electric vehicles with a high 
range should be fully functional without the clear impact of low temperatures. 

3 Heat Pump 

The basic thermodynamic process for most refrigeration systems in mobile applications is the vapour 
compression cycle. The Carnot cycle is the ideal energy conversion cycle. Figure 1 shows the Carnot 
cycle for energy conversion in the form of a temperature-entropy (T-s) graph.  

 

Figure 1: The Carnot cycle on a temperature-entropy diagram for power generation. 

The AB process line indicates the isothermal heat addition q2 at T2 with the working fluid. We use the 
convention that the arrow pointing to the process line represents the energy supplied to the cycle. The 
BC line shows the isotropic production of the work, the CD isothermal heat rejection q1 at T1 and the 
DA isentropic work input. While all processes are reversible, the area enclosed by ABCD indicates the 
net amount of work produced, w, natively CDEF area indicates the amount of heat energy q1 rejected 
by the cycle assuming that E and F are at T=0 K. The work production process, the sum to the CDEF 
and ABCD areas is the amount of heat q2 (ABFE) delivered to the cycle according to the first law of 
thermodynamics. 

𝑄 = 𝑄 + 𝑊 −𝑊  

𝑄 ,   heat energy, J, 
𝑊 work, J. 
 

(1) 

All energies are taken into account in the formulas as positive in the direction of the arrows. The 
efficiency of electricity generation is understood as the quotient of the amount of work produced and 
the amount of heat supplied at high temperatures. 

𝜂 =
𝑊

𝑄
 

𝜂  energy conversion efficiency, 
𝑊 work, J. 
𝑄   heat energy, J. 
 

(2) 

The second law of thermodynamics states that for reversible operation the net entropy production is 
zero.  
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𝑄

𝑇
−
𝑄

𝑇
= 𝑂 

 

𝑄 ,   heat energy, J, 
𝑇 ,  temperature, o C. 
 

(3) 

The energy conversion efficiency for power generation can be calculated eliminating l.  

𝜂 =
𝑇 − 𝑇

𝑇
 

𝜂  energy conversion efficiency, 
𝑇 ,  temperature, K. 
 

(4) 

Figure 2 shows a Carnot cycle in the heat pump form. Q0 is added to the working fluid at T0 along the 
process line GH, the fluid is compressed isentropically, HI, heat Q1 is rejected at point T1, IJ, and the 
fluid is expanded entropically JG. The net amount of work input for this cycle required by the area GHIJ 
and also the amount of heat absorbed in area GHKL. The sum of both areas (area IJLK) showing the 
amount of heat rejected at the point T1. 

 

Figure 2: The Carnot cycle for heat pumping on a temperature-entropy diagram. 

It is assumed that the amount of work produced by cycle at Fig. 1 i is identical to the amount of work 
required at the Fig. 2.  
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Figure 3: Carnot cycles for a combined power-generation/heat pump. 

The heat pump in Fig. 3 raises the level of temperature of heat supplied at T0 to T1. This is possible 
because of the thermodynamic availability of the high-temperature energy at point T2. The waste heat 
of the power generation portion is also rejected at the point T1. The total amount of heat rejected at T1 
has two contributions, q’1, and q”1. This combined-cycle represents a heat pumping device that is driven 
by the input of heat only. This diagram shows the complexity of a system in which each point has its 
own dependencies. Solutions of this type based on a heat pump are increasingly used. Heat pumps as a 
potential development direction for air conditioning in electric vehicles are associated with high 
efficiency and energy savings. In electric vehicles, the key element will be the heat exchanger located 
on the outside, which will perform evaporation and condensation functions. Due to the characteristics 
of such a heat exchanger and its significant changes in performance under different environmental 
conditions, its proper design is an important element. Yan [13] conducted experimental studies to 
investigate the effect of temperature distribution on the heat exchanger used as condenser and 
evaporator. The results show that uneven distribution has an impact on the efficiency of the heat pump 
in the range of 3.5% to 7%. Such results indicate that poorly selected components have a clear impact 
on performance, which translates into the range of the electric vehicle. 

4 Heating and cooling circuit   

Air conditioning systems can differ from each other in their solutions. These differences have a 
significant impact on the COP, which results in the distance we can travel in an electric car. Basic cycle 
with compressor, condenser, evaporator and thermostatic expansion valve is calculate with the specific 
refrigeration effect (qe), the specific work consumption (l), the heat rejected from the condenser (q) and 
COP.  
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Figure 4: A scheme C-compressor, Co-condenser, Ev-evaporator, Tx-thermostatic expansion valve 

 
The following example includes calculations using a refrigerant R134a on the single stage vapour 
compression refrigeration system: 

h1=h"e=392.9 kJ/kg 

h3=h’c=256.6 kJ/kg   

h4=h3=256.6 kJ/kg   

From Molier (p-h) diagram for R134a: h2=426.5kJ/kg 

The specific refrigeration effect: 

qe=h1-h4=h1-h4=h"e-h’c 

qe  the unit of heat, kJ/kg, 
h , , , ,  specific enthalpy according Molier diagram, kJ/kg, 
 

(5) 

qe=392.9-256.6=136.3kJ/kg 

The specific work consumption: 

l=h2-h1=h2-h"e 

𝑙  specific compressor work, kJ/kg, 
h , ,  specific enthalpy according Molier diagram, kJ/kg. 
 

(6) 

l=426.5-392.9=33.6kJ/kg 

Heat rejected from the condenser: 

q=h2-h3=h2-h’c (7) 

q  the unit of heat, kJ/kg, 
h , ,  specific enthalpy according Molier diagram, kJ/kg, 
 
q=426.5-256.6=169.9kJ/kg 

The energy efficiency of refrigeration: 

EER=qe/l 

EER energy efficiency of refrigeration,  
qe  specific enthalpy of evaporation, kJ/kg, 
𝑙  specific compressor work, kJ/kg, 
 

(8) 

EER=136.6/33.6=4.0566 

930



 

 

The coefficient of performance: 

COP= EER*0.293 

COP coefficient of performance,  
EER energy efficiency of refrigeration. 
 

(9) 

In the case of the solution with subcooling and superheating the differences are significant.  

 

Figure 5: The specific refrigeration effect comparison. 

The specific cooling effect levels indicate differences depending on the current system settings. A 
marked difference indicates deviations that affect the final efficiency of the entire A/C system set. 

 

Figure 6: The specific work consumption comparison. 

Specific wear and tear are a component that affects the efficiency of the system. Fig. 6 shows the 
differences in levels due to the state of the system.  
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Figure 7: The energy efficiency of refrigeration comparison. 

Fig. 7 shows clear differences that directly affect the energy consumption of an electric vehicle. The 
equations present the calculation method used to calculate the theoretical values, an important element 
of this type of analysis is the comparison of results in laboratory measurements.  

5 Conclusions 

Regardless of the solutions used in heat pumps, differences in efficiency can clearly be observed. 
Regardless of the type of electric vehicle, the basic parameter affecting the battery range is the energy 
consumption of the heat pump system. Due to visible activities in the automotive market, electric 
vehicles are increasing their share in road transport. Current vehicles are designed with averaged 
operating temperature data in mind, resulting in reduced range during extremely abnormal temperatures. 
The actual input data should be taken into account at the calculation stage. Due to current international 
efforts to increase the number of zero-emission vehicles, more accurate validations under different 
conditions should be carried out. The validations should cover different heat pump system solutions 
under extreme climatic conditions. Tests carried out in this way will allow appropriate adaptation of the 
systems without significant differences in the range at low or high temperatures. 
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Abstract 

Due to the globally, rapid, continuous increase of electricity prices in recent years, cogeneration is 
becoming an easily accessible technology to increase energy efficiency in production plants, whose 
time of simple payback time is increasingly favourable. Furthermore, in Poland, besides economic 
savings, this solution has a significant impact on CO2 reduction due to high-emission factor (coal 
focused production) of generated electricity. Reducing CO2 emission and increasing energy efficiency 
mirrors into a reduction of production costs incurred, which makes the production plant investing in 
such a solution more competitive on the market. Unfortunately, the company is not always able to 
utilize the full heat appeared as a by-product when generating electricity in a cogenerator. For this 
reason, the combination of cogeneration with Organic Rankine cycle (ORC) becomes a promising way 
to fully utilize waste heat from a cogenerator. In this article, a technical and economic analysis of 
various cogeneration and ORC variants was carried out in an industrial plant producing fasteners for 
the automotive industry. The analysis also covers the combined variant of cogeneration with ORC. 
The analysis shows that because of continuous increase of electricity prices, cogeneration becomes an 
economically justified investment in contrast to the ORC engine, which is characterized by high 
investment costs and low efficiency, while in combination with cogeneration may become more 
affordable for industrial plants with energy-intensive processes such as heat treatment. 

1 Introduction 

Fossil fuels stand for nearly 84% of the total CO2 emissions in the world. Due to this fact, the CO2 
concentrations in the atmosphere have increased approximately three times because of industrial 
development and the excessive use of natural resources [1]. Industrial sector is one of the most energy-
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intensive sectors, and generated waste heat in this sector reach about 20 to 50% of total industrial 
energy consumption [2]. The biggest potential in excess waste heat in industry is hidden in the basic 
metals, non-metallic minerals, chemical, pulp and paper, food and tobacco industries [3]. Therefore, 
waste heat generated in the industrial sector is a significant energy source which can be recovered and 
utilize in other processes to increase energy efficiency, decrease energy consumption and reduce CO2 
emissions [4]. Nowadays, global economic development aims at reducing greenhouse gases (GHG) 
emissions, improving energy efficiency, and increasing industrial competitiveness on the market. 
Thus, sustain development through the replacing fossil fuels by implementing of renewable energy is 
relevant to reduce negative environmental impacts and help with the energy crisis [5]. Recovering 
industrial waste heat is an effective way to reduce GHG emissions and energy demand by proper, 
energy management. 

Current EU policies aims at continuously reducing CO2 emissions by 40% until 2030 compared to the 
basic level from 1990, 60% until 2040, and finally 80% to 95% by 2050 [6]. In the worldwide energy 
production, fossil fuels definitely dominate, when renewable energy sources reach share slightly below 
5% [7]. In the EU situation is better and renewable energy source reaches nearly 9% in the primary 
energy production [8]. However, countries in the EU are not essential considering the global scale. 
Through the recent few years reduction in the use of coal and nuclear power has been noticed. Also, 
stagnation of hydro-energy but simultaneously slightly increase usage of natural gas and renewable 
energy sources. We have to be aware fact that if nuclear power will not be substituted by a low 
emission sources, it can bring harmful results. In spite of global environmental and energy crisis, 
climate change and excess CO2 emissions, fossil fuels still remain a major energy source. Due to this 
fact the situation requires urgent interdisciplinary actions [9]. 

Figure 1 shows a Sankey diagram of energy balance flow for 28 countries in EU. Final energy 
consumption reaches 50.4% of energy input, which means that 49.6% of the input energy has been 
lost, mainly in the form of low-grade heat. This is a motivating issue, so we should take a lesson from 
it and direct research task force to contribute to the reduction of losses [8]. 

Figure 1: Energy balance flow for the EU (EU28) in 2017 [8] 

 

Reducing of above mentioned energy losses (waste heat) should be carried out through the increasing 
of the energy efficiency as, e.g. total site methodology [10,11] extended also in [12], decrease in 
generation and transmission losses [13], but also through the recover and utilisation of low-grade heat 
using Organic Rankine cycle [14-18], Kalina cycle [19] and Trilateral cycle [19], heat pumps [20,21], 
absorption cooling [22], thermal storage options [23], heat pipes [24-26] and heat exchangers [27-29]. 
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2 Selection of the most profitable and favourable methods of increasing 
energy efficiency in the case of industrial plant Bulten Poland 

As mentioned above, there are currently many methods of improving energy efficiency that can be 
practically applied in any industry branch, however, the selection of the appropriate method requires a 
more in-depth analysis of each individual case. The selection of the appropriate solution must be 
preceded by an analysis of such factors as: supply temperature and temperature of receipts 
(temperature grade), flow rate, efficiency of recovery/utilization of waste heat, investment cost, 
payback time, stability and availability of waste heat, but also less obvious things such as space 
availability for new devices, CO2 factor from generated electricity or legal conditions related to the 
implementation of new technology in the production process. A very important factor is also 
speculation regarding the basic energy carriers used in the plant in the country where the investment is 
planned. This might be an essential factor when calculating the profitability of the project. 

In the case of Bulten Poland S.A. it should be taken into account that recently modifications aimed at 
building a heat recovery system in the quenching lines at the heat treatment department allows the use 
of the recovered heat for they own needs and thus cutting off the heat supply from the municipal 
heating plant. In this way, the heat needs have been fully met. Therefore, more projects should be 
sought to improve energy efficiency. In the heat treatment department, some of the hardening lines are 
powered by electricity, which has recently become much more expensive, hence generates a 
significant share of production costs. In the last two years, electricity price for the plant has increased 
by nearly 43%, moreover the forecast for the next decades is not optimistic.  

Forecast changes in electricity retail prices for the business as usual scenario and a scenario in which 
low-carbon technologies are adopted consistent with meeting a 20% renewable energy target by 2020 
and an emissions abatement target of 80% reductions in relation to 1990 levels by 2050. It is assumed 
that there is no globally agreed emission trading scheme in place out to 2050, though existing carbon 
pricing systems and established climate policies are assumed to continue. All analysis shown was 
produced using Cambridge Modelling’s Low Carbon Simulator [30]. 
For this reason, a promising solution would be to obtain electricity from a cheaper source. The 
appropriate solution in this puzzle is the use of a cogenerator. Since the by-product of cogeneration is 
heat, of which there is enough in the plant, in this paper the possibility of using an ORC engine has 
been considered to increase the amount of available electricity at the expense of waste heat from the 
cogenerator. 

3 Technical and economic assessment of a combined cogeneration and 
ORC variant in a fastener industry plant 

3.1 Organic Rankine cycle - application of ORC installation to generate electricity 
from waste heat 

The production of electricity in an ORC installation were analysed. The driving heat will be the excess 
waste heat occurring in the summer season. 

Due to the excess of waste heat in the off-heating season, it is considered to use this heat to produce 
electricity in the ORC installation. ORC installations are a solution enabling the use of renewable or 
waste heat sources for electricity production. These type of installations are based on the Clausius-
Rankine cycle. The cycle is a model of a power plant steam, where, as a working fluid, in addition to 
water steam, may be so-called low-boiling agents (synthetic oils, Freon’s, hydrocarbons). 

The Rankine cycle consists of several processes:  

 Isentropic expansion of saturated steam in the turbine; 

 Isobaric condensation of the expanded steam in the condenser; 

 Compressing/pumping the liquid through the pump; 

 Isobaric heating and evaporation of low boiling liquid.  
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Heating is carried out in a heat exchanger using heat from heat recovery or heat generated from 
renewable resources. As in the traditional steam room and other heat engines, efficiency of the 
conversion of heat into electricity depends mainly on the temperature difference between the heat 
source and the environment. The greater difference, the greater efficiency of the system. Typical ORC 
power plants driven by heat at 100⁰C-200⁰C achieve efficiency of a dozen or so percent. There are 
models adapted to a lower temperature of heat, i.e. <100⁰C, however, they are characterized by lower 
by a few percentage points efficiency. The analysis of the use of ORC installations for the production 
of electricity is presented on the basis of the technical data of the manufacturer supplying such 
devices- the company "Climeon" producing modular ORC units with an electric power in amount of 
150kW.  

 

Figure 2: ORC electric power depending on supply water and cooling water temperatures 

 

Figure 3: ORC electrical efficiency depending on supply water and cooling water temperatures 

 
The Figure 2 and Figure 3 above show graphic dependencies of the achieved net electrical power and 
electrical efficiency on the heat temperature and cooling water temperature for one module with 
nominal power of 150kW. It can be seen that this relationship is quite strong and ORC parameters 
differ significantly from the nominal conditions for supply with a lower temperature than 110⁰C. 
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Having surplus waste heat in the summer season, electricity production in the ORC module is being 
considered. The power of available waste heat sources in the summer season is estimated at 300kW, 
hence the electrical power of the ORC system should be around 30kW. 
However, the production of electricity from such a module, when there is no excess heat from heat 
recovery, is unprofitable. The available excess heat is better to direct to the existing heat collectors, as 
it replaces and decrease the consumption of natural gas. The price of natural gas for 1 MWh is about 
34 EUR, while electricity generated from 1 MWh of heat in an ORC installation is worth about 9 EUR 
(i.e. assuming an ORC efficiency reaches 10% from 1 MWh of heat, producing 100 kWh will be 
worth about 9 EUR). 

Table 1: Economic assessment of proposed ORC system for waste heat utilization 

Excess heat energy available in the off-heating season MWh/year 966.9 
Supply temperature from heat recovery installations ⁰C 80 
Cooling water temperature in the summer-season ⁰C 20 
ORC system efficiency % 8.9 
Electricity produced in ORC system MWh/year 86.1 
Savings EUR* 8,008 
Costs of an ORC system with approx. 30 kW of power EUR* 125,000 
SPBT (simple payback time) Years 15.6 

*conversion rate: 1EUR=4.4PLN 
 
The analysis (in Table 1) shows that the use of the ORC system to produce electricity from waste heat 
is unprofitable. The investment's unprofitability is determined by high investment costs. An incentive 
to implement the project would be to obtain investment support in the form of grants as part of e.g. a 
development or research project. 

3.2 Combined proposal of the gas cogeneration system with the ORC system 

Alternatively, we have considered a variant with an ORC aggregate (approximately 150 kW), which 
would be powered by excess heat from a cogeneration unit. The assumptions concerning the 
cogenerator are summarized in Table 2. 

Table 2: Cogeneration unit assumptions 

 Cogeneration unit assumptions 
Description Heat power equals to the average 

heat demand for heating the bath in 
technological washing units + power 
to drive ORC installation. Average 
year-round load close to 100%. 

Working time [h/year] 7,500 
Average load [%] 97 
Natural gas consumption [m3/h] 320.4 
qel.nom. [kW] 1,229 
qheat.nom. [kW] 1,688 
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Table 3: Calculations for the cogenerator unit selected to work with the ORC engine 

 Unit Variant 3 
Natural gas consumption m3/h 320.4 
Input power in fuel MW 3.259 
Nominal electric power kW 1,228.5 
Nominal thermal power kW 1,688.0 
Working time h/year 7,500 
Average engine load % 97.0 
Electrical efficiency at partial load % 37.4 
Natural gas consumption m3/year 2,330,558 
Electricity production from cogenerator unit MWh/year 8,869.38 
Electricity production form ORC MWh/year 810.34 
Electricity- plant’s needs MWh/year 9,292.53 
Electricity- surplus MWh/year 387.19 
Useful heat production GJ/year 14,107.5 
Cogeneration efficiency G/year 53.9 
Electricity- costs avoided EUR*/year 846,290 
Electricity- profit from selling EUR*/year 21,999 
Heat- costs avoided EUR*/year 116,091 
Savings (sum) EUR*/year 984,380 
The cost of natural gas EUR*/year 632,080 
The cost of additional ordered natural gas capacity EUR*/year 24,836 
Excise duty for electricity production EUR*/year 10,559 
Service costs EUR*/year 57,955 
Costs (sum) EUR*/year 725,430 
Balance (savings-costs) EUR*/year 258,950 
Investment outlays EUR* 1,534,090 
SPBT (simple payback time) Years 5.9 
NPV (5%, 10 years) EUR* 2,659,621 

*conversion rate: 1EUR=4.4PLN 
 
As it has been shown in the above calculations (Table 3), the profitability of using just a cogenerator 
unit is acceptable, however below (Table 4) it has been shown the economic assessment of proposed 
ORC system combined with the cogeneration unit and we can see, that SPBT is even better than in 
case with only cogenerator unit due to reusing waste heat from cogenerator for producing electricity. 

Table 4: Calculations for the cogenerator unit selected to work with the ORC engine 

Supply temperature from cogenerator ⁰C 80 
Cooling water temperature ⁰C 15 
ORC system efficiency % 10.9 
Electricity produced in ORC system MWh/year 930.3 
Available energy for ORC MWh/year 8,535.0 
Savings EUR* 75,369 
Costs of an ORC system with approx. 30 kW of power EUR* 306,818 
SPBT (simple payback time) Years 4.1 

*conversion rate: 1EUR=4.4PLN 

 

The SPBT refers to the situation when we treat heat from the cogeneration as "free". 
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4 Conclusions 

Nowadays we are facing significant, global environmental and energy crisis. Moreover, forecasts for 
the near future rise many concerns about the uncertainty of electricity prices and the availability of 
fossil fuels. To adapt to the new conditions, it is necessary to focus on alternative energy sources and 
reduce energy consumption in the industrial sector. 
This work shows that one of the effective, available and profitable methods of increasing energy 
efficiency in an industrial plant can be producing electricity from a gas cogenerator and thus reduce 
the electricity supply from the grid and use an ORC engine to utilize the waste heat by-product to 
increase the availability of electricity from the system. The circumstances of the country where the 
project is planned should also be taken into account. An important factor is the share of fossil fuels in 
the structure of electricity generation system. In the case of Poland, where most of the electricity is 
generated from coal and the emission factor is as high as 672g CO2/kWh [31], replacing electricity 
from the grid with electricity produced from natural gas brings a significant reduction in CO2 
emissions to the atmosphere. 
The above technical and cost analysis shows that the use of the ORC engine alone is not profitable, 
because the SPBT of the investment for an industrial plant at the level of almost 16 years is 
unacceptable, while the cascade of cogeneration and ORC engine into one system is a promising 
solution to reduce the payback time to a very favourable payback time (4 years). 
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Abstract 

This work addresses the cost optimization of integrated absorption refrigeration and seawater thermal 
desalination systems. A double-effect water-lithium bromide absorption refrigeration system and a 
multi-effect evaporation process are proposed to satisfy given values of refrigeration capacity and 
fresh water production from seawater, respectively. A nonlinear mathematical programming (NLP) 
model of the integrated system is developed in the General Algebraic Modelling System (GAMS) 
platform in order to optimize the operating conditions and size of each process component. The 
minimization of the specific total annual cost is proposed as single optimization criterion. The optimal 
values of the composition, temperature, pressure, and flow rate of all streams (refrigerant, weak and 
strong solutions, seawater, discharge brine, and distillate) are obtained at the same time together with 
the corresponding heat transfer area of each process component. The coupling of both processes is 
through the refrigerant streams obtained in the low- and high-temperature generators, which are used 
as a heating utility in the multi-effect desalting system. The optimization problem is solved for several 
levels of refrigeration capacity in order to identify the freshwater production rate that can be obtained 
– for each refrigeration capacity – accounting for the operating and capital costs associated with the 
integrated system. The obtained solutions are discussed in detail. 

1 Introduction 

Population growth implies greater demands for food, freshwater, and services, which must be satisfied 
by means of efficient processes, saving and making rational use of energy in such a way as to affect 
the environment as less as possible. 
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Among the services, air conditioning and refrigeration play important roles in our everyday live, from 
residential comfort to medical applications, passing through food industry and preservation as few 
examples. Absorption refrigeration (AR) cycles and mechanical vapor compression refrigeration 
(VCR) cycles are the most common processes that can be used to provide refrigeration services. 

Freshwater is an essential element for human beings as well as for sustainable development, which can 
be supplied by different processes, such as (a) conventional and non-conventional thermally driven 
desalination methods or distillation processes with different degrees of development, application, and 
commercialization (multiple-effect distillation MED, multiple-stage flash distillation MSF, thermal 
vapor compression TVC, membrane distillation MD, adsorption cycles AD, single humidification–
dehumidification H/D, multiple H/D), which can be powered by different energy sources (fossil, solar 
thermal, geothermal, and biomass energy), (b) electrically driven desalination methods (reverse 
osmosis RO, mechanical vapor compression MVC, electro dialysis ED, electro dialysis reversal EDR), 
(c) hybrid systems that combine these processes such as arrangements of MED–MSF, MED–RO, RO–
MSF, MED–TVC, MED–MVC, MSF–TVC, MSF–MVC, nano-filtration (NF) with MED or MSF, 
AD–MED, AD–MSF. To have a more complete picture, crystallization and ion exchange can be 
mentioned among the non-thermal methods. 

It should be noted that there are published papers addressing the production of potable water by 
seawater thermal desalination and refrigeration effect based on technologies different than those based 
on AR cycles, such as adsorption refrigeration and desalination by combining adsorption 
single/multiple beds and single/multiple evaporators [1–3]. However, this paper addresses the 
production of freshwater and refrigeration effect involving only AR cycles in the integrated or 
combined systems. 

Several researchers studied the integration of thermal desalination processes with different absorption 
cycle heat pumps (AHP) to improve the performance of desalination systems [4–8], fewer authors 
focused on the co-generation of freshwater and refrigeration effect [9–11], and even fewer ones dealt 
with polygeneration of power, freshwater, and refrigeration effect [12–13]. 

Aly [11] studied a solar driven single-effect H2O-LiBr ARS combined with a low-temperature (LT) 
20-effect MED system, which replaces the condenser and evaporator of the ARS. The MED top (first) 
effect receives the steam produced in the ARS generator as the heating steam, which is dumped out of 
the cycle (as condensate) and not mixed with the distillate (product) for preventing potential health 
hazard; while the absorber receives the vapor produced in the bottom (last) effect. Abdulrahim and 
Darwish [10] adapted and combined a single-effect H2O-LiBr AR cycle powered by solar energy to 
provide chilled water for air conditioning and to supply saturated steam to a LT-MED system, with the 
lower condenser cooled by (atmospheric) seawater. They modeled and simulated the combined system 
using IPSEpro software. Alelyani et al. [9] performed a techno-economic study of integrated single- 
and double-stage NH3-H2O and MED desalination system. They calculated a decrease in the total 
exergy destruction of the combined systems of 55% with respect to the stand-alone systems, and a 
decrease in the unit product cost of refrigeration of 43% and an increase in the unit product cost of the 
produced freshwater of only 19% and 3% for the single- and double-stage NH3-H2O systems 
combined with MED system, respectively. Sahoo et al. [13] proposed an integrated polygeneration 
system to produce freshwater, power, and refrigeration driven by a solar thermal-biomass hybrid 
system. A single-effect H2O-LiBr ARS is operated using heat extracted from the Rankine topping 
cycle. The heat rejected from the AR condenser is transferred to a multi-effect H/D desalination 
system. They performed energy and exergy analyses of the integrated system to identify the effects of 
various operating parameters. Praveen Kumar et al. [12] performed a thermodynamic study of a 
combined power, refrigeration, and desalination system by integrating a NH3- H2O combined power 
and refrigeration cycle with a MED desalination system. They thermodynamically analyzed the 
variation of critical system outputs for a range of operating conditions and design variables together 
with corresponding indicators of performance. Alarcón-Padilla et al. [7] presented the first 
experimentally validated design for a solar driven 14-effect MED desalination system operated with 
hot water combined with a double-effect H2O-LiBr AHP to improve the performance of the MED 
system at the ‘Plataforma Solar de Almería (PSA)’, in Spain. However, no refrigeration effect was 
used in this cycle. Later, Palenzuela et al. [4] analyzed experimentally the performance of this 
combined double-effect H2O-LiBr AHP-MED plant by studying the main operation problems with the 
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aim to identify control strategies to improve the system behavior at stationary nominal conditions and 
to increase the thermal efficiency. Wang and Lior [5] studied the thermal and cost performance of a 
combined single-effect H2O-LiBr AHP with an LT-MED and compared it with the performance of the 
stand-alone LT-MED and with a combined LT-MED with an ejector heat pump (EHP). The 
simulations were performed using the Engineering Equation Solver (EES) software. 

Although there are many papers addressing the mathematical optimization of uncoupled (standalone) 
refrigeration and thermal desalination processes, few papers address the optimization of coupled 
refrigeration-desalination processes in general [14,15] and ARS-MED processes in particular [16]. 

Luo et al. [15] proposed a bi-level optimization method to optimize the integration of seawater 
desalination and standalone combined refrigeration, heating, and power systems. The traversing 
method and the branch-and-bound (B&B) method were used to solve the mixed-integer linear 
programming (MILP) problem at the design and operation stages, respectively, which was 
implemented in LINGO software. The integrated system consisted of diesel generators and 
photovoltaic-thermal hybrid panels, a combination of absorption and electric chillers, electrical and 
thermal storage systems, and a desalination system. No technical specification of the absorption cycles 
and the desalination systems is provided. Zhang et al. [14] performed a multi-objective optimization 
(MOO) of a hybrid H/D-HP desalination system entirely powered by electricity. They used the particle 
swarm optimization (PSO) algorithm to obtain the optimal air flow rate and seawater flow rate in 
terms of the maximal production rate, minimal unit cost of freshwater, and maximal gained output 
ratio. They implemented and solved the model using the MATLAB software. Carballo et al. [16] 
recently presented an evolutionary programming-based optimization strategy, using a genetic 
algorithm (GA) implemented within the Dymola optimization library – which uses Modelica modeling 
language, to optimize the operation and configuration of the solar-gas hybrid MED-double effect H2O-
LiBr AHP system considering different criteria, at the PSA plant (AQUASOL Project). The GA 
modifies the manipulated variable vector values and simulates the system with the actual configuration 
to find the optimum while meeting the problem constraints. 

Although this is not intended to be an exhaustive literature review, it shows that there are only a few 
papers dealing with the optimization of co- and poly-generation involving freshwater production and 
refrigeration effect generation via mathematical programing approaches, and that most of those applies 
evolutionary algorithms, mainly GAs. 

This work deals with the integration of absorption refrigeration systems (ARS) – to satisfy a given 
specified refrigeration capacity and temperature – with seawater thermal desalination processes – to 
supply freshwater – for given specified process data (seawater temperature and salinity). The 
refrigeration system consists of a double-effect H2O-LiBr ARS and the desalination process consists of 
a MED system. To this end, a nonlinear mathematical programming (NLP) model is proposed, which 
comprises first-principle models of the system’s components. The objective function is the specific 
total annual cost of freshwater production i.e. the ratio between the total annual cost of the integrated 
process and the flow rate of the produced freshwater, which is minimized for different refrigeration 
capacities. Thus, it is proposed to estimate the freshwater production rate of a MED system when it is 
coupled to a double-effect H2O-LiBr ARS, which is imposed different refrigeration capacity values, 
taking into account the associated capital and operating costs. As a result, the annual operating 
expenditures and annualized capital expenditures, process variables (flow rate, composition, 
temperature, and pressure of process streams) as well as sizes of the pieces of equipment are 
simultaneously optimized for each refrigeration capacity value. The model is implemented in the 
GAMS platform, which is an equation-oriented algebraic modeling system, and it solved with 
CONOPT 3, which is a feasible path solver based on the generalized reduced-gradient (GRG) method.  

2 Process description 

Figure 1 shows a schematic of the integrated process being optimized. The ARS involves two 
generators (high-temperature HTG and low-temperature LTG generators), two solution heat 
exchangers (high-temperature HTSHE and low-temperature LTSHE solution heat exchangers), a 
condenser (low-temperature condenser LTC), an absorber (ABS), and an evaporator (EVAP). The 
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HTG and LTG allow separating the refrigerant (H2O) from the respective strong LiBr solutions, 
obtaining the corresponding weak LiBr solutions. The HTSHE and LTSHE allow the energy 
integration between the weak and strong LiBr solutions, thus reducing the consumption of heating and 
cooling duties. The LTC allows removing the excess heat from the ARS. The ABS allows the 
refrigerant coming from the EVAP to be absorbed in the strong LiBr solution. Finally, the EVAP 
evaporates the refrigerant producing the desired refrigeration effect. The presence of expansion valves 
and pumps allow reaching the operating pressure levels at each zone of the refrigeration cycle. A more 
detailed description of the H2O-LiBr ARS can be found in Mussati et al. [17]. 

The MED desalination system consists of a series of evaporation effects involving preheaters (PreH), 
evaporators (E), distillation plate (DP), and a condenser (COND). The seawater feed (SW) is first 
passed through the COND and then it is divided into two streams (MC and F). The stream MC leaves 
the desalination system and the stream F is divided in fractions and each one is directed to an effect Ei 
after passing through the corresponding preheater PreHi. Each effect Ei produces steam Vi at 
superheated condition, transferring sensible heat to preheat the stream entering it. This steam is then 
mixed with the saturated steam produced in the distillation plate DPi, and the resulting stream is used 
to heat the next effect. A detailed description of the MED system is reported in Mussati et al. [18]. 

 As shown in Figure 1, both processes are integrated by the stream of refrigerant that leaves the HTG, 
which is used as the heating medium in the first effect of the MED process. 

 

Figure 1: Schematic of the studied integrated double-effect H2O-LiBr ARS and MED process. 

3 Mathematical model 

The mathematical model used to perform the optimizations includes the mass and energy balances in 
each component of the integrated system as well as the equations to calculate the physicochemical and 
thermodynamic properties of the process streams. In addition, the model includes the equations to 
calculate the driving forces for heat transfer (logarithmic mean temperature difference) as well as the 
sizes of the system components. The nonlinear mathematical programing (NLP) model was 
implemented using the software GAMS and solved using the solver CONOPT, which is based on the 
gradient reduced method. For the ARS, the exponent rule cost-size correlation is used to estimate the 
purchased cost Zk of a system component k. In Eq. (1), the factor ZR,k refers to the bare module factor 
of the component k and the corresponding numerical value is taken from [19]; HTA refers to the heat 
transfer area.  

𝑍 = 𝑍 ,

𝐻𝑇𝐴

𝐻𝑇𝐴 ,
 (1) 

The process and cost models used for the MED system are those presented in Shakouri et al. [20] and 
Mussati et al. [18], respectively, and the process and cost models used for the double-effect H2O-LiBr 
ARS are those presented in Mussati et al. [17]. The unitary costs considered for the utilities are: 0.018 
$/kg for steam, 0.1x10-3 $/kg for cooling water and 0 $/kg for hot water.  
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4 Problem statement 

Based on the integrated double-effect H2O-LiBr ARS and MED process shown Figure 1 and 
considering as objective function the minimization of the specific total annual cost (sTAC), defined as 
the ratio between the total annual cost (TAC) and the flow rate of the produced freshwater (Ḋ), the 
optimization problem to be solved can be formulated as follows (Eq. (2)): 

Minimize  𝑠𝑇𝐴𝐶  
𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜: 

𝑀𝑎𝑠𝑠 𝑏𝑎𝑙𝑎𝑛𝑐𝑒𝑠 
𝐸𝑛𝑒𝑟𝑔𝑦 𝑏𝑎𝑙𝑎𝑛𝑐𝑒𝑠 
𝐷𝑒𝑠𝑖𝑔𝑛 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛𝑠 (𝑠𝑖𝑧𝑖𝑛𝑔) 
𝑃ℎ𝑦𝑠𝑖𝑐𝑜𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑝𝑟𝑜𝑝𝑒𝑟𝑡𝑦 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑖𝑜𝑛 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛𝑠 
𝑇ℎ𝑒𝑟𝑚𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝑝𝑟𝑜𝑝𝑒𝑟𝑡𝑦 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑖𝑜𝑛 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛𝑠  
𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑑𝑒𝑠𝑖𝑔𝑛 𝑒𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛𝑠:  
− 𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝑄 ): 𝑣𝑎𝑟𝑖𝑒𝑑 𝑓𝑟𝑜𝑚 100 𝑘𝑊 𝑡𝑜 2600 𝑘𝑊 
− 𝐸𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 (𝑇 ): 6 °𝐶 
𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑑𝑎𝑡𝑎 
− 𝑆𝑒𝑎𝑤𝑎𝑡𝑒𝑟 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒: 25 °𝐶 
− 𝑆𝑒𝑎𝑤𝑎𝑡𝑒𝑟 𝑠𝑎𝑙𝑖𝑛𝑖𝑡𝑦: 45000 𝑝𝑝𝑚 
− 𝐻𝑒𝑎𝑡𝑖𝑛𝑔 𝑢𝑡𝑖𝑙𝑖𝑡𝑦:  
    𝑆𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑 𝑠𝑡𝑒𝑎𝑚 𝑖𝑛 𝐻𝑇𝐺 𝑎𝑡 115 °𝐶 
    𝐻𝑜𝑡 𝑤𝑎𝑡𝑒𝑟 𝑖𝑛 𝐿𝑇𝐺 𝑎𝑡 90 °𝐶 
    − 𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝑢𝑡𝑖𝑙𝑖𝑡𝑦: 
    𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝑤𝑎𝑡𝑒𝑟: 25 °𝐶 

(2) 

5 Discussion of results 

5.1 Optimization results 

Figures 2–8 present the resulting optimal values obtained for the main model variables. Each plotted 
point in these figures belongs to an optimal solution. Therefore, a complete optimal solution for each 
value of refrigeration capacity Q̇  can be directly gathered from these figures. 

Figure 2 shows the minimum values of the specific total annual cost (sTAC) – the ratio between the 
total annual cost (TAC) and the flow rate of the produced freshwater (Ḋ) – obtained for the examined 
values of refrigeration capacity, while Figure 3 shows the optimal TAC and Ḋ values. 

As can be seen in Figure 2, the sTAC decreases exponentially with increasing values of Q̇ .The 
sTAC decreases abruptly from 18.497 $/m3 to 14.451 $/m3 in the range of Q̇  values between 100 
kW and 1000 kW and, then, practically linearly from 14.4514 $/m3 to 13.543 $/m3 in the range 
between 1000 kW and 2600 kW. This functionality can be explained by the dependence of TAC and Ḋ 
with Q̇ , as depicted in Figure 3a. It can be seen that, although both variables increase with 
increasing Q̇  values, the increase in D is greater than the increase in TAC. Regarding the 
production of freshwater, the optimal values obtained are between 3160.18 m3/yr. and 85077.16 m3/yr. 
for a refrigeration capacity of 100 kW and 2600 kW, respectively. 

The TAC and Ḋ values plotted in Figure 3a correspond to the annualized capital expenditure 
(annCAPEX) and operating expenditure (OPEX) values plotted in Figure 3b. Based on the considered 
cost model, the contribution of OPEX to TAC is greater than that of annCAPX and it increases 
nonlinearly with increasing Q̇  values (Figure 4a). For instance, for a Q̇  of 100 kW the OPEX 
represents by around 65% of the TAC, while for a Q̇  of 2600 kW it represents by around 85% of 
the TAC. According to Figure 4b, at low values of Q̇  (100 kW–500 kW), the costs associated with 
steam in the HTG of the ARS and with cooling water in both systems (LTC and ABS in the ARS and 
COND in the MED system) are almost similar, while for Q̇  values higher than 500 kW the 
contribution of the cost for vapor is increasingly greater than that of the cooling water. 
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Figure 2: Minimum specific total annual cost in the examined range of refrigeration capacity values. 

Figure 5a shows the optimal contribution of each system component to the annCAPEX, showing that 
the entire MED system – including the four evaporation effects – is the largest contributor, followed 
by the HTG of the ARS. The contributions of the rest of pieces of equipment are similar between them 
but much lesser than those of the first two. 

 

Figure 3: Optimal (a) TAC and freshwater production and (b) OPEX and annCAPEX for different 
�̇�  values   

 

Figure 4: Optimal (a) OPEX/TAC ratio and (b) utility costs, for different �̇�  values. 

The annCAPEX values plotted in Fig 5a correspond to the values of heat transfer area, heat load, and 
driving force plotted in Figures 5b, 6a, and 6b, respectively. These figures show how the heat transfer 
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areas and heat loads of all system components increase with increasing Q̇  values. As the energy 
input to the HTG increases with increasing refrigeration capacity demands, more energy is removed 
from the ARS and transferred to the first evaporation effect and, therefore, more freshwater (distillate) 
is obtained in the MED system. The ABS is the system component with the highest value of heat load 
followed by the HTG and MED. 

 

Figure 5: Optimal (a) individual annCAPEX and (b) HTA values, for different �̇�  values.  

 

Figure 6: Optimal (a) heat exchanger loads and (b) driving forces, for different �̇�  values. 

 

Figure 7: Optimal (a) flow rates and (b) pressures and temperatures, for different �̇�  values. 
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The increase of the heat loads in the system components with increasing refrigeration capacity values 
(Figure 7a) is due to the increase of the flow rates of the refrigerant (Ṁ and Ṁ ) and weak and strong 
LiBr solution streams (Ṁ  and Ṁ ), since the values of the operating pressures at the HTG and LTG 
(P1 and P4, respectively) and the temperatures of the refrigerant streams leaving both generators (T1 
and T4) remain constant (Figure 7b), although they are optimization variables. 

As mentioned above, the operating pressure at the HTG and flow rate and temperature of the generated 
refrigerant, together with the operating temperature at the first MED effect, are critical variables for an 
efficient integration of both AR and MED systems. In this study, the results shown in Figure 7b 
indicate that the optimal values of the operating pressures at the HTG and LTG (P1 and P4, 
respectively) remain constant at 29.144 kPa and 4.786 kPa, respectively, with increasing Q̇  values. 
The temperatures of the refrigerant leaving HTG and LTG (T1 and T4, respectively) reach the imposed 
upper bound values. For instance, in the HTG, T1 reaches 110 ºC i.e. 5 ºC lower than the hot source 
temperature of the system (115 ºC). In this sense, it should be mentioned that a model constraint – the 
inequality constraint T1 ≤ T20 − 5 ºC – became active in the optimal condition. Then, P1 and T1 values 
plotted in Figure 7b correspond to the LiBr solution concentration values plotted in Figure 8a. In 
addition, Figure 7a shows that the flow rates of the refrigerant generated in both generators increase 
linearly with increasing Q̇  values and that the flow rate Ṁ  is greater than Ṁ , with a difference 
between both that increases with increasing Q̇  values. Regarding the heat transfer driving force at 
the first MED effect, Figure 8b shows that the driving force decreases approximately in 1.5 ºC in the 
examined range of refrigeration capacity values (100 kW–2600 kW), from 6.2 ºC to 4.7 ºC. 

 

Figure 8: Optimal (a) LiBr sol. concentrations and (b) driving forces, for different �̇�  values. 

So far, the minimization of the TAC/D ratio for different Q̇  values results in that: (a) the 
refrigerant leaves the HTG at the highest possible temperature, which depends on the hot source 
temperature, (b) the optimal operating pressure at the HTG determines a refrigerant flow rate that 
leads to a distribution of the investment and operating costs such that the freshwater production (Ḋ) 
increases faster than the corresponding total annual cost TAC value with increasing Q̇  values, (c) 
the optimal P1, T1, P4, and T4 values do not depend on the Q̇  values.  

Based on these results, it is worth analyzing the influence of these variables (P1, T1, P4, and T4) on the 
optimal solutions. In particular, due to space limitations, the influence of the operating pressure at the 
HTG (P1) is studied next. 

5.2 Influence of the HTG operating pressure on the optimization results  

In the previous section, the pressure at the HTG of P1 = 29.144 kPa resulted to be the optimal value 
that allows obtaining the minimum values of sTAC for all the specified refrigeration capacity values 
(Q̇ ). To study how this pressure influences on the trade-offs that exist in both processes, the same 
optimization problem was solved for a fixed Q̇  value of 1000 kW varying parametrically the 
pressure P1 around its optimal value (29.144 kPa), in the range between 25 kPa and 35 kPa. The 
obtained minimum sTAC values are plotted in Figure 9, which confirms that the minimum sTAC 
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value of 14.469 $/m3 corresponds to 29.144 kPa. 
An analysis is performed next for P1 values lower and higher than 29.144 kPa, i.e. for the ranges [25 
kPa ≤ P1 ≤ 29.144 kPa] and [29.144 kPa ≤ P1 ≤ 35 kPa]. 

 

Figure 9: Variation of the minimum sTAC with the HTG pressure for a 1000 kW refrigeration capacity 

In the range [25 kPa–29.144 kPa] (R1), Figure 10a shows that the steam requirement increases from 
0.418 kg/s to 0.462 kg/s to increase the refrigerant flow rate from 0.301 kg/s to 0.334 kg/s, thus 
increasing the heat available to increase the heat load in the MED first effect to produce more 
freshwater production (from 1.157 kg/s to 1.286 kg/s, which is the maximum possible value). At the 
same time, the total cooling water requirement decreases from 68.706 kg/s to 66.509 kg/s. 
Consequently, the cost of steam increases from 1.897x105 $/yr. to 2.097x105 $/yr. (Fig. 11a) while the 
cost of cooling water decreases from 1.7314x105 $/yr. to 1.6748x105 $/yr. Since this increment has an 
impact greater than this reduction, the OPEX value increases from 3.6288x105 $/yr. to 3.7768x105 
$/yr. (Figure 11a) Regarding the annCAPEX, Figure 11b shows that, except for some system 
components (e.g. HTSHE), the cost of the other ones, such as HTG and MED, increases considerably 
leading to an increase of the annCAPEX, from 87328.18 $/yr. to 90741.31 $/yr. Then, the obtained 
TAC and Ḋ values obtained in this range determine a decreasing TAC/D ratio (sTAC) with increasing 
P1 values, from 15.447 $/m3 to 14.451 $/m3 (Figure 9). 

 

Figure 10: Variation of the optimal (a) flow rates at the HTG and (b) freshwater production and 
cooling water flow rate with the HTG pressure for a 1000 kW refrigeration capacity. 

In the range [29.144 kPa–35 kPa] (R2), the behavior of the variables is opposite to that observed in 
R1. As shown in Figures 10a and 10b, increasing values of P1 decrease the heating utility required in 
the HTG (Ṁ ), the refrigerant generated in the HTG (Ṁ ), and the freshwater production (Ḋ). This is 
because if P1 is increased with the impossibility of increasing T1 and T4 (as they are limited by the 
temperatures of the heating utilities), it is not possible to increase the refrigerant flow rate (with 
respect to that obtained at 29.144 kPa) and continue satisfying the mass and energy balances in the 
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system components. Since the solution concentrations depend on P and T values, T1 and T4 are 
limited, and P1 cannot be increased, it is then not be possible to find the concentration values to satisfy 
the mass and energy balances and increase the refrigerant flow rate at the HTG, and thus having more 
heat to produce more freshwater. Consequently, the optimal values of Ṁ  decrease with increasing P1, 
resulting in a lower production of freshwater. 

 

Figure 11: Variation of the optimal (a) annual operating costs and (b) individual annCAPEX with the 
HTG pressure for a 1000 kW refrigeration capacity. 

5.3 Comparison with literature data  

Finally, the optimization model was solved considering design specifications taken from the literature 
[10], where an 8-effect MED system combined with a single-effect H2O-LiBr ARS was investigated. 
For comparison purposes, since in [10] the process is not analyzed from a cost point of view, the 
maximization of the freshwater production (Ḋ) was performed for the same values of Q̇  and TEVAP. 
Four evaporation effects were added to the model of the MED system to consider the same number of 
evaporation effects as in [10]. Table 1 compares the model outputs with data reported in [10]. 

Regarding the MED subsystem, the comparison indicates that the optimization of the system proposed 
in this work allows obtaining 0.68 kg/s more freshwater (4.40 kg/s vs. 3.72 kg/s) requiring 388.7 kW 
less energy (1128.811 kW vs. 1517.5 kW), which produces an increase in the GR – ratio between the 
obtained freshwater and required steam flow rates – (from 5.69 to 6.30). 

Regarding the ARS subsystem, the optimized process requires 1944.231 kW, of which 1472.979 kW 
are required in the HTG (supplied by steam at 150 ºC) and 471.252 kW are required in the LTG 
(supplied by hot water entering at 95 ºC and leaving at 85 ºC). While in [10] the subsystem requires 
1692.4 kW at the HTG (supplied by steam at 150 ºC). Although the total input energy required by the 
double effect subsystem is 251.831 kW higher than that in [10] (1692.4 kW vs. 1472.979 kW), an 
amount of 471.252 kW is provided by waste heat (hot water in this case). This is the reason by which 
the COP value calculated in [10] is higher than that calculated in this work (0.88 vs. 0.77). The system 
in [10] requires removing more heat form the ABS and LTC (876.98 kW), which implies a cooling 
water consumption higher than that in the double effect system. Lastly, the LiBr solution flow rates in 
[10] are much lower than those in the double-effect system. 

6 Conclusions 

This work dealt with the optimization of a multiple-effect evaporation (MED) system (with 4 effects) 
integrated with a double-effect H2O-LiBr absorption refrigeration system (ARS). The integration of 
both processes is carried out through the stream of refrigerant generated in the high-temperature 
generator (HTG), which is used as the heating medium in the first effect of the MED system. 
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Table 1: Comparison of the model outputs with data reported in Abdulrahim and Darwish [10]  

 Ref. [10] This work 
Multi-effect distillation system (MED)   
Freshwater production (kg/s) 3.72 4.400 
Steam (kg/s) 0.654 0.698 
Thermal energy input (kW) 1517.5  1128.811 
Gain ratio, GR (kg freshwater/kg steam) 5.69 6.30 
Absorption refrigeration system (ARS)   
Heat load (kW)   
– EVAP 1500.0* 1500.0* 
– HTG  1692.4 (steam) 1472.979 (steam) 
– LTG 0 471.252 (hot water) 
– ABS 1556.1 1823.078 
– LTC 1636.3 492.342 
– MED 1517.5 1128.811 
Steam flow rate (kg/s) 0.8 0.698 
Steam temperature (ºC) 150* 150* 
Hot water in LTG (kg/s) − 11.274 
Inlet/outlet hot water temperature to LTG (ºC) − 95 / 85 
Refrigerant flow rate (kg/s) 0.631 0.467 (HTG) 

0.167 (LTG) 
Condenser temperature (ºC) 30 32.1 
Generator temperature (ºC) 137.5 112.3 (HTG) 

72.5 (LTG) 
Absorber temperature (ºC) 65.8 27.4 
Evaporator temperature (ºC) 1.9* 1.9* 
Evaporator pressure (bar) 0.007* 0.007* 
Strong solution flow rate (kg/s) 1.6 6.294 
Weak solution flow rate (kg/s) 2.23 6.761 
LiBr solution concentration (%)   
 43.0 leaving ABS 53.035 leaving ABS 
  58.524 leaving LTG 
 60.0 leaving HTG 56.967 leaving HTG 
Coefficient of performance (COP) 0.88 0.77 

* Fixed value [10] 

It was proposed to investigate the possible capacities of freshwater production for different required 
refrigeration capacity levels. Based on a nonlinear programming (NLP) model of the integrated 
process, the minimization of the specific total annual cost – the cost to produce a unitary volume of 
freshwater – was performed for different values of refrigeration capacity. The only fixed parameters of 
the model were the thermal levels of the heating and cooling utilities and the refrigeration capacity, 
while the LiBr solution concentrations in the ARS, brine concentrations in the MED effects, flow 
rates, pressures, and temperatures of the process streams were considered as optimization variables. 
Thus, the optimal model solutions were obtained considering simultaneously all the trade-offs among 
the variables involved in both processes. In the ARS, saturated steam at 115 ºC and hot water at 95 ºC 
were considered as the heating medium in the HTG and LTG, respectively. The results obtained for 
the integrated system investigated are promising since freshwater production rate values between 
3160.18 m3/yr. and 85077.16 m3/yr. were obtained for refrigeration capacity values between 100 kW 
and 2600 kW. Compared with data reported by other authors, who integrated a single-effect ARS, the 
integrated system proposed in this work increases the production of freshwater by 0.68 kg/s (4.40 kg/s 
vs. 3.72 kg/s) for the same refrigeration capacity (1000 kW) and number of evaporation effects (8 
effects) and, additionally, the requirement of heating steam is lower (0.698 kg/s vs. 0.8 kg/s), despite 
the fact that the total input energy required in this work is 252 kW greater (1944 kW vs. 1692 kW). 
The lower heating steam requirement is due to the fact that an amount of 471 kW – of the 1944 kW 
required in total – is supplied by hot water, which does not imply any cost since it can be considered 
as waste heat in any process. 
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Abstract 

With the ever-growing need for climate change mitigation, CO2 as the sole refrigerant (R744) has 

become an appealing future-proof option for several refrigeration and heat pump solutions. Currently 

transcritical CO2 systems offer, by far, the best energy and environmental performance in various 

medium- and large-capacity applications, provided that some of the available expansion work is 

recovered via two-phase ejectors. However, although similar benefits are expected for small-scale units 

(e.g. condensing units), at present no appropriate capacity control strategy is available for two-phase 

ejectors in these solutions. The aim of this work is to bridge this knowledge gap by presenting the first 

experimental results related to an innovative capacity control technique for two-phase ejectors in 

transcritical CO2 condensing units. The novel capacity control methodology is based on the pulse-width 

modulation (PWM) of the refrigerant flow through the ejector. At the compressor speed of 40 Hz, water 

temperature at the gas cooler inlet of 35 °C and ethylene glycol temperature at the evaporator inlet of 5 

°C, it was found that the high pressure and the cooling capacity can be increased by up to about 20 bar 

and 17%, respectively. Furthermore, at the optimal operation condition the solution relying on the PWM 

ejector offered an increase in coefficient of performance (COP) by 14% compared to the unit with 

passive ejector and by about 29% over the standard system. In addition to the encouraging results 

obtained, the proposed strategy features low cost, simplicity, low vulnerability to clogging, no need to 

vary the nozzle throat area for flow control and major potential than its currently available competitors. 

Having no practical size or application constraints, the suggested capacity control mechanism could 

possibly lead to lay robust foundations for a significantly more sustainable future in the whole cooling 

and heating sector. 
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1 Introduction 

Small-format stores, such as grocery and convenience stores, are energy-consumptive applications. 

Their energy use intensity, in fact, is above 2000 kWh·m-2 sales area per year, being significantly higher 

than that of hypermarkets (i.e. about 700 kWh·m-2 sales area per year) [1]. In order to achieve global 

sustainability targets, particular attention needs to be devoted to the efficiency enhancement of their 

refrigeration system (i.e. condensing units), which is responsible for 30% to 60% of the electricity used 

[1]. The need for energy saving in refrigeration applications is even more exacerbated in high ambient 

temperature countries, where the warm climate represents a considerable challenge for refrigeration 

technologies. In addition to great energy efficiency, the adoption of low global warming potential 

(GWP) refrigerants in the refrigeration sector is compulsory nowadays. However, the identification of 

the most suitable long-term working fluid complying with both the safety and the energy efficiency 

requirements (i.e. future-proof solution) is still matter of intense debate among experts. In fact, safety 

on flammability and toxicity is generally imperative in small-format stores, being the refrigeration units 

easily accessible by the public and the refrigerant charge relatively high. 

Two-phase ejectors have emerged as one of the key drivers of ever-wider global approval of CO2 as the 

sole working fluid in medium- and large-capacity commercial refrigeration systems [2]. CO2 is a well-

known refrigerant, being virtually ideal from an environmental and safety perspective (i.e. negligible 

GWP, zero Ozone Depletion Potential, non-toxic, non-flammable). This means that this working fluid 

will never be subject to any future regulatory liability. Its main drawback, i.e. low energy efficiency at 

high cooling medium temperatures, can be overcome by recovering part of the available expansion work 

with the aid of two-phase ejectors [2]. As an example, Nakagawa et al. [3] experimentally experienced 

a maximum COP enhancement of 27% compared to a conventional CO2 system at the on-design 

operation condition. However, the energy benefits from the use of a two-phase ejector are lost, as the 

ejector capacity is not effectively controlled [4,5], i.e. as both capacity and heat sink temperature 

substantially vary (i.e. at off-design operation conditions). These running modes are typical for 

commercial refrigeration applications. The experimental work by Nakagawa et al. [3] also revealed that 

the system and ejector performance off-design penalties can be quantified as COP decreases of up to 

82% and an ejector efficiency reduction of 12% as the gas cooler pressure is 1.25÷1.50 MPa below the 

optimal operating condition. In order to overcome this drawback and to the best of the authors’ 

knowledge, three capacity control techniques for two-phase ejectors have been implemented. Firstly, 

the needle-based capacity control mechanism was formulated [6,7]. However, this solution features 

complicated and costly design and significant vulnerability to clogging [5]. Recently, Zhu and Elbel [5] 

developed a simpler, possibly less expensive and more reliable technique, i.e. vortex ejector. 

Nevertheless, it was found that the vortex ejector presents similar or slightly lower performance than 

the needle-based ejector, although it is still under development. The third option is the multi-ejector 

concept [8], which is currently leading to a considerable spread of transcritical CO2 refrigeration systems 

in medium- and large- applications (i.e. mainly supermarkets) operating in warm climates [2]. However, 

the multi-ejector arrangement is too complex [9], costly and limited by manufacturing size to be 

successfully employed in small-capacity systems. Therefore, it is necessary to formulate new capacity 

control techniques for small-capacity CO2 vapour-compression systems equipped with two-phase 

ejectors [10]. This challenge is even more arduous for transcritical CO2 solutions, since in these 

applications a two-phase ejector needs to simultaneously be able to recover some of the available 

expansion work effectively and control the discharge pressure properly. 

The target of this work is to fill the aforementioned knowledge gap by presenting the first experimental 

outcomes associated with a novel control mechanism for two-phase ejectors in a transcritical CO2 

condensing unit. The new capacity control technique is based on the pulse-width modulation (PWM) of 

CO2 flow through the ejector. Firstly, the PWM ejector performance has been evaluated. Secondly, this 

has been compared with the performance of both a passive ejector (i.e. with no capacity control strategy) 

and a standard CO2 system (i.e. with flash gas by-pass valve and without ejector). All the assessments 

have been carried out at the compressor speed of 40 Hz, water temperature at the gas cooler inlet of 35 

°C and glycol temperature at the evaporator inlet of 5 °C, leading to a CO2 evaporating temperature of 

about -5.5 °C (value characterizing commercial refrigeration applications). 
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2 Methodology 

2.1 Experimental facility  

The experimental facility, which is sketched in Figure 1, is equipped with a Dorin CD180H compressor 

with a variable speed drive (ABB ACS150) and a power analyser (Voltech PM3000A, accuracy: 0.1% 

of reading). The latter is installed between the drive and the compressor, meaning that the losses related 

to the variable speed drive in the readings have not been considered. Brazed plate heat exchangers 

manufactured by SWEP were employed as the evaporator (B17Hx16/1P) and the condenser/gas cooler 

(B17Hx10/1P). The experimental facility is also outfitted with a suction line heat exchanger (SLHX), 

being 50 cm stainless steel tubes tin-soldered together. The two-phase ejector is the smallest cartridge 

installed into the multi-ejector block (motive nozzle/mixing chamber = Ø0.71/Ø2.30 mm). At the inlet 

of the evaporator, a Danfoss AKV expansion valve relaying on the PWM working principle was 

adopted. Also, Danfoss ETS stepper-motor valves were employed as the high pressure valve and the 

vapour by-pass valve. The CO2 mass flow rate at the high pressure side was measured with the aid of a 

Coriolis type mass flow meter (Micro Motion DS012, accuracy: 0.2% of reading), which was installed 

downstream of the SLHX. All the pressure sensors (accuracy: 0.3% of 160 bar) and the temperature 

sensors (accuracy: ±(0.3+0.005×T in °C)) were provided by Danfoss A/S. Furthermore, the receiver 

presents a differential pressure transmitter to measure the liquid level. Two Titan turbine flow meters 

were used in the experimental facility. One had the purpose of measuring the volumetric flow of the 

water flowing through the condenser/gas cooler (accuracy: 0.36% of 6.5 l·min-1), while the other was 

employed for evaluating the volumetric flow of the ethylene glycol-water (35/65%) mixture flowing 

through the evaporator (accuracy: 0.74% of 15 l·min-1), respectively. An Agilent data logger was 

employed for logging temperatures, pressures, etc., while Danfoss controllers were used for logging and 

monitoring the controlled variables. Finally, National Instruments cDAQ module 9411 was utilized for 

counting the volume flow meters. Inlet temperatures of water and ethylene glycol were respectively 

controlled with the aid of a 3-way valve and an electric heater, whereas the flows were controlled by 2-

way valves.  

 

Figure 1: Schematic of the experimental facility (colour/dash for ejector mode, hand-operated valves 

omitted) 

The experimental facility can be used in either ejector mode or standard mode. In ejector mode, the 

refrigerant is condensed/cooled down in the condenser/gas cooler and subcooled in the SLHX before 

expanding in the two-phase ejector (motive nozzle stream). Consequently, CO2 is entrained from the 

evaporator (suction nozzle stream) and thus pre-compressed to an intermediate pressure (i.e. receiver 

pressure). This leads to a higher suction pressure of the compressor and thus to a better performance 

compared to the solution without the ejector. From the receiver, the refrigerant is split into its liquid and 

vapour components. The liquid stream is isenthalpically expanded and evaporated in the evaporator, 

providing the required cooling capacity. The vapour is superheated in the SLHX before it is drawn by 

the compressor. In standard mode, CO2 leaving the condenser/gas cooler is subcooled in the SLHX and 

then isenthalpically expanded in the high pressure valve. The resulting liquid/vapour mixture is 

separated in the receiver: the liquid is evaporated in the evaporator, whereas the vapour is isenthalpically 
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expanded through the vapour by-pass valve. Finally, the two streams are mixed and further superheated 

in the SLHX before being drawn by the compressor. Further details regarding the test rig can be found 

in the work by Kærn et al. [11]. 

2.2 PWM concept 

The PWM methodology has been widely used in expansion valves by Danfoss A/S in various 

refrigeration, air conditioning and heat pump applications. An expansion valve is regulated by means of 

the PWM concept as follows: 

 within a period (i.e. PWM period) of generally 3÷6 seconds, a voltage signal from the controller 

is transmitted to and removed from the valve coil, leading respectively to its opening and closing 

(i.e. to the flow of the refrigerant through the expansion valve or not); 

 the relation between the opening and closing time of the valve coil determines the provided 

cooling capacity. 

Thus, taking the case of 3 seconds as the PWM period into account, if it is necessary the full capacity, 

the valve coil will remain open during the aforementioned 3 seconds. As it is needed to provide 67% of 

the full capacity, the valve coil will be open for about 2 seconds out of 3 seconds (i.e. about 67% of 3 

seconds) and will be closed for about the following 1 second. In case of 33% of the full capacity is 

required, the valve coil will remain open for about 1 second out of 3 seconds and will be closed for about 

the following 2 seconds.  

The same principle described above was applied to the motive solenoid valve (MSV) installed upstream 

of the ejector (see Figure 1). In the current work, the time period of the PWM ejector and that of the 

AKV expansion valve were 2 seconds and 3 seconds, respectively. The time periods cannot to be too 

fast to ensure the lifetime of the check valve. In addition, this period of time avoided too slow PWM, 

which could result in large transients, deteriorate system stability and result in spurious system level 

pressure oscillations. Referring to Figure 1, the suction check valve ensured that the pressure lift was 

not short-circuited upon closing. 

2.3 Data reduction 

The data reduction in terms of COP (Eq.(1)) was based on the energy balance equations at steady state 

conditions as well as on the heat absorption occurring in the secondary side of the evaporator. The 

motive nozzle, suction nozzle and diffuser pressures, whose sensors were mounted directly on the ejector 

housing, were logged at 1000 Hz, while the remaining data were logged at every 2.5 seconds for 5 

consecutive minutes (steady state temperature tolerance = ±0.2 °C, steady state wait time = 60 s) and 

then averaged over the collection period. 

 

𝐶𝑂𝑃 =
�̇�𝑒𝑔,𝑒𝑣𝑎𝑝

�̇�𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟

=
�̇�𝑒𝑔 · 𝜌𝑒𝑔 · (ℎ𝑒𝑔,𝑒𝑣𝑎𝑝 𝑖𝑛 − ℎ𝑒𝑔,𝑒𝑣𝑎𝑝 𝑜𝑢𝑡)

�̇�𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟

 (1) 

 

The ejector efficiency was computed by using Eq.(2), as suggested in [6]. Also, the pressure lift and the 

mass entrainment ratio (Φm) referred to the pressure difference between the diffuser outlet and the 

suction nozzle inlet and to the ratio of the suction nozzle mass flow rate to the motive nozzle mass flow 

rate, respectively.  

 

 𝜂𝑒𝑗𝑒𝑐𝑡𝑜𝑟 = 𝛷𝑚 ·
ℎ(𝑝𝑑𝑖𝑓𝑓 𝑜𝑢𝑡, 𝑠𝑠𝑛 𝑖𝑛) − ℎ𝑠𝑛 𝑖𝑛

ℎ𝑚𝑛 𝑖𝑛 − ℎ(𝑝𝑑𝑖𝑓𝑓 𝑜𝑢𝑡, 𝑠𝑚𝑛 𝑖𝑛)
 =

�̇�𝑠𝑛

�̇�𝑚𝑛
·

ℎ(𝑝𝑑𝑖𝑓𝑓 𝑜𝑢𝑡 , 𝑠𝑠𝑛 𝑖𝑛) − ℎ𝑠𝑛 𝑖𝑛

ℎ𝑚𝑛 𝑖𝑛 − ℎ(𝑝𝑑𝑖𝑓𝑓 𝑜𝑢𝑡, 𝑠𝑚𝑛 𝑖𝑛)
 (2) 

 

Furthermore, the uncertainty propagation was evaluated by using Engineering Equation Solver (EES) 

[12]. Finally, it was found that the average discrepancy in terms of heat balance between CO2 and the 

secondary fluids were of about 12.5% within the evaporator and 8.0% within the gas cooler. It is worth 
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remarking that the large differences in the energy balance within the heat exchangers do not threaten the 

proof of the PWM ejector concept.  

3 Results and Discussion 

All the results presented in this Section were obtained at the compressor speed of 40 Hz, water 

temperature at the gas cooler inlet of 35 °C and glycol temperature at the evaporator inlet of 5 °C (i.e. 

CO2 evaporating temperature of about -5.5 °C). 

3.1 Results associated with the PWM ejector 

The influence of the opening degree (OD) of the MSV on the motive nozzle, suction nozzle and diffuser 

outlet pressures of the ejector is showed in Figure 2, which indicate different time series stitched 

together. As an example, OD = 90% means that the MSV was closed for 10% of the PWM period (i.e. 

0.2 seconds out of 2.0 seconds), whereas it was open for 90% of the PWM period (i.e. 1.8 seconds out 

of 2.0 seconds). The MSV closing resulted in fluid hammer phenomenon and, consequently, in pressure 

wave propagation downstream as the MSV opened. In addition, a decay of the diffuser outlet pressure, 

which was found to lead to the equalization with the suction nozzle pressure, was also experienced. 

However, as the MSV was opened, the pressure lift was reinforced (i.e. around 4 bar). Furthermore, it 

is essential to highlight that, despite the aforementioned pressure equalization, the compressor was still 

capable of drawing R744 from the intermediate pressure rather than from the low one. The lower the 

OD, the more marked the previous phenomena became. It is believed that the pressure drop between the 

diffuser and the receiver could result in the decay of the diffuser outlet pressure as the MSV is closed. 

Similarly, the suction pressure and receiver pressure seems to equalize possibly through the expansion 

device. 

 

Figure 2: Influence of the opening degree (OD) of the MSV on the motive nozzle, suction nozzle and 

diffuser outlet pressures of the ejector (compressor speed = 40 Hz, twater,gc in = 35 °C, teg,evap in = 5 °C, 

ΔTsuperheating = 10 K) 

As showed by Lorentzen [13], transcritical CO2 vapour-compression systems feature an optimum heat 

rejection pressure maximizing the COP with respect to the refrigerant temperature at the gas cooler 

outlet as soon as the transcritical regime is established. Therefore, it is of vital importance for 

transcritical CO2 units that their high pressure is accurately controlled. This target is achieved with the 
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aid of the high pressure valve in standard transcritical CO2 systems, whereas the adoption of a two-phase 

ejector in transcritical CO2 units need to contemporarily guarantee an appropriate expansion work 

recovery and an effective high pressure control. The results presented in Figure 3 (based on Eq.(1)) 

highlight that the high pressure can be varied from 79.89 bar with an OD of 100% (i.e. passive ejector) 

to 99.32 bar with an OD of 30%. Consequently, a COP of 1.63 was attained by using the passive ejector, 

whereas the use of the PWM ejector allowed obtaining the maximum COP of 1.85 at OD of 80% down 

to 1.58 at OD of 30%. Therefore, it could be claimed that the PWM ejector is capable of properly 

controlling the heat rejection pressure and permitting the system to accomplish the best COP at the 

evaluated operation condition. Also, it is worth highlighting that the low values of COP showed in Figure 

3 were due to the use of an old compressor. 

 

Figure 3: COP as a function of high pressure/opening degree (OD) (compressor speed = 40 Hz, 

twater,gc in = 35 °C, teg,evap in = 5 °C, ΔTsuperheating = 10 K) 

The cooling capacity of the investigated solution, being equal to the numerator of Eq.(1), is showed in 

Figure 4 with respect to the high pressure (and OD). A cooling duty of 1.60 kW was obtained by using 

the passive ejector at the high pressure of 79.89 bar, whereas this value was increased up to 1.88 kW 

with the aid of the PWM ejector. In the latter case, a high pressure of 82.47 bar was reached, 

corresponding to an OD of 80%. A decreasing trend was experienced at OD ≥ 70%, resulting in a cooling 

capacity of 1.77 kW at OD of 30%. The evaluated behaviour is consistent with the experimental data 

presented in [6]. Figure 4 also highlights that, as OD reduces, the CO2 mass flow rate flowing though 

the motive nozzle decreases as well. Consequently, since the cooling capacity raised at high pressures 

up to 82.47 bar and then slightly changed, the gas cooler pressure increased. 

 

Figure 4: Cooling capacity as a function of high pressure /opening degree (OD) (compressor speed = 

40 Hz, twater,gc in = 35 °C, teg,evap in = 5 °C, ΔTsuperheating = 10 K) 
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A similar trend presented in Figure 5 for the mass entrainment ratio as well as for the pressure lift with 

respect to the high pressure was also revealed in [14], meaning that lower values of mass entrainment 

ratio result in higher values of pressure lift and vice versa. Consequently, since the ejector efficiency 

evaluates the trade-off between how much refrigerant can be lift and the pressure up to which the 

refrigerant can be lift by the ejector, a maximum value can be found around the point in which the mass 

entrainment ratio and pressure lift overlap, as showed in Figure 6. Furthermore, it is worth remarking 

that the values of pressure lift presented in Figure 5 are underestimated compared to those showed in 

Figure 2. This is due the fact that the values of pressure lift in Figure 5 were averaged over the data 

collection period, i.e. including the period during which the diffuser outlet and the suction nozzle 

pressure tend to get equalized. On the one hand, this explains the different values of pressure lift with 

rise in OD plotted in Figure 2 and Figure 5. On the other hand, as showed in Figure 2, it is important to 

highlight that the PWM ejector offered values of pressure lift of about 4 bar as the OD was ranged 

between 100% and 30% at the investigated operation condition. 

 

Figure 5: Mass entrainment ratio (left y-axis) and pressure lift (right y-axis) as a function of high 

pressure/opening degree (OD) (compressor speed = 40 Hz, twater,gc in = 35 °C, teg,evap in = 5 °C, 

ΔTsuperheating = 10 K) 

In Figure 6 it can also be noticed that the value of maximum ejector efficiency (calculated via Eq.(2)) 

does not coincide with that of maximum COP and cooling capacity, meaning that the PWM ejector 

performance can be improved by enhancing its design. In addition, Lawrence and Elbel [4] 

experimentally showed that the use of a needle-based ejector in a transcritical CO2 unit leads to a 

significant drop in the ejector efficiency as it is necessary to obtain high gas cooler pressures, i.e. the 

losses caused by the use of the needle are much more considerable than those owing to off-design. This 

was not the case for the proposed methodology, since the PWM effect allowed the ejector to present 

higher efficiencies than those of the passive ejector at ODs between 90% and 40%, becoming almost 

the same at OD of 30%. 

 

Figure 6: Ejector efficiency as a function of high pressure/opening degree (OD) (compressor speed = 

40 Hz, twater,gc in = 35 °C, teg,evap in = 5 °C, ΔTsuperheating = 10 K) 
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3.2 Solution with PWM ejector vs. Solution with passive ejector vs. Standard solution 

The results of the comparison among the standard solution (i.e. with flash gas by-pass valve and without 

ejector), the unit equipped with a passive ejector (i.e. no capacity control strategy implemented for the 

ejector) and the system relying on the PWM ejector are summarized with the aid of Table 1. It was found 

that, at the investigated operating conditions, the use of a passive ejector and that of a PWM ejector 

allow for a COP enhancement by 14.0% and 29.4% in comparison with the standard unit, respectively. 

This led the proposed capacity control mechanism to a COP improvement by 13.5% compared to the 

passive ejector. Furthermore, it was revealed that the cooling capacity can be ranged from 1.60 kW up 

to 1.88 kW thanks to the adoption of the PWM concept (±17.1% compared to the unit with passive 

ejector). In relation to the standard solution, the cooling duty was enhanced by 13.5% with passive 

ejector and by up to 33.3% with the PWM ejector, respectively. It is worth remarking that the results 

listed in Table 1 were obtained at their corresponding optimal operating condition for all the three 

considered modes, as showed in Figure 3 for the PWM ejector and in [11] for the other two cases. 

In addition, the currently available capacity control mechanisms for two-phase ejectors installed in 

small-capacity units, i.e. needle-based technique and vortex-based strategy, offer a COP enhancement 

by 2%÷4% compared to the passive ejector [5,6]. This further highlights the considerable potential of 

the PWM ejector in paving the way for a future-poof refrigeration solution suitable for small-format 

commercial stores. It is important to highlight that both the PWM ejector and the vortex ejector still 

need further developments. 

Table 1: Comparison among the standard solution (i.e. with flash gas by-pass valve and without 

ejector), the solution with passive control (i.e. with no capacity control strategy of the ejector) and the 

solution with PWM ejector (compressor speed = 40 Hz, twater,gc in = 35 °C, teg,evap in = 5 °C, ΔTsuperheating 

= 10 K) 

Solution 
COP 

[-] 

Enhancement 

in COP [%] 

Enhancement 

in COP [%] 

Cooling 

capacity 

[kW] 

Enhancement 

in cooling 

capacity [%] 

Enhancement 

in cooling 

capacity [%] 

Standard 1.43 Baseline - 1.41 Baseline - 

Passive ejector 1.63 +14.00 Baseline 1.60 +13.50 Baseline 

PWM ejector 1.85 +29.40 +13.50 1.88 +33.30 +17.10 

4 Conclusions and Future work 

Transcritical CO2 vapour-compression systems equipped with a two-phase ejector could become the 

most preferred solution for small-format commercial stores thanks to their ability to considerably 

attenuate global warming. However, two-phase ejectors cannot be currently appropriately controlled in 

these applications. Therefore, in the present work the first experimental outcomes associated with a 

novel capacity control mechanism for CO2 two-phase ejectors have been presented. The new capacity 

control technique relies on the pulse-width modulation (PWM) of the refrigerant flow through the 

ejector. The proposed capacity control mechanism is characterized by low cost, simplicity, low 

vulnerability to clogging and no need to vary the nozzle throat area for flow control. 

At the compressor speed of 40 Hz, water temperature at the gas cooler inlet of 35 °C and CO2 

evaporating temperature of about -5.5 °C, the results obtained have showed that the gas cooler pressure 

can be augmented by up to about 20 bar, meaning that it can be properly controlled by the PWM ejector. 

In addition, the cooling capacity can be increased by up to about 17%. Furthermore, at the optimum 

running mode the solution using the PWM ejector features an enhancement in COP by 14% compared 

to the system without ejector control and by about 29% in relation to the standard unit. This means that 

the PWM ejector has a much more considerable potential than its currently available competitors, i.e. 

needle-based ejector and vortex-based ejector. Although the concept is tailored towards small-capacity 

vapour-compression systems, it has no practical size or application constraints, potentially allowing for 

an eco-friendlier future of the whole cooling and heating sector. As possible immediate future work, it 

will be necessary to: 
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 investigate the influence of the compressor speed and water temperature at the gas cooler inlet 

on the performance of both the PWM ejector and the overall system; 

 explore an optimal frequency of the ejector PWM; 

 evaluate the benefits deriving from the use of mufflers having different size; 

 evaluate the potential energy advantageous related to the use of the PWM ejector in air 

conditioning applications; 

 reduce the discrepancy in terms of heat balance between CO2 and the secondary fluids within 

the heat exchangers. 

Nomenclature 

 

COP coefficient of performance 

EES Engineering Equation Solver 

GWP global warming potential, kgCO2,equivalent
· kgrefrigerant

−1  

h enthalpy per unit mass, kJ·kg-1 

�̇� mass flow rate, kg·s-1 

MSV motive solenoid valve 

OD opening degree, % 

p pressure, bar 

PWM pulse-width modulation¨ 

�̇� cooling capacity, kW 

s entropy per unit mass, kJ·kg-1·K-1 

SLHX suction line heat exchanger 

t or T temperature, °C or K 

�̇� volumetric flow rate, m3·s-1 

�̇� power, kW 

Greek symbols 

Δ variation 

η efficiency 

ρ density, kg·m-3 

Φm mass entrainment ratio 

Subscripts and superscripts 

diff diffuser 

eg ethylene glycol-water (35/65%) mixture 

evap evaporator 

gc condenser/gas cooler 

in inlet 

mn motive nozzle 

out outlet 

sn suction nozzle 
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Abstract 

The cogeneration system and the 𝐶𝑂  compression power plant of an offshore platform on the Brazilian 
coast are assessed under off-design conditions along the expected lifetime of an oil well. These power 
plants are projected to supply thermal and electrical requirements of the Floating, Production, Storage, 
and Offloading (FPSO) unit and operate predominantly under off-design conditions either under 
atmospheric conditions, partial load, or even at a pressure drop due to up- and downstream equipment. 
A thermodynamic analysis was carried out from the air humidity and the temperature profile, as well as 
the correction factors for performance parameters at partial load. Besides, a comparative analysis for an 
alternative configuration with inlet air cooling technology aiming at mitigating 𝐶𝑂  emissions was also 
performed. The results present an increase of 7%, on average, in exergetic efficiency; besides, 6% of 
mitigated 𝐶𝑂  emissions was achieved. Additionally, the occupied area would be just slightly impacted. 
Otherwise, the power plant weight is expected to increase by 2.87 and 6.6%. 

1 Introduction 

Mainly due to slower global economic growth and the impact of milder weather on heating and cooling, 
global energy demand increased in 2019 by less than half the rate of growth in 2018. Besides that, 
demand for oil and natural gas increased by 0,8% and 1,8%, led by growth in China [1]. Therefore, the 
dependence of the world energy matrix on fossil fuels tends to continue during the next decades. A 
recent concern regarding global warming and climate change issues is also well recognized, which is 
why the importance of studies aiming at mitigating the environmental impact of highly polluting 
industrial activities is growing. 

Brazil has been a world example in the use of renewable energy sources in its energy matrix, reaching 
43.5% of clean energy sources [2]. However, oil and gas exploitation from the pre-salt region has 
recently boosted non-renewable energy usage and, therefore, making Brazil go against the trend of 
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previous years. According to [3], Brazil will become the second-largest oil exporter among non-OPEC 
countries, being responsible for one third of the growth of global supply by 2035. 

Floating, Production, Storage, and Offloading (FPSO) units are floating vessels responsible for 
performing oil and natural gas exploitation in deep and ultra-deep-water areas far from the mainland. 
Therefore, energy self-sufficiency is generally a requirement for them, which are mostly powered by an 
open cycle gas turbine (OCGT). Heat and electricity are consumed in processing plants, which are 
responsible for petroleum separation, gas compression, heating, among others. Electricity is produced 
by gas turbines powered by a fraction of the processed gas, or by heavy oils or diesel. The heat demand 
is supplied by the use of gas burners, electric heaters, or by waste heat recovery unities [4]. The electrical 
and thermal demands of FPSO units vary over time, because of the petroleum composition (namely 
water, oil, and natural gas associated, which vary over time), which demands the exact amount of heat 
and electricity required, from gas turbines. In this article, a typical FPSO power plant is modeled and 
simulated throughout the entire oil well lifetime according to thermal and electrical demand curves from 
[5]. 

Motivated by carbon taxation in many countries around the world, as an alternative to mitigate climate 
change, big companies, governments, and researches have been focusing on reducing the environmental 
impact of the oil and gas industry, since it represents one of the most impacting industries. Among other 
alternatives, greenhouse gas emissions mitigation might be achieved, reducing fuel consumption, 
increasing power plants energy efficiency through process integration, or capturing and storing 
greenhouse gases. This work explores an alternative for performance enhancement of gas turbines and 
consequently, fuel consumption reduction and 𝐶𝑂  emissions mitigation by inlet air cooling system. 

Three main technologies can be found within the concept of inlet air cooling: i) vapor compression 
refrigeration system, ii) evaporative cooling, and iii) absorption refrigeration system.  

In a comparative study conducted by [6], several technologies for improving power and efficiency of a 
combined cycle power plant using liquid natural gas were evaluated. Gas turbine intake cooling system, 
using electric and evaporative cooler, such as steam injection were simulated and compared for the 
power plant, composed by eight gas turbines and four steam turbines. The system generated 1,800 MW 
of power, under an efficiency of 52%. The work concluded that, for the plant operating at full load, the 
cooling system of the inlet air with an electric chiller yielded the highest gains in power production 
(2.39%), however, with a slight drop of 0.19% in cycle efficiency. In second place, the steam injection 
system appeared. However regarding only the gas turbine, a gain of 7.87% in power and efficiency was 
achieved with steam injection, followed by gains of 4.65% and 2.01% of gains in power and efficiency, 
respectively using the electric chiller. 

Nordin et al. [7] presented results for annual power generation in an aeroderivative and an industrial gas 
turbine plant with TIAC technology implemented; these results were then compared with values 
obtained without the implementation of this technology. The authors implemented the mechanical 
chiller method to cool down the gas turbine inlet air. The analysis was carried out in Malaysia, whose 
climate is hot and humid throughout the year, with an ambient temperature in the range of 25 to 37°C; 
this fact enabled great gains in both of the studied turbine models. The aeroderivative turbines proved 
to be more sensitive and presented greater gains than the heavy-duty turbines, reaching gains of 24.49% 
and 10.43%, respectively. 

Intake air evaporative cooling systems are not suitable for all environmental conditions. Lyou et al. [8] 
carried out a study to predict the thermodynamic and economic viability of evaporative cooling systems. 
In addition, the authors performed a sensitivity analysis based on parameters such as relative humidity, 
dry-bulb temperature, and electricity and gas prices for a combined cycle plant in the city of Hangzhou, 
China. The investment payback period of the studied case was 2.87 years, while the feasibility 
conclusions were directed to cases where the differences between the dry and wet-bulb temperatures 
were the largest possible, while the desired values for relative humidity were the smallest. In the 
economic aspect, the authors showed that there is no advantage to an installation where the temperature 
is less than 10°C, or the relative humidity is greater than 80%. Furthermore, in cases where the ambient 
temperature was less than 20°C and the relative humidity greater than 60%, economic unfeasibility was 
observed. 
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The technology that uses chillers is much more investigated and appropriate for countries with a hot and 
humid tropical climate, as it presents greater gains than the evaporative cooling technology, which is 
more observed in places with low humidity and high temperatures. In comparison with other available 
technologies, the implementation of TIAC has grown in recent years, owing to its lower investment cost 
and the significant thermal efficiency gains between 7 and 13.2% [7]. 

In the FPSO platform, the onsite conditions of the air present an average relative humidity over 80%; 
moreover, since there are restrictions on the freshwater production, the evaporative cooling technology 
was not considered in this comparative study. Thus, a comparative analysis was performed between a 
base case, a gas turbine without inlet air cooling, referred as Scenario 1 (Base Case), a gas turbine with 
inlet air cooling using an electric chiller, Scenario 2, and a gas turbine with inlet air cooling using an 
absorption chiller, Scenario 3. It is highlighted that this type of analysis is not usually found in gas 
turbines used in FPSO; thus, the objective of this work is to evaluate the influence of the air cooling of 
a gas turbine to identify the turbine behavior, as well as the possibility of reducing emissions. For this 
reason, the cogeneration plant of an offshore FPSO platform, in the Brazilian coast, was evaluated under 
real operating conditions, namely thermal and electrical demand curves and real temperature profile of 
25S-45W coordinates. 

2 Methodology 

In this section, all tools and considerations for the thermodynamic analysis of the cogeneration plant, 
sizing and optimization of heat exchangers, as well as the assumed conditions for operating parameters 
of the FPSO’s cogeneration power plant are presented. Considering the first and the second law of 
thermodynamics (energy and mass conservation, exergetic analysis, total system efficiency [9] and 
exergetic efficiency), as well as additional dimensional parameters, namely equipment weight and 
occupied area  (key issues for space-constrained projects in cases such as this work), a thermodynamic 
analysis was carried out in the computational environment of Equation Engineering Solver (EES) 
software along with the estimated lifespan of an oil well in the Brazilian coast.  

2.1 Sizing and optimization of heat exchangers 

Heat exchanger design was undertaken by the ESCOA (an acronym for Extended Surface Corporation 
of America) method, whose development is assigned to the ESCOA Fintube Corporation, which seemed 
to be one of the most known method in the industry for decades presenting reliable enough to be applied 
[10]. Fintubes are used in several layouts to increase the outside area of the tube (flue gas side), to 
maximize heat transfer, to reduce the total number of required tubes, to reduce the overall equipment 
size and, consequently, reduce the pressure drop and the weight. Typical applications for these heat 
exchangers are heat recovery boilers, oil fired air preheaters, retrofit of economizers and subcategorized 
shell-and-tube heat exchangers in oil refineries, fertilizer, and iron plants. Among other suppositions, 
the method assumes only cross-flow heat exchange, with one pass designed in the shell side and several 
passes designed in the tube side, as many as the number of rows. 

A computational routine for heat exchanger design and optimization was implemented in Microsoft 
Excel® after defining the fin configuration and the tube arrangement for the equipment. In this work, 
the Turb-X® SF configuration (it is a segmented type fin made by forming a flat strip into an L or U - 
type cross-section and cutting the vertical portion crosswise at close intervals to form the segments) was 
selected for the water heater, and the Solidfin® configuration (plain type fin made by helically winding 
the fin strip on edge around the tube) was selected for the air cooler. At last, tubes in staggered layout 
were selected since it is associated with higher heat exchange rates through inducing flow turbulence. 
More details about ESCOA Method can be found at the company’s engineering manual [11]. Genetic 
Algorithm was selected as optimization method, for which four decision variables were defined (outside 
tube diameter, longitudinal and transverse tube pitches and the number of tubes per row), two 
restrictions: inside flow velocity at 3 m/s to avoid premature wearing, maximal height at 3 meters and 
face velocity imposed by inlet filtering system for the air cooler and one objective combined function 
aiming at minimizing both outlet pressure drop and equipment weight. By varying decision variables 
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values, restricted in a reasonable range, the simulator found the best dimensional configuration to obtain 
weight and pressure drop reduction. Aside from expanding knowledge through equipment design and 
optimization principles, it enables the assessment of the power plant’s physical features explained later. 

2.2 Partial Load Analysis 

Since the power cycle must be evaluated at off-design operating conditions, correction factors related to 
inlet and outlet pressure drop, partial load and atmospheric conditions (temperature and air humidity) 
were calculated and then multiplied by design conditions to approximate the real operating conditions 
of the FPSO’s power plant. Correlations used were extracted from commercial software Thermoflex 
[12], [13] and [14] for aeroderivative gas turbines. Inlet air temperature affects Power Output (N), 
according to Equations (1) and (2), and Heat Rate (HR) according to Equation (3) and (4).  

𝐹  = 7.9066210 . 𝑇 + 1.67982. 10 . 𝑇

− 1.74248. 10 . 𝑇 − 2.98783. 10 . 𝑇 + 1.07795 

(1) 

 

𝑁 = 𝑁 ∗ 𝐹   (2) 

𝐹  = −3.72697. 10 . 𝑇 + 3.23539. 10 . 𝑇

+ 1.43292. 10 . 𝑇 + 7.00538. 10 . 𝑇 + 0.985211 
(3) 

𝐻𝑅 = 𝐻𝑅 ∗ 𝐹   (4) 

Where: Fpower output is the correction factor for power output; FHeat Rate is the correction factor for Heat 
Rate; Tonsite is the onsite temperature of FPSO (°C) 

Partial load operation of turbogenerators influences exhaust mass flow (m), according to equations (5) 
and (6), the temperature of flue gases (Tg), according to equations (7) and (8), as well as its thermal 
efficiency (), according to Equations (9) and (10). The correlations for correction factors were extracted 
from a parametric analysis results obtained from the commercial software Thermoflex®. 

𝐹  = −2.014 
𝑂𝐿

100
+ 5.9971 

𝑂𝐿

100
− 6.555 

𝑂𝐿

100
+ 3.7095

𝑂𝐿

100
− 0.1377 

(5) 

𝑚 = 𝑚 ∗ 𝐹   (6) 

𝐹 = −2.41268 . 10  𝑂𝐿 − 5.19875 . 10  𝑂𝐿 + 2.14876 .  10  𝑂𝐿

− 3.21505 . 10  𝑂𝐿 + 2.29043  𝑂𝐿 − 78.3054  𝑂𝐿 + 1129.158 
(7) 

𝑇𝑔 = 𝑇𝑔 ∗ 𝐹  (8) 

𝐹 = −1.1814 x 10 𝑂𝐿 + 3.1939 x 10 𝑂𝐿 − 0.31474 𝑂𝐿 + 13.888 𝑂𝐿

− 154.54 + 0.64 
(9) 

𝜂 = 𝜂 ∗ 𝐹  (10) 

Where: Fmass flow is the correction factor for mass flow; Ftemperature is the correction factor for flue gas 
turbine temperature; Fefficiency is the correction factor for gas turbine efficiency; OL is the operational 
load. 

As a result of the physical arrangement of air filters, air cooler, turbogenerator and water heater, pressure 
drop influences the gas turbine performance by reducing Power Output and increasing Heat Rate at the 
following rates, according to Gas Turbine World [14]: Inlet pressure drop in Gas turbine inlet: for each 
inch of the water column, it is expected a Power Output reduction of 0.4% and a Heat Rate increase of 
0.1%; Outlet pressure drop in Gas turbine: for each inch of the water column, it is expected a Power 
Output reduction of 0.15% and a Heat Rate increase of 0.1%. 

The performance of the cogeneration plant for each scenario is evaluated using energy and exergy 
efficiencies (Equation (11) and Equation (12) respectively), as well as the specific CO2 emission from 
the natural gas burned, Equation (13). 
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𝜂 =
𝑄 + 𝑊

𝑚 𝐿𝐻𝑉
 

(11) 

𝜂 =
𝐸𝑥 , + 𝑊

𝑚 𝑒𝑥
 

(12) 

𝐸𝑚 = 3600[
𝑠

ℎ
] ∗

𝑚 ,

𝑄 + 𝑊
 (13) 

Where: Qproc and Wproc are the yearly electrical and thermal demands of the process plant (kW), 
respectively; mfuel is the consumed fuel (kg/s); LHV is lower heating value of fuel (kJ/kg), ExQ is the 
exergy associated to total heat flow (kW); exfuel is specific exergy of fuel (kJ/kg); EmCO2 is specific 
emission (g/kWh); mCO2,tot is the total mass of CO2 emitted (g/s).   

2.3 Simulation of cogeneration power plant 

According to the considerations presented above for real onsite operating conditions and taking into 
account partial load operation of equipment, simulations were undertaken daily considering a typical 
operational year and expanded to the expected FPSO production lifetime following their thermal and 
electrical demand curves. Figure 1 shows the curves of gas, oil and water production predicted for the 
considered well during the 22 years of its economic life [15]. The demand for heat and power for each 
year was calculated by using these curves together with the electrical and thermal specific consumptions 
of process plant components. 

(a) (b) 

Figure 1: (a) Predicted natural gas, oil and water production flow. (b) Electrical demand curves: 
Total, Main Power Train and CO2 Compression Train. Adapted from [15]. 

2.3.1 Scenario 1 – Base Case  

Base Case refers to a typical cogeneration system configuration on a FPSO, which is composed of four 
aeroderivative gas turbines GE LM 2500+, being three primaries and one backup; each gas turbine has 
a waste heat recovery system to supply hot water; this set is referred as the Main Power Train in the 
following sections (Figure 2). It is necessary to highlight that there is one additional open cycle 
aeroderivative GE LM 2000 gas turbine to drive the CO2 compression system, which is referred as 
Compression Train. The simulation of this configuration is used as a reference to compare other 
simulation scenarios in terms of CO2 emissions, exergetic efficiency, gas turbine thermal efficiency, 
weight, and occupied area of the equipment. Design conditions for the heat exchanger simulated in this 
scenario were determined calculating the number of active turbogenerators for FPSO’s lifespan and the 
thermal load to be supplied by each heat exchanger. Consequently, tube and shell mass flow are 
calculated for each heat exchanger, as well as its temperatures and thermodynamic properties. Finally, 
the ESCOA method can be applied. In this case, the highest thermal demand occurs in 2034, when 
178.61 kg/s of hot water must be warmed up from 105°C to 135°C. On the shell side, 73.4 kg/s of flue 

971



gas at 489°C flows through the waste heat recovery system. Table 1 presents the results of the sizing for 
equipment modelled through ESCOA method for the 3 Scenarios proposed. 

 

 

Figure 2: Scenario 1: Main Power Train – Base Case  

2.3.2 Scenario 2 – Base Case with TIAC (Electric chiller) 

In this scenario, FPSO’s configuration was modified by adding a TIAC system to the Main Power Train, 
which uses an electric chiller based on a vapor compression refrigeration system driven by part of turbine 
output power (Figure 3). An electrical chiller 30 HXC 246 Water-Cooled Chiller model was assumed to 
simulate this scenario. More details and specifications, as well as off-design operating parameters, can 
be found at [16]. Because of geometrical reasons, the air cooler was assumed to be installed along with 
the inlet air filter system. The final configuration for this scenario can be summarized as an air cooler 
per each gas turbine installed along with an inlet filtering system, an mechanical chiller, turbogenerators, 
and the waste heat recovery system; this last device is similar to that used in scenario 1. 

Preliminary simulations in the cogeneration system previously presented point to low operational loads, 
which are unwanted not only to the main power system but also to 𝐶𝑂  compression system, which 
present possibilities for process integration. The main expectation for an air-cooling system in this work 
is to reduce the operational load of turbogenerators by making their operation as close as possible to 
design conditions, even under penalty of losing part of power output. Consequently, an increase in the 
net power output is expected, taking into account the air cooling and the substitution of the turbine, 
which drives the CO2 compression system, with an electric motor. This solution tends to enhance gas 
turbines performance and reduce global CO2 emissions, weight, and occupied areas. 

 

Figure 3: Scenario 2: Base Case with TIAC (Electric Chiller) 

For air cooler design, information regarding airflow gas turbine, relative humidity, and temperature, 
near the FPSO is necessary. Thus, the GrADS free software [17] was used to collect data for the year 
2018 in coordinates 25 South – 45Western referring to those of FPSO’s placement. Figure 4 presents 
the behaviour of the daily average temperature and relative humidity profile for the year 2018. 

  

972



 

Figure 4: Daily average temperature and air humidity profile for a typical year 

Air inlet temperature and relative humidity assumed for air cooler design condition were 25.28°C and 
82%, respectively. Air was considered to be cooled to 15°C, which is also the design condition for the 
gas turbine. Previous analysis regarding the operational load of the gas turbine for its lifespan indicate 
a load of 91% at 2033, which corresponds to 80.82 kg/s of inlet air. Results obtained for this equipment 
were also used in the simulation of the third scenario, since it is related to the same thermal supply curve. 
The main dimensions obtained from the optimization model of air coolers are presented in Table 1. 

2.3.3 Scenario 3 – Base Case with TIAC (Absorption chiller) 

The configuration of the third scenario is similar to that of scenario 2, but the principal difference is the 
use of an absorption refrigeration system instead of the mechanical refrigeration system. In this scenario, 
beyond the thermal demand of FPSO’s processes, the waste heat recovery system must supply hot water 
to drive the absorption refrigeration system. It is assumed that the TIAC system can be operated with 
hot water with the same temperature difference of separation processes of FPSO. This scenario appears 
technologically as an alternative to the second one and, after all, also aims to eliminate the CO2 
compression turbine, replacing it by an electric motor and reducing global CO2 emissions. For this 
scenario, a Trane Single-Stage Hot-water Absorption Water Chiller 256 Tons was assumed. More details 
and specifications, as well as off-design operating parameters, can be found at [18]. 

The thermal demand of air cooler was already presented in the previous section, moreover the same air 
cooler was used for both scenarios (2 and 3). The overall thermal demand of the waste heat recovery 
system was pre-calculated in order to perform the sizing correctly. The design point of the waste heat 
recovery system must occur in operational year 19 when 200 kg/s of hot water at 135°C will be 
necessary. In the shell side of the waste heat recovery system, 73.4 kg/s of flue gases at 489.9°C will be 
used as hot source. Table 1 presents the results of the simulation. 

Table 1: Results of the sizing and optimization of waste heat recovery system and upstream air cooler 
– Scenarios 1, 2, and 3. 

 Waste heat recovery system Air Cooler 
Scenario 1 and 2 3 2 and 3 

Decision variables 
Outside diameter (mm) 44.45 (1.75in) 44.45 (1.75 in) 25.40 (1 in) 
Transversal Pitch (mm)  157.98 (6.22 in) 143.00 (5.63 in) 87.12 (3.43 in) 
Longitudinal Pitch (mm) 164.33 (6.47 in) 183.89 (7.24 in) 61.72 (2.43 in) 
Number of tubes per row 19 21 35 

Number of rows 26 27 50 
Restrictions 

Inside flow velocity (m/s) 2.96 2.98 2.84 
Equipment Height (m) 3.00 3.00 3.00 

Face Velocity (m/s)   10.48 
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Dimensional characteristics  
Weight (tonne) 11.02 12.65 6.54 
Volume (m³) 38.55 44.82 27.75 

Air pressure drop (kPa) 2.273 (9.12 inH2O) 2.698 (10.83 inH2O) 1.195 (4.79 inH2O) 
Dimensions (HxWxL - m) 3.00 x 3.00 x 4.27 3.00 x 3.00 x 4.97 3.00 x 3.00 x 3.09 
Total outside surface (m²) 3504.92 4022.53 1747.77 

Thermodynamics Parameters 
Overall Heat Transfer Coefficient 

(W/m².K) 
35.26 34.69 113.67 

Total Heat Duty (MW) 24.052 25.252 2.056 

3 Results and Discussion 

As the first objective of this article is to provide a thermodynamic analysis of the power plants to identify 
opportunities to reduce greenhouse gas emissions through partial load analysis, the first simulations 
show the performance parameters of the Main Power Train and the Compression Train regarding 
exergetic efficiency, CO2 emissions (g/kWh), operational load and total system efficiency [9]. 

Figure 5 shows that average operational load of Main Power Train is always below 80%, which 
represents an opportunity for increasing efficiency, except for the year 2033, when the power plant is 
driven by only two turbines. Comparing the available power curve of the Main Power Train presented 
in Figure 5 with the electrical demand of the Compression Train (Figure 1.(b)), it can be concluded that 
the replacement of the gas turbine, which drives the CO2 compression system, with an electric motor is 
unviable. Then, TIAC choice might be justified as an alternative to reduce the operational load of the 
Main Power Train to make viable the replacement of CO2 compression driver. Figure 6 shows the 
exergetic efficiency of the compression train; it is substantially lower in comparison to the efficiency of 
Main Power Train due waste of hot flue gas energy, since there is no downstream heat recovery unit. 
Additionally, the Compression Train presents higher carbon dioxide rates than the Main Power Train 
during approximately 35% of its lifespan (Figure 7). 

 

 

Figure 5: Power availability for 100% load, Base Case thermal efficiency, and partial load for FPSO 
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 Figure 6: Exergetic Efficiency of Compression and Main Power Train – Base Case 

 

Figure 7: 𝐶𝑂  emission of Compression and Main Power Train – Base Case 

From the presented results, simulations involving two different TIAC technologies were carried out. 
Figures 8 and 9 present, respectively, the power availability and the operational load for the Main Power 
Train for each evaluated scenario. It can be observed an increase in available power and a reduction in 
operational load in comparison to Base Case (Scenario 1). These results refer to the Main Power Train 
with TIAC (Scenario 2 and 3), without supplying electrical power to 𝐶𝑂  compression system; these 
calculations were carried out as an initial verification of this purpose. 

It is highlighted in Figure 8 that the available power of scenarios 2 and 3, for most of the operation 
period, is greater than the CO2 compression system's demand, so, for either of these two scenarios there 
would be the possibility of replacing the gas turbine of the CO2 compression system with another drive 
system, for instance an electric motor. Regarding Figure 9, scenarios 2 and 3 show the lower operational 
load for scenarios 2 and 3 in the longest time of operation of the plant in comparison with Base Case. 
That makes the use of a system with smaller turbines than the LM2500 a feasible proposal, so as to 
operate with a higher load, thus with greater efficiency, and, consequently reduce CO2 emissions. 

Figure 10 shows the results of exergetic efficiency; it can be observed gains throughout the entire oil 
well’s lifecycle of 6.43% and 7.61% on average for Scenarios 2 and 3, respectively. As after operational 
year 19 electrical demand is significantly lower and thermal demand remains the same, relevant gains 
in exergetic efficiency occurs due lower number of active gas turbines, which are nevertheless able to 
thermal supplying the platform. 
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Figure 8: Power availability analysis – Previous calculation to Base Case and Scenarios 2 and 3 

 

Figure 9: Main power train operational load for FPSO production lifetime 

 

Figure 10: Exergetic efficiency comparison for FPSO production lifetime 
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Gas turbine thermal efficiency present also relevant gains of 5.73% and 5.50%, on average, for scenarios 
2 and 3, respectively. Higher operational loads, showed in Figure 11, and controlled inlet temperature 
obtained through acceptable upstream pressure drop are responsible for the significant gains. The power 
availability presented is high enough to supply the electrical demands of the Compression Train. The 
following simulations encompass the substitution of 𝐶𝑂  compression gas turbine by an electric motor; 
besides, the gains of this substitution were verified as well.  

 

Figure 11: Operational load simulation for FPSO production lifetime 

Concerning the 𝐶𝑂  emissions, it is relevant to highlight that for this study no auxiliary software or 
specific modeling was used to predict 𝐶𝑂  emissions; this study took into account the emission directly 
related to fuel consumption considering complete combustion. Figure 12 presents the global greenhouse 
gas emission (CO2), where it can be observed a reduction of 5.32% and 6.26%, on average, for scenarios 
2 and 3 respectively. Additionally, to mitigating emissions, replacement of gas turbine in low partial 
load operation by electric motor means an increase in efficiency because last ones allow better load 
control and higher efficiency at lower partial loads. 

 

Figure 12: Global 𝐶𝑂  emissions comparison for FPSO production lifetime 

Finally, emissions and efficiencies, as well as weight and occupied area comparative analysis (Table 2) 
was performed through data collection from the manufacturer handbook and, for air cooler and heat 
exchanger, from data previously presented. Equipment included in the occupied area for Scenario 1 was 
GE LM 2500+ (including generator) and GE LM 2000 gas turbines and heat exchanger. In scenarios 2 
and 3, beyond GE LM 2500+ gas turbine, there were considered the air cooler, the heat exchanger, the 
electric motor, and an electrical and absorption chiller, respectively. Connections, pipelines, valves, 
among other additional accessories, were not considered in these calculations. Since typical heat 
exchanger arrangement for offshore facilities is upright, the frontal area was considered as occupied 
area. In comparison to Scenario 1, both Scenario 2 and 3 presented advantages in the occupied area, 
showing a reduction of 5.74% and 0.32%, respectively, since the gas turbine for CO2 compression 
occupies a considerable surface and it would be replaced. On the other hand, the weight would be slightly 
impacted; it would raise 2.87% and 6.60%, for scenarios 2 and 3 respectively. 

977



Table 2: Final comparative analysis 

Case Weight 
(tonne) 

Occupied 
area (m²) 

Total CO2 

emissions 
(thousands 
of tonne) 

Avoided 
emission 

(thousands 
of tonne) 

Total 
System 

Efficiency 
(%) 

Exergetic 
Efficiency 

(%) 

Scenario 1 454.903 214.96 1105 - 57.34 35.77 
Scenario 2 467.961 202.63 1046.21 58.79 55.70 38.07 
Scenario 3 484.938 214.27 1035.82 69.18 56.31 38.50 

4 Conclusion 

Thermodynamic analysis of offshore petroleum platform power plant provides valuable operational 
information and identify improvement possibilities. In this study, efficiency enhancement and 𝐶𝑂  
emission mitigation was explored based on FPSO’s production lifetime through replacing a secondary 
𝐶𝑂  compression driven system by an electric motor, which brought exergetic efficiency improvement 
of  6.43% and 7.61% on average for both TIAC technologies simulated along with 𝐶𝑂  emission 
mitigation of 5.32% and 6.26% for scenarios 2 and 3, respectively. Weight and projected area 
comparison shows not to be severely impacted and even reduced. Moreover, TIAC technologies do not 
require new facilities to be implemented, and in some cases, there already exist onboard; therefore, it 
must be expanded.  
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Abstract 

An increasing share of the weather-dependent RES generation in the power system leads to the 
growing importance of flexibility of conventional power plants, which usually were designed for base 
load operation. In the case of Combined Cycle Gas Turbine power plant (CCGT) one way of 
increasing its operation flexibility is integration with an Adiabatic Compressed Air Energy Storage 
system (ACAES). In this paper, we investigate techno-economic effects of CCGT-CEAS integration 
on operational flexibility. The key assumption of the CCGT-ACAES integration concept used in our 
model is the possibility of charging the compressed air storage with the use of electricity generated in 
the CCGT plant.  

In order to evaluate flexibility improvement, we optimize the operation of the CCGT-CEAS plant over 
a yearly horizon. Polish electricity day-ahead prices are used as a measure for remunerating flexibility. 
We use a mixed integer linear programming  to find the optimal generation schedule. Solution 
methods are outlined. Computational simulations are performed in a realistic study case.  

1 Introduction 

The installed capacity growth of fluctuating renewable sources puts a strain on the remaining 
dispatchable power plants. Namely, the volatile character of the residual load forces conventional 
power plants to meet ever higher flexibility requirements, as more frequent start-ups and shut-downs, 
part-load operation and consequently falling operating hours are required from them. This effect can 
already be seen in the present and is expected to increase in the future. According to [1], as many as 
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200 start-ups and as few as 1500-4500 operating hours per year should be the target flexibility 
parameters of conventional power plants. 

The last two decades have witnessed a growing interest in combined cycle gas turbine power plants 
across Poland (CCGTs). CCGTs are much more capable of providing sufficient flexibility to the 
power system compared to coal-fired units, which today account for 70% of total installed capacity in 
Poland [2]. Nevertheless, these plants are usually built for base-load operation and there are limitations 
to their operational flexibility. In particular, the heat recovery steam generator (HRSG) is not tolerant 
to fast ramping and frequent shut downs. On the other hand, the minimum load operation of a CCGT 
plant is quite costly as the minimum load is around 40%. Recently, plenty of research have been 
focused on the actual long-term costs of cycling, like increased maintenance and repair expenditures, 
costs of unplanned outages and component life expectancy shortening [3, 4]. At the same time, 
manufacturers have introduced innovative ways to make existing CCGT plants respond better to the 
changing market conditions. Improvements related to steam turbines include heating blankets, 
auxiliary boilers, and other warming systems to reduce thermal stress on the turbines. [5] 

An alternative to provide flexibility in power plant is to integrate it with an energy storage system. 
Various energy storage systems are presently available for different applications, but in regard to 
large-scale electricity storage for hours or days, the number of available technologies reduces to 
pumped hydrostorage, with geologically limited potential, and compressed air energy storage (CAES), 
which at present is one of the most promising technologies with regards to large-scale electricity 
storage. The functional principle of CAES technology is to store surplus electric energy in the form of 
mechanical energy by compressing air into an underground / reservoir. The mechanical energy is then 
retrieved through expansion of the air in a gas turbine and converted back to electricity. 

 

Figure 1: TGE DAM electricity prices in 2019 

The objective of improvements in turbine design used to be almost exclusively to push the limits of 
energy conversion efficiency. Today more attention is paid to flexibility. As deregulation and an 
increasing share of volatile generation leads to more variability in electricity prices on the spot market 
[6], price signals give incentives for cyclic operation of power plants. Flexibility of electricity 
generation results in a higher profitability of the power plant. If a power plant may follow daily, 
weekly and annual market trends, it may avoid electricity production when spot prices drop below 
marginal costs, and on the other hand, maximize electricity production in the high spread periods. 

A meticulously calculated efficiency value of generating electricity to charge a CAES at time 0 for the 
purpose of retrieving it at time 1 doesn’t account for the time 0 - time 1 luxury whatsoever. In 
particular, there is no possibility of accounting for the benefit of supplying electricity from a more 
efficient - at the very time - energy source for charging the storage. In this context, in our approach, 
where the CCGT-CAES plant participates in the market, the described dynamic effect is captured. If 
there is surplus electricity in the grid from intermittent RES, that would not have been supplied if not 
for the priority access, even though its variable cost is close to zero, its price in the market is low. That 
is to say, charging the storage with surplus grid electricity is not only cost efficient but it is energy 
efficient. The energy conversion efficiency is taken care of by the market signals.  
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We derive a model of plant that consists of an adiabatic CAES (ACAES) plant and a CCGT plant. 
Next, we formulate a problem of optimal operation of the integrated plant and solve it using a mixed 
integer linear programming . The optimization has to be multi-period since storage optimization is an 
inter-temporal task. The scheduling problem is solved on a yearly horizon based on historical TGE day 
ahead market (DAM) electricity prices of year 2019 (Fig. 1). A rolling horizon method described  [7] 
is used. 

2 CCGT-ACAES integration concept 

The key assumption of the CCGT-ACAES integration concept used in our model is the possibility of 
charging the compressed air storage with the use of electricity generated in the CCGT plant. The 
storage is adiabatic. The heat generated during air compression in charging mode is captured and 
stored in TES system. Then the heat stored in TES is used to preheat the stored compressed air before 
it is expanded. 

 

Figure 2: CCGT-ACAES integration concept 

The capacity of the CCGT (66 MW) roughly matches the power needed to drive the compressor train 
(60 MW). This means that both, the CCGT plant and the ACAES plant, can be operated standalone. 
Consequently, it is possible to either generate the electricity on site or use grid electricity to charge the 
energy storage. In the latter case the need for CCGT operation during charging process is eliminated, 
however the benefit of keeping the HRSG warm is forgone. This lost benefit is reflected as the need to 
bear start-up costs. In the search for optimal scheduling it will be weighted against low electricity 
prices.  

We hope that integrating ACAES in a CCGT plant provides the benefit of less frequent plant 
shutdowns  and highter FLEOH (Full Load Equivalent Operating Hours), thus reduces HRSG thermal 
stresses and increases lifetime of plant components.  

3 Simulation model of the integrated plant operation 

We characterize our problem of scheduling the integrated plant as follow.The CAES plan can either be 
shut down, operate at minimum complaint load (MCL) or operate at nominal load. The ACAES plant 
can be in three different operation modes: charging (air compression), discharging (air expansion) and 
idle. The last mode represents the situation where neither compression nor expansion takes place. 
Consequently the integrated plant can work in the following modes:  

1) the CCGT plant does not generate electricity (𝑁𝑂 𝐺𝐸𝑁), 

2) the CCGT plant is at a start-up mode (𝑆𝑇𝐴𝑅𝑇 − 𝑈𝑃), 

3) the CCGT plant operates at MCL (𝑀𝐼𝑁 𝐺𝐸𝑁), 

4) the CCGT plant operates at nominal load (𝑁𝑂𝑀 𝐺𝐸𝑁), 

5) the CAES plant operates in charge mode (𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 𝑚𝑜𝑑𝑒), 
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6) the CAES plant operates in discharge mode (𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 𝑚𝑜𝑑𝑒), 

If neither mode 5 nor mode 6 is active, it means that the compressed air storage is kept at constant 
level (partly or fully charged). These two operating modes (5 and 6) are not mutually exclusive to the 
generation mode. If the plant operates in both charging mode and generation mode at the same time, it 
means that almost the entire electrical power generated by CCGT drives the air compressor train.  

The objective of the optimization is to find such a schedule of the the plant that the the sum of the 
hourly revenues from the operation is maximized. In other words, the goal is to choose for each hour 
of the optimization horizon operating modes that maximize the revenues based on the current 
electricity price and the level of storage. Revenues originate from arbitrage operation on the wholesale 
electricity market (i.e. from using the spread between peak and off-peak prices on the spot market) and 
as such they strongly depend on the course of electricity prices during the time horizon. The objective 
function is formulated as follows: 

𝑃  ∙   𝑐   −  𝑃  ∙  𝐶𝑜𝑠𝑡    −   𝐶𝑜𝑠𝑡  (1) 

𝑇  time horizon with a time step of one hour indexed with t, 

𝑃  the amount of electricity sold at the spot market during hour t, MWh/h, 

𝑐  electricity price at the spot market, PLN/MWh, 
𝑃  the amount of electricity generated at CCGT during hour t, MWh/h, 
𝐶𝑜𝑠𝑡  variable cost of electricity generation, PLN/MWh, 

𝐶𝑜𝑠𝑡  the cost of start-up, PLN. 

To optimize the operation of the plant, first a thermodynamic model of the plant is developed. The 
governing equations based on conservation laws, particularly those related to mass, momentum, and 
energy, constitute constraints that must be satisfied by the relevant design variables, thus restricting 
the values the variables can take. Some of the constraints may already be reflected in the model before 
the search for an optimum is launched, e.g. the overall electrical efficiency of the CCGT plant in our 
model. Other constraints must be considered as the boundaries of the design domain while searching 
for an optimum [8, p. 482], as is the case of mass balace equations of the compressed air storage. 

The model takes into account only costs that vary with the power plant output. Therefore fixed 
operation and maintenance costs (i.e. costs incurred whether or not the plant is generating electricity), 
capital costs and the cost of capital do not appear in our model.  

3.1 CCGT operation 

We used EC Gorzów 66 MW plant (the old block) as an example CCGT plant.  EC Gorzów plant 
consists of one gas turbine of 55 MW, one heat recovery steam generator (HRSG) and a steam-turbine 
of 11 MW. The layout of the plant is presented in Figure 1. A detailed thermodynamic cycle analysis 
of the steady-state design operating point of the system was conducted using an in-house code COM-
GAS in [9]. The overall electrical efficiency at the nominal load was estimated to be 41%. Historical 
data were used to estimate fuel CO2 specific emission factor and the minimum/maximum generation 
limits. 

At each hour 𝑡 the CCGT either operates at nominal load, at minimum load or it is shut down. In [10] 
it is shown that operation at part-load is rarely a choice of the optimal strategy. If the plant is offline in 
the hour 𝑡 − 1 and online in the hour 𝑡, it bears the cost of start-up.  

The variable cost of electricity generation is calculated as: 

𝐶𝑜𝑠𝑡 = ℎ𝑒𝑎𝑡𝑅𝑎𝑡𝑒 (𝑐 +  𝐸𝐹 ∙  𝑐 ) +  𝐶𝑜𝑠𝑡  (2) 

Costvar variable cost of electricity generation, PLN/MWh, 
cFuel fuel cost, PLN/MWh, 
EF fuel specific CO2 emission factor, MgCO2/MWh, 
cCO2 CO2 emission allowance cost, PLN/MgCO2, 
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heatRate the inverse of the plant overall efficiency, 
CostvarOM variable operation and maintenance cost of electricity generation, PLN/MWh. 

We assumed that variable operation and maintenance (O&M) costs are constant per 1 MWh of 
generated electricity and are independent of the load. Actual variable O&M costs are strongly 
dependent on cyclicality of operation [11, p. 599]. In  the model they are set at a level corresponding 
to base-load operation and any increase in the production costs due to cyclic operation are reflected in 
the start-up costs. 

The subject of actual costs of cycling is not entirely obvious. Besides direct costs (mainly fuel costs 
during the start-up), power plant cycling entails long-term costs, like increased maintenance and repair 
expenditures, costs of unplanned outages and component life expectancy shortening. The long-term 
costs occur in the future and often can only be predicted with a degree of uncertainty. Consequently, 
they are prone to being underestimated. As the authors of [4] point out, the long-term costs often 
exceed the short-term profits if not taken into consideration when submitting a bid price. Therefore, 
we adopted a broad definition of the start-up costs that includes [12]: 

• costs of additional fuel due to heat rate losses during start-up; auxiliary power usage, chemicals and 
additional manpower required during start-up; 

• depreciation of the components exposed to wearing and additional fuel due to heat rate losses 
stemming from the wear of the equipment; increased maintenance, repair and overhaul expenditures; 
increased forced outages; critical equipment life shortening. 

The cost of start-up is a function of the number of offline hours preceding the warm start-up mode. 

 
𝑆𝑈𝐶 = 𝑆𝑈𝐶 +  𝑆𝑈𝐶 ∙ 𝑜𝑓𝑓𝑇𝑖𝑚𝑒  

 
(3) 

𝑆𝑈𝐶   cost of start-up that precedes generation at hour 𝑡 + 1, PLN, 
𝑆𝑈𝐶              flat part of the start-up cost, PLN, 
𝑆𝑈𝐶   variable part of the start-up cost, PLN, 

𝑜𝑓𝑓𝑇𝑖𝑚𝑒   duration of offline mode preceding hour 𝑡, hours. 

After L hours of being shut down the CCTG plant becomes cold and consequently the start-up cost is 
not a function of 𝑡 any more: 

 

 
𝑆𝑈𝐶 = 𝑆𝑈𝐶 +  𝑆𝑈𝐶 ∙ 𝐿 

 
(4) 

𝑆𝑈𝐶t>L  start-up cost of a cold CCGT plant, PLN, 
𝑆𝑈𝐶              flat part of the start-up cost, PLN, 
𝑆𝑈𝐶   variable part of the start-up cost, PLN. 

𝐿 duration of time it takes for the power plant to cool down completely,  hours. 

This is the maximum start-up cost. Start-up duration is not reflected in the model, as the optimal 
offline time proceeding start-ups is long enough to assume the process had been initialized sufficiently 
in advance.  

Besides start-up costs and minimum/maximum generation limits, typical flexibility constraints to 
thermal generation units include ramping costs and ramp rates. As neither the heat demand constraints 
nor the TSO requirements are taken into consideration, ramping parameters are not included in the 
analysis. 

3.2 ACAES operation 

The parameters of ACAES plant are taken from the literature [13]. The ACAES plant model consists 
of four main elements: a 60 MW compressor train (electric energy input), a 135 MW expander train 
(electric energy output), thermal energy storage (TES) units and mechanical energy storage in a salt 
cavern of volume V = 63 893 m3. Compression and expansion trains have heat exchangers (HX) for 
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transferring heat between the processed air and a working fluid. More details can be found in the work 
of Wójcik and Wang [13]. 

 

Figure 3: ACAES operation on T-S digaram 

The ACAES operation model considers adiabatic steady flow compression and expansion and an 
adiabatic isochoric air storage. Air is assumed to be an ideal gas with constant specific heat capacities. 
The compressed air is stored in a constant volume (isochoric) reservoir. The mass of air contained in 
the reservoir vary over time according to the evolution of the operation modes. The total mass of the 
air in the cavern is determined by the difference between air mass inflow and air mass outflow: 

𝑚
Storage

=  𝑚
Storage

+  𝑚In − 𝑚Out (5) 

𝑚
Storage

  mass of air contained in the storage, kg, 

𝑚In  air mass inflow during hour 𝑡, kg/s, 
𝑚Out  air mass outflow during hour 𝑡 , kg/s. 

The air pressure in the reservoir builds during periods of air compression and drops during periods of 
air expansion according to the ideal gas law: 

𝑝
Storage

=  
𝑅  𝑇Storage

𝑉
𝑚

Storage (6) 

𝑝
Storage

  mean pressure of air contained in the storage over the hour 𝑡, kg, 
𝑅  specific gas constant for dry air, J/kg/K, 
𝑇Storage  temperature of air contained in the storage, K, 
𝑉 volume of the storage, m3, 

𝑚
Storage

  mass of air contained in the storage at the end of hour 𝑡, kg. 

The temeperature of the storage is assumed to remain constant at 50°C. The pressure in the storage 
varies between 70 and 100 bar, i.e. air charging and air discharging stops when the pressure inside the 
reservoir reaches 100 bar and 70 bar, respectively. Compression/expansion mass flows vary in 
accordance with the storage pressure. The compressors operate with a constant power of 60 MW and 
the expanders generate a constant power of 135 MW. We assume that the compressors and the 
expanders are characterized by constant isentropic efficiencies of 83% and 81%, respectively. 
Mechanical and electrical losses, that occur during compression and expansion, are taken into account 
by an electric-mechanic efficiency η = 0.97. 

The compression train consists of four compression stages, three of which are intercooled (see Fig. 3). 
We assume that the overall pressure ratio 𝑟   is equally shared among the compression stages. 
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𝑟 , =  𝑟  (7) 

𝑟 ,                  mean overall pressure ratio during hour 𝑡, -, 
𝑟                           mean stage pressure ratio during hour 𝑡, -. 

During compression the pressure ratio gets higher as the air pressure in the storage and consequently 
the compressor back pressure rises. As a result, the mass inflow rate decreases (since the power input 
is constant) and it can be calculated with following equation: 

𝑚  =
𝑘 − 1

𝑅 ∙  𝑘
∙  

𝑃 ∙ 𝜂

 𝑇  (1 −  𝑟 , ) +  3 𝑇 ,  (1 − 𝑟 , )

 (8) 

𝑚                           compression mass flow rate during hour 𝑡, 1000 kg/h, 
𝑘                        isentropic exponent of dry air under normal conditions, -, 
𝑅                         specific gas constant of dry air, J/kg/K, 

𝑃                        compressor train power input, MW, 
𝜂                      overall compressor efficiency,  -, 

𝑟 ,                  mean stage pressure ratio during hour 𝑡, -, 
𝑇                         ambient temperature, K, 

𝑇 ,  mean inlet temperature of LP2, HP1 and HP2 compressors at hour 𝑡, K. 

Similarly, the two expanders operate at sliding pressure. The mass outflow rate is given by the 
following equation:  

𝑚  =
𝑘 − 1

𝑅 ∙  𝑘
∙  

𝑃 ∙ 𝜂

 𝑇  1 −  
𝑝
𝑝

+  𝑇  1 −  
𝑝
𝑝

 
(8) 

𝑚                           expansion mass flow rate during hour 𝑡, 1000 kg/h, 
𝑘                        isentropic exponent of dry air under normal conditions, -, 
𝑅                         specific gas constant of dry air, J/kg/K, 

𝑃                        expander train power output, MW, 
𝜂                      overall expander efficiency,  -, 

𝑇                          inlet temperature of LP expander at hour 𝑡, K, 
𝑇                          inlet temperature of HP expander at hour 𝑡, K, 

𝑝 , 𝑝                         inlet and outlet pressure of LP expander at hour 𝑡, K, 
𝑝 , 𝑝                         inlet and outlet pressure of HP expander at hour 𝑡, K, 

Due to the given air mass flows, the storage volume and the storage pressure limits, compression and 
expansion operation stages need 8 hours to fully charge and 2 hours to fully discharge the ACAES 
plant. The ACAES plant’s round-trip efficiency, not including power consumed by pumps, is 
calculated as: 

𝜂 =
𝑃 ∙ 𝑡

𝑃 ∙ 𝑡
 

and it is 56.25%. Namely, 480 MWh of electiricy is used to fill the whole storage with compressed air, 
which in then is used to generate 270 MWh of electricity. 
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Figure 4: One  full cycle of charging and discharging the ACAES  

We neglect the energy dissipation from the TES system and from the reservoir. We assume there are 
no pressure drops in the installation, including losses from extended storage time, and that the heat 
injected to the TES during compression is equal to the heat withdrawn from the TES during 
expansion. Consequently, the TES system is not modelled.   

4 Costs and market assumptions  

Market data assumptions, i.e. electricity spot prices, CO2 emission allowance costs and fuel prices are 
based on TGE data. Other assumptions about costs are based on the literature. It is assumed that 1 € = 
4.3 PLN. 

Table 1: Costs assumptions  

 Value 

Electricity spot prices, 𝑷𝒕
𝑺𝒑𝒐𝒕 TGE DAM prices, first fixing 

CO2 emission allowance cost, 𝒄𝒄𝒐𝟐 20 €/tCO2 

Fuel price, 𝒄𝑭𝒖𝒆𝒍 55 PLN/MWh 

Variable O&M costs  2.4 €/MWh [14] 
Variable start-up costs, 𝑺𝑼𝑪𝒗𝒂𝒓 1000 PLN/h* 

Flat start-up costs, 𝑺𝑼𝑪𝒇𝒍𝒂𝒕  3000 PLN* 

 
* estimated value based on [15]. 

The scheduling problem is solved on a yearly horizon based on historical TGE day ahead market 
(DAM) electricity prices of 2019 (Fig. 1). A rolling horizon method as described in [7] is used. 
Namely, the overall result is gained by optimizing successive 48h planning intervals, each shifted 24h 
forward, and concatenating the results.  

5 Results and discussion 

Throughout the whole year, 537.6 GWh of electricity is genearted, 21.4 GWh of electiricy is used to 
compress and store the air, which in then is used to generate 12 GWh of electricity. Overall, the 
CAES/CCPP operates 356 hours in charge mode, 89 hours in discharge mode, and 7770 hours in 
nominal generation mode (Table 2). 
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Figure 5: 2019 TGE DAM electricity prices grouped into operation modes 

Figure 5 shows TGE DAM electricity prices grouped into operation modes as a result of solving the 
scheduling problem. The optimal number of CAES cycles within the time horizon amounts to 89/2 = 
45 (Table 2), which is almost one cycle a week. The mean price at which the storage is discharged is 
significantly higher then the mean price at which the plant generates nominal quantity of electricity. 
This is the result of round-trip efficiency. 

 

Figure 6: 2019 TGE DAM electricity prices of charging and discharging the ACAES 

From what is shown in Fig. 6, the prices at which the storage is either charged or discharged, vary 
greatly. There is no threshold price below which {{{WARUNKUJE}}} charge mode if the storage is 
not full yet. Similarly, no single price level determines operating in discharge mode, provided 
compressed air is available in the storage. The minimum price at which the ACAES is discharged is 
above the maximum price at which it is charged (Table 2). Over and above, several times the storage 
is discharged at a price below the variable cost of electrictiy generation at the CCGT (see Fig. 9, 
Sunday, December 15).  

Figures 9, 7 and 8 show the optimized operation of the CCGT-CAES plant for three sample weeks: 
July 1-7, September 9-15, and December 9-15. The bar plots show the outcome of the optimization. 
The light grey bars (66 MW) indicate CCGT operation, the darker 60 MW bars stand for charge mode 
and the darker 135 MW bars stand for discharge mode operations. The line plots show the constraints 
of the optimization. The green fluctuating line shows the storage pressure, whereas the blue fluctuating 
one shows electriticy prices. The straight two green lines and the straight blue line show the limits of 
ACAES pressure and the variable cost of generating electricty from CCGT, resectively. 
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Table 2: Optimal yearly schedule statistics for CCGT-ACAES, CCGT and ACAES 

Optimal yearly schedule statistics 
CCGT-ACAES plant (profit = PLN 33 784 761)  

mode NO GEN START-UP MIN GEN NOM GEN CHARGE DISCHARGE 
count 209 30 751 7770 356 89 
mean price 104.70 127.26 158.92 240.72 134.35 309.18 
min price 31.00 98.90 114.92 175.00 31.00 172.49 
max price 142.99 143.25 174.99 483.82 227.39 483.82 

CCGT plant (profit = PLN 33 004 126) 
mode NO GEN START-UP MIN GEN NOM GEN CHARGE DISCHARGE 
count 209 30 751 7770 0 0 
mean price 104.70 127.26 158.92 240.72   
min price 31.00 98.90 114.92 175.00   
max price 142.99 143.25 174.99 483.82   

ACAES plant (profit = PLN 780 635) 
mode NO GEN START-UP MIN GEN NOM GEN CHARGE DISCHARGE 
count 8760 0 0 0 356 89 
mean price 230.07    134.35 309.18 
min price 31.00    31.00 172.49 
max price 483.82    227.39 483.82 

 

In order to see a bigger picture, we calculated optimal schedules for the CCGT plant and for the CAES 
plant seperately. To our surprise, we found that the optimal schedule of the integrated plant is a sum of 
optimal schedules of these two plants operating separately. Nothing like less frequent plant shutdowns 
or more operating hours than the CCGT can be observed. This is due to the fact that the plant operator 
can charge the compressed air storage with grid electricty at TGE DAM prices, and weighting start-up 
costs against low electricity prices gives exactly the same result as in the case of a CCGT plant alone. 
When prices are lower then the variable cost of generation, we expect the operator of a CCGT plant to 
shut it down, like on Sunday, July 7 (Fig. 7). Nevertheless, the CCGT plant will not be shut down 
unless the losses from generation outweight the start-up costs. Just because the price is below the cost 
of generation does not mean there will be no generation  (see Fig. 8, Sunday, September 15). Whether 
the electricty is used to charge a storge or not does not change the outcome of the calculation. 

 

Figure 7: Optimal schedule of the CCGT-ACAES plant for the week of July 1-7, 2019 
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Figure 8: Optimal schedule of the CCGT-ACAES plant for the week of September 9-15, 2019 

 

Figure 9: Optimal schedule of the CCGT-ACAES plant for the week of December 9-15, 2019 

6 Conclusions and perspectives 

In the paper we developed an optimizing tool for electricity generation scheduling and applied it to a 
CCGT/CEAS plant and historical electricity prices. The impact of integration of the two plants on an 
optimal schedule was negligible. The results presented above contradict our supposition that an 
integration of CCGT and CAES is economically viable. This may be due to the following two factors.  

First, the electricty prices do not show high volatility. As Fig. 10 and 11 indicate, there is not much 
variation between prices during the day or during the week. In addition to quite a stable average price, 
the prices are mildly dispersed. The first and the forth quartiles of TGE DAM prices of 2019 are 197 
and 260 PLN/MWh, only 63 PLN apart (Fig. 12). A simple calculation shows that for a 56%-efficient 
CAES charged at 197 PLN/MWh the price of discharing needs to be 197/0.56 = 352 PLN/MWh. Even 
when the prices do show a significant deviation from the average to one side, they are ususally 
accompanied by very small deviation on the other side. As a result, there are not many price arbitrage 
opportunities in the TGE day-ahead market in Poland. 
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Figure 10: TGE DAM prices of 2019 grouped into day hours 

 

Figure 11: TGE DAM prices of 2019 grouped into week days 

 

Figure 12: TGE DAM prices of 2019 that fall into the first and the forth quartiles 

Second, the idea of integrating an adiabatic compressed air storage with a thermal plant probably fails. 
We suppose there would be more scope for synergy effects, could the heat from compressing air be 
used for keeping the HRSG unit warm to thereby eliminate the need for HRSG shutdown. On the other 
hand, an ACAES is more energy efficient than a CAES, which may not be worth sacraficing. In future 
work we would like to develop a model of a CCGT-CAES plant that addresses the issue of synergy 
effects between these two plants.  

Nevertheless, with electricity prices as these presented here, trying to find an economically viable 
solution will most likely be an exercise in futility. The situation can only worsen if charging the 
compressed air storage with energy from the grid is not included in the model. On the other hand, 
taking into consideration heat demand constraints (in the case of cogeneration) or the TSO 
requirements may outweigh the scales in favor of the ACAES. 
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Abstract 

The article presents issues related to improving the accuracy of forecasting of combined electricity 
and heat production in a selected gas-fired CHP plant equipped with gas turbines. In the forecasting 
of energy carriers production, correction curves of the gas turbines producer being used in CHP plants 
are applied. These curves are a calculation tool in the computer system of operation supervision in 
the module used to simulate the forecasting of electricity and heat production in a CHP plant. 
The experience gained so far from the operation of gas turbines indicates the differences between 
the forecasts of energy carriers production obtained using the values determined from correction 
curves and the actual values resulting from operational measurements from the distributed control 
system and energy balancing of the system. To improve the accuracy of forecasting the production 
of energy carriers in the CHP plant, it has been proposed to extend the existing computer system for 
supervising operation with an additional calculation module. The task of this module is to correct 
the forecasts for electricity and heat production obtained using correction curves. In the additional 
computational module, it is proposed to use empirical functions developed with the use of operational 
measurements of the analysed gas turbine. Due to the occurring measurement redundancy, advanced 
data validation and reconciliation of measurements was used. In the process of preparing 
the measurement data for the development of static empirical functions, the Generalized Likelihood 
Ratio algorithm was used to detect process changes. This algorithm allows us to separate the steady-
state periods of gas turbines operation. In the procedure of determining the mathematical form 
and coefficients of empirical functions, the cross-validation method was applied. The obtained results 
of the analyses confirm the possibility of their use in the existing computer system for supervision 
of the operation of a CHP plant, increasing the accuracy of planning the production of energy carriers. 
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1 Introduction 

The process of planning and optimization of electricity and heat production in CHP plants is one 
of the most important aspects influencing economic efficiency. The effectiveness of the planning 
mechanism results directly from the quality of generated forecasts and available calculation tools. 
For energy systems realizing combined heat and power management, a particularly important element 
is to determine the relationship between the generated amount of electricity and heat, consumption of 
fuels, and other energy carriers. For this purpose, the crucial aspect is to have engineering tools or 
computer systems, which include a simulation module in their structure, which allows performing 
simulation calculations for any user-defined operating conditions. Such a module is usually based 
on a mathematical model of the system. In gas power systems, a reliable model of a gas turbine 
is an important element allowing for accurate planning of electricity production. 

Many papers presenting different approaches to the issue of mathematical modelling of gas turbines 
can be found in the literature. Currently, there are many commercial programs on the market (e.g. 
Ebsilon Professional, GateCycle, Aspen HYSYS, Thermoflex) allowing to develop mathematical 
models of gas turbine systems. These programs usually contain generalized compressor and expander 
characteristics that can be adapted to the real component. The examples of papers that use commercial 
software in the process of modelling gas turbine systems can be found in [1-3]. In the field of thermal 
diagnostics of gas turbines, one can also find works that in the mathematical description of the system, 
besides fundamental thermodynamic and physical phenomena equations, contain additional empirical 
functions [6, 7]. Such functions allow adapting the mathematical model to the existing gas turbine and 
adapting it to its current technical condition. 

The process of identification and calibration of gas turbine models is a very important discipline 
to determine the impact of selected parameters on the performance and efficiency of gas turbines, and 
then to adapt the developed model to the real object and measurement data. This paper presents 
an advanced calibration procedure for a gas turbine model that uses so-called correction curves 
provided by the manufacturer. Currently, in the forecasting of energy carriers production, these 
correction curves being used in CHP plants are applied. These curves are a calculation tool in the 
computer system of operation supervision in the module used to simulate the forecasting of electricity 
and heat production in a CHP plant. The experience gained so far from the operation of gas turbines 
indicates the differences between the forecasts of energy carriers production obtained using the values 
determined from correction curves and the actual values resulting from operational measurements 
from the distributed control system and energy balancing of the system. To improve the accuracy 
of forecasting the production of energy carriers in the considered CHP plant, it has been proposed 
to extend the existing computer system for supervising operation with an additional calculation 
module. The task of this module is to correct the forecasts for electricity and heat production obtained 
using mentioned before correction curves. In the additional computational module of the computer 
system, it is proposed to use empirical functions developed with the use of operational measurements 
of the analysed gas turbine. 

In the process of preparing operational measurement data for the construction of static empirical 
functions, the Generalized Likelihood Ratio (GLR) algorithm was used to detect the process changes. 
Using the GLR algorithm, it is possible to identify the periods of operation of gas turbines in a close 
to steady-state. The increase of measurement data reliability is today an indispensable process in 
modern control systems of the operation of thermal installations. For this reason, due to the occurring 
measurement redundancy from the point of view of thermodynamic balancing, advanced data 
validation and reconciliation (DVR) of measurements in gas-turbines energy balancing was used. 
In the procedure of determination of the mathematical formula and coefficients of empirical functions 
for correction of values of quantities obtained from the mathematical model based on correction 
curves, the cross-validation method was applied. 
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2 Selected information about the research object 

The analysed gas-fired CHP plant consists of two GE LM6000 gas turbines (GT) operating in 
a combination with two heat recovery hot water boilers (HRHWB). The LM6000 is a two-shaft gas 
turbine engine, with a concentric system that includes a low and high-pressure system. Each of these 
systems is mounted on a separate shaft, which is placed centrally one inside another. The flue gas from 
the gas turbine is directed to the HRHWB boiler, where the district heating water is heated [6]. The 
nominal electric power of gas turbines is 42.1 MW (for ISO conditions). The production of heat for 
the district heating network (DHN) is realised basically in HRHWB boilers. These boilers use the 
physical enthalpy of the flue gases to heat the DHN water, without steam generation. In the case 
of peak heat demand, it is possible to increase the heat output of the recovery boilers by using the 
supplementary firing (SF) system. The SF system is installed in the flue gas duct between the gas 
turbine and the HRHWB boilers. The maximum thermal power of the HRHWB boiler is 55.8 MW 
without the operation of the SF system. Additionally, the CHP plant system is equipped with four 
heat-only boilers (HOB), which are used to cover the peak demand for heat. These boilers can also be 
the primary source of heat production in the CHP system. The water heating system in the CHP plant 
is complemented by a heat accumulator (HA), which allows us to accumulate or supply heat to 
the district heating network. The HA system is used for short- and long-term storage of heat. The 
amount of water in the HA is constant, which means that the same amount of water that is taken from 
the HA must be supplied to the system. The nominal thermal capacity of HA is 575.0 MWh, and the 
effective volume is 12,000 m3. 

3 Mathematical modelling of gas turbine  

To perform simulation calculations of gas turbine operation, a mathematical model of the gas turbines 
system was developed using Ebsilon Professional software [7]. The Gas turbine component (OEM 
GT) implemented in Ebsilon Professional software was used. This component allows performing 
simulation calculations of gas turbine operation using the characteristics in the form of mentioned 
before correction curves provided by the manufacturer. The model of a gas turbine allows calculating 
the following parameters: electric power at the generator (�̇� ), specific chemical energy consumption 
of the gas turbine (heat rate 𝐻𝑅), the mass flow rate of flue gas (�̇� ) and temperature of flue gas 
at gas turbine outlet (𝑡 ). The deviation between the nominal value under reference conditions and the 
current operating point shall be calculated using correction factors determined for the following set 
of parameters: temperature (t ), pressure (p ) and relative humidity (φ ) of air at inlet to the gas 
turbine system, ambient pressure (p ), the pressure drop between ambient pressure and gas turbine 
inlet pressure (Δp ), pressure increase between turbine outlet pressure and ambient pressure (Δ𝑝 ), 
and gas turbine power load factor (𝑃𝐿𝐹). Based on the aforementioned input parameters, the operating 
parameters of a gas turbine resulting from the correction curves are calculated. 

The procedure of simulation calculations of a gas turbine model based on the manufacturer's 
correction curves begins with calculating the following parameters [8]: 

 electric power: 

�̇� = �̇� , ∙ 𝐶𝐹  = �̇� , ∙ 𝐶𝐹  ∙ 𝐶𝐹  ∙ 𝐶𝐹  ∆ ∙ 𝐶𝐹  ∆ ∙ 𝐶𝐹   (1) 

 
 specific chemical energy consumption of the gas turbine (heat rate): 

𝐻𝑅 = 𝐻𝑅 𝐶𝐹  

= 𝐻𝑅 ∙ 𝐶𝐹  ∙ 𝐶𝐹  ∙ 𝐶𝐹  ∆ ∙ 𝐶𝐹  ∆ ∙ 𝐶𝐹  ∙ 𝐶𝐹   

(2) 
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 flue gas mass flow rate: 

�̇� = �̇� , ∙ 𝐶𝐹 ̇  

=  �̇� , ∙ 𝐶𝐹 ̇ ∙ 𝐶𝐹 ̇ ∙ 𝐶𝐹 ̇ ∆ ∙ 𝐶𝐹 ̇ ∆ ∙ 𝐶𝐹 ̇   

(3) 

 
 flue gas temperature (at gas turbine outlet): 

𝑡 = 𝑡 , + 𝐶𝐹  

= 𝑡 ,

+ 𝐶𝐹 + 𝐶𝐹 + 𝐶𝐹 ∆ + 𝐶𝐹 ∆ + 𝐶𝐹 + 𝐶𝐹   

(4) 

where 𝐶𝐹   is a correction factor of the 𝑗-th parameter deviation from the nominal value of the 𝑖-th 
parameter. The correction factors 𝐶𝐹   for the selected parameter are calculated from the mentioned 
correction curves provided by the gas turbine manufacturer. 

4 The procedure of the corrections curves calibration 

The experience gained so far indicates the difference between the presented calculation values of gas 
turbine operating parameters - equations (1), (2), (3), (4), obtained utilizing the manufacturer's 
correction curves, and the values obtained from real measurements. To obtain convergent results with 
the real performance of the system, empirical calibration models of selected parameters of gas turbine 
operation were developed. The calibration models were developed for the following gas turbine 
operating parameters: electric power, the specific chemical energy consumption of the gas turbine, 
mass flow rate of flue gas, and temperature of flue gas at gas turbine outlet. The proposed calibration 
function has a general form: 

𝑋

𝑋
= 𝑓

𝑋

𝑋
 (5) 

where "𝑋" is a considered turbine operating parameter (lack of lower index refers to values obtained 
from the un-calibrated model of correction curves), 𝑋  is a calibrated parameter of the considered 
turbine operating parameter whereas 𝑋  is a nominal value of the considered turbine operating 
parameter. 

Based on the analyses of the results of measurements and calculations of operating parameters 
of considered gas turbine obtained utilizing correction curves and real measurements archived in 
a distributed control system, the following mathematical form of the calibration function (5) was 
assumed: 

𝑋

𝑋
= 𝛼 + 𝛼

𝑋

𝑋
+ 𝛼

𝑋

𝑋
 (6) 

Using equation (6) and correction curves – equations (1), (2), (3) and (4), the formulas for calculating 
the calibrated parameters 𝑋  of the operation of the analysed turbine is obtained, respectively, for the 
electric power, specific chemical energy consumption of the gas turbine and mass flow rate of flue gas 
in the following forms:  

�̇� , =  �̇� , ∙ 𝑎 + 𝑎 𝐶𝐹   + 𝑎 𝐶𝐹   (7) 
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𝐻𝑅 =  𝐻𝑅 ∙ 𝑏 + 𝑏 𝐶𝐹  +𝑏 𝐶𝐹   (8) 

�̇� , =  �̇� , ∙ 𝑐 + 𝑐 𝐶𝐹 ̇  +𝑐 𝐶𝐹 ̇   (9) 

where the lower index “cal” refers to the calibrated operating parameter of the gas turbine. 

For the temperature of flue gas at gas turbine outlet, the calculation formula of the calibrated value for 
a given turbine has the form: 

𝑡 , =  𝑡 , + 𝑑 + 𝑑 𝐶𝐹   + 𝑑 𝐶𝐹   (10) 

In the procedure of identification of empirical coefficients 𝑎 , 𝑏 , 𝑐  and 𝑑 , in the calibration functions 
(7)-(10) for the analysed gas turbine, instead of the values of calibrated operating parameters 𝑋 , 
the results of measurements from a distributed control system and calculations of turbine operating 
parameters 𝑋  were used, that is, 𝑋  = 𝑋 . In the solution of the problem, advanced 
identification methods were used, namely the statistical method of detecting changes in the course 
of the process variable, advanced data validation and reconciliation method, and cross-validation 
method. A description of these methods is provided in the next sections of the article. 

5 Method of steady-state operation periods classification  

Thermal processes proceedings in energy systems belong to slow-running continuous processes. 
In energy balancing these processes, an assumption about a steady-state of the system is usually 
required. To minimize the error resulting from the adoption of a steady-state of the system, it is 
preferable to extend the time interval covered by balancing accordingly. To identify the time intervals 
of the operating states of a thermal system that meet the steady-state conditions as much as possible, 
methods used in supervising industrial processes to detect process events can be used. The principle 
of algorithms used to detect these events consists in the division of the set of measurement signals into 
subsets containing the appropriate number of samples. Among the statistical methods of detecting 
changes in the course of the process variable, the Generalized Likelihood Ratio (GLR) algorithm is 
most useful due to the detection of process events informing about a step change of the mean value. 
This algorithm has been presented in more detail in [9] and also presented in [10, 11]. Only the most 
important information is presented below. 

The considered value of a process variable is analysed in a time interval from the set initial value to 
the current moment k. In an internal time interval, for i=j, ..., k, where j<k, a value of the decision 
function is calculated: 
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where: 

0  – the average value of the signal before the step-change, 

pv  – the standard deviation of the process variable, 

y – the value of the process variable.  

If the calculated from Eq. (11) value of the decision function 𝑔  exceeds, for the currently considered 
time window, the value of the assumed threshold value of this function 𝑔 , that is 𝑔 > 𝑔 , it is 
assumed that there has been a step-change in the mean value of the signal. After the step-change 
detection, the new average signal value is calculated from the formula: 
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The new mean value of the measurement signal 𝜇  resulting from the dependence (12) is assumed as 
the estimated initial mean value 𝜇 = 𝜇  in the relation (11) for analyses in the next time window. 
Obtaining satisfactory results of detecting stationary periods for a given measurement signal requires 
tuning parameters of the GLR algorithm utilizing the trial-and-error method. These parameters include 
the length of the analysed time window, the standard deviation of the process variable and the 
threshold value of the decision function 𝑔 . 

Obtaining satisfactory results of detecting stationary periods for a given measurement signal requires 
tuning parameters of the GLR algorithm utilizing the trial-and-error method. These parameters include 
the length of the analysed time window and the threshold value of the decision function 𝑔 . The 
practical usefulness of the presented method in the analysis of thermal processes in [10] has been 
showing.  

Measurement points on the diagrams presented in Figures (1)-(4), shown in point 8 of the paper, 
represent the average values over the calculated periods of stationarity instead of one-minute average 
measurements, obtained from distributed control systems, typically used in such cases. Elaborated 
empirical calibration functions should have correct predictive ability, that is, calculating reliable 
values of investigated quantities by them. Therefore, to increase the predictive ability of the elaborated 
statistical models, the advanced data validation and reconciliation and the cross-validation methods 
mentioned above were used. These methods are illustrated in the next points of the article. 

6 Advanced data validation and reconciliation 

Evaluation of the energy processes is carried out utilizing their measurements. In reality, there are no 
error-free measurements. The results of measurements contain errors due to inaccuracy of the applied 
method of measurements, failures of the device, or in the signal processing. Such errors are then 
passed to calculations of unknown values – quantities that are not measured. The reduction of 
measurement uncertainty and unmeasured quantities can be achieved through the use of advanced data 
validation and reconciliation method [10, 12]. In a thermodynamic analysis, this method is possible to 
use due to the measurement redundancy that occurs very often in thermal processes. This redundancy 
is manifested by the fact that the number of mass and energy balance equations, formulated for the 
thermal process, is larger than the number of unknown values. In the traditional approach, some part 
of the balance equations is usually not utilized despite their physical correctness. On the other hand, 
substitution results of measurements and calculations of unknown quantities in these unused balance 
equations lead to not fulfillment of these equations. Additional unused balance equations may, 
however, be used to calculate corrections of the measured quantities and preliminarily calculated 
unknown values to satisfy all balance equations. These calculations are made possible by the 
mentioned method of advanced data validation and reconciliation (DVR). This method of searching 
for corrections of the measured results and unknown quantities results from the solution of the 
conditional extremum, which is described by the maximum of the Gauss function of likelihood [13] 
and the restrictions resulting from the mass and energy balances equations of the thermal process. 
The advanced data validation and reconciliation is mathematically expressed as a constrained 
weighted least-squares optimization problem in the form: 
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 (13) 

subject to 
   rlforyxg jil ,...,10ˆ,ˆ   (14) 

The objective function (13) defines the total sum of weighted measurement corrections squares, 
whereas equation (14) defines the set of mathematical model constrains. In thermal engineering, these 

1000



constraints are generally expressed by mentioned above mass and energy balances formulated for the 
analysed process in its steady state.  

The solution of the data reconciliation task described by dependences (13) and (14), obtained by the 
undetermined Lagrange multipliers method, is a vector of measurement corrections. In the matrix 
notation, this vector results from the formula [12]: 

   wASASAxxv TT 1
ˆ


  (15) 

where: 
v – vector of the measurements corrections, 

xx ˆ,  – vectors of raw and reconciled measurements data, 
A – Jacobian matrix of conditional equations, 

 yx,gw   – vector of discordances of conditional equations of data reconciliation task for raw 
measurements data, 
y – vector of unknown quantities, 
S – variance-covariance matrix of raw measurements and preliminary estimated unknown quantities. 

The mean values of the gas turbine system measurements in the periods of stationary operation were 
subjected to the advanced data validation and reconciliation procedure. Mass and energy balances 
equations in the steady-state of the gas turbine operation have been formulated. They are the 
conditional equations, described by a general equation (14), of the advanced DVR optimization task. 
The total number of these equations is equal to r = 6. Mass balance equations constitute the four 
equations of the stoichiometry of complete combustion and the balance of the exhaust gas stream from 
the turbine. The sixth equation is the energy balance of the gas turbo-generator. These equations have 
the following mathematical form: 

 carbon balance 
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 nitrogen balance 

       22
butane)(ibutane)(n 179.01

210410483624
OCOnnzzzzzz fgdadCOHCHCHCHCCH    (18) 

 
 balance of difference between oxygen and hydrogen  

        22
butane)(ibutane)(n

104104836242
54325.021.0 OCOnzzzzznz fgdHCHCHCHCCHadCO   (19) 

where:  
zi – volume (molar) fraction of the i-th gas component,  
[i] – volume (molar) fraction of the i-th exhaust gas component,  22 , OCOi , 
(H2O) – the volume fraction of water vapour in the moist exhaust gas, 

nfgd – the amount of the exhaust gas per unit fuel, 33 / nn mm , 

nad – dry air demand for combustion per unit of fuel, 33 / nn mm  

 
 balance of the dry exhaust gas stream from the turbine: 
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where: 

gm – mass flow of fuel gas, kg/s,  

(Mv)n = 22.42 3
nm /kmol – normal molar specific volume,  

Mg – the molar mass of the natural gas: 
i

iig MzM for  2210483624 ,,,,, NCOHCHCHCCHi , 

kg/kmol, 

fgdV  – dry exhaust gas stream from the turbine in physical normal conditions (pn = 101325 Pa, 

tn = 0°C), 3
nm /s, calculated from the formula: 
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   (21) 

in which  refO2 = 15 % – reference volume fraction of oxygen in the dry exhaust gas, 

reffgdV – dry exhaust gas stream for reference conditions (measured quantity from distributed control 

system), 3
nm /s. 

 
 energy balance of the gas turbo-generator has the following form: 
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where: 

LHVg – the net calorific value of the fuel gas, MJ/ 3
nm , 

h – specific physical enthalpy, MJ/ 3
nm , 

Pel – electric power of the gas turbo-generator, MW,  

em – electromechanical efficiency of the gas turbo-generator, 

hl  – relative heat losses from the system with regard to electric power, 

tg – the temperature of the fuel gas, °C, 
ta – the temperature of the air for combustion, °C, 
tfg – the temperature of the exhaust gas, °C, 

The specific physical enthalpies of the fuel gas, combustion air and exhaust gas (with regard to a dry 
gas) are calculated from the general formula: 
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where tr = 25°C – reference temperature. 

In the system of conditional equations (16)-(20) and (22), there are only three unknown quantities. 
They belong to them: volume fraction of carbon dioxide in the dry exhaust gas [CO2], dry air demand 
for combustion per unit of fuel nad, and the amount of the exhaust gas per unit fuel nfgd. The remaining 
quantities appearing in these equations are measured. Thus, for the presented six balance equations 
and three unknown quantities, there is measurement redundancy and the possibility of using the 
advanced DVR method. 

7 Method of cross-validation 

Cross-validation is a technique that allows us to properly evaluate the predictive accuracy of the 
model, which gives the possibility to prevent problems of over- or under-fitting. Without using this 
method, it is impossible to be certain that the model will work well for data that were not used for its 
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development. Cross-validation allows performing the process of model quality verification in cases 
where the available data set is small or where the division into the training and testing part may lead to 
unrepresentative subsets. In cross-validation, the training and test sets are cross-over in successive 
rounds to allow each of the observations to be included in the test (or validation) set. One of the most 
common types of cross-validation is the k-fold cross-validation, wherein parameter k = 10 is the most 
commonly used value [14]. The method is that the data set is divided into k-folds. Each of the k-parts 
is iteratively used as a test set, while the remaining k-1 parts are combined into a train set for model 
evaluation in this iteration. The whole process is repeated k times so that every observation is used in 
both training and testing sets. The cross-validation error Ecv of the classifier is calculated as a mean of 
all of the errors from each iteration (k-folds) [15]:  

𝐸 =
1

𝑘
𝐸  (24) 

where 𝑘 is the number of folds, 𝐸  is a prediction error in the k-th fold. 

The general procedure of the k-fold cross-validation is as follows: 
 the random shuffling of the whole data set, 
 dividing the whole data set into k subsets {S1, S2,…, Sk}, 
 performing k iterations, assuming k-1 subsets {S1, S2,…, Sk}\{Si} as the training set in each of 

them respectively, and remaining subset Si as a test set, 
 calculating the model parameters in each iteration based on the training set and its evaluation 

based on the test set, 
 calculating the average values of expected performance metrics and empirical coefficients 

based on the results of each iteration. 

In the problem being solved the value of parameter k = 10 was assumed in k-fold cross-validation 
calculations. The R-programming language with the caret package in the calculations was used [16]. 
Mean absolute error, root mean squared error, and also the coefficient of determination were 
calculated to evaluate the predictive ability of the model. Calculation results in the next point of the 
article have been presented. 

8 Results of calculations 

After the advanced DVR calculations, validated values of the gas turbo-generator electric power Pel 

and exhaust gas temperature tfg directly are obtained. Values of the specific chemical energy 
consumption of the gas turbine HR and exhaust gas mass flow rate fgm  are whereas computed from 

the equations: 
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where Mfg – the molar mass of the moist exhaust gas: 
i

iifg MzM for  OHNOCOi 2222 ,,, . 

The calculations presented in this paper were performed for selected gas turbine, which is installed in 
the analysed gas-fired CHP plant. During the data preparation process, the operating periods of the gas 
turbine in the range of ambient temperatures from -10°C to 30°C were used. This procedure allowed 
us to obtain a wide range of operational measurements enabling us to analyse the operation of the gas 
turbine in the whole area of the variability of performance parameters. The operational data from the 
data acquisition system were collected on sixty seconds averages intervals. In the identification 
process of the empirical coefficients in the calibration functions (7)-(10) the following operational 
measurements were used: electric power of the gas turbine, air parameters at the inlet to gas turbine 
system (temperature, pressure, relative humidity), temperature and pressure of gas, composition and 
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lower heating value of gas, gas consumption, flue gas parameters at the outlet of the gas turbine 
system (temperature, pressure, volumetric flow rate), and volume fraction of oxygen in the flue gas. 
Before the identification process of the empirical coefficients in the calibration functions, advanced 
DVR method has been carried out. 

In the Figs. 1-4, the calibration functions for selected gas turbine resulting from the mathematical form 
described by equation (6) are shown for the following parameters respectively: electric power at the 
generator terminals (Fig. 1), specific chemical energy consumption of the gas turbine (Fig. 2), mass 
flow rate of exhaust gas (Fig. 3) and temperature of exhaust gas at gas turbine outlet (Fig. 4). 

Figure 1: Calibration functions of electric power Figure 2: Calibration functions of specific 
chemical energy consumption of the gas turbine 

Figure 3: Calibration functions of flue gas mass 
flow rate 

Figure 4: Calibration functions of flue gas 
temperature 

 
For the developed calibration functions of the gas turbine model, selected accuracy factors were 
calculated [17]: 

 mean absolute error: 

𝑀𝐴𝐸 =
1

𝑛
|𝑦 − 𝑦 | (27) 

where 𝑦  is an observation value (measurement),  𝑦  is an estimation (or prediction) result. 
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 root mean squared error: 

𝑅𝑀𝑆𝐸 =
1

𝑛
(𝑦 − 𝑦 )  (28) 

 coefficient of determination: 

𝑅 = 1 −
∑ (𝑦 − 𝑦)

∑ (𝑦 − 𝑦)
 (29) 

where y is an arithmetic mean of the results of the observations (measurements). 

Table 1 present the results of calculations of empirical coefficients in calibration functions and 
selected accuracy factors of the developed models. The values of empirical coefficients were obtained 
using the presented method of cross-validation. It can be stated that the developed empirical models 
are characterized by the high quality of prediction, which is confirmed by the obtained high values of 
determination coefficients and low error values of the model accuracy measures. The values of the 
coefficient of determination 𝑅  are within the following ranges from 0.9711 to 0.9962. The highest 
model accuracy was achieved for electric power, while the worst for the mass flow rate of exhaust gas. 
The model of correction curves is a universal tool for conducting simulation calculations of gas 
turbine operation. However, due to differences in operational and performance parameters, models 
based on manufacturer's correction curves should be adopted and calibrated individually for each gas 
turbine. The achieved results allow improving the prediction of electricity production of the gas 
turbine in the power range from 30 to 50 MW. The effectiveness of the planning process directly 
results from the quality of the generated forecasts. 

Table 1: Results of empirical coefficients and accuracy factors for investigated gas turbine 
Parameter Empirical coefficients  𝑀𝐴𝐸 𝑅𝑀𝑆𝐸 𝑅  

�̇�  𝑎  = 0.3004 𝑎  = 0.5081 𝑎  = 0.1683 0.0207 0.0244 0.9962 

𝐻𝑅 𝑏  = 5.0268 𝑏  = -8.6960 𝑏  = 4.6343 0.0320 0.0336 0.9843 

�̇�  𝑐  = 0.7014 𝑐  = -0.5099 𝑐  = 0.7092 0.0900 0.0917 0.9711 

𝑡  𝑑  = 1.9424 𝑑  = 1.0211 𝑑  = -0.0062 1.6755 2.1700 0.9759 

9 Conclusions 

The article presents the assumptions, methodology, and results of calculations of the calibration 
procedure of the model of the selected gas turbine based on the correction curves of the manufacturer. 
A calibration procedure was performed on the following parameters of gas turbines operation: electric 
power at the generator terminals, specific chemical energy consumption of the gas turbine, mass flow 
rate of flue gas, and temperature of flue gas at gas turbine outlet. The developed empirical calibration 
models are characterized by high predictive quality, which directly results in improved accuracy of 
electricity production planning. Due to differences in operational and performance parameters, models 
based on manufacturer's correction curves should be adopted and calibrated individually for each gas 
turbine. The obtained results of the analyses confirm the possibility of their use in the existing 
computer system of operation supervision of the CHP plant. The developed empirical functions can be 
implemented in an additional calculation module of the computer system, increasing the accuracy of 
planning the production of energy carriers in a gas-fired power plant. Advanced methods of process 
identification were used to determine the predictive mathematical model in the form of calibration 
functions. Namely, to obtain the most reliable calculation results, the obtained average values of 
operational measurements from selected steady-state periods of gas turbine operation using the GLR 
algorithm, were subjected to the generalized advanced data validation and reconciliation method. 
Moreover, the values of empirical coefficients of the calibration function were obtained using the 
cross-validation method. 
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Abstract 

Oxyfuel combined cycle with a gas turbine is a strong concept of CCS in gas-fired power plants. This 
technology is similar to a conventional combined cycle with a topping Brayton cycle, and a bottoming 
Rankine cycle, however oxygen instead of air is used in the gas turbine combustion. In the oxyfuel 
combined cycle, the gas turbine flue gases consist mainly of CO2 and H2O that supply energy to the heat 
recovery steam generator (HRSG), which produces steam for the bottoming cycle. After the HRSG, the 
water present in the flue gases is separated through condensation; then, most of the CO2 is recirculated 
to the gas turbine compressor, while the remaining CO2 is processed for storage. One of the problems 
to implement this technology is the necessity of the use of an air separation unit (ASU) to separate the 
oxygen from the air, which increases the energy consumption of the power plant. Thus, a comparative 
thermodynamic analysis was performed between a base case, composed by a conventional combined 
cycle, and an oxyfuel combined cycle to identify the pros and cons of each technology, the influence of 
oxygen purity in the oxyfuel combine cycle and the main irreversibilities of each case. The cases were 
modeled and simulated in Engineering Equation Solver (EES). It was noticed that the oxyfuel combined 
cycle first law efficiency is 8.44% lower than the base case and second law efficiency is 7.33% lower 
than the base case. Simulations of the oxyfuel combined cycle model showed that an oxygen purity 
(molar basis) of 92 to 97% offers a good trade-off between energy consumption and quantity of CO2 
captured. 
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1 Introduction 

Global warming and greenhouse gases emissions are the most significant environmental concerns 
nowadays. Carbon dioxide (CO2) represented 81% of the total greenhouse gas emissions in 2018 [1]. 
The electricity and heat production sectors will remain heavily dependent on fossil fuels for the 
foreseeable future, for this reason, it is a need to find ways to reduce greenhouse gases emission in 
thermal power plants. Oxyfuel combustion is a promising carbon-capture technology in fossil-fueled 
power plants, as it can capture up to 98% of the CO2 produced in the combustion process, depending on 
the purification technique applied to remove CO2 from the flue gas, which contains between 75% and 
90% of CO2 (dry basis), with nitrogen, oxygen, and argon as the major contaminants [2]. The oxyfuel 
process utilizes nearly pure oxygen instead of air to burn the fuel. The combustion of a fuel with almost 
pure oxygen has a combustion temperature of about 3500°C, which is too high for conventional power 
plant materials. The combustion temperature is limited to approximately 1300-1400°C in a typical gas 
turbine cycle, and about 1900°C in a coal-fired boiler using current technology; thus, a part of the flue 
gases is recycled to the combustor to control the combustion temperature [3]. An air separation unit 
(ASU) is required in the power plant to obtain pure oxygen for the combustion. There are three main 
technologies used to separate oxygen from the air: cryogenic distillation, adsorption using multi-bed 
pressure swing units, and polymeric membranes. The adsorption system would be the most suitable 
technology for oxyfuel processes that require less than 200 tonnes of O2 per day, while cryogenic 
distillation would be the most appropriate for larger applications [4]. Among the aforementioned 
technologies, the cryogenic distillation is the most mature and reliable, as it has been in practice for over 
75 years [5]. Nevertheless, the main issue in oxyfuel power plants is the high energy consumption of the 
ASU and the treatment of captured CO2, and thus when combined, they can decrease the LHV efficiency 
to about 10% [6]. 

The design of an oxyfuel combined cycle is very similar to a conventional combined cycle, except for 
near-to-stoichiometric combustion with oxygen instead of air in the gas turbine. The gas turbine flue 
gases, consisting mainly of CO2 and H2O, supply energy to the heat recovery steam generator (HRSG), 
which produces steam for the bottoming Rankine cycle. After the HRSG, the water present in the flue 
gases is separated; then, most of the CO2 is recycled back to the gas turbine, while the remaining CO2 is 
purified and compressed for storage [7]. 

In this paper, a comparative analysis between a base case and an oxyfuel combined cycle power plant is 
performed. The main goals of this comparison are: identifying the pros and cons of an oxyfuel combined 
cycle, the influence of oxygen purity on the oxyfuel system, and identifying the main irreversibilities 
that occur in each case. The base case is represented by a conventional combined cycle with 41664 kW 
of net power at ISO conditions. The base case and oxyfuel combined cycle were modeled on Engineering 
Equation Solver (EES). 

2 Cases description 

In this article, it was proposed to carry out a comparative analysis between a combined cycle operating 
with a gas turbine with combustion with air (CCGT), with a combined cycle with a gas turbine with 
oxyfuel combustion (CCOGT). In the analysis, some characteristics were considered the same: a) the 
same compressor outlet temperature; b) the same temperature inlet turbine (TIT); c) the same net power 
generation in the gas turbine; d) the same isentropic efficiency of the compressor and expander; e) the 
same steam pressure at the entrance of the steam turbine. 

Thus, the GTW (2010) was used to choose the combined cycle, which operates with the GE LM2500+ 
RD gas turbine. This turbine was selected due it is a medium-sized aeroderivative gas turbine and gas 
turbines with these characteristics are widely used in oil platforms and industrial applications. With the 
information from the gas turbine and the combined cycle, the model was developed to represent the 
system's behavior, and then validation was carried out. From the considerations presented above, the 
modeling of the CCOGT cycle was developed, which made it possible to carry out simulations to 
compare the thermodynamic behavior of the two cycles, and also to analyze the influence of oxygen 
purity on the CCOGT behavior. 
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2.1 Thermodynamic Analysis 

The equations for each of the components considering mass and energy conservation, exergy and 
entropy balances are presented below. Overall mass balance (Eq. 1), energy Balance (Eq. 2), and exergy 
balance (Eq.3). 

�̇� = �̇�     (1) 

0 = �̇� − �̇� + �̇� ℎ − �̇� ℎ  (2) 

0 = 1 −
𝑇

𝑇
�̇� − �̇� − �̇� 𝑒𝑥 − �̇� 𝑒𝑥 + 𝐸̇  

(3) 

  

Where: �̇�  is mass flow rate (kg/s); i = state point or index i; �̇� is thermal energy rate (kW); �̇� is power 
(kW); h is enthalpy (kJ/kg); 𝑇  reference temperature (298K); T is temperature (K); ex is specific exergy 
(kJ/kg); 𝐸�̇�  is the exergy destruction or irreversibility (kW). 

 

The specific exergy (Eq. 4) is composed of the physical exergy (Eq. 5) and chemical exergy (Eq. 6). 
The fuel exergy is calculated by Eq. 7 [11]. 

 

𝑒𝑥 = 𝑒𝑥 + 𝑒𝑥    (4) 

𝑒𝑥 = (ℎ − ℎ ) − 𝑇 (𝑠 − 𝑠 )   (5) 

ex = y ex , + RT (y lny )   (6) 

𝑒𝑥 = 𝛽𝐿𝐻𝑉   (7) 

β = 1.034 + 0.0183(
H

C
) − 0.064(

1

C
) 

  (8) 

  

exf     physical exergy, kJ/kg, 
exch   chemical exergy, kJ/kg, 
ℎ      enthalpy in reference condition, kJ/k, 
 𝑠      entropy in reference condition, kJ/kg-K, 
 s       entropy (kJ/kg-K), 
 y      mass fraction, 
exch,0 standard chemical exergy, kJ/kg, 
R      gas constant, kJ/kg-K, 
H      number of hydrogen atoms in the fuel, 
C      number of carbon atoms in the fuel, 
𝛽       ratio of standard chemical exergy [11]. 
 

The performance of each system is evaluated using energy efficiencies (Eq. 9) and exergy efficiency 
(Eq. 10) as well as the specific CO2 emission from the natural gas burned is Eq. (11). 

 

𝜂 =
𝑊 , + 𝑊 ,

𝑚 𝐿𝐻𝑉
     (9) 

𝜂 =
𝑊 , + 𝑊 ,

𝑚 𝑒𝑥
 

(10) 
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𝐸𝑚 =
𝑚 ,

𝑊 , + 𝑊 ,
 (11) 

  

WGT,net net power of gas turbine cycle, 
WST,net net power of steam cycle, 
 mfuel   consumed fuel, kg/s, 
LHV   lower heating value of fuel, kJ/kg, 
 EmCO2 specific emission, kg/kWh, 
 mCO2,tot total mass CO2 emission, kg/h.   

2.2 Conventional combined cycle 

The conventional combined cycle (base case) modelled in EES, shown in Figure 1, is composed of a 
gas turbine similar to a GE LM2500+RD [8], a one-pressure level HRSG and a steam turbine. The GE 
LM2500+RD was chosen for the development of the combined cycle model because it is a medium-
sized aeroderivative gas turbine and gas turbines with these characteristics are widely used in oil 
platforms and industrial applications. Data about GE LM2500 PR at ISO conditions given by [8] are 
shown in Table 1. The combined cycle net power is 41664 kW, and its efficiency is 48.89%. The 
thermodynamic properties of each stream presented in Figure 1 are shown in Table 2. 

Table 1: GE LM2500+RD [8]. 

Power output (kW) Efficiency Mass flow (kg/s) Pressure ratio TIT (°C) TET (°C) 
33104 38.9 % 90 23 1288 526 

 

 

Figure 1: Base case. 

Table 2: Thermodynamic properties of each stream for the base case. 

  
Mass flow 

(kg/s) 
Pressure 

(bar) 
Temperature 

(°C) 
Enthalpy 
(kJ/kg) 

Entropy 
(kJ/kg.K) 

Exergy 
(kJ/kg) 

(1) 85.44 1.01 15 -99.6 6.687 1.3 

(2) 80.04 23.3 472 377.9 6.769 454.1 

(3) 1.83 23.3 30 46480.0 - 53421.0 

(4) 81.87 23.07 1288 287.4 7.782 1201.1 

(5) 5.40 23.3 472 377.9 6.769 454.1 

(6) 87.27 1.03 554 -553.8 7.899 252.7 

(7) 87.27 1.01 220 -928.0 7.327 49.0 

(8) 9.33 100 529 3449.0 6.693 1458.4 

(9) 9.33 0.3 71 2446.0 7.206 302.4 

(10) 9.33 0.3 71 298.5 0.971 13.6 

(11) 9.52 100 73 313.1 0.027 24.4 
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2.2.1 Gas turbine 

The compressor of the gas turbine modelled and simulated in EES also works with a pressure ratio of 
23, and the compressor inlet mass flow is 85.44 kg/s of air at ISO conditions. Compressor data are shown 
in Table 3. 

Table 3: Compressor data. 

Compressor power (kW) 40793 
Pressure ratio 23 
Isentropic efficiency 87.6% 
Polytropic efficiency 91.4% 
Number of stages 17 
Stage pressure ratio 1.203 

 

The bleed air mass flow needed to cool the turbine blades, stream (5) has been determined by Eq.12 [9]. 

�̇�   bleed air mass flow, kg/s, 
𝑇𝐼𝑇 turbine inlet temperature, °C. 
 

Fuel enters the combustion chamber at 30 °C and 23.3 bar, a combustion chamber efficiency of 99% 
was assumed, and the turbine inlet temperature (TIT) is 1288 °C. Fuel composition [8], fuel mass flow, 
and turbine characteristics are presented in Table 4. 

Table 4: Fuel composition, combustion chamber, and GT turbine data. 

Fuel composition [8]  
CH4 89% 
C2H6 7% 
C3H8 1% 
C4H10 0.1% 
C6H14 0.001% 
CO2 2% 
N2 0.899% 
Fuel LHV (kJ/kg) 46480 
Combustion chamber  
Pressure drop  1% 
Efficiency 99% 
Turbine  
TIT (°C) 1288 
TET (°C) 554 
Isentropic efficiency 86% 
Generator efficiency 99% 
Turbine Power (kW) 78733 

 

The simulation of the gas turbine was performed in EES, the efficiency and mass flow resulted very 
close to GE LM 2500+RD data; TET resulted in 5% higher than turbine data. It is highlighted that only 
some data about the GE LM 2500+RD are available, and a small difference occurs because 
thermodynamic assumptions were necessary to develop the gas turbine model. Overall information 
about the gas turbine model are shown in Table 5. 

 

�̇� = 4.6 × 10 (𝑇𝐼𝑇 + 273.15) + 1.47897 × 10 (𝑇𝐼𝑇 + 273.15) − 0.06928 
 (12) 

1011



Table 5: EES Gas turbine model. 

Net Power (kW) Efficiency Mass Flow (kg/s) Pressure Ratio TIT (°C) TET (°C) 
33104 38.84% 87.27 23 1288 554 

2.2.2 HRSG  

A one-pressure level HRSG was assumed in the combined cycle. The steam turbine inlet temperature 
was set to be 25 °C lower than the TET, thus the simulated HRSG was capable of producing 9.33 kg/s 
of steam. The data and assumptions used in the HRSG model are available in Table 6 [12]. 

Table 6: HRSG. 

Efficiency 85% 
Pressure drop (bar)  0.019 
ΔT approach (°C) 10 
ΔT pinch (°C) 10 
ΔT superheater (°C) 25 
Steam production (kg/s) 9.33 
Flue gas pressure (bar) 1.03 
Steam pressure (bar) 100 
Water purge 2% of stream (11) mass flow 

2.2.3 Steam cycle 

The simulated steam cycle supplies 9357 kW, and the condensation pressure was set to 0.33 bar [8]. 
Steam cycle data are found in Table 7. 

Table 7: Steam cycle. 

Steam turbine  
Isentropic efficiency 85% 
Generator efficiency 99% 
Power (kW) 9357 
Condenser  
Condensation pressure (bar) 0.33 
Heat removed (kW) 20041 
Pump  
Isentropic efficiency 87% 
Power (kW) 194.1 

2.3 Oxyfuel combined cycle 

The Oxyfuel Combustion Combined Cycle, presented in Figure 2, is composed of a gas turbine of 
33104kW, a one-pressure level HRSG, the steam turbine of 15378 kW, a scrubber, a CO2 heater, a CO2 
compressor, an O2 compressor, and an Air Separation Unit (ASU). The oxyfuel combined cycle net 
power is 36673 kW, and its efficiency is 40.45%. The thermodynamic properties of each stream 
presented in Figure 2 are shown in Table 8. 
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Figure 2: Oxyfuel combined cycle. 

Table 8: Thermodynamic properties of each stream for oxyfuel case. 

 
Mass flow 

(kg/s) 
Pressure 

(bar) 
Temperature 

(°C) 
Enthalpy 
(kJ/kg) 

Entropy 
(kJ/kg.K) 

Exergy 
(kJ/kg) 

(1) 82.62 1.01 43 -8335 4.95 1.0 

(2) 77.41 45.45 475.7 -7897 5.068 403.9 

(3) 1.95 55.55 30 46480.0 - 53421.0 

(4) 86.98 45.00 1288 -7057 6.252 1190.3 

(5) 4.88 55.55 479 -7894.0 5.023 417.6 

(6) 92.20 1.05 669 -7856 6.349 343.5 

(7) 92.20 1.03 179.3 -8413 5.527 30.8 

(8) 13.41 100.0 644 3732 7.0226 1643.24 

(9) 13.41 0.3 71 2586 7.6101 321.12 

(10) 13.41 0.3 71 298.5 0.9710 13.59 

(11) 13.68 100.0 73 313.1 0.0270 24.37 

(12) 39.17 1.01 25 -122.9 6.734 0.0 

(13) 7.63 1.01 40 13.55 6.01 107.2 

(14) 7.63 45.45 30 4.509 5.352 294.2 

(15) 7.63 1.01 40 13.55 6.01 107.2 

(16) 8.17 1.01 40 -8471 5.096 0.9 

(17) 8.17 100.00 50 -8462 4.199 277.4 

(18) 82.62 1.01 40 -8471 5.096 0.9 

(19) 31.54 45.45 40 -114.1 5.694 330.5 

2.3.1 Gas Turbine 

The gas turbine of the oxyfuel combined cycle has the same power, TET and compressor outlet 
temperature, isentropic efficiencies as the base case. The gas turbine working fluid composition [7] is 
shown in Table 9. 
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Table 9: Oxyfuel gas turbine working fluid; streams (1), (2), (15), (17), (18). 

CO2 90.29% 
H2O 1.06% 
N2 4.31% 
Ar 4.15% 
O2 0.019% 

 

According to [7], the temperature in the water extraction device (scrubber) of the oxyfuel combined 
cycle should be greater than 40 °C, and a CO2 heater, previous to the GT compressor inlet needs to raise 
the temperature to 43-44 °C. The slight preheating of 3-4 °C is included to reduce the relative humidity 
of the inlet stream down to 80% to avoid condensation in the compressor inlet. To maintain the 
temperature at the compressor outlet (2) close to the base case, the gas turbine compressor was changed. 
The pressure ratio was increased to 45 since the working fluid was changed. Oxyfuel compressor data 
are presented in Table 10. 

Table 10: Oxyfuel compressor data. 

Compressor power (kW) 36192 
Pressure ratio 45 
Isentropic efficiency 81% 
Polytropic efficiency 86% 
Number of stages 22 
Stage pressure ratio 1.189 

 

Fuel and oxygen enter the combustion chamber at 30 °C and 45.45 bar; the combustion chamber 
efficiency, fuel, turbine isentropic efficiency, and TIT utilized in the oxyfuel gas turbine were the same 
as the base case. The TET increased to 669°C, which is 115°C higher than the base case due to working 
fluid change. The composition of stream 14 (oxygen content), oxyfuel combustor, and turbine 
characteristics are presented in Table 11. 

Table 11: Oxygen stream composition, combustion chamber, and GT turbine data. 

Oxygen Stream Content [7]  
O2 95% 
N2 3% 
Ar 2% 
Combustion chamber  
Fuel mass flow (kg/s) 1.95 
Oxygen mass flow (kg/s) 7.63 
Pressure drop  1% 
Efficiency 99% 
Turbine  
Isentropic efficiency 86% 
Outlet mass flow (kg/s) 92.20 
Generator efficiency 99% 
Turbine Power (kW) 69296 

 

The gas turbine efficiency has decreased by 2.32% with all the alterations needed to implement oxyfuel 
combustion and without taking into account the ASU energy consumption. 

Table 12: EES oxyfuel gas turbine model. 

Net Power (kW) Efficiency Mass Flow (kg/s) Pressure Ratio TIT (°C) TET (°C) 
33104 36.52% 92.2 45 1288 669 
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2.3.2 Oxygen production system 

According to [10], ASU specific energy consumption varies approximately linearly with the oxygen 
purity from 80 to 97 mol%, and then it has a drastic increase from 97 to 99.5 mol%. ASU specific energy 
consumption is calculated by Eq. (13) and Eq. (14). Figure 3 shows the specific energy consumption of 
ASU in the range of 80% to 99.5% of O2 purity. Initially, the oxygen purity utilized was 95 mol%, with 
this O2 purity, the energy consumption of the ASU is 6315 kW since the combustion chamber needs 
7.63 kg/s of O2. Oxygen stream has to be compressed to enter the combustion chamber, for the O2 stream 
compression, a 3-stages compression system was assumed, the compression system isentropic efficiency 
was 87%, and the O2 compression power resulted in 2022 kW, in this way the total energy consumption 
of the O2 production system resulted in 8337 kW. 

e  =  383.3773/(100 −  y ) .  +  660.0583, for y >  97% 

 

e   specific energy consumption kJ/kg O2 
y  oxygen purity, mol %. 

 

 

Figure 3: ASU specific energy consumption. 

2.3.3 HRSG and steam cycle 

A one-pressure level HRSG was employed in the oxyfuel combined cycle. The same thermodynamic 
assumptions from the previous case were used in the oxyfuel case. The steam temperature at the steam 
turbine inlet was also set to be 25 °C lower than the TET, thus the HRSG is capable of producing 11.95 
kg/s of steam. The oxyfuel case is capable of producing more steam due to the increase of TET. The 
steam cycle supplies 15378-kW from the steam turbine, the condensation pressure was set at 0.33 bar. 
Steam cycle data are found in Table 13. After the HRSG, a scrubber was needed to remove water from 
the flue gas, then about 90% of the CO2 is recycled back to the gas turbine, CO2 stream (15) composition 
after scrubbing was previously presented in Table 9. The other part is compressed to the storage, and 
the CO2 compression power is 2245 kW.  
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Table 13: Oxyfuel case: steam cycle. 

Steam turbine  
Inlet temperature (°C) 644 
Mass flow (kg/s) 13.41 
Power (kW) 15378 
Condenser  
Condensation pressure (bar) 0.33 
Heat removed (kW) 30664 
Pump  
Isentropic efficiency 87% 
Power (kW) 279 

3 Results 

The efficiency of the oxyfuel power plant resulted in 8.44% lower when compared to the base case; 
plant net power decreased by 4.97 kW, even taking into account the higher steam production of the 
oxyfuel case due to the increase in TET. Table 14 shows the power, efficiency, emissions of CO2 and 
power consumption obtained in the simulation of the conventional Combined Cycle (Base Case) and 
Oxyfuel Combined Cycle. It appears that the net power and efficiencies presented by the base cycle 
were higher than those given by the oxy-fuel cycle, this was mainly due to the high-power consumption, 
due to the oxygen compressor, CO2 compressor, and the ASU system consumption. On the other hand, 
there was a reduction in CO2 emissions (504.4 g/kWh) and water recovery from combustion gases (0.336 
kg /kWh).    

Table 14: Principal results obtained in the simulation of the cycle base and oxyfuel combined cycle 

 Combined Cycle (Base Case) Oxyfuel Combined Cycle 
Power consumption [MW] 0.36 11.32 
Total power [MW] 42.03 47.97 
Net power [MW] 41.67 36.65 
Global efficiency [%] 48.89 40.45 
Second law efficiency [%] 42.53 35.20 
CO2 emission[g/kWh] 422.7 ------ 
Captured CO2 [g/kWh] ------ 504.4 
Water recuperated [kg/kWh] ------ 0.336 

 

3.1.1 Oxygen stream purity 

Increasing O2 stream purity in the oxyfuel system will increase the ASU specific energy consumption, 
as shown in Figure 4. Thus, increasing O2 purity will decrease plant net efficiency. the CO2 destined for 
storage in the oxyfuel combined cycle decreases proportionally to the O2 stream purity. An O2 purity in 
the range of 92 to 97 % offers a good trade-off between efficiency and CO2 captured.  There is the same 
behavior of reducing efficiencies of the first law and second law due to the increase in the purity of 
oxygen used in the oxy combustion process. The inflection presented is due to the increase in power 
consumption of the ASU system with the increase in oxygen content, as can be seen in Figure 3. 
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Figure 4: Efficiency, CO2 captured and O2 purity. 

3.1.2 Irreversibilities 

Irreversibility, fuel (the flow exergy which is consumed in the processing unit during the generation of 
its product), irreversibility ratio (Eq. 15), and second law efficiency of each equipment are presented in 
Table 15. Table 15 shows that second law efficiencies of gas turbine and steam equipment are very close 
when comparing the cases. Base case second law efficiency is 42.5% and oxyfuel combined cycle global 
second law is 35.2%, this decrease of 7.3% occurs due to the equipment that has to be added for oxyfuel 
combustion, and also due to the reduction of efficiency of the gas turbine compressor due to changing 
the diluent (air to mix with CO2). 

 

𝐼
  

 

 

(15) 

𝐼   equipment irreversibility, kW, 
 𝐼   plant global irreversibility, kW. 

Table 15: Irreversibilities. 

 Base Case Oxyfuel 

Equipment 
Fuel 
[kW] 

Irreversibilities 
[kW] 

Iratio 
[%] 

ɳ2law 
[%] 

Fuel 
[kW] 

Irreversibilities 
[kW] 

Iratio 
[%] 

ɳ2law 
[%] 

GT compressor 40793 4556 8.4 88.8 36192 5010 7.5 86 
Combustor 97956 35968 66.5 63.3 104195 34167 51.1 67 
GT turbine 78733 4836 8.9 93.9 73974 4678 7.0 94 

GT generator 33104 331 0.6 99.0 33104 331 0.5 99 
HRSG 17780 4404 8.1 75.2 28830 7130 10.7 75 

Steam Turbine 10786 1429 2.6 86.7 17727 2349 3.5 87 
ST generator 9357 94 0.2 99.0 15378 153.8 0.2 99 
Condenser 2695 2366 4.4 12.2 4123 3620 5.4 12 

Pump 194 89 0.2 54.1 279 127.9 0.2 54 
Cooler - - - - 2631 1990 3.0 24 

Scrubber - - - - 987 859.6 1.3 13 
CO2 heater - - - - 8.5 632 0.9 1 

CO2 Compressor   - - 3363 1105 1.7 67 
ASU - - - - 6397 4152 6.2 35 

O2 Compressor - - - - 1985 558.2 0.8 72 
Global  54073  42.5  66865  35.2 
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4 Conclusions 

The presented oxyfuel combined cycle is capable of capturing 504.4 g/kWh of CO2, and it has an 
efficiency loss of 8.44% due to the oxygen production system and CO2 scrubbing and compression. The 
influence of O2 purity in the oxyfuel combined cycle was investigated, and from the ASU energy 
consumption model of [10], it was found that an oxygen purity of 92 to 97% offers a good trade-off 
between energy consumption and quantity of CO2 captured. Irreversibilities are more significant in the 
oxyfuel combined cycle because of the O2 production and CO2 systems. The second law efficiency of 
the combustion chamber is 4% greater in the oxyfuel case than the base case, while the changes needed 
in the gas turbine compressor decreased second law efficiency by 3%. For future investigations, it is 
highlighted the importance of feasibility analysis of the oxyfuel combined cycle plant presented in this 
work. It is also essential to investigate the potential usage or storage methods of the captured CO2 that 
is not recycled to the oxyfuel gas turbine. 

Nomenclature 

𝑇𝐼𝑇 turbine inlet temperature, °C, 
𝑇𝐸𝑇

 
turbine exhaust temperature, °C, 

𝐿𝐻𝑉
         

lower heating value, kJ/kg. 
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Abstract 

Despite the rapid development of renewable energy systems, fossil fuels dominate the world's primary 
energy supply. Further improvement of the coal-fired power plants is needed due to many reasons, 
including the environmental impact and economic operation, particularly of the ones operating on low-
grade solid fuels, such as lignite. The thermal power plant operation is commonly evaluated on the 
basis of the energy analysis, combustion efficiency and the level of generated harmful emissions. The 
objective of this work is to present a methodology for analyzing opportunities and measures for the 
efficiency improvement of coal-fired steam generators, based on the integration of zone thermal 
calculation method, exergy method, and computational fluid dynamics (CFD) technique, while 
studying the impact of some measures on the emission of NOx. The work deals with an analysis of the 
energy and environmental performances of a lignite-fired steam generator, which is a part of a 315 
MW power generation unit. The zone thermal calculation method is used as a basis for exergy analysis 
and application of an engineering method for the calculation of NOx formation. The impacts of the air 
and fuel redistribution, excess air level optimisation and flue gas recirculation rate on NOx 
concentration in flue gases are presented. 

1 Introduction 

Despite efforts to increase the penetration of renewable energy sources, most of the current world 
electricity generation in the world is met by fossil fuels (power plants). Although certain assumptions 
that the world's electricity generation capacity based on coal-fired plants will reach approximately 
2,500 GW by the end of 2020 [1] will almost certainly not materialize, growth is still significant in the 
current decade, approaching 2,100 GW. Therefore, there is a clear necessity to increase the efficiency 
of the existing combustion plants and to reduce the harmful emissions, which is particularly relevant in 
cases when low-grade coals are used. In that sense, it is very important to apply appropriate available 
techniques on the thermal power plants on the verge of the technical lifetime, which are subjects of 
rehabilitation or modernisation, with an aim to improve their efficiency and to reduce the negative 
environmental impact. Complex modelling tools, such as computational fluid dynamics (CFD), can 
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successfully facilitate the investigation of the influence of various process and design parameters on 
the overall plant performances. In general, the approach of the combustion plants modelling can be 
directed towards (1) modelling of the system behaviour or (2) modelling the fundamental physics of a 
system to determine the behaviour [2]. The CFD and chemical reaction models belong to the second 
category. Advanced combustion and heat transfer models and appropriate numerical techniques for 
their implementation in research and engineering applications, including analysis of thermal processes 
in boiler furnaces and combustors, have been used for a long time [3-5]. Constant advances in 
computers capabilities have allowed the development and application of mathematical models of 
thermal processes in combustion and other systems and subsequently the widespread use of CFD 
techniques as standard modelling tools [6]. Local and global harmful effects on the environment are 
some of the consequences from the from fossil fuel combustion. Therefore, new cleaner technologies 
which could accommodate the demand for energy, but with smaller environmental impact, are 
continually in the focus of research interest [7]. A systematic and comprehensive assessment of the 
most promising technologies for coal-fired steam generators' efficiency improvement and emission 
reduction, such as supercritical boiler parameters, oxy-coal combustion, and low temperature flashing 
for simultaneous CO2 and SO2 capture, has been carried out in the study [8].  

The reduction of NOx emission in order to bring it down to the emission level in accordance with the 
EU directives is usually one of the main tasks and aims of the power plants modernisation. Since the 
NOx formation is directly dependent on the local flame temperature and the oxygen concentration in 
the main combustion zone [9], as well as on the flow field and the residence time of flue gases in the 
high-temperature zones, the NOx reduction measures can be properly selected or the existing ones 
further improved and the system performance can be increased by using mathematical modelling and 
numerical simulations [10]. This type of research has been successfully applied to describe the 
phenomena during the combustion of pulverised coal in the power plants' steam generators, 
confirming the crucial impact of the over-fire air (OFA) systems on the NOx reduction by comparing 
the results of numerical calculations and plant measurements [11,12].  

As fossil fuels play a vital role in electricity generation worldwide and will dominate the world's 
primary energy supply at least for the next few decades, further improvement of the thermal power 
plants is needed due to many reasons, including the environmental impact and economic operation. 
Since lignite is the only significant fossil fuel resource in SE Europe, it is of great importance to define 
possible strategies to maximize the efficiency of the existing power plants, while reducing harmful 
emissions. The purpose of this work is to give a contribution to the further analysis of lignite-fired 
steam generators, based on a previously presented methodology that integrates zone thermal 
calculation method and exergy method [13,14]. The aim is to further asses opportunities for improving 
the boiler efficiency through studying the impact of the air-fuel redistribution by the implementation 
of OFA ports on the NOx emission. In this study, а CFD model, in combination with a zone thermal 
calculation method of CKTI [15] and an exergy analysis [16], is applied to a steam generator with 
tangential combustion system, within a 315 MW lignite-fired thermal power plant located near the city 
of Prishtina. Using the zone method results, an engineering method, based on [17], has been adapted 
and applied for calculation of the NOx emission, which takes into consideration the most influential 
factors. Due to the complexity of the analysed object and the influencing parameters, the CFD is 
included as one of the main research tools, to obtain a better insight into the aerodynamic behaviour of 
the gas-solids mixture, temperature profiles, combustion efficiency (assessment of the energy loss due 
to inefficient combustion), NOx concentration and other parameters. 

2 Materials and methods 

The present work is mainly based on the following methods: 

1) CKTI Zone calculation method [15], used for the determination of temperature profile and energy 
distribution in the steam generator, as an input to the exergy balance calculation. 

2) Exergy method [16], used in order to determine the sources and magnitude of inefficiencies of the 
entire steam generator, based on the results obtained by the zone calculation method [15]. 
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3) CFD technique, for optimisation of the fuel-air distribution and investigation of the effect of OFA 
ports system implementation on the combustion efficiency and NOx emission. 

4) Calculation of NOx by the use of an engineering method [17], based on the results of the zone 
calculation method [15].  

2.1 Background 

Revitalisation, modernisation, and extension of the operating lifetime of thermal power plants is a very 
important and complex task, related to extensive scientific research and implementation of modern 
engineering practices. In essence, large boiler plants, on which actions and measures for revitalisation 
and modernisation have to be implemented, are characterised with: reduced operational capability and 
reliability, lower efficiency compared to the modern plants, emissions of harmful substances 
exceeding the environmental norms, etc. Revitalisation and modernisation of the boiler plants usually 
include replacement of parts of the system for the fuel treatment, combustion system (burners and 
equipment for air and fuel introduction), modification or replacement of parts of furnace water-walls 
and other heat exchanging surfaces and equipment whose effective working life is over.  

One of the ways to improve the operation efficiency of pulverised coal-fired boilers is the 
implementation of well-grounded technical solutions aimed at reduction of NOx emission, together 
with the subsequent suppressing of heat loss due to inefficient combustion. It is also an opportunity to 
implement some of the primary low-NOx techniques, such as a more efficient burner system and 
staged fuel-and-air introduction, including OFA ports. The principal nitrogen pollutants generated by 
combustion plants are nitric oxide (NO) and nitrogen dioxide (NO2), collectively referred to as NOx. 
While the major share of NOx produced during combustion is NO, once emitted into the atmosphere, it 
reacts to form NO2. In coal-fired steam generators, the NOx is primarily formed as thermal and fuel 
NOx and smaller share as prompt NOx. Thermal NOx is formed when nitrogen reacts with oxygen from 
the combustion air at high flame temperatures. Fuel NOx is formed by reaction of fuel nitrogen with 
oxygen in the combustion air and it may occur at slightly lower temperatures. The formation of 
thermal NOx depends directly on the local flame/gas temperature, while the amounts of nitrogen in the 
fuel and O2 available in the main combustion zone determine the level of fuel NOx.  

The NOx control methods can be classified into two categories: (1) combustion control techniques, 
usually referred to as primary NOx control measures and (2) post-combustion methods. The primary 
measures tend to prevent the formation of NOx during the combustion process by reducing peak 
temperature, optimising O2 content and reducing the residence time of combustion products in high-
temperature zones. Although generally less effective, they are significantly cheaper than the post-
combustion methods and they are often applied in pulverised coal combustion systems. The common 
combustion control techniques include low excess air combustion, multi-stage air and fuel 
introduction, flue gas recirculation, modifications of burners, water/steam injection and combination 
of these measures. Since all of them affect the NOx formation and reduction, they can be further 
improved and their performance can be increased to the maximum level by using mathematical 
modelling and numerical simulations.  

2.2 Description of the considered steam generator 

The present analysis focuses on a steam generator that is a part of a thermal power plant with a 
nominal power output of 315 MW (Fig. 1). The plant has been put into operation in the first half of 80-
es [18]. The steam generator is designed to be fuelled on lignite with net calorific value (NCV) in 
range 6280-9211 kJ/kg as received, with a guarantee NCV of 7327 kJ/kg, with an average ultimate 
analysis given in Table 1. The unit is aimed for operation in a cycle with feedwater temperature 251ºC, 
steam temperature 545ºC and pressure 177.4 bar. The combustion air is preheated at 272ºC and the 
flue gas average temperature at the air-heaters outlet is 160ºC. 
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Table 1: Lignite average ultimate analysis 

C H O S N A W 
23.0 2.3 13.0 0.6 0.6 16.0 44.5 

 

The steam generator is a tower-type, with a single vertical gas path, where are placed all the heat 
exchanging surfaces, except the air-heaters. The furnace is characterised by a large rectangular cross-
sectional area (15.60 x 15.38 m x m), with a tangential firing system and hot flue gas recirculation 
from the section between the second and fourth stage of the primary superheater [18]. The water-walls 
(part of the evaporator) are made of membrane panels with vertical tubes stretching from the collectors 
at the furnace bottom, via the super-heaters and re-heaters zones, up to the upper collectors, above 
which only the water economizer is located. The steam superheaters, reheaters, and the economizer are 
installed in a single vertical gas channel along the flue gas flow. The superheater second stage (SH2) is 
constructed as a 'wind-walls' design, covering partly the evaporator water-walls in the zone beneath 
the suction inlets of the hot gas recirculation. The working fluid parameters (flow rate, p, t) of heat 
exchanging surfaces are given in [13, 18, 19]. Drying and grinding of coal to pulverised state is carried 
out in fan mills (7 in regular operation and 1 as reserve). The coal dust and air mixture is fed into the 
furnace through a tangential firing system. Initial air heating is performed in steam heaters. Preheated 
air-flow and exhaust gases are split into two parallel lines and pass through two rotary air heaters. 

 
Figure 1: A schematic representation of the steam generator - adapted from [13, 18, 19] 

The main goals of the modernization of thermal power plants on fossil fuels imply the need to ensure 
the safe and efficient operation of boilers, with emissions level in accordance with the environmental 
legislation. Usually, subjects of some of the major changes are the fuel-treatment system, the burners 
or the entire combustion system and the air introduction system. Modernisation measures often include 
the application of staged fuel and air introduction, the implementation of OFA ports, the replacement 
of parts of the furnace water-walls and separate heat-exchanging surfaces.  

The present work is focused on an analysis of the changes in the combustion efficiency, flow and 
temperature fields with the implementation of staged fuel-air introduction and OFA ports to an 
existing tangential firing system in the boiler furnace (Figure 2). As a consequence, additional swirls 
are created, which cause a redistribution of fuel particles and the overall combustion process is 
extended to a larger part of the furnace. The redistribution is additionally supported by the 
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implementation of the OFA system: left- and right-hand side OFA ports at elevation 26.6 m and front- 
and back-side OFA ports at 28.45 m from the furnace bottom (Figure 2).  

2.3 Zone thermal calculation method, energy and exergy balance  

The energy balancing of the steam generator, as a basis for the exergy analysis, has been carried out by 
the use of the Normative Method [15]. The division of the steam generator into zones has been shown 
in Fig. 1. Some results obtained by the use of the zone thermal calculation method have been 
presented in [13, 19]. The limitation of the conventional energy analysis, based on the first law of 
thermodynamics, is that it does not take into account properties of the system environment and 
degradation of the energy quality through dissipative processes, which means that it does not 
characterize the irreversibility of the system [16]. Therefore, to achieve higher efficiency, additional 
analysis is necessary, based on the second law of thermodynamics, as this enables us to identify the 
major sources of loss and shows avenues for the performance improvement [16,19].  

The second law efficiency is defined as: 

        
efficiency  thermale)(reversibl possible Maximum

efficiency  thermalActual
ex

inputExergy 

outputExergy 


inputExergy 

lossExergy 
1        (1)  

2.4 Numerical model 

The numerical modelling approach and concept, based on the CFD technique, in this case, is similar to 
the one applied in  [17, 18]. The basic boiler geometry including the burners' system, is presented in 
Figure 2. The numerical domain represents the boiler furnace, the upper part with the superheaters, 
reheaters and economiser, as well as the second gas channel leading to the rotary air heaters. The 
geometry outline and the numerical mesh, non-structured, consisting of 1,120,000 volume cells, are 
shown in Figure 3. The mesh is finer in the areas where large gradients of the variables are very likely 
to appear, such as the near-burners zone, OFA ports, recirculation inlets etc., and coarser in other 
regions, such as the second gas channel. A grid sensitivity check was implemented using several grids 
with a different number of control volumes. Given the results, as well as the previous experiences [17, 
18], the grid density is fine enough to provide a grid-independent solution, satisfactory convergence 
and accuracy and, at the same time, to meet the restrictions in computational time. 

 
Figure 2: Boiler basic geometry and the burners system 
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In general, a utility coal-fired boiler furnace is characterised with a weakly-compressible particle-laden 
turbulent flow, chemical reactions, and complex heat transfer phenomena. For the turbulence, the 
standard k-ω model is employed as a reasonable compromise, instead of the often used k-, which 
exhibits some weaknesses when applied to flows with strong streamline curvature, as in the near-
burner area, or in recirculation regions. The following values of the constants are used in the k-ω 
transport equations [19]: 

=1, =0.52, =1/9, 
=0.09, i=0.072, R=8, Rk=6, R=2.95, *=1.5, 

Mt0=0.25, k=2.0 (turbulent Pr number for k) and =2.0 (turbulent Pr number for ω). The coupling of 
velocity and pressure is achieved by the SIMPLEC algorithm [19]. 

The projected grinding quality of the coal dust, between others, should fulfill the following criteria: 
R1000 <2% and R90 = 55-60%. As for the numerical modelling base case, it is assumed that the poly-
disperse lignite particle size distribution fits the Rosin-Rammler equation, with 10 particle size classes, 
with a mean diameter 0.12 mm, by setting minimal diameter at 0.020 mm and maximal at 1.5 mm. 
There are 32 particle stream start locations, i.e. burners' openings for coal dust-air mixture inlet. The 
maximum number of steps that are followed in each particle trajectory is set at 1400, with a length 
scale of 0.06 m for each step. The parameters defining the coal devolatilisation and combustion used 
in the model are given in Table 2 [17]. Due to the lack of characterisation data for Kosovo lignite, 
extrapolation of the combustion kinetics data related to other Balkan lignites of similar composition 
and properties is used in this analysis. 

        
Figure 3: Geometry outline and numerical mesh  

           

Table 2: Coal combustion parameters [19] 

a) Coal devolatilisation data 
Devolatilisation model – two competing rates 

Parameter 1st rate 2nd rate 
- pre-exponential factor 2.0·105 s-1 1.3·107 s-1 
- activation energy, J/kmol 7.50∙107 1.45∙108 
- weighting factor 0.3 1.0 

b) Combusting particles properties 

Density                                                1250 kg/m3 
Specific heat capacity  – polynomial profile 
Thermal conductivity                          0.045 W/mK 
Mass diffusion limited rate constant   4.510-12 
Kinetic rate pre-exponential factor    0.002 
Activation energy                             7.25107 J/kmol 
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As pulverised coal combustion involves interaction between the continuous phase (gaseous mixture) 
and a discrete phase (particles), in the present work, the chemical reactions are modelled using the 
two-streams mixture-fraction/probability-density-function (MF/PDF) approach [20]. The full 
equilibrium chemistry was applied, under an assumption that the two-streams PDF mixture consists of 
20 species. The turbulence-chemistry interaction is modelled using a double-delta PDF. An algorithm, 
based on the minimization of the Gibbs free energy is used to compute species mole fractions [20]. 

The pulverised coal-fired furnace is an example of a space with a two-phase emitting-absorbing and 
scattering medium. The selection of the most appropriate model for thermal radiation transfer in 
certain conditions depends on various factors, such as the optical thickness, the possibility for 
inclusion the scattering and emissivity effects, the way the model is treating the effects of the presence 
of discrete phase and the model behaviour in the case of medium with localised heat sources [18]. In 
this case, the P-1 model is utilised, as simplified P-N differential approximation, since it effectively 
comprises the influence of the discrete phase present in the boiler furnace, including the exchange of 
thermal radiation between the gas and particulates [21]. The P-1 model accounts for scattering and 
emissivity and is useful for spaces characterised with relatively large optical thickness. Additionally, it 
has certain specific advantages over other models in treating the radiative energy transfer in a grey 
absorbing and emitting medium with the presence of particulates. It is relatively simple, treats the 
radiative transfer equation as a diffusion equation and it can be easily applied for a gray medium 
containing absorbing, emitting, and scattering particles in complicated furnace geometries. The 
variable absorption coefficient for the gaseous mixture is defined using the weighted-sum-of-gray-
gases model (WSGGM) [22]. The path length is calculated according to the mean-beam-length approach, 
based on an average dimension of the domain. The effect of the soot concentration on the radiation 
absorption coefficient is also included in the simulations. 

The airflow, i.e. the excess air in the optimal simulation case, considering implemented OFA system, 
was aligned in accordance with the values presented with diagram in Figure 4. Other cases include 
operation modes with larger excess air, which are closer to the actual boiler's operation practices. 

 

Figure 4: Change of the excess air coefficient vs. boiler load, as it was taken in the calculations   

2.5 Method for calculation of NOx concentration 

The principal nitrogenous pollutants generated by combustion plants are nitric oxide (NO) and 
nitrogen dioxide (NO2), collectively referred to as NOx. In steam generators on fossil fuels, the NOx is 
primarily formed as thermal and fuel NOx and smaller share as prompt NOx. The formation of thermal 
NOx is directly dependent on the local flame temperature and residence time of combustion products 
in the combustion zone, while the temperature peak and the amounts of nitrogen in the fuel and 
oxygen available in the main combustion zone determine the level of fuel NOx. The procedure for 
calculating the NOx concentration in the combustion products used here is adapted based on the 
method proposed in [17], so that it is applied to each zone of the boiler furnace.  
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The highest temperature in the main combustion zone is calculated as a mean value between the 
adiabatic temperature and the gas temperature at the zone exit:  

                                                       ТМ = 0.5(Tad + Tz,ex)     (2) 

Temperature range of the NOx formation reaction is defined as [17]: 

                                             ΔTr =
( ) ·

. ∙
 = 

( . ) ·

. . ∙
     (3) 

The average temperature of combustion products in the main combustion zone is: 

                                                    Tg,m=0,84[(TM)4+(Tz,ex)4]0,25    (4) 

The residence time of the combustion products in the main combustion zone is defined as  

                                                      τrt =
, ( )

     (5) 

where  is a degree of fulfillment of the zone with combustion products; qV is volumetric thermal load 
of the main combustion zone, qV=βcBf(NCV)/Vz; βc is combustion efficiency, i.e. fraction of the fuel 
that has undergone combustion in the considered zone, b is excess air coefficient in the combustion 
zone λb=λf0.5Δλf, λf is excess air coefficient at the furnace outlet and Δλf is a rise in the excess air 
coefficient; and vg=0,278+0,001W (in m3/MJ) is relative specific volume of the gases.  

The estimated time of reaction of NOx formation is [17]: 

                                                        τr = 
∆

"

.
     (6) 

The theoretical time to reach an equilibrium concentration of NO at temperature TM is [17]: 

                                                 τo = 0.024exp − 23      (7) 

The average concentration of O2 (in kg/m3) in the main combustion zone is: 

                                           CO2 = 
. , ( ) ,

, . ( ) , ( )
       (8) 

The concentration of thermal NOx (in g/m3, calculated as NO2) in combustion products at the exit of 
the main combustion zone is [17]: 

                                          CNO2,t = 7.03·103·CO2
0.5exp −

′
     (9) 

The combined concentration of fuel and prompt NOx (in g/m3, calculated as NO2), taking that average 
nitrogen content in fuel (as received) is 0.6% is [15]:  

                        CNO2,f  + CNO2,p = 1.25·(0.40 − 0.1Nar)Nar
.

        (10) 

The total concentration of NOx (in g/mn
3) in the combustion products is derived as a sum:  

                                              CNO2 = CNO2,t + CNO2,f + CNO2,p                 (11) 

For the reduced capacity of the steam generator, D<DM, the total concentration of NOx is: 

                           (CNO2)D = CNO2,t(D / DM) + (CNO2,f 
 + CNO2,p)(D / DM)0,5           (12) 

3 Results and discussion  

The flue gas temperature change along the steam generator gas tract, determined with the zone 
calculation method, is presented in Fig. 5. The calculated curves refer to the boiler without 
implemented OFA ports, which corresponds to the current technical state of the plant, while the excess 
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air at different levels in the calculations has been taken according to the diagram in Fig. 4. However, 
the measured values of temperatures are generally lower, given the way the current process is run, 
which is characterized by a significantly larger excess air in the combustion zone than the optimal one, 
as well as by an additional non-organised influx of fresh air in the upper parts of the boiler in various 
operating conditions. Also, with the measurement method used, the measured temperatures are more 
related to the coating of the flame and hot gases, rather than to their core. 

The main purpose of the exergy analysis is to identify the locations or components of the system 
where large losses occur. With that aim, based on an approach described in [13, 19], the exergy flow 
in different streams of the Kosovo B power plant steam generator was calculated at different points 
before and after the system components. Several operating modes of the power plant were subject to 
analysis, with regard to the real plant design parameters and measured values from the power plant 
monitoring system. About 80-85% of the total exergy dissipation occurs in the boiler [13, 19], which 
is a reason for devoting more attention to the processes taking place in the boiler plant, in order to 
improve its efficiency. The largest exergy dissipation occurs due to irreversibility of the combustion 
process, followed by the loss due to the internal heat transfer mechanism from the combustion 
products to the working medium (water, steam and air). Also, several other components contribute to 
the huge steam generator's exergy dissipation, which is presented in more details in [11, 16]. 

 

Figure 5: Temperature profiles along the boiler gas-path obtained at different boiler loads 

The exergy flow in the steam generator at fuel consumption Bf=120 kg/s and steam production ms= 
252.6 kg/s (that corresponds to about 90% capacity, 287 MW power generation) is presented in Fig. 6.  

 

Figure 6: Grassman diagram of the steam boiler exergy flow (Bf=120 kg/s, ms=252.6 kg/s, 287 MW) 
 

Using the CFD technique, various combinations of air-fuel distribution are analysed, including 
combustion system with OFA ports implemented. Some results of the conducted research are 
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presented with the following figures. Contours of the mass fraction of O2 and the static temperature in 
a vertical cross-section are given in Fig. 7. They present the expected O2 concentration and 
temperature profiles, taking into account the previously mentioned air distribution (Fig. 4). Velocity 
vectors and temperature contours in different horizontal intersections are presented in Fig. 8. 

With regard to the steam generator's largest inefficiencies, optimisation of the combustion and heat 
transfer processes can be achieved through a set of measures. Thus, a potential to reduce the 
inefficiencies exists through sufficient preheating of combustion air, optimizing the excess air amount, 
lignite pre-drying by use of recirculating flue gases, creating conditions for suitable coal-air mixing, 
reducing temperature difference between combustion products and water-steam in every stage of heat 
transfer process, utilisation of the energy contained in the exit gases and other measures. Taking into 
consideration the impact of the air and fuel staging, excess air control, and hot flue gas recirculation, 
some results of the NOx concentration calculations in the considered steam generator are presented in 
Figures 9 and 10. It has to be noted out that the excess air in the boiler furnace during the 
measurements has not been determined precisely so that it has been presumed on a basis of other 
operating parameters - actual coal composition and consumption, flue gas flow rate, etc. Similarly, the 
recirculation rate of the combustion products in the furnace is usually kept between 5 and 10%. Due to 
the difficulties for precise determination, for the comparison with the calculation results, it was 
assumed that the gas recirculation rate was between 5 and 8%. 

 

   
 

a) b) c) 

Figure 7: Contours of O2 mass fraction (a) and temperature in oC (b, c) in vertical cross-sections 
(with OFA) 

 

  
a) b) 

Figure 8: Velocity vectors (m/s) and temperature contours (oC) in different horizontal intersections 
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Figure 9: NOx concentration vs. excess air coefficient in the main combustion zone 

 

Figure 10: Influence of the flue gas recirculation rate to the NOx concentration in the main 
combustion zone. Dashed and solid lines - calculation method; M1, M2 - measurements 

 

Changes in the internal of the steam generator with the aim of heat transfer optimisation are hard to be 
undertaken. However, achievable are retrofit measures related to fuel treatment enhancement and 
combustion process optimisation that would also affect the NOx concentration. In that sense, the 
excess air control at an optimal level, OFA ports implementation, fuel pre-drying by use of hot- and 
cold flue gases recirculation, and fresh air preheating with dryer exhaust gases seem to be the most 
attractive options for the boiler efficiency improvement. The temperature change along several vertical 
lines: 2.5 m, 5 m, 10 m, 12 m, 14 m from the front wall, including the central axis, in one of the 
considered cases without OFA ports, obtained by CFD model, is shown in Figure 11a. 
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a) 

 

b) 
Figure 11: Temperature along the boiler height (CFD) 

Figure 12 shows temperature profiles along the boiler height, obtained by the CFD modelling (1÷4) 
and by measurements (5 and 6). In this case, the CFD model includes implemented OFA ports, while 
the grinding quality of the lignite is taken into account through Rosin-Rammler distribution with 
different mean diameters. The excess air in regular operation of the steam generator is often larger 
than the presumed values in the numerical simulations. The notable temperature decrease (according 
to the measurements) in the upper parts can be explained by the significant influx of cold air. 

 

Figure 12: Temperature along the boiler height (1÷4 - CFD, with OFA ports; 5, 6 - measurements) 
1 - 25% excess air, average particles diameter 0.20 mm; 2 - 25% excess air, average particle diameter 0.16 mm; 
3 - 25% excess air, average particle diameter 0.12 mm; 4 - 30% excess air, average particle diameter 0.12 mm 
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It is clear that the redistribution of air and fuel introduction, using the OFA system, leads to lowering 
the maximum temperature in the furnace. This also leads to a consequent decrease in the formation of 
nitrogen oxides. However, according to the results obtained, it is unlikely that a sufficiently low NOx 
emission can be achieved only by applying the primary methods for their reduction. 

4 Conclusion 

Optimisation model of a utility steam generator of lignite-fired power plant is established, based on an 
energy and exergy methods, in order to determine the energy distribution, exergy dissipation and 
temperature profiles along the steam generator gas path. The largest exergy destruction occurs due to 
the irreversibility of the combustion process and the heat transfer between the combustion products 
and water-steam stream. The combustion process is responsible for about 30% of the total loss of 
exergy in in the steam generator. The analysis has shown a steady increase of NOx concentration in the 
main combustion zone with an increase in the excess air level. The increase of the flue gas 
recirculation rate affects the temperature in the combustion zone and therefore decreases the NOx 
concentration. Implementation of OFA ports at two levels above the burners leads to a further decrease 
of furnace temperatures due to the air-fuel redistribution and to a consequent decrease in NOx 
concentration. Further optimisation research will include additional analysis of the multi-stage air-fuel 
introduction and air-fuel ration redistribution, operation with 7 (out of 8) burners, delivery of pre-dried 
fuel with various moisture content, and other measures, including their impact on the NOx 
concentration in the flue gas. 
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Abstract 

This article concerns the natural gas liquefaction installation coupled with natural gas pressure 
reduction. The intent is to reduce power consumption (kWh/kg) of the natural gas liquefaction process 
by partial recovery of high-pressure exergy. Natural gas pressure reduction is carried out at reduction 
stations, which are located on the outskirts of cities or in gas compressor stations, eg fuel gas for 
facilities of the compressor station. The article focuses on the gas letdown station where it was 
possible to build a natural gas liquefaction unit coupled with the fuel gas pipeline. The reduction of 
natural gas pressure using the expander allows for a significant reduction of the gas temperature, 
which greatly facilitates the liquefaction of natural gas. In this case, there is no additional heat to pre-
heat the gas before entering the turboexpander. Moreover, the temperature drop of outlet gas was used 
as a stage of pre-cooling. Natural gas flows through the reduction stage retrofitted with heat exchanger 
and expander. A part of the feed gas flows through the heat exchanger to pre-cool inlet gas and to raise 
its temperature. The part of the gas, which is meant to be liquefied, is directed to the natural gas 
liquefaction plant and then partially liquefied. This document analyses power consumption, exergy 
recovery, and exergy efficiency for Nitrogen, SMR, and Cascade liquefaction units analysed in six 
different capacities. Finally the most suitable configuration in terms of exergy and energy efficiency 
will be proposed. Calculations of liquefied natural gas quantity and composition were carried out 
using computer software ProMax with a built-in environment of Peng-Robinson equations. 

1 Introduction 

The worldwide energy market is developing dynamically with a tendency to limit fossil fuels. 
According to the latest reports, more than 84% of the worldwide primary energy consumption is still 
provided by fossil fuels, and natural gas covers 24% of the total demand, which is 3378 Mtoe [1]. In 
Europe, natural gas consumption has dropped to 476 Mtoe in 2019 and Poland to 17.43 Mtoe, which is 
3.6% of the total European demand [2]. Despite the natural gas demand decrease in Europe, its global 
consumption is still growing rapidly [3]. As for fossil fuel, natural gas is the cleanest. Moreover, its 
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resources are scattered in the world requiring economical ways of transportation. Two main routes of 
the long-distance transmission for worldwide trading include pipeline transportation with compressor 
stations and natural gas liquefaction to LNG and transport by sea. 

The final supply in both cases is mainly carried out by a local transmission and distribution system of 
natural gas pipelines. An exception is a  small share of LNG spot distribution by road. 

Pipeline transmission of natural gas is related to energy consumption for natural gas compressors and 
pressure exergy losses. Unfortunately, pressure losses in pipelines cannot be avoided. However, 
exergy losses generated in pressure regulators (thermodynamically, throttling valves) at ‘Pressure 
letdown stations’ are an example of partially avoidable losses that can be reduced by replacing the 
valve by a turboexpander [4]. 

The appliance of gas expanders for exergy recovery at pressure letdown stations (PLS) has been the 
subject of multiple past and current works. Neseli et al. presented a computational case study based on 
PLS measurement data with the nominal flow 24 000 m3

n/h and 5.8/1.6 MPa reduction. Neseli et al. 
estimated about 500~kW expander output power for the case [5]. Iancu et al. studied the possibility of 
using turboexpanders instead of pressure regulators for a pilot project [6]. Numerous similar studies 
are documented. Since the main flux of natural gas contains heavier hydrocarbons, carbon dioxide, and 
water vapor (facilitating solid hydrate formation), it is not possible to expand the transported gas to 
temperatures below 0 °C. Accordingly, various pre-heating options such as boilers [7], solar [8], ICEs 
[9] or waste heat recovery [10] must be considered. 

The main alternative method of natural gas transportation is its liquefaction [11]. Liquefied natural gas 
(LNG) plays an increasing role in worldwide gas trading. Natural gas is a liquid below -161°C at 101 
kPa [12], which causes the natural gas liquefaction to be the most cost- and energy-intensive part of 
the LNG value chain [13]. Moreover, natural gas has to be conditioned from water and carbon dioxide 
before liquefaction, which greatly increases energy consumption. 

The design of natural gas liquefaction processes includes a selection of various equipment: heat 
exchangers, compressors,  etc., Type of refrigerant, pressure levels, and temperature differences have 
to choose. Most of today liquefaction processes include a stage before liquefaction, known as 
‘precooling’, where the natural gas is cooled to the temperature of -30 to -50 °C depending on the pre-
cooling technology. The selection of the liquefaction technology depends on the process scale and 
other economic, environmental, license, or technical criteria [14]. 

The most common liquefaction processes include: 

 Single Mixed Refrigerant (SMR), developed by Linde and APCI companies [15].  The process 
is favorable due to a low number of the required equipment. It is recognized for its high 
reliability, high flexibility, and low capital and operating cost. 

 Propane pre-cooled mixed refrigerant (C3MR), includes two refrigeration cycles, a pre-
cooling cycle, and a liquefaction-subcooling cycle. The pre-cooling cycle uses propane as 
refrigerant, whilst the liquefaction-subcooling cycle is operated with a mixed refrigerant. In 
the pre-cooling cycle, a multistage refrigeration cycle is used at three or four pressure levels to 
exchange heat with the gas stream and the warm mixed refrigerant, cooling both streams to 
around -35 °C [16]. In the liquefaction-subcooling cycle, natural gas is further cooled from -35 
°C to around -160 °C by the mixed refrigerant. 

 Mixed Fluid Cascade (MFC), is also based on a mixed refrigerant. In order to precool, liquify 
and subcool the natural gas, three mixed refrigerants are used within three cascade cycles. The 
process uses a multistream heat exchanger to operate in three main cycles. The pre-cooling 
cycle cools the natural gas stream as well as both the liquefaction and subcooling refrigerant to 
around -50 °C. The liquefaction cycle is responsible for cooling both the natural gas stream 
and the subcooling stage mixed refrigerant. In the last part of the exchanger, the subcooling 
refrigerant is responsible for further cooling the LNG and ensuring its appropriate outlet 
temperature. 

 Nitrogen expansion cycle, where nitrogen firstly undergoes a couple of stages of compression 
and cooling. In the beginning nitrogen is cooled by using water-coolers, and then by the pre-
cooling refrigerant. Afterward, it undergoes a single stage of expansion to low pressure and 
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produces the cooling effect required for liquefaction. Expander processes are simple, reliable 
and easily operated, without risks associated with flammable refrigerant inventory.  Nitrogen 
expander processes, however, have lower energy efficiency than other liquefaction systems 
[17] 

A lot of conceptual work is dedicated to the improvement of natural gas liquefication processes. 
Castillo et al. made a conceptual analysis of the improved precooling stage using ASPEN HYSYS 
computational simulations [18]. Wang et al. presented a new methodology for energy consumption 
minimization and operation optimization for a C3MR system [16], [19]. Hatcher et al presented an 
approach to optimize liquefaction processes [20]. Austbø and Gundersen optimized the single 
nitrogen-based expander process [17]. Several studies have applied exergy analysis to natural gas 
liquefaction systems. Mehrpooya and Ansarinasab have calculated the cost of exergy destruction, 
exergoeconomic factor, exergy destruction, and exergy efficiency for a single mixed refrigerant 
natural gas liquefaction process [15]. Vatani et al. have made a big contribution to the advanced 
analysis of mixed refrigerant LNG processes. Vatabi et al. showed that the portion of endogenous 
exergy destruction in the components is higher than the exogenous one [21]. 

Natural gas liquefaction processes and natural gas expansion (pressure reduction/pressure letdown 
using either regulators or, preferably, expanders) are mostly designed separately. However, these 
processes may deliberately be located close to each other, allowing an integration. The energy 
obtained during on pressure letdown station retrofitted with turboexpander can be used to drive a 
small-scale liquefaction unit. One can identify two possible integration approaches: 

1. deep process integration, where the liquefaction line is redesigned to integrate the pressure 
letdown expanders; 

2. Blackbox integration, where the PLS and the liquefaction lines are positioned next to each 
other, and only the electric energy is transferred. 

 

Both integrations have recently been reported in subject literature. Pajączek et al.[22] proposed a 
natural gas liquefaction process as black-box integration. Exergy recovered from the pressure letdown 
stations using turboexpander instead of the throttling valve was used to supply the natural gas 
liquefaction unit. He and Ju [23] developed a deep process integration. He and Ju have suggested 
liquefying a part of natural gas utilizing the pressure exergy without any external exergy source. The 
possible liquefaction rate has been reported at the level of 15%. While deep integration provides good 
theoretic performance, it is subject to technical and economic constraints. Gas for liquefaction requires 
processing, including I.a. the removal of carbon dioxide, hydrogen sulfide, water, and mercury. A 
market-ready integrated system would require a dedicated design of the processing stage into the 
liquefaction line. 

The scope of this paper includes an analysis of energy and exergy cooperation of small-scale SMR, 
Cascade, and Nitrogen expansion cycle liquefaction units with a gas pressure letdown station in deep 
integration. To ensure this cooperation, a throttling valve is replaced with a turboexpander unit to 
recover the high-pressure potential and to pre-cool natural gas. Integrated pressure letdown station 
performs two functions, reducing natural gas pressure level and pre-cooling natural gas for 
liquefaction. The produced electric energy should. This analysis is summarized by comparing the 
individual unit efficiencies and energy consumption and choosing one unit viable for the Polish natural 
gas transmission network. 

Two elements can be identified as a novel contribution to the state of the art: 

1. Proposition of pressure letdown station and liquefaction unit deep integration can be 
identified as a novel contribution to the state of the art. Pressure letdown station is an 
existing, commercially available transmission/distribution in Polish natural gas 
transmission network and it is equipped with conventional gas expanders. Liquefaction 
units are independent liquefaction units, based on commercially available modules. 

2. The deep integration of the two systems envisages that the natural gas will be intentionally 
cooled below 0 °C during expansion on the turboexpander. The pressure letdown station 
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acts as a pre-cooling stage for the liquefaction process. Replacement of the classic pre-
cooling stage with an integrated stage with a letdown station reduces the amount of 
refrigerant required to liquefy the natural gas. The integration allows us to significantly 
reduce the energy consumption of the liquefaction process. 

2 Case study 

The studied system consists of one selected natural gas pressure letdown station (PLS) and SMR, 
Cascade, and Nitrogen liquefaction units of different capacities. Prior to the proposed extension, the 
PLS is supplied with high-pressure natural gas (30 bar (g)), which is reduced (throttled) to medium 
pressure of 10 bar (g). The lower pressure natural gas is supplied to final consumers (with subsequent 
further reduction beyond the studied PLS). In the standard configuration, the PLS consists of a high-
pressure inlet pipeline, a gas pre-heater (heat exchanger) supplied with a heating agent produced in a 
gas boiler, a throttling valve with an overpressure protection system and a medium-pressure outlet 
pipeline. 

The size of the integrated system is defined by the chosen pressure letdown station. The flow of 
natural gas available for expansion (varying between 800-–2000 m3

n/h) determines the recoverable 
mechanical power and pressure letdown station capacity, which in turn specifies the scale of 
liquefaction units for possible integration. The pressure letdown station was selected based on the data 
available from the national gas transmission operator website [24]. It is possible to reduce energy 
consumption to 0 kWh/kg of LNG at the selected object, depending on the natural gas flow, expander 
efficiency, and the pressure reduction ratio. 

In the proposed deep integrated plant, the expander allows to partially recover the waste exergy and it 
provides useful power, which is transferred to drive the natural gas liquefaction unit. The inlet flux 
goes to pressure letdown station heat exchanger and it is cooled down to -15 °C by cooler outlet gas 
flux (Fig 1.). Pre-cooled gas lows to the turboexpander, wherewith reducing pressure it also lowers its 
temperature to -70 °C. At this moment, heavier hydrocarbons are liquefied and the phase mixture is 
formed. Phase mix is separated in phase separator, the gas part is split into two streams, pre-cooled gas 
to liquefaction and pre-cooled gas to the distribution network. Natural gas to liquefaction is transferred 
to the liquefaction stage of the liquefaction unit, where undergoes liquefaction. Natural gas to 
distribution network flows to medium pressure outlet pipeline through pressure letdown station heat 
exchanger. The outlet gas stream is heated by cooling the inlet gas. The separated liquid part is 
injected into the outlet gas stream to ensure the appropriate pre-cooling of inlet natural gas. The gas/air 
heat exchanger ensures the appropriate gas temperature in the distribution network. 

The mass composition of the natural gas in Table 2. shows the gas flux after the initial but incomplete 
removal of water and removal of sulfides and mercury. Due to the significantly lowered gas 
temperature after the turboexpander, the gas must be thoroughly conditioned. The gas would need to 
be dehydrated and removed from carbon dioxide so that its content was only a few ppm. 
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Figure 1: Pressure letdown station integrated pre-cooling stage 

Pressure letdown station integration is analyzed in three different configurations. The configurations 
differ in the types of liquefaction units: 
Nitrogen expansion cycle (NEC): Natural gas is pre-cooled at integrated PLS and transferred into the 
Nitrogen expansion cycle, where undergoes the liquefaction process. The designed gas liquefaction 
system through nitrogen expansion is shown in Fig. 2. This configuration uses a large multi-stream 
exchanger contained in coldbox and a set of compressors to build pressure and a nitrogen expander. 

 

Figure 2: Design of Nitrogen expansion liquefaction cycle 
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Single Mixed Refrigerant (SMR): The Single Mix Refrigerant configuration is similar to the 
Nitrogen expansion cycle. Pre-cooled natural gas is transferred from PLS to SMR for liquefaction. 
SMR configuration consists of the coldbox, set of compressors, pumps for liquid refrigerant and 
refrigerant valve, Fig. 3. 

 

Figure 3: Design of Single Mixed refrigeration  cycle 

Cascade liquefaction unit (CLU): The cascade process configuration has two pre-cooling stages. 
First, pre-cooling occurs in the pressure letdown station. Pre-cooled gas is transferred to the cascade 
process, where is further cooled before final liquefaction. Cascade process consist of propane pre-
cooling stage (Fig. 4), ethane cooling stage (Fig. 5}) and methane liquefaction stage (Fig. 6). The 
whole process takes place in several smaller heat exchangers contained in the coldbox. 
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Figure 4: Propane section of Cascade liquefaction unit 

 

Figure 5: Cooling (ethane) section of Cascade liquefaction unit 
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Figure 6: Liquefaction (methane) section of Cascade liquefaction unit 

All studied configurations are supplied with natural gas with an inlet pressure of 30 barg, which is 
reduced to about 10 barg. The selected pressure levels are set according to the values from the chosen 
pressure letdown station in the Polish transmission network. It is assumed that the flux of gas flowing 
through the PLS/expansion unit to existing consumers is the same for each configuration. 

Six models of natural gas liquefaction units of different scales were selected for the integration with 
PLS.  The capacity of the six liquefaction units was based on commercially available units, three 
'small scale' natural gas liquefaction units, and three 'mini scale' liquefaction units [25], [26]. The 
liquefaction unit models have been designed in ProMax software to be compatible with the selected 
PLS. Classic models of these liquefaction units had to be rebuilt, thanks to which the efficiency and 
energy consumption of the modeled blocks are the result of adapting to work under the PLS. Table 1 
presents selected liquefaction units with their main parameters. 

Table 1: Natural gas liquefaction units of different scale considered for integration 

 LNG 50 LNG 25 LNG 10 LNG 5 LNG 1 LNG 0.5 
LNG production, 
kgal/day 

50 25 10 5 1 0.5 

LNG production, 
Nm3/day 

189.2 98.6 37.8 18.9 3.8 1.9 

LNG production, 
kg/day 

8520 42576 17040 8520 1704 852 

NG supply, 103 x 
Nm3/day 

112.9 56.5 22.6 11.3 2.3 1.1 

 

The capacity in (kgal/day) is only shown to reflect the original sizing approach. 

For each configuration, the size of the integrated LNG unit was varied from the smallest to the largest 
one, according to Table 1. For bigger units, the power supply from the expander reduced energy 
consumption and for smaller units, it was higher than the LNG plant demand resulting in zero energy 
consumption.  

The number of energy parameters has been determined for each configuration and size of the LNG 
plant. For each configuration/size combination, the boundary fluxes of energy determining the plant 
working condition and efficiency were calculated. Moreover, for each of these modules, in addition to 
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energy calculations, exergy calculations were made in each configuration. Calculations of exergy were 
made taking into account the exergy of pressure, temperature, and chemical [27]. What finally allowed 
to determine the exergy efficiency of the system and compare it with other modules' exergy efficiency. 

Identification of the thermoecological cost of the final product (LNG) based on the plant exergy 
balance as an additional comparison. It has also been proved that the product TEC is lower compared 
for the smallest scale LNG unit to the reference liquefaction units without integration.  

3 Case study modelling 

3.1 Energy balance 

With support of the ProMax software the equations of the substance and energy balance based on the 
accepted data were determined. The electrical energy for compressors, such as the energy generated by 
the turboexpander and the thermal energy transferred between the factors were determined on the basis 
of the given pressure levels, temperatures, mass flow, gas composition, and efficiency of individual 
elements. 

Table 2: Natural gas composition at pressure letdown station at present state 

 CH4 C2H6 C3H8 C4H10 C5H12 C6H14 H2O CO2 N2 

Mass 
fraction, % 

91.99 4.99 0.55 0.24 0.05 0.07 ~0 0.29 1.83 

The integration between the PLS and the liquefaction line was evaluated by following indicators. 

Energy intensity difference describing the difference of energy consumption between reference 
liquefaction unit and liquefaction unit integrated with PLS. 

𝑧 = 𝑒 − 𝑒  (1) 

The energy efficiency, where streams flowing out the system boundary (control volume) are assumed 
as products and the flowing in streams are assumed as fuel. 

 

𝜂 =
�̇� + �̇� + 𝑁

�̇� + 𝑁
 (2) 

where �̇�  is an energy stream of produced LNG, �̇�  is energy stream of the outlet (decreased 
pressure) natural gas, 𝑁 is the electric power output of turboexpander, �̇�  is energy stream of 
the inlet (high-pressure) natural gas, 𝑁  is the electric power demand of liquefaction unit 
compressors. 

3.2 Exergy balance 

For the needs of exergy calculations, both chemical and physical exergy were taken into account. 
Changes of pressure and temperature of the flowing natural gas were taken into account in its physical 
exergy. Changes in pressure and temperature in the given systems occur in the same processes. 
Accordingly, it is possible to jointly calculate the exergy of the natural gas stream using Eq. 3. 

𝑏 = ℎ − ℎ − 𝑇 (𝑠 − 𝑠 ) (3) 

where 𝑏  is the change of physical exergy, ℎ  and𝑠  are the enthalpy and entropy of natural gas 
at the i-th system point, ℎ  and 𝑠  denote enthalpy and entropy of the same gas at ambient conditions 
and 𝑇  is ambient temperature (assumed 281 K). 

The exergy efficiency of the integrated system was determined as input/output efficiency, where 
streams flowing out the system boundary are assumed as products and the flowing in streams are 
assumed as fuel. 
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𝜂 =
�̇� + �̇� + 𝑁

�̇� + 𝑁
 (4) 

where �̇�  is the exergy stream of produced LNG, �̇�  is the exergy stream of outlet decreased 
pressure natural gas, 𝑁  is the expander electric power, �̇�  is the exergy stream of inlet high-
pressure natural gas, 𝑁  is the electric power demand of liquefaction unit. 

3.3 Thermo-Ecological Cost analysis 

The TEC (Thermo-Ecological Cost) was proposed by Szargut [28],[29] and it is an evaluation tool 
applied to measure the efficiency of natural resources management. It combines exergy as a resource’s 
quality indicator and a cumulative calculus. TEC of a product fulfilling the rules of exergy cost theory 
is expressed in units of exergy per unit of product and is defined as the cumulative consumption of 
non-renewable natural resources burdening this product, increased by a supplementary term 
accounting for the necessity to abate or compensate the negative effects of harmful wastes rejection to 
the natural environment [29], [30], [31]. 

The general form of the balanced equation determining the total TEC can be presented in the 
following form:  

𝑇𝐸𝐶 − 𝛽 + 𝑎 𝑇𝐸𝐶 + 𝑝 𝜁  (5) 

 

where: 𝑇𝐸𝐶 , 𝑇𝐸𝐶  is specific thermo-ecological cost of j-th and i-th useful product, e.g. MJ*/MJ, (MJ* 
indicate MJ of exergy), 𝛽  is direct exergy consumption in the j-th fabrication branch, e.g. MJ*/MJ or 
MJ/kg of the j-th product, 𝑎  is direct consumption of i-th product in j-th branch e.g.  kgi/kgj, 

𝑝  is specific emission of k-th harmful waste product per unit of j-th product, MJ*/kg, 

𝜁  thermo-ecological cost of the k-th harmful waste product, MJ*/kg. 

4 Results and discussion 

System energy effects for chosen configurations are shown in Table 3. 

Table 3: Energy effects of the chosen configurations. Conf. -- indicates the selected type of 
liquefaction unit and its size, En. eff. -- Energy efficiency, Ex. eff. -- Exergy efficiency, PC -- Power 

consumption, Ref. -- reference state LNG unit with no PLS integration 

Config. En. Eff., % Ex. Eff., % PC, kWh/kg TEC, MJ/MJ 

NEC     

Ref. 42.47 30.41 0.84 1.19 

0.5 97.61 81.43 0 1.10 

1 97.17 78.60 0.21 1.18 

5 96.95 54.19 0.44 1.18 

10 96.86 38.68 0.47 1.19 

25 97.21 29.84 0.56 1.20 

50 97.38 10.61 0.60 1.21 

SMR     

Ref. 50.34 55.20 0.34 1.17 
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0.5 93.03 85.31 0 1.10 

1 94.40 81.87 0 1.10 

5 96.50 61.81 0.18 1.13 

10 96.88 47.21 0.21 1.14 

25 97.20 29.76 0.22 1.14 

50 97.46 12.81 0.27 1.14 

CLU     

Ref. 57.08 38.20 0.62 1.15 

0.5 97.84 79.32 0 1.10 

1 97.16 75.32 0.24 1.16 

5 96.66 63.78 0.48 1.20 

10 96.59 60.16 0.51 1.20 

25 95.91 57.53 0.53 1.21 

50 95.02 56.65 0.53 1.21 

 

Reference state LNG states for the LNG unit of selected type with no pressure letdown station 
integration. It shows TEC, power consumption, energy, and exergy efficiency for a single LNG line 
located next to the feed pipeline, but without any connection with PLS.  Power consumption, energy, 
and exergy efficiency parameters are the worst for reference because they lack the integration with the 
pressure letdown station that could provide partial/full power supply and pre-cooling of the gas. In 
such an arrangement, the recovered exergy is not transferred to the liquefaction unit. However, the 
TEC for the reference state NEC and CLU configurations is within the range determined by the TEC 
for the units after integration. 

The increase in efficiency visible between the reference state and the state after integration is the result 
of the turboexpander's working conditions. Turboexpander ensures recovery of gas pressure exergy 
that would be irretrievably lost after throttling on the reducing valve. The recovered exergy ensures 
that the own needs of the liquefaction unit are partially or fully met. Reducing the gas pressure on the 
turboexpander without preheating the gas, but on the contrary cooling, ensures that the pre-cooled gas 
flows into the liquefaction unit. This operation allows the amount of cooling factor flowing through 
the liquefaction unit to be reduced, which reduces the required input power for the compressors. In this 
manner, liquefaction unit energy consumption can be reduced far more effectively by using a 
turboexpander. 

In the majority of the selected configurations of the natural gas liquefaction system, the energy 
efficiency of the system is satisfactory, it is about 95% (Table 3). In cascade liquefaction cycle energy 
efficiency is decreasing with the increasing scale of the LNG unit. On the contrary, in a single mixed 
refrigeration cycle, energy efficiency is increasing with the increasing scale of the LNG. Nitrogen 
expansion cycle energy efficiency remains at almost the same level. In all analyzed configurations, the 
exergy efficiency drops significantly with the increasing size of the liquefaction unit. This shows the 
difficulty of integrating larger liquefaction units with an average size pressure letdown station. The 
smallest LNG units show the highest exergy efficiency for each type of LNG units. Then, along with 
the growth of the liquefaction unit, the exergy efficiency gradually decreases. Exergy efficiency for 
the biggest LNG units can be lower even than for the reference state. Reference state exergy efficiency 
for NEC is 30.41 % and for the biggest volume of LNG unit exergy efficiency is around 10.61 %, the 
same is for SMR cycle (Reference state 55.20% and LNG 50 12.81%). Integrating large scale 
liquefaction units is exergetically very disadvantageous. 

In every type of LNG cycle, LNG 0.5 volume energy consumption was decreased to 0 kWh/kg. This is 
due to the integration with the PLS, which ensures exergy recovery and initial cooling. Additionally, 
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LNG 1 of the SMR type also achieves 0 energy consumption. In general SMR type of liquefaction unit 
is best in means of energy consumption, it has the lowest energy consumption of all other types. This 
is due to the relative simplicity of the SMR system, the type of refrigerant used, and the ease of 
integration. The energy consumption of nitrogen expansion cycle and cascade liquefaction unit is 
comparable. However, NEC has lower energy consumption than CLU for medium liquefaction units 
(LNG 5 and LNG 10) and the cascade liquefaction unit has lower energy consumption than the 
nitrogen expansion cycle for larger units (LNG 25 and LNG 50). 

TEC is related to energy intensity, so similar results are to be expected.  

In this case, a simple relationship can be seen. The smaller the liquefaction unit, the smaller the 
number of natural resources consumed in the process. As expected, the single mixed refrigerant is 
superior in means of consumption of non-renewable natural resources. It is the only type of cycle that 
does not exceed the reference value (TEC below 1.17 MJ/MJ) while maintaining the lowest TEC of all 
others. Once more the TEC of nitrogen expansion cycle and cascade liquefaction unit are comparable. 
Both NEC and CLU exceed the reference value for the largest units. 

In most cases, the SMR liquefaction unit is superior to the other selected systems. It is a fairly simple 
natural gas liquefaction system with few exchangers and few levels of cooling agent pressure. The 
nitrogen expansion cycle is characterized by a similar system configuration but is more energy-
consuming. On the contrary, the cascade system is much more complicated, it has many heat 
exchangers and 3 different cooling factors. SMR consumes less natural resources in the process, has 
the lowest power consumption and high exergy efficiency for small LNG units. These are very 
important advantages, especially as they are compatible with small liquefaction units. These small 
LNG units are the easiest to integrate with the existing pressure letdown stations, both in terms of the 
pressure reduction and liquefaction process itself, but also the available space left at the station area. 
As a result, there is no need to design and build new stations intended for this purpose, but only to 
modernize selected ones. 

5 Conclusions 

The presented study demonstrates some ideas related to the effective integration of natural gas 
liquefaction modules with pressure letdown stations. Although it is relatively straightforward to 
propose several modules and working configurations for the liquefaction unit, it is more complex to 
find an operational configuration for energy and exergy efficient production of the LNG unit deeply 
integrated with a pressure letdown station. 

The integration of larger units available on the market is the greatest challenge. It would require work 
dedicated only larger LNG unit and computer optimization to obtain better values of exergy efficiency 
or energy consumption. The smallest analyzed liquefaction units give the best prognosis for using the 
studied integration in the future. The liquefaction unit that is best suited to this integration, as a result 
of its high efficiency and low natural resources and energy consumption, is the SMR LNG cycle. 
Nevertheless, LNG 0.5 and LNG 1 cycles are characterized by high efficiency, low natural resources, 
and energy consumption equal to or close to zero. Furthermore, they take up the least space, allowing 
for development on already existing stations. This solution will allow the production of liquefied 
natural gas without incurring any or negligible energy costs. Thanks to the location of pressure 
letdown stations, it is possible to start producing LNG, e.g. near cities, some roads, and industrial 
plants. The distributed production of LNG will allow for the stable production of this raw material, for 
which the demand is increasing. Distributed production will also allow for quick transport of LNG to 
recipients, which may reduce its cost and competitiveness. 

Despite the many mentioned advantages, integration is also a difficult requirement to meet. In the 
proposed system, whole natural gas flowing through the system is cooled down to -70 °C and only part 
of it is liquefied. This means that all gas, even the gas to the distribution network, must be conditioned. 
Water, carbon dioxide, sulfides, and mercury has to be removed. Therefore, the gas available in the 
gas pipeline must be of high quality to avoid damage or destruction of the system or it must be cleaned 
just before the pressure letdown station, which, unfortunately, will increase energy consumption, the 
required space for development and reduce the profitability of the investment. 
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Abstract 

For the purpose of creating a clean environment, achieving higher efficiency, and complying with strict 
regulations aimed at protecting the globe, many methods have been used to reduce SI engine emissions. 
One of them is to operate the engines at lean air/fuel ratios. In this study, the effect of a hydrous ethanol–
gasoline blend along with adding synthesis gas (syngas) on Spark-Ignition (SI) engine emissions and 
fuel consumption was investigated under lean conditions of combustion. A two-cylinder internal 
combustion engine was operated at different fixed lean and ultra-lean modes (λ =1.13, 1.26 and 1.46). 
The engine was fuelled with blends of gasoline available in the Saudi Arabian market with octane 
numbers RON91 and RON95, mixed with 5% and 10% (HE5 and HE10) of hydrous ethanol containing 
different water concentrations (5%, 10%, 30%, and 40%). An on-board plasma fuel reformer was used 
to generate hydrogen-rich syngas via the partial oxidation of gasoline.  The syngas was then injected 
into the engine intake manifold, where it was mixed with intake air to enhance combustion under lean 
conditions. The results revealed the evident effect of operating under lean conditions on reducing the 
NOx emissions. The lowest NOx emissions were noticed at λ = 1.46.  Moreover, adding the syngas to 
the fuel mixture resulted further reduced NOx emissions. The fuel consumption increased with air-fuel 
ratio when lean conditions were established. 
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1 Introduction 

Air pollution has significant adverse impacts on the environment and on human health.  High levels of 
nitrogen oxides (NOx) can increase the risk of respiratory diseases, decrease lung function,. Said 
nitrogen oxides (i.e., NO, NO2, N2O) are also known to be precursors for the formation of airborne 
particles (aerosols), ground-level ozone, hydroxyl radicals, and acid rains. Therefore, the NOx group 
contributes to the development of other pollutants as well.  

The exhausts of motor vehicles are the major source of NOx. The automotive industry is responsible for 
approximately half of the total amount of NOx emitted into the environment worldwide. NOx are 
produced through motor fuel combustion processes, mostly through the direct combination of 
atmospheric oxygen and nitrogen inside the engine combustion chamber. The formation of NOx at high 
flame temperatures (typically above 1800 K) stems from a set of chemical reactions commonly known 
as the Zeldovich mechanism [1]. The reversible reactions responsible for the formation of “thermal” 
NOx are: 

 

O + N2 ⇄ N + NO (1) 

N + O2 ⇄ O + NO (2) 

N + OH ⇄ H + NO (3) 

 

Reactions 1 and 2 occur under stoichiometric and lean combustion conditions. Reaction 3 contributes to 
NO formation under near-stoichiometric and fuel-rich conditions. Further oxidation of NO leads to the 
formation of NO2. 

Due to the high activation energy of reaction 1, NOx production is endothermic process and hence there 
concentrations increased with the temperature during the combustion. Therefore, reducing the flame 
temperature by only 170 K from 2300 K to 2130 K can depress the formation of thermal NO formation 
by 90% [2].  

Another source of NOx formation is  through the oxidation of nitrogen by free radicals via reaction 3[3]. 
The amount of NOx produced by this mechanism becomes notable only at some combustion conditions, 
such as at low-temperature burning and in a fuel-rich flame where the fuel-air equivalence ratio (φ) 
between 1.1-1.3 [4, 5].  

Oxygen concentration and residence time play important roles on the formation of NOx [1].  

The dependence of Zeldovich’s reactions on the combustion temperature was considered a key factor 
for controlling the emission of NOx. One of the approaches by which the peak temperature of the 
combustion can be reduced is by admixing the fuel with anhydrous ethanol.    

Ethanol has a higher vaporization heat and a lower heating value compared with gasoline, therefore, the 
peak temperature of the combustion can be reduced. Gazikhani et al. [6] investigated several blends of 
gasoline-ethanol (5-15%) and observed a reduction in the stoichiometric combustion temperature from 
50-70 K at an engine speed of ranged from 2500 to3500 rpm. Consequently, a significant reduction in 
the concentration of NOx (ca. 83 %) in exhaust gases was observed at the highest percentage of ethanol 
(15%). Topgül et al. [7] found that an increase for ethanol in gasoline blends reduced the temperature 
of the exhaust. Masum et al. [15] and Yoon et al. [17] made similar observation; according to their work, 
the reduction of the exhaust temperature was associated with the reduction of NOx concentrations. 
According to Zhuang et al. [8] the decrease in NOx emissions was attributed to the cooling effect of 
direct injection of anhydrous ethanol into the engine. However, it should be noticed that the blending of 
anhydrous ethanol and gasoline did not lead to regular trends in NOx emission. For instance, if the 
percentage of ethanol exceeded an optimal level the positive effect of the blending disappeared [14] or 
even increased the formation of NOx within the exhaust [9-15], under stoichiometric combustion. To 
some extent, this phenomenon can be ascribed to the threshold concentration of oxygen required for 
each blend.  Furthermore, the cooling effect of anhydrous ethanol becomes noticeable only at a certain 
percentage of ethanol in the blend [16, 18]. 
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Hydrous ethanol (HE) appears to be a promising alternative for blending with gasoline when it comes 
to the suppression of NOx emissions. The water contained in HE can effectively reduce the peak 
temperature due to the absorption of heat for evaporation inside the combustion chamber.  Schifter et al. 
[19] compared HE-gasoline blends and anhydrous blends under near stoichiometric air-fuel equivalence 
ratios of (lambda) 0.9-1.1. according to their work, the temperatures of exhaust gases, intake air, and the 
concentration of NOx were lower in the case of HE-gasoline blends. However, fuel consumption was 
found to be slightly higher in the case of gasoline blended with HE. According to Schifter at al.  [19] 
the higher consumption of fuel when blended with HE was due to the fact that  the water content in the 
HE blends does not supply energy for combustion, and a strong relationship between water content and 
fuel consumption was observed. De Melo et al. and co-workers [20] have examined the emissions and 
fuel consumption of  a flex-fuel SI engine fed with an anhydrous ethanol–gasoline blend (E25), HE-
gasoline blends, and unblended HE. According to their results, a downward trend was found in NOx 
emissions with an increase in HE content at low engine speeds and under stoichiometric conditions. 
While a very slight changes or an increase in NOx emissions was observed with HE blends at high loads 
and speeds under stoichiometric conditions and with a fuel-rich (lambda = 0.9) air-fuel ratio. The authors 
attributed this behaviour to the higher flame speed of ethanol combined with high ignition timing, for 
example, higher in-cylinder temperatures, under these conditions. The fuel consumption was regularly 
raised as the HE content increased. Deng et al. [21] reported that the NOx emissions from gasoline 
blended with 10% and 20% v/v of HE were sensibly higher compared with pure gasoline, and the NOx 
emissions increased as the engine speed increased. Wang et al. [22] found that the low ethanol (10% 
v/v) blends, both anhydrous and hydrous, exhibit higher levels of NOx emissions than pure gasoline 
under stoichiometric conditions, especially at a high engine load. At the same time, the NOx level was 
predictably lower with the HE-gasoline blend than with the equivalent anhydrous blend.  Al-Harbi et al. 
in a recent work [23] have investigated  NOx emissions under stoichiometric conditions using blends of 
gasoline containing anhydrous ethanol (E5, E10) and HE (HE5, HE10), where HE had water content of 
5-40% v/v. according to their work, NOx emissions was observed to decline continually with the water 
content of the HE. 

Another approach for controlling the NOx emissions is via the operation of the engine under fuel lean 
conditions. At high dilution levels with the excess of air the combustion temperature can be reduced, by 
overpowering the side effect of oxygen enrichment. This approach reduces the rate of NOx formation 
[26]. Venugopal et al. [24] fuelled an SI engine with a blend of E10 of 10% v/v HE and gasoline under 
fuel-air equivalence ratios φ ranging from 0.8 to 1.2. according to their work, NOx emissions in lean 
regions with φ < 1 became lower as the excess air increased. Al-Farayedhi et al. [25] investigated NOx 
emissions under lean combustion conditions using different HE-gasoline blends with 10%, 15%, and 
20% v/v of HE. According to their results, the lowest NOx emissions were observed when using the 
blend with the highest water content (20%). 

The operation of the engine under lean conditions has limitations due to the finite flammability of air-
fuel mixtures. An ultra-lean air-fuel ratio can negatively affect the performance of SI engines by causing 
misfiring or partial burning. Nevertheless, hydrogen-containing gases can be adopted as agents to extend 
ignition limits and to improve the engine’s performance under lean conditions. Hydrogen rich gases can 
be produced on site by hydrocarbon fuels reforming to form synthesis gas, or syngas, which consists of 
H2 and CO [27, 28]. 

It has been demonstrated in previous works [29, 30]  the production of syngas  from gasoline by means 
of a plasma-assisted reformer and adding the syngas to the intake manifold during the operation of the 
SI engine with gasoline can reduce NOx emissions. The most appreciable decrease in emissions was 
observed under lean conditions of gasoline combustion. An even greater decrease in NOx levels was 
obtained when the SI engine was fuelled with blends of gasoline and anhydrous ethanol E5 and E10 
under lean conditions, with syngas supplied to the engine [30]. Furthermore, the effect of the presence 
of water was examined [31] by using various HE-gasoline blends under stoichiometric conditions with 
and without syngas addition. The aim of this study is to investigate the effects of HE-gasoline blends 
and syngas addition on NOx emission and fuel consumption using a SI engine operated under lean and 
ultra-lean conditions.  

1049



2 Materials and Methods  

2.1 Experimental setup 

The engine test system consists of four sub-systems supported this study: an SI engine controlled with 
a custom electronic control unit (ECU), a plasma-assisted fuel reformer unit, fuel feeding systems, and 
an electric load unit. A Subaru EH72FI gasoline engine with a fuel injection system is used in the 
experiments. Table 1 shows the technical specifications of the engine. Table 2 lists the main 
characteristics of RON 91 and RON 95 gasolines used in Saudi Arabia. Figure 1 shows the schematic 
diagram of the engine test system. Figure 2 illustrates the system installed on the laboratory site. The 
custom engine ECU is designed to remotely control the throttle angle, the fuel supply rate through the 
fuel injectors, the ignition timing, and the oxygen (lambda) sensor. The Hitec HS635HB  servo varies 
throttle positions via commands from the engine ECU. The fuel supply rate is controlled by changing 
the injection duration and the inter-pulse periods of the nozzles in operation during an intake stroke. In 
addition, the ECU is able to monitor and log parameters of the operation of the engine during the 
experiments. The hot-film air-mass meter Bosch HFM5 is installed to enable the measuring of the air 
flow through the engine intake manifold. The exhaust gas analyzer Infracar 5M3T.01 is used to measure 
exhausts (NOx and optionally CO2, CO, and HC) and excess oxygen O2 concentrations. The Enders 
ESE 1506 DSG-GT ES DUPLEX SSG 132 electric generator is used to take off the engine power by 
means of electric loading to the set of rod heaters. The electric load can be varied up to 12 kW by 
choosing the number of the rods heated at a given moment.  

Table 1: Technical specifications of the Subaru EH72FI engine 

Description  Specification  

Type   
Air-cooled, 4-stroke, V-twin cylinder, horizontal 
PTO shaft, OHV, gasoline engine   

Number of cylinders (bore × stroke, mm)  2 (84 × 65)    
Piston displacement, cm3   720    
Compression ratio   8.1   
Continuous output, kW(HP)  14.9 (20.0) @3600 r.p.m. 
Maximum output, kW (HP)  Net: 17.9 (24.0) @3600 r.p.m. 

Gross: 19.4 (26.0) @3600 r.p.m. 
Maximum torque, N·m    52.2 @ 2800 r.p.m.  

Charging capacity, V·A   12 - 15   
Fuel system Electronic fuel injection 
Ignition system Flywheel magneto (solid state) 

 
 

Table 2: Properties and constituents of Saudi Arabia’s RON 91 and RON 95 gasoline 

Description  RON 91  RON 95  

Calculate octane number 90.44 94.66 

Initial boiling point (C) 39 35.7 
Final boiling point (C) 204 197.2 

Relative density 0.679 0.688 
Vapor pressure (kPa @ 37.8 C) 36.75 39.58 
Lower heating value (kJ/kg) 43.932 43.304 
Constituents (% mass) Paraffins 10.544 9.033 
I-paraffins 36.853 37.500 
Olefin 13.911 13.373 
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Naphthenes 5.665 10.427 
Aromatic 28.870 24.961 
Total C14+ 0 0.096 
Total unknown 1.752 2.269 
Total 100 100 
% carbon 86.045 86.413 
% hydrogen 13.156 13.163 
H/C 0.153 0.152 
Average molecular weight 85.571 88.288 

 

 
Figure 1: Schematic of the experiment setup showing the following components: (A) fuel tank, (B) 

pressure regulator, (C) fuel evaporator, (D) plasma converter, (E) air filter, (F) steam generator, (G) 
air compressor, (H) chiller, (I) engine exhaust, (J) gas analyzer, (K) condensate receiver, (L) SI 

engine, (M) ECU, (N) electric generator, (O) PC, (P) stand CU, and (Q) inverter 
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Figure 2: Left: Rear view of the test bench showing the following components: (A) power supply, (B) 
steam generator, (C) air heater, (D) reactor, (E) gas filters, and (F) cooler. Right: Front view of the 
test bench showing the following components: (A) power generator with SI engine, (B) plasma power 

supply, (C) engine exhaust gas analyzer, (D) chiller with divert screen, and (E) main control box 

 

The synthesis gas is produced through partial oxidation of gasoline by a plasma-assisted fuel reformer 
consisting of a plasma discharge chamber and a quartz-lined reactor with a water-cooled vapor 
condenser. Figure 3 shows schematic of the plasma discharge chamber. The plasma discharge chamber 
including the water-cooled anode made of carbon steel and a water-cooled cathode made of copper with 
an embedded tungsten tip. A high-voltage DC power supply Technix SR10-N5000 is used to generate 
a plasma arc in the discharge chamber. The maximum output voltage and current of the power supply 
were 10 kV, and 500 mA, respectively. The fuel reforming occurs in a controlled mixture of air, gasoline 
vapor, and steam at an atmospheric pressure. The energy of the plasma arc inside the discharge chamber 
initiates the reaction of the mixture, and then, the fuel reforming proceeds to completion as the mixture 
flows through the reactor. Figure 4 shows the design of the fuel evaporating and mixing chamber, where 
the gas mixture is prepared. The vaporization of the injected gasoline drops inside the mixing tube and 
is driven by the flow of hot air and steam heated by the electrical heaters located upstream. The 
atomizing nozzle with a calibrated orifice creates a gasoline spray and additionally facilitates 
vaporization. The mixing chamber has its own electrically heated sections for the better preparation of 
the gas mixture. The heated air-gasoline-steam mixture is supplied to the plasma discharge chamber. 
The steam generator consists of the electric boiler and the high-pressure superheater with a pressure 
range from 0.2 to 0.6 MPa. The steam flow rate is limited by the fixed orifice diameter of the atomizing 
nozzle and by the variable boiler pressure and superheater temperature. Admixing steam into the 
gasoline-air mixture is intended to avoid soot formation during the fuel reforming process. The desired 
air flow rate to the reformer was adjusted using a mass flow controller (Omega 5400). The flow rate of 
gasoline was controlled using a digital metering pump (Ismatec® REGLO-CPF) connected to the 
Plasmatron. Two Gascard NG infrared gas sensors were employed for CO and CO2 analyses and a 
hydrogen electrolyte probe (INCOVT DV-32) were used for the online monitoring of the syngas 
composition. a set of valves were employed for controlling the supply of syngas into the SI engine intake 
manifold when  required. The main control unit was used for adjusting input powers, and to synchronizes 
the operations of all sub-systems. Customized software with the PC user interface is designed to set, 
control, monitor, and log the input and output parameters of the whole system, including the plasma 
reformer and SI engine in the real-time mode. 
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Figure 3: Schematic of the plasma fuel reformer 

 
Figure 4: Overall design of the fuel evaporating and mixing chamber 

2.2 Experimental Procedure  

In this study, the experiments were performed at a constant engine shaft speed of 2700 rpm. The ignition 
timing was fixed at 15 degrees. Four test series were set up with various values of air/fuel equivalence 
ratios (lambda, λ). In three sets of experiments, the combustion conditions of the SI engine were lean (λ 
= 1.13, λ = 1.26 and λ = 1.46), and a single set was operated under stoichiometric conditions (λ = 1.01) 
for the comparison purpose.   In all experiments the level of NOx emissions was monitored at steady-
state, and fuel consumptions was monitored under the stepwise increment of the electric load from 0 
kW (idle engine mode) up to 8 kW by 2 kW steps. 

For achieving the lean conditions, the engine ECU was switched off the engine oxygen sensor, and the 
fuel supply rate was gradually decreased using the system’s software. A constant shaft speed was 
attained by varying the throttle position simultaneously. The oxygen content within the engine exhausts 
was monitored along while decreasing the fuel supply. The oxygen excess concentrations of 2%, 4%, 
and 6% were the lean conditions, having lambda values of 1.13, 1.26, and 1.46, respectively. 
Stoichiometric conditions with an oxygen excess of 0.2% and lambda 1.01 were established with the 
oxygen sensor switched on as the default mode of the engine operation. Fuel consumption was calculated 
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using the engine ECU software based on the results of the fuel injection nozzle flow calibration, taking 
into account the injection durations and inter-pulse periods. 

Syngas was produced in the fuel reformer at a plasma torch voltage of 4.6-4.8 kV and a current of 500 
mA. Gasoline was supplied to the fuel reformer from a separate container with a mass flow rate of 4.0 
g/min. The air flow was set at 24.1 g/min and the steam flow was set at 3.2 g/min at a boiler pressure of 
0.3 MPa. Syngas time-averaged steady-state chemical composition was: H2¬ 13%, CO 14%, CO2 7% 
and N2 balance by volume. The syngas mass flow and composition were kept constant in all 
experiments. When necessary, produced syngas was supplied to combustion chambers via intake 
manifold together with intake air used for standard engine operating.  

The fuel blends were prepared via mixing pure gasoline and HE containing variable water concentrations 
as high as 5%, 10%, 30%, and 40%. The blends that consisted of 5% (10%) HE and 95% (90%) gasoline 
by volume are designated hereinafter as HE5 (HE10). In addition, the water concentration in HE is given 
as “W.C.”—for example, HE5 W.C.40%. 

3 Results and discussion 

The experimental results showed the positive effect of operating an SI engine under lean fuel conditions 
for decreasing NOx emissions. Gasoline-HE HE5 and HE10 blends with various water contents  were 
tested as motor fuels under lean combustion conditions as well as under stoichiometric conditions as a 
reference. The NOx emission reduction can be attributed to the combined effect of both the presence of 
water in HE and excess air dilution and the reduction in peak combustion temperatures. Syngas addition 
further decreases NOx emissions for all of the examined fuel blend types. 

The effect of lean combustion on NOx emissions was more noticeable at a higher engine load. As can 
be seen from  Figure 5 for the blend of HE5 of gasoline RON95 as an example,  initial stoichiometric 
NOx levels at loads of 0 kW, 2kW, and 4 kW were not more than 100 ppm.  Therefore, emission 
responses at these loads were deemed irrelevant due to low observable amounts of change under air-fuel 
ratio increments and due to gas analyzer detection limitations. Similarly, very low NOx emissions were 
observed at low loads for all fuel blends tested. Thus, the results obtained for 6 kW and 8 kW loads were 
mainly chosen for further discussions. 

 

 
Figure 5:  NOx emissions at increasing engine load under various equivalence air-fuel ratios (λ) and 

initial water concentrations in ethanol, HE5 blends, RON91 gasoline 
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3.1 NOx emissions: effect of air-fuel ratio considering water content in HE blends and 
syngas addition 

Effect of the HE5 and HE10 blended with gasoline on NOx emissions was investigated under 
stoichiometric conditions of combustion in a previous work [31]. It was demonstrated that the emission 
of NOx decreased with the increasing the initial water concentration in HE from 10% to 40% under the 
stoichiometric mode of spark ignition engine operation.  

In the present study, in accordance with the aim stated, Figure 6 and Figure 7 show NOx emissions for 
blends of HE5 and RON91 and with RON95 gasoline, respectively, depending on the incremented 
equivalence air-fuel ratios λ both with and without the admixing of syngas into the engine intake 
manifold. Initial water concentrations in HE were 5%, 10%, 30%, and 40% before blending. The 
obtained NOx levels are shown only at engine loads of 6 kW and 8 kW to better illustrate the effect of 
air-fuel ratio variations as discussed above. NOx emission data for HE10 blends of gasoline RON91 and 
RON95 are shown in Figures 8 and 9, respectively. There is an obvious trend in NOx emissions with an 
increase in the air-fuel equivalence ratio (lambda)—for example, for more fuel-lean mixtures. This trend 
was observed for each HE blend tested and especially for blends of HE with 5% and 10% of water. 
Moderate increases of NOx emissions for blends with 30% and in some cases 40% of water under λ=1.13 
may be associated with a casually unfavorable ignition timing value, which was set to a constant of 15 
degrees during the experiments. The ignition timing can affect the peak temperatures inside the 
combustion chamber, as well as the residence times of the reactants. Hence, it can affect the NOx 
formation compared with other tested blend compositions and/or operation modes. Minor adjustments 
of the ignition timing can prompt remarkable changes in the NOx level [14].  

 

 
Figure 6:  NOx emissions depending on equivalence air-fuel ratios (λ) and water content compared 

with syngas addition (HE5 blends, RON91 gasoline, engine load 6 kW and 8 kW) 
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Figure 7: NOx emissions depending on equivalence air-fuel ratios (λ) and water content compared 

with syngas addition (HE5 blends, RON95 gasoline, engine load 6 kW and 8 kW) 

 

 
Figure 8:  NOx emissions depending on equivalence air-fuel ratios (λ) and water content compared 

with syngas addition (HE10 blends, RON91 gasoline, engine load 6 kW and 8 kW) 
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Figure 9:  NOx emissions depending on equivalence air-fuel ratios (λ) and water content compared 

with syngas addition (HE10 blends, RON95 gasoline, engine load 6 kW and 8 kW) 

The admixing of syngas into the engine intake manifold regularly further decreased NOx emissions 
compared with test series without syngas. However, under ultra-lean dilution at λ=1.46, this effect 
became almost imperceptible because NOx concentrations invariably dropped close to the detection 
limit of the exhaust gas analyzer even without syngas admixing.  

The effect of water concentrations in HE utilized for test fuel blends was less replicable and evident than 
the effect of leaning from λ=1.01 up to λ=1.46 as seen in Figure 5 and Figure 10 for the HE5 blend of 
RON91 gasoline. There was no expected clear trend of reducing NOx emissions with the increase of the 
initial water percentage in ethanol in a sequence of the initial water concentrations of 5%, 10%, 30%, 
and 40% for both HE5 and HE10 blends. It may be explained by an inappropriate ignition timing for 
certain combinations of fuel compositions and combustion conditions (lambda). The presence of syngas 
brought an additional effect. However, it also did not create any consistent trends. Even though the 
addition of syngas depress the formation of NOx its contribution decreased to different extents in blends 
with different initial water concentrations. At the same time, it was observed a downward tendency in 
NOx emissions for the blends of RON91 and RON95 gasoline with ethanol featuring equal initial water 
concentrations of 5% and 10% if the proportion of HE in the blend increased from HE5 to HE10 (see 
RON91 blends as an example in Figure 11). As can be seen in Figure 11, an increase in proportion of 
ethanol tends to reduce NOx levels as long as the initial water percentage remains constant.  

The effect of the gasoline octane number on NOx emissions was not observed during the test series 
under lean conditions. Blends of RON91 gasoline showed both higher and lower levels of NOx 
emissions compared with the same blends of RON95 gasoline depending on the air-fuel ratio and/or 
water concentration. For example, NOx emissions from an HE5 W.C.=5% blend of RON95 gasoline 
were higher than emissions from an HE5 W.C.=5% blend of RON91 gasoline under all tested air-fuel 
ratio. On the contrary, the HE5 W.C.= 40% blend of RON95 gasoline exhibited lower NOx emissions 
than that of HE5 bend of RON91 gasoline under all tested values of the air-fuel ratio. By comparing 
other HE blends of RON91 and RON 95 gasoline by pairs, it was observed that the relative level of NOx 
emissions can become reversed depending on the lambda value along the test series. 
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Figure 10: Effect of initial water concentration in ethanol on NOx emissions at different equivalence 

air-fuel ratios (λ). HE5 blends, RON91 gasoline, syngas admixed 

 
Figure 11: Effect of hydrous ethanol content on NOx emission. Comparison of HE5 and HE10 blends 

(RON91 gasoline) 
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3.2 Fuel consumption: effect of air-fuel ratio considering water content in HE blends 
and syngas addition 

Figures 12 and 13 show fuel consumption along the full range of the engine load depending on the air-
fuel ratios λ used for testing HE5 blends with different initial water concentrations (W.C. 5%, 10%, 
30%, and 40%) as well as RON91 and with RON 95 gasolines, respectively. Figures 14 and 15 illustrate 
the same characteristics for the HE10 blends based on RON91 and RON 95 gasolines, respectively. The 
fuel consumption generally increased with the air-fuel ratio from λ = 1.13  to 1.46 at each level of the 
engine load. The increase can be explained by the additional supply of fuel to compensate the dilution 
of the burning mixture. However, this trend is less evident in the range from stoichiometric conditions 
(λ=1.01) to the lowest level of lean conditions (i.e. λ=1.13), while a slight decline in the fuel 
consumption was observed for most of the tested operating combinations.  The overall view of the plots 
in Figures 12-15 is similar to a well-known type of curve describing the dependence of the fuel 
consumption on the air-fuel ratio. The fuel consumption vs. air-fuel ratio graphs usually have a low 
point of the “best fuel economy” on the lean air-fuel ratio side of a graph and then an upward line for 
further increasing of the air-fuel ratio [32]. An increase in the fuel consumption is the result of a decrease 
in the flame propagation speed under ultra-lean conditions, followed by a slower combustion process, a 
decrease in the expansion work, and additional heat losses through exhaust gases.  

The admixing of hydrogen-rich syngas resulted in the reduction of the amount of HE fuel blends injected 
into the engine cylinders in each test series. This can be explained as being due to supplying additional 
energy to the combustion process with hydrogen-rich syngas, with all other conditions being equal. 
However, the effect of syngas admixing on the total fuel consumption was inconsistent considering the 
gasoline amount that the plasma reformer system consumed during the production of syngas. Both the 
total fuel economy and excess consumption were observed in the test runs depending on the air-fuel 
ratios, engine loads, and blend compositions.  The particular relative amounts varied from 15.8% of fuel 
economy for the blend of HE5 W.C.=30% (gasoline RON95) at the idle mode and  λ=1.46, to 15.9% of 
fuel excess for the blend of HE5 W.C.=30% (gasoline RON91) at 6 kW load and λ=1.46. 

The octane number of gasoline had an effect on the fuel consumption, but the effect was found to have 
a contradictory effect. In the test series without syngas admixing, the fuel consumption for HE5 and 
HE10 blends based on RON95 gasoline was typically slightly higher for those with water concentrations 
of 5-10% compared with RON91 blends under all tested engine load and air-fuel ratio values. Only HE5 
W.C.=40% blends were apparently different because the fuel consumption of RON91 exhibited a 
somewhat higher consumption level compared with RON95 under the lambda range of 1.01-1.26. On 
the contrary, the reverse trends were observed in the test runs with syngas admixing. The amount of 
injected fuel (not including the gasoline consumed for syngas production) typically tends to be higher 
for blends based on RON91 gasoline except for a limited number of test runs. 
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Figure 12: Effect of air-fuel ratio  and syngas addition on fuel consumption for blends of HE5 

(RON91 gasoline) with different initial water concentration 

 

 
Figure 13: Effect of air-fuel ratio  and syngas addition on fuel consumption for blends of HE5 

(RON95 gasoline) with different initial water concentration 
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Figure 14: Effect of air-fuel ratio  and syngas addition on fuel consumption for blends of HE10 

(RON91 gasoline) with different initial water concentration 

 

 
Figure 15: Effect of air-fuel ratio  and syngas addition on fuel consumption for blends of HE10 

(RON95 gasoline) with different initial water concentration 
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4 Conclusions 

This study investigated the effect of the air-fuel equivalence ratio λ on NOx emissions and fuel 
consumption for the HE5 and HE10 blends of RON91 and RON95 gasolines with, respectively, 5 vol. 
% and 10 vol.% of HE containing initial water concentrations of 5%, 10%, 30%, and 40%, running an 
SI engine at a constant ignition timing. The effect was studied at fixed values of both, with the admixing 
of hydrogen-rich syngas into the engine intake manifold and without syngas admixing. The main 
conclusions can be summarized as follows: 

1. Increasing the air-fuel equivalence ratio up to ultra-lean conditions (λ = 1.46) results in the 
evident reduction of NOx emissions compared with the low-lean conditions (λ = 1.13) of the 
operation of an engine fueled with gasoline-HE blends. 

2. The admixing of hydrogen-rich synthesis gas into the engine intake manifold leads to a greater 
reduction of NOx emissions compared with runs without syngas admixing at each tested mode 
of the SI engine’s operation. 

3. Incrementing the air-fuel equivalence ratio from stoichiometric to lean conditions can result in 
a temporary peaking increase of NOx emissions at the low-lean mode with λ = 1.13 for HE 
blends with the higher initial water concentrations of 30% and 40% in HE. 

4. Fuel consumption tends to increase with an increasing air-fuel ratio from low-lean λ = 1.13 to 
ultra-lean λ = 1.46 conditions. The upward tendency is observed both with syngas admixing and 
without admixing. 

Syngas admixing reduces the amount of directly injected fuel compared with the fuel that the engine 
consumes without syngas admixing. However, the total amount of fuel consumption considering the 
gasoline consumed during syngas production can be both higher and lower depending on the operation 
condition as well as the HE blend composition. 

Nomenclature 

AFR  air-fuel ratio  
˚C  celsius degree 
CO  carbon monoxide  
CO2  carbon dioxide 
CU  control unit 
DC  direct current 
ECU  electronic control unit  
HE5  blend of hydrous ethanol (5% v/v) and gasoline (the rest)  
FI  fuel injection 
FC  fuel consumption 
H2  hydrogen 
HE  hydrous ethanol 
HE10  blend of hydrous ethanol (10% v/v) and gasoline (the rest)  
HP  horse power N2 nitrogen 
NO  nitric oxide  
NO2  nitrogen dioxide  
NOx  nitrogen oxides  
O2  oxygen  
OHV  overhead valve  
PC  personal computer 
ppm  parts per million  
PTO  power take-off (shaft)  
φ  fuel-air equivalence ratio, phi  
λ  air-fuel equivalence ratio, lambda  
RON 91  research octane number 91  
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RON 95  research octane number 95  
SI  spark ignition   
r.p.m.  revolution per minute   
v/v  volume fraction  
W.C.  water concentration 
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Abstract 

The article presents the results of measurements of vibrations of the pipes of the convection steam 
superheater installed in the convection pass of the 670 MWth CFB boiler induced using sonic soot 
blowers of the Nirafon NI-100 type. The measurements were made using two ICP Triaxial 356A16 
accelerometers allowing the analysis of accelerations in the maximum range of ±490 m/s2 and the 
G.R.A.S. 40BH microphone recording acoustic pressure up to 194dB. The measurements and spectral 
analysis of the recorded signals showed that the level of acoustic pressure generated by the acoustic 
cleaners for the frequency of 100 Hz was too low for the efficient cleaning of the heated surfaces of 
the reheater RH2 and superheater SH3. Besides, it has been shown that the acoustic wave of 148 dB is 
safe for the steam superheater pipes causing vibrations of maximum amplitude not exceeding 1 mm. 
Thus, it seems that the dominant mechanism for cleaning the surfaces of the superheater's heating 
pipes are not pipe vibrations but the breakage of cohesion forces between dust particles. 

1 Introduction 

One of the basic operational problems of circulating fluidized bed (CFB) boilers fired with solid fuels 
is the formation of troublesome ash deposits. Their chemical composition and quantity result directly 
from the type of fuel and in particular the ash content [1]. Ash, which is an inherent product of thermal 
fuel conversion and is deposited on the boiler's heating surfaces, acts as insulation in the heat 
exchange process inhibiting the flow of heat from the flue gas to the circulating medium in the water 
and steam system. As a result, the thermal efficiency of the boiler and its availability decreases, which 
in extreme cases may even lead to a complete blockage of the flue gas ducts, making it necessary to 
temporarily shut down the unit. Estimated annual costs caused by ash sludge in the United States of 
America amount to $1.2 billion [2, 3].  
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Ash deposits in boilers are usually classified into two categories: slagging, occurring when radiation is 
the dominant heat exchange mechanism [4], and fouling when convection is the dominant heat 
exchange mechanism [5]. For this reason, the combustion chamber is a typical location for fused 
deposits, while convective passes are typical areas for sintered deposits. The effectiveness of the 
removal of ash deposits occurring in the convective pass depends on many factors: resulting from the 
construction of the soot blower (e.g. nozzle design, operating pressure, steam flow rate) and deposit 
characteristics (e.g. thickness, intergranular bond strength) [1]. 

Ensuring the maximum thermal efficiency of the boiler requires effective removal of ash deposits. 
Both natural and artificial ash removal mechanisms play an active role in this process. In boilers 
burning solid fuels natural mechanisms include gravity shedding, erosion, and thermal shock [6]. The 
chemical composition of the ash will be the main factor determining which of the mechanisms will 
play a key role in the deposit disposal process. In most cases, ash deposits must be removed artificially 
by mechanical or thermal stress. This is done with the use of a stream of steam, air, or water under 
high pressure with a simultaneous change of thermal load [6]. 

In CFB boilers fired with hard coal and lignite, the heating surfaces placed in the convection pass are 
usually cleaned mechanically using steam blowers. These devices owe their popularity primarily to 
their high efficiency resulting from the parameters of the working medium (1.5÷4.0MPa; 673÷773K). 
However, according to the operating experience, these devices, apart from high operating costs [7-10], 
are also the source of many problems, among which the most frequently mentioned are the erosive 
impact of ash entrained with the steam jet and insufficient cleaning of surfaces in places inaccessible 
to the deposit removing medium [11, 12]. Therefore, in recent years there has been an increased 
interest in the use of non-invasive techniques, based on high sound intensity (140÷170 dB) and low 
frequency (60÷150Hz). The source of such a wave is sonic soot blower supplied by compressed air or 
liquid gas. The operation of these devices consists in the short-term (1-10s) emission of an acoustic 
wave of high intensity and low frequency, the energy of which on the one hand causes the vibrating 
movement of dust particles carried in the gas stream, preventing their agglomeration, and on the other 
hand, prevents the formation of high-temperature deposits. Achieving optimal cleaning effects 
depends largely on: dust properties, dust distribution in the convection pass, sound pressure level, 
supply air pressure, and the operating characteristics of the sonic soot blower. In practice, the 
efficiency of the acoustic blowers is assessed by measuring the temperature of the flue gas or the 
medium flowing through the heat transfer system or by visual observations of the heated surfaces 
during operation or when the boiler is at shutdown. As the operating efficiency of the acoustic cleaners 
increases at low frequencies of the emitted acoustic wave, the exposure of freely suspended pipes of 
superheaters placed in the convection pass to high energy waves carries a high risk of mechanical 
damage. Estimation of such risk is possible only on the basis of measurements of heat transfer surface 
vibrations made on the object during the boiler shutdown. 

The article presents the results of measurements of vibrations of the pipes of the convection steam 
superheater installed in the convection pass of the 670 MWth CFB boiler induced using sonic soot 
blowers of the Nirafon NI-100 type. The measurements were made using two piezoelectric 
accelerometers and a special microphone with an extended measuring range up to 194dB. 

2 Experimental set-up 

Experimental tests were carried out during the shutdown of the 670MWth CFB boiler operating in 
PGE GiEK S.A. Turów Power Plant. The cleaning of heated surfaces in the convection pass of the 
boiler is carried out using steam and acoustic dust blowers of the Nirafon NI-100SS type with 
operating parameters shown in Table 1.  
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Table 1: Technical specification of acoustic cleaner Nirafon NI-100SS  

Frequency  100 Hz 
Sound pressure level   approx. 150 dB (at distance of 1m from NI-100) 
Compressed air:    
- pressure  0.6 MPa 
- consumption   0.04 nm3/s for cleaning; 0.002 nm3/s for cooling 
Material  SS 2343 (DIN 17445); (max. 8000C) 

 

The surface of the heat exchanger pipes is cleaned using an acoustic wave in the clearance area 
between the convection bundles of RH2 and SH3 superheater pipes (Figure 1). The cross-sectional 
area of the working area is 20.266 × 8.724m2. 

 

 

Figure 1: Schematic diagram of acoustic soot blowers installation in the convection pass of 670MWth 
CFB boiler working in PGE GiEK S.A. Turów Power Plant: 1 – accelerometer, 2 – pipe of 
superheater SH3, a, b - location of accelerometers ICP, Triaxial, 356A16, x - location of the 
microphone G.R.A.S. 40BH 

 

As can be seen from Table 1 and Figure 1, the blowers are made in the form of a horn loudspeaker 
made of high-temperature resistant material SS2343 (max. 8000C) and supplied with compressed air 
used for both cleaning and cooling of the equipment membrane. The blowers are operated by impulse. 
The typical pulse length of sound emission is timp = 4 s and can be set within 1 and 30 s. The interval 
between emissions is tp=1s and can be changed between 2 and 5 s. The interval between the sound 
emission sequences is ts = 5 min and can be changed between 1 and 60 min. 

3 Methods and measurement equipment 

For the vibration measurement of SH3 steam superheater pipes, two ICP ceramic accelerometers 
Triaxial, 356A16 by PCB Piezotronics, placed at points ‘a’ and ‘b’ (see Figure 1) on the top wall of 
the pipes were used. Acceleration measurement was carried out in three directions. The technical 
parameters of accelerometers are presented in Table 2. 
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Table 2: Technical specification of accelerometer, ICP, Triaxial, 356A16 

Accelerometr, ICP, Triaxial, 356A16 

Sensitivity (±10 %)  10.2mV/(m/s2) 

Measurement Range ±490 m/s2 

Frequency Range (±5 %) (y or z axis) 0.5Hz to 5000Hz  

Frequency Range (±5 %) (x axis) 0.5Hz to 4500Hz 

Frequency Range (±10) 0.3 to 6000 Hz 

Sensing Element ceramic 

 

During the measurements of vibrations of SH3 steam superheater pipes, the sound pressure level was 
also recorded. For this purpose a 1/4" G.R.A.S. type 40BH microphone was used, cooperating with a 
preamplifier type 26AC. The used microphone had an extended measuring range up to 194dB and 
allowed for linear measurement of sound intensity in the range from 10Hz to 15kHz. Detailed 
technical data of the microphone and preamplifier are shown in Table 3. 

 

Table 3: Technical data of high-pressure Microphone G.R.A.S. type 40BH and preamplifier G.R.A.S. 
type 26AC 

¼” High-pressure microphone G.R.A.S. 
type 40BH 

 
¼” Preamplifier G.R.A.S. type 26AC 

 Frequency Response 10Hz-20kHz ±2dB  Frequency response  2,5Hz-200kHz ±0,2dB 

 Nominal Sensitivity 0,4mV/Pa  Slew rate 20V/s 

 Dynamic range Upper limit: 194dB  Input impedance 20G, 0,5pF 

 Capacitance 6pF 
 Output impedance  

(Cs = 20 pF, f = 1 kHz) 
75 

Temperature range -400C do +1500C    

 

For the acquisition of signals derived from the microphone and accelerometers, an 8-channel LMS 
V8-E measuring card with a sampling frequency of 204.8kHz/channel and 24-bit signal processing 
was used. The card was built in the LMS SCM01 module and cooperated with the LMS Test.Lab 11B 
software. In each of the analyzed cases, the work of the blowers was triggered manually and lasted 
about 1s. 

4 Signal analysis 

For continuous functions, the calculation of displacement d(t) from a measured acceleration a(t) can be 
performed using a simple mathematical formula 

 

𝑑(𝑡) = 𝑑 + 𝑣 𝑡 + 𝑎(𝑡)𝑑𝑡 𝑑𝑡 (1) 

d0   initial displacement, m; t = 0  

v0  initial velocity, m/s; t = 0 

 

The integration of a recorded (discrete) signal in the time domain is calculated numerically with using 
the following correlation 
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𝑎(𝑡)𝑑𝑡 ≅
𝑎(𝑖 − 1) + 𝑎(𝑖)

2
∆𝑡 (2) 

a(i)  i-th sample of the time waveform  

t  time increment between samples ti-1 and ti 

n  number of samples 

 

As follows from Eq. (1) displacements must be calculated in two following steps, first computing 
velocity from acceleration and then, displacement from velocity. Thus, for a discrete signal of a 
measured acceleration displacement can be calculated based on the following equation 

 

𝑑(𝑡) = lim
→

𝑎(𝑡 )∆𝑡 (3) 

 

For displacement calculation, the Vibrationdata Matlab Signal Analysis & Structural Dynamics 
Package and in-house algorithms have been used. The sound wave spectral analysis of the acoustic 
signals has been performed using the LMS Test.Lab 11B software. 

5 Results and discussion 

5.1 Measurements of acoustic pressure 

Figure 2 shows the time variation of acoustic pressure measured in the central part of the convection 
cage (measurement point 'x' – see Figure 1) between the reheater RH2 and the superheater SH3. 

a.  

b.  

Figure 2: Time variation of acoustic pressure generated by acoustic cleaners in the central part of the 
superheater SH3 (measurement point 'x') 
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As can be noticed from Figure 2, the root-mean-square (RMS) value of acoustic pressure recorded by 
the microphone in the time interval from 0.69 to 1.63 s was 144.19 dB. Taking into account the 
parameters of the acoustic cleaners depicted in Table 1 this value is relatively low. However, taking 
into account the construction of the measuring space, the non-axial setting of the microphone, and the 
much greater distance of the measuring point from the sound source, the measured value of the sound 
intensity can be considered as high. As the efficiency of the sonic soot blower action is the highest in 
the range of low sound wave frequencies, the acoustic pressure measurements were supplemented with 
the spectral analysis of the recorded sonic waves. 

5.2 Sound wave spectral analysis 

Figure 3 presents the frequency spectrum of the acoustic wave generated by the acoustic cleaners in 
the central part of the convection cage of the reheater RH2 and the superheater SH3 (measurement 
point 'x'). For analysis, a third-octave filter was used. 

 

Figure 3: Frequency spectrum of the acoustic wave generated by the acoustic cleaners in the 
convection cage of the reheater RH2 and the superheater SH3 at the measurement point 'x' 

 

As reveals from Figure 3, the maximum acoustic pressure level in the measurement point ‘x’ falls to 
the frequency of 160 Hz and amounts to ca. 122 dB. Similar values of the acoustic pressure were also 
recorded for a frequency of 100 Hz. This suggests that despite the high RMS value of the acoustic 
pressure of the wave generated by the acoustic cleaner (see Figure 2) for the frequency of 160 Hz, the 
energy carried by the wave is too low to break the dust adhesion forces. This is confirmed by visual 
observations of the RH3 reheater's tubes where unilateral tangential ash deposits have been found. 

5.3 Measurements of vibration 

Figure 4 shows the acceleration time waveforms recorded for directions x, y, and z in points 'a' and 'b' 
of the measurement space. As it is shown in Figure, the highest acceleration values (9.43 m/s2) occur 
in the direction consistent with the direction of acoustic wave propagation, i.e. direction 'x' transverse 
to the axis of superheater pipes. On the other hand, the smallest values (3.54 m/s2) are recorded in the 
direction transverse to the direction of the wave propagation, following the superheater pipe axis 
direction. 
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a. b. 

Figure 4: Time variation of a measured acceleration in: a - point ‘a’, b - point ‘b’, in x, y, and z 
directions 

 
Based on the recorded acceleration time waveforms, the velocity and then the pipe displacements were 
determined, which are shown for the individual accelerometers in Figure 5. The Figure shows that the 
maximum vibration amplitudes of the steam superheater pipes are perpendicular to the direction of the 
acoustic wave propagation, with the values of these amplitudes being small and not exceeding 87 m. 
Such small values of vibration amplitudes are the effect of stiffening the superheater pipes, which are 
mounted in the middle of the convection cage in the middle of the pipes length. The results obtained 
therefore relate to the vibrations of the superheater pipe mounted approx. 4 m between two fixed 
support points. 
 

  

 
 

  
a. b. 

Figure 5: Time variation of the SH pipe displacements measured by accelerometers in measurement 
points: a - ‘a’ and b - ‘b’, in x, y, and z directions 
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It is worth noting that the vibrations caused by the acoustic wave generated by the acoustic cleaners 
are safe for the superheater pipes and must not be destructive in any way. Figure 6 shows a list of 
maximum accelerations and displacements of superheater pipes SH3 in all analysed directions. 
 

 

Figure 6: Summary of maximum accelerations and displacements measured by accelerometers in 
measurement points ‘a’ and ‘b’ in x, y, and z directions 

 
As can be seen from the comparison presented in Figure 6, the vibration amplitudes of the SH3 
superheater pipes in the 'x' and 'y' direction recorded by the accelerometers are comparable. This 
shows a symmetrical distribution of the acoustic wave generated by the sonic soot blowers in the 
measurement space. The greatest differences occur in the axial direction of the pipes, where in the case 
of the accelerometer 'b' almost eight times greater displacements were recorded. 
 

6 Concluding remarks 

The conducted tests of vibrations of the SH3 superheater pipes caused by the acoustic waves of the 
sonic soot blowers installed in the convective pass of the 670 MWth CFB boiler allowed to formulate 
the following conclusions: 
 the sound pressure level (RMS) generated by the sonic soot blowers in the center of the 

measurement space is high, but in no case exceeds 150 dB. Taking into account the size of the 
convection cage, as well as the specific properties of fly ash from lignite combustion, the energy 
of the acoustic waves generated by the acoustic cleaners is not sufficient to effectively clean the 
surfaces of the RH2 and SH3 superheaters, 

 the measured sound wave energy generated by the sonic soot blowers is dispersed over a wide 
frequency range. The maximum sound intensity values are at low frequencies (100 Hz and  
160 Hz), 

 the maximum sound pressure values corresponding to 100 and 160 Hz wave frequencies do not 
exceed 122 dB. This means that for the design frequency of 100 Hz the sonic soot blowers do not 
generate a wave pressure of 150 dB, 

 the highest acceleration values are in the direction consistent with the direction of the acoustic 
wave propagation, i.e. 'x' direction transverse to the axis of the superheater pipes, 

 the maximum vibration amplitudes of the superheater pipes are perpendicular to the direction of 
the acoustic wave propagation and reach very small values not exceeding 87 m 
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To sum up, it should be stated that the use of sonic soot blowers to clean the surfaces of heated 
superheaters RH2 and SH3 do not cause too high vibration amplitudes of pipes. Thus, the direct 
impact of the acoustic wave to break the adhesion forces between the dust particles will be decisive for 
the effectiveness of cleaning the contaminated surfaces with dust. 

Acknowledgements 

The scientific research was funded by the statute subvention of Czestochowa University of 
Technology, Faculty of Infrastructure and Enviromental. 

References 

[1] Pophali A., Emami B., Bussmann M., Tran H.: Studies on sootblower jet dynamics and ash 
deposit removal in industrial boilers. Fuel Processing Technology ,Vol. 105, 2013, pp. 69-76. 

[2] EPRI, Palo Alto, CA, Ash deposition impacts in power industry, Research project no. 1010315, 
2006. 

[3] Moskal T., Scott S.: Economic Consequences of Boiler Cleaning Effectiveness, Technical 
Publication # DPTP-98-1, Diamond Power International, Lancaster, Ohio, 1998. 

[4] Gupta R.P., Rushdi A., Wall G.B.T.F.: A mechanistic approach for assessing thermal 
performance of coal blends, in: Engineering Foundation Conference on Impact of Fuel Quality 
on Power Generation, Utah, 2001. 

[5] Skea A., Bott T.R., Beltagui S.A.: A comparison of mineral fouling propensity of three coals 
using a pilot scale under-fed stoker combustor. Applied Thermal Engineering 22, 2002, pp. 
1835-1845. 

[6] Zbogar A., Frandsen F., Jensen P. A., Glarborg P.: Shedding of ash deposits, Progress in Energy 
and Combustion Science, Volume 35, Issue 1, 2009, pp. 31-56. 

[7] Peña B., Teruel E., Díez L.I.: Towards soot-blowing optimization in superheaters, Applied 
Thermal Engineering, Volume 61, Issue 2, 2013, pp. 737-746. 

[8] Peña B., Teruel E., Díez L.I.: Soft-computing models for soot-blowing optimization in coal-fired 
utility boilers, Applied Soft Computing, Volume 11, Issue 2, 2011, pp. 1657-1668. 

[9] Shi Y., Wang J., Liu Z.: On-line monitoring of ash fouling and soot-blowing optimization for 
convective heat exchanger in coal-fired power plant boiler, Applied Thermal Engineering, 
Volume 78, 2015, pp. 39-50. 

[10] Kumari S. A., Srinivasan S.: Ash fouling monitoring and soot-blow optimization for reheater in 
thermal power plant, Applied Thermal Engineering, Volume 149, 2019, pp. 62-72. 

[11] Wojnar W.: Erosion of heat exchangers due to sootblowing, Engineering Failure Analysis, 
Volume 33, 2013, pp. 473-489. 

[12] Hare N., Rasul M., Moazzem S.: A review on boiler deposition/foulage prevention and removal 
techniques for power plant. Recent advances in energy and environment. IASME/WSEAS 
International Conference on Energy and Environment,  A. Rosen et al. (eds.), 23-25 February, 
2010, University of Cambridge, UK, WSEAS press, pp. 217-222. 

1075



1076



6th International Conference on Contemporary Problems of Thermal Engineering 
CPOTE 2020, 21-24 September 2020, Poland 

Performance analysis based on experimental data of 
backpressure steam turbine for cogeneration in 

saturated steam applications 

Guilherme Vescovi1*, Gabriel Grazziotin2, Alexandre V. de Paula3, Tales Souza4, Jorge Guillen5, 
Quan Ge6 

1,2PROSUMIR – Heat Waste Recovery 
e-mail: guilherme.v@prosumir.com.br 

e-mail: gabriel.g@prosumir.com.br 
 

3 University of Rio Grande do Sul – UFRGS, Department of Mechanical Engineering 
e-mail: depaula@ufrgs.br 

 
4,5,6CPFL Energia 

e-mail: tfonteboa@cpfl.com.br 
e-mail: jorgeavg@cpfl.com.br 
e-mail: quange@cpfl.com.br 

Keywords: Steam turbine, Cogeneration, Energy efficiency, Heat waste, Saturated steam 

Abstract 

Heat waste represents significant energy losses in steam lines. Many industries face this issue, as there 
are few feasible solutions available for small-scale applications. Pressure reducing valves (PRV) are 
devices commonly found in steam lines and are an important cause of energy loss. This article 
presents technical information and measurements from a backpressure axial steam turbine used for 
cogeneration, replacing a traditional PRV. This paper aims to validate the performance capabilities of 
a Pressure Reducing Turbine (PRT) with respect to initial predictions based on analytic calculations. 
The designed equipment was installed in a beverage facility, located in Brazil. The validation 
procedure applied in this paper consists of analyzing the data collected in several periods of PRT’s 
operation, accessed remotely via an online server. The data are presented in a set of graphs to study the 
behavior of two key variables: generated power and effective efficiency. However, the observed 
boundary conditions differed significantly from expected values, forcing the turbine to operate in off-
design conditions. The turbine model was hence refined and used to predict the PRT’s performance in 
such conditions. Results showed satisfactory accuracy for both power and efficiency predictions.   
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1 Introduction 

Brazil has many industry sites, with a wide range of specialties, such as soy processing, automobilist, 
food and drinks, among others. Thus, the industrial sector is responsible for the highest electricity 
consumption in the Brazilian energy scenario, with 86 x 10³ GWh/year of energy conservation 
potential [1]. Brazil occupies the 46th position on the Environmental Performance Index on the world 
[2], meaning there is a great opportunity for the implementation of new technologies and policies for 
energy recovery and generation in the industrial sector. According to the International Energy Agency 
[3], the energy sector and industrial processes will be responsible for the emission of 35 x 103 t of CO2 
in 2020, while there is a lack of new energy efficiency policies.  

Considering that direct heating and process heat represent 77% of industry’s overall energy 
consumption [1], the opportunity for new solutions is evident. Most of these plant sites have a steam 
generator designed to supply steam at a high pressure level, followed by pressure reducing valves 
(PRV), which adjust the pressure according to process needs. This device operates by applying a 
throttling section to the steam flow, promoting a pressure drop. Since it is a fast process, there is no 
sufficient time to consider heat transfer – in that matter, the throttling can be modeled as an isenthalpic 
process. In that case, an entropy increase occurs [4], meaning the destruction of useful energy [5]. 

Thomazoni et al. [6] presented an alternative to the PRV, the Pressure Reducer Turbine (PRT). The 
PRT consists of a compact turbo generator that controls the pressure reduction according to the 
process needs. It has the added benefit of electricity generation, contributing to the whole plant’s 
energy efficiency, alongside with cost reduction regarding energy consumption. The authors presented 
a detailed description of both the analytical and numerical approaches for the design of the PRT. The 
two approaches presented an absolute deviation of 5% in calculated power output amongst each other. 
In the numerical approach, simulations using the Finite Element Method (FEM) were conducted to 
further increase the design’s reliability. It was predicted that the PRT, operating with a steam flow of 
22 ton/h could save up to € 336.5 k in a year, generating 455.2 kW of power with a global efficiency 
of approximately 55.6 %. The authors concluded that the use of a PRT is complex due to the great 
variation of steam supply conditions – variables such as seasonality of consumption, operating time 
and production planning highly affect the steam generator operation.  

Spirax Sarco [7] presented an alternative model of steam microturbine, with a capacity of 100 kW, 
providing savings on the scale of £ 75000.00 (€ 84000.00) when operating 8000 hours a year (based 
on 2014 figures). There is the understanding that the use of microturbines for controlling and reducing 
steam pressure for cogeneration is a brand-new technology, with recent applications on the energy 
market. Therefore, to the best of our knowledge, there is a limited offer of microturbines with the 
purpose of steam pressure modulation to this date.  

2 The Case Study 

Steam turbines have been used for power generation for the past 100 years, on account of its efficiency 
and cost advantages. Additionally, it has several levels of complexity regarding its construction, 
capacity and application [8]. This equipment is largely used for cogeneration applications in utility 
systems, for balancing the steam requirements, generating electricity or driving rotary equipment [9]. 
In order to achieve the best possible efficiency, the control of inlet steam flow must compensate for 
the process variations.  

The case study is a single-stage Rateau backpressure turbine whose inlet mass flow is controlled by a 
single valve. The turbine’s interior is divided in three chambers, each one directing the steam flow 
towards a different set of nozzles. The valve is responsible for controlling the partial arc admission 
through a programmable logic controller (PLC), enabling or preventing steam flow through the 
chambers. Figure 1 shows the operation modes. 
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Figure 1: Schematics of turbine’s admission valve, controlling steam passage. The first, second and 
third admission levels are shown from left to right. 

 

The governor regulates the level of partial admission, depending on load requirements, maintaining a 
constant shaft rotation speed. The percentage of the partial arc admission to each opening level is 
shown in Table 1. 

 

Table 1: Partial arc admission characteristics. The values indicate the percentage of available nozzle 
area used per admission level 

 1st level 2nd level 3rd level 
Partial arc 
admission 

45% 80% 100% (full arc) 

 

The turbine start-up occurs with 45% of the total nozzle area. With load increase, the turbine starts 
operating in second level admission, which is a significant change, since it almost doubles the passage 
area. With further increase in load, the third admission level is used. Switching from the second to the 
third level represents a much lower change, as there is only a 25% increase in nozzle area.  

In order to transform shaft work in output electricity, the turbine is connected to a synchronous 
generator through a speed reducer. Furthermore, the turbine is equipped with a PLC control system. 
The PLC is desirable for steam turbines coupled with synchronous generators, because of its several 
features, such as remote communication, allowing real-time monitoring [13]. The controller acts to 
maintain the constant outlet pressure required by the factory’s production, meaning that there is a low 
impact on steam conditions when replacing the PRV with a PRT.  

The PRT described in this paper was installed in a beverage facility in Brazil, replacing three pressure 
reducing valves. Figure 2 shows a schematic of the plant’s layout. 

 

 

Figure 2: Plant layout schematic. Numbers 1 and 3 are butterfly valves. Number 2 is a manual slide 
valve. Numbers 4, 5 and 6 are the turbine, speed reducer and synchronous generator, respectively. 

Number 7 indicates the vortex flow meter. 
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A group of valves, allow the reconfiguration of the steam path, permitting easy access for maintenance 
interventions. In standard operation, the flow should be directed entirely to the PRT, and no pressure 
reduction should take place in the PRVs. An exception exists when great changes in the flow 
parameters occur. In this case, the PRVs and the PRT can be simultaneously used to prevent turbine 
damaging. 

Real turbine operation is commonly far from designed conditions, deviating from the rated conditions, 
due to process parameter adjustments, and utility system variations [9]. For this reason, a series of 
preventive actions were programmed to take place to avoid shutdown in the event of great fluctuations 
in operating conditions. An important protective measure is the opening of bypass valve 3 when steam 
consumption in the factory is high. In this case, a portion of the flow is diverted directly to the turbine 
outlet, in order to stabilize the pressure. 

3 Instrumentation 

After the design process, once the equipment is installed, it must be submitted to a validation 
procedure. Thus, acquiring detailed measurement data from the operating plant to be used in the 
equipment validation has the utmost value. Those measurements require effort and cooperation 
between the turbine manufacturer and plant owner [12]. Laboratory trials and plant feedback are 
appreciated but they are not enough to predict the equipment’s impact on the plant’s operation, 
because even the best testing facility for steam turbines does not reach full scale [13].  

In order to maintain precise surveillance of the turbine performance and operation conditions, several 
sensors are used to provide the required measurements. This section aims to explain the 
instrumentation of the PRT, as well as the associated instruments accuracy. 

The turbine control system comprehends two PLCs. The first is mainly used for the control of the 
turbine, while the second is responsible for power export. The turbine’s governor is controlled by a 
Proportional Integral Derivative controller (PID), integrated into the first PLC. Moreover, the control 
system is connected to an online server that allows remote data extraction. The exported data consists 
of steam flow, temperature and pressures, rotation speed, governor output, power export, oil pressure, 
bearing vibration and temperatures. 

Adjacent to the PRT, a Human Machine Interface (HMI) provides real-time information to the 
operator, assisting in start-up and shutdown procedures. Turbine and oil system conditions are some of 
the information displayed. Figure 3 displays some of the turbine’s key components. 

 

 

 
a) 

 
b) 

 
c) 

 
d) 

Figure 3: Key components for turbine operation and surveillance 
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Figure 3(a) shows the 25 kN linear actuator, which moves the admission valve through a lever with 
position feedback. Figure 3(b) illustrates the bypass system, where the pneumatic butterfly valve is 
also seen in Figure 2 (number 3). Figure 3(c) and Figure 3(d) show the pressure and temperature 
sensors, respectively.  

The measurements of pressure, temperature and mass flow are used for computing efficiency. 
Therefore, only the uncertainty relative to these measurements will be discussed. The information was 
obtained from the instrumentation’s datasheets. Moreover, all these sensors are connected to the PLC, 
through a 4-20 mA signal. Table 2 shows the associated uncertainties. 

 

Table 2: Uncertainties related to performance evaluation 

Sensor Type Uncertainty (%) 
Pressure transmitter ±0.50 

Temperature transmitter ±0.55 
Mass flow meter ±1.00 

 

The vortex flow meter is connected to the plant’s central PLC since it was integrated before the 
installation of the PRT. The temperature and pressure monitoring are done by a PT-100 sensor and a 
pressure transmitter.  

The power generation is measured by the export system. Coupled to the synchronous generator, an 
Automatic Voltage Regulator (AVR) is responsible for controlling the voltage, maintaining 380 V for 
the power export. The PLC reads the voltage and current on the generator terminals and calculates the 
generated power. 

4 PRT Efficiency calculation procedure 

The effective efficiency considered in this paper is calculated with two methods. The first method 
relies on the Equation (1). 

 

𝜂 =
�̇�

�̇� ℎ − ℎ ,

 (1) 

 

Where: 

𝜂   effective efficiency of the PRT, calculated from measured data,  
�̇� generated electric power, 𝑘𝑊, 
�̇�

 
mass flow through the turbine, kg/s,  

ℎ
 

specific enthalpy at turbine’s inlet, kJ/kg,  
ℎ ,  

specific enthalpy at turbine’s outlet considering an isentropic expansion, kJ/kg.  

 

The first method is used to calculate efficiency from measured data (denoted by 𝜂 ). In this 
case, �̇� is obtained through the generator terminals. The measurements collected with the flowmeter 
are used in �̇�. The pressure measurements at the turbine’s inlet are used as input in Engineering 
Equation Solver (EES), which has built-in thermodynamic tables. These tables are used to obtain ℎ  
and the specific entropy at inlet 𝑠  for saturated steam. Considering an isentropic expansion, the 
specific entropy at the outlet 𝑠 ,  is equal to 𝑠 . The outlet pressure measurements are then used with 
𝑠 ,  in order to obtain the tabled values of ℎ , . In this procedure, the data must be filtered to remove 
any inconsistent measurements or outliers that would lead to incoherent efficiency results. 

The second method of calculating efficiency is used in the PRT model to predict the global 
performance for the given boundary conditions. In this case, the effective efficiency is denoted by 
𝜂 .When these conditions are established, a series of primary energy losses related to geometric 
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characteristics are considered to determine the flow velocity coefficients. Thereafter the turbine’s 
velocity triangles are constructed, and several secondary flow-related losses are considered. The 
Equation used in this paper is shown in (2). 

 

 

𝜂 = 1 − 𝜉 − 𝜉 − 𝜉  
 

𝜂 = 𝜂 − 𝜉 − 𝜉 − 𝜉 − 𝜉  
 

𝜂 = 𝜂  𝜂  𝜂  
 

(2) 

 

Where: 

𝜂   estimated effective efficiency of the PRT, calculated with the turbine model, 
𝜂  relative efficiency of the blades, which considers geometry-related energy losses, 
𝜉

 
energy loss coefficient of the nozzle,  

𝜉
 

energy loss coefficient of the rotor blades,  
𝜉

 
energy loss coefficient relative to the velocity leaving the blades, 

𝜂
 

isentropic efficiency, which also accounts for flow-related energy losses, 
𝜉

 
energy loss coefficient relative to ventilation and friction effects, 

𝜉
 

energy loss coefficient relative to partial admission, 
𝜉

 
energy loss coefficient relative to steam leakage, 

𝜉
 

energy loss coefficient relative to steam wetness,  
𝜂

 
mechanical efficiency,  

𝜂
 

synchronous generator efficiency, provided by the manufacturer. 

 

 

The losses are estimated by the use of empirical equations and by correcting the results obtained from 
generalized experiments found in the literature. An example of some generalized results can be found 
in [10]. The consideration of the steam’s energy losses also leads to estimating the thermodynamic 
state at the outlet, and consequently the steam quality, after a non-isentropic expansion. Since the 
calculation process can be challenging and deals with several non-linearities, simplifying assumptions 
are taken to facilitate the procedure. The main assumptions considered in this paper are the following: 
steam is saturated at inlet (steam quality equals to 1), flow parameters are considered in mid-height of 
the blades and do not vary radially, velocity entering the nozzles are estimated from average velocity 
entering the turbine, the average velocity vector is considered to be orthogonal to nozzle inlet, velocity 
deviation due to shockwave effects are not considered.  

5 Performance Data 

The turbine that will be discussed in this paper was designed for an average mass flow rate of 22 t/h, 
ranging from a minimum of 14 t/h to a maximum of 29 t/h.  In the designed conditions, saturated 
steam enters the PRT with an average pressure of 16.5 bar(g) and is returned to the process at 8.4 
bar(g). 

However, the factory’s real operation diverged from the expected values and showed high fluctuations, 
leading to PRT functioning in off-design conditions. Initially, more than 96000 data points were 
collected, consisting of 20 days of PRT’s operation. Table 3 shows the difference between real and 
designed operating conditions, disregarding start-up, shutdown and other transient events. 
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Table 3: Turbine’s boundary conditions  

Variable Units 
Design 

Conditions 
Measured Data 

(average) 
Mass flow t/h 22 16.7 

Inlet pressure bar(g) 16.5 11.9 
Outlet pressure bar(g) 8.4 7.4 

 

The highest variation is observed in mass flow measurements, in which the minimum and maximum 
values are 2.1 t/h and 27.6 t/h, with an average of 16.7 t/h. Although inlet pressure measurements 
show greater stability, their average values are 28.3% lower than the designed values, which also lead 
to an 11.9% decrease in outlet pressure. However, the measured inlet temperature showed a maximum 
deviation of ±2% from the saturation temperature for each measured pressure, including the associated 
uncertainties. This demonstrates that the steam entering the turbine can still be considered as saturated, 
since it varies slightly between wet and supersaturated conditions. 

The discrepancy in Table 3, imposed a challenge to this paper’s goal, that is the performance 
validation relative to initial predictions. Since the equipment does not operate under designed 
conditions, the turbine model was refined to predict the off-design performance. The model was 
created using EES software and was based on the analytical expressions and empirical equations found 
in the traditional literature for the design of steam turbines [10, 11, 5].  

When the outlet pressure is lower than 7 bar(g), valve 3 in Figure 2 opens to maintain the outlet 
pressure, splitting the inlet flow. Since the flowmeter is positioned downstream of the bypass, it is 
unable to capture how much of the flow is passing through the turbine in this case. The flow 
measurement data relative to this situation were hence discarded. Unfortunately, that prevents the 
calculation of 𝜂  for such data, which contains the highest values of generated electrical 
power, reaching a maximum of 550 kW. Figure 4 shows the relation between power generated and 
𝜂  for several operating conditions of the PRT. 

 

 

Figure 4: Electrical power generation versus effective efficiency (𝜂 ) for steady state 
operation of the TRP. Inlet/outlet pressure ratio ranging from 1.2 to 1.8. Mass flow ranging from 7 to 

23 t/h. First and second levels of nozzle governing are shown. 
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In Figure 4, it is possible to distinguish between two levels of nozzle arc opening. For low power 
generation, the PRT has lower levels of 𝜂 , which rapidly increases and stabilizes around 40%. 
If there is an increase in load, the second admission chamber is opened, causing a shift in the power-
efficiency curve, achieving values around 50%. This significant shift in the curve is explained by the 
almost 80% nozzle area gain when passing from the first to the second level. The third nozzle arc 
opening level was not represented in Figure 4, because most of the full arc operation occurs when the 
bypass in Figure 2 is opened. However, the lower number of nozzles in the third chamber would result 
in a minor shift in the curve, when passing from second to third admission level.  

In order to analyze full arc admission and compare the model’s prediction to the measured data, a 
particular case with the following characteristics was studied: Inlet pressure 𝑃 =11.8 bar(g) and outlet 
pressure 𝑃 =7.4 bar(g). Only the full arc mode in steady state was considered, minimizing the 
impact of parameters fluctuation due to transient states and process variations. The influence of mass 
flow on efficiency and power is analyzed in Figure 5, for the described conditions. In this case, both 
𝜂  and 𝜂  are shown. 

 

 

Figure 5: Comparison between measured data (points) and model prediction (line) with 𝑃 =11.8 
bar(g) and 𝑃 =7.4 bar(g). Both generated power and efficiency are shown. The efficiency was 

computed using the equations for 𝜂  and 𝜂 . Turbine operating with full arc admission. 

 

For the selected conditions, the PRT model was able to capture the behavior of generated power, with 
errors below 3%. The almost linear relation between mass flow and power, known as is Willans Line, 
is often studied in turbomachinery topics. On this matter, [9] presented a model based on the Willans 
Line used to estimate steam turbine performance for full-load and part-load conditions. 

Figure 5 also reveals an almost constant value of efficiency. The turbine model presented slightly 
overestimated values of 𝜂 , with errors below 10%. Considering there is no change in the nozzle 
arc opening level and the selected power range, a small change in efficiency is indeed expected. This 
can be observed in Figure 4, where 𝜂  tends to stabilize for loads above 100 kW, within the 
same nozzle arc opening level.  

To further analyze TRP performance, Figure 6 presents the relation between the pressure drop in the 
turbine and generated power.  For this analysis, the third arc opening level is not considered. 
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Figure 6: Comparison between measured data (points) and model prediction (line). Inlet pressure 
ranges from 10.9 to 13.3 bar(g). In measured data, mass flow ranges from 7 to 23 t/h. 

 

The mass flow varies from 7 to 23 t/h in measured data, with an average of 11.7 t/h and 19.7 t/h for the 
first and second admission levels. These average values were used as constants in the TRP model. 
Considering this approximation, the calculated response presents a close resemblance to the real 
behavior, for both arc opening levels. The model’s precision for the present case is approximately 
𝑥 %

% , where x is the measured power. 

6 Conclusions 

The goal of this paper is to validate the performance of the pressure reducing turbine installed in an 
industrial plant in Brazil, with respect to initial performance predictions. However, the measured 
steam pressure in the beverage factory diverged considerably from the expected values. Moreover, the 
high fluctuation in mass flow also contributed to the operation of the PRT in off-design conditions. 
For this reason, the PRT model was used to estimate the performance in part-load operation, which 
was then compared to the on-site measurements. 

The effect of the turbine’s partial admission can be observed in the relation between generated power 
and 𝜂 . However, due to the flow meter’s location, most of the mass flow measurements with 
full arc operation could not be considered. Therefore, this analysis focused mainly on the first two 
admission levels. When only the first set of nozzles are active, the PRT can generate up to 175 kW 
with 𝜂  between 35 to 45%. When the second admission level is active, power is generated 
between 175 and 300 kW, with 𝜂  varying from 45 to 60%. The measurements data also 
shows that the TRP can generate a maximum of 550 kW, with full arc admission.  

The PRT model presented high accuracy when estimating power and efficiency, for a fixed value of 
pressure drop in the turbine. The maximum errors obtained were 3% and 10% for power and 𝜂 , 
respectively. 

The relation between generated power and pressure drop in the turbine was successfully estimated by 
the TRP model. Even though the average values of mass flow were used in the calculations, the result 
showed a maximum error of approximately 17%.  

Generally, the performance of the pressure reducing turbine in off design conditions was correctly 
estimated by the applied model. In most conditions, a slight performance overestimation was detected. 
For future studies, mass flow data should be acquired over the complete operating range in order to 
fully capture the PRT’s performance. Moreover, the loss coefficients of the turbine can be adjusted to 
better fit the measured data, increasing its estimation accuracy. 
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Abstract 

The cavitation regime can be observed in some working conditions of turbomachines. The phase 
transition, which appears on the blades, is the source of high dynamic forces, noise and can lead to the 
intensive erosion of the blade surfaces. The need to control this process and to prevent or reduce the 
undesirable effects in many applications can be fulfilled by the application of the non-condensable gases 
to the liquid. The presence of air in the water flow over the hydrofoil is investigated. The examined foil 
is Clark Y 11.7% placed at the angle of attack of 8 deg. The flow simulations are performed with the 
assumption of different models. The Singhal cavitation model and the models which resolve the non-
condensable gas are implemented in the numerical model. The calculations are performed with the 
uRANS model with the assumption of the constant temperature of the mixture. The two-phase flow is 
simulated with a mixture model. The calculated dynamics and shape of cavitation structures were 
compared with literature data and with in-house experimental results obtained using a high-speed 
camera. 

1 Introduction 

The cavitating flows are present in many industrial devices, machines and engines. The cavitation occurs 
in the regions where the high speed of the liquid is reached and the local pressure falls below the value 
of saturation pressure. As a result, the cavities are produced which are highly unsteady and can produce 
harmful effects like erosion, vibration and in fluid machines a reduction of efficiency. Therefore an 
important issue from the technical point of view is to control the dynamics of the cavitating flow. 

Modelling of cavitation flows is a complex task, as it concerns two-phase flows with high dynamics of 
parameter changes. It is becoming more complicated when flows with complex geometry are 
considered. 

The variety of methods of numerical modelling of cavitation flow has been proposed for several decades. 
The methods differ in their complexity, solution schemes and assumptions. Kubota et al. [1] proposed 
the first homogeneous model based on transport equation. They took account of cavitation through the 
presence of a bubble cluster. The model was applied in the two-dimensional steady-state analysis of the 
flow around a hydrofoil NACA 0015. 
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Kunz et al. [2,3] proved that the models which solve continuity equations both for the continuous and 
dispersed phases can reflect the tendencies in dynamics of the cavitating process. That approach drew 
on the method proposed by Merkle et al. [4], which introduced an additional possibility of considering 
a third component of the mixture in the form of a non-condensing gas. 

The model still employed in some commercial codes is the one proposed by Singhal et al [5]. The model 
assumed an isothermal flow and a constant concentration of the non-condensing gas in the mixture. 
There was a relatively good agreement between the obtained results and the experimental data for 
various characteristic geometrical configurations. 

Senocak and Shyy [6] took into account the effects of a high-velocity flow using a pressure-correcting 
equation. Turbulence was modelled utilizing a k-model whose constants were modified. The applied 
solution algorithm reflected stationary phenomena in the cavitating flow well. 

Schnerr and Sauer [7] used a model describing the bubble growth and decay process. The model concept 
assumes that nucleation occurs on a set number of nuclei, and the dynamics of bubble growth process is 
described utilizing the Rayleigh-Plesset equation. By applying this concept, it was possible to simulate 
the physics of the cavitating flow satisfactorily. 

Zwart et al. [8] proposed the other version of the source terms in the continuity equations. By introducing 
the volume fraction of nuclei into the source term, which models the evaporation process, they took into 
account the phenomenon of mutual influence of expanding steam bubbles. This model allowed good 
compliance of the hydrofoil flow with the experiment [9]. 

Most of the models were developed with consideration of two phases: water and vapour. In reality and 
normal conditions, the non-condensable gases are present in the water. Air is dissolved in water or can 
be added into the stream either upstream of the element being tested or at the location on the hydrofoil 
surface [10, 11]. The dissolved gas can release when the pressure drops. Presence of air influences the 
dynamics of cavitation and air injection can be used to control cavitation [11, 12]. 

Unless the water is deaerated, there is dissolved air in the liquid phase which is released due to the 
lowering pressure during acceleration of water and cavitation. In many applications air is injected into 
the water to obtain artificial cavities and to improve the hydrofoil performance [11, 13], to obtain 
supercavitation in the development of high-speed vehicles [14] and to reduce drag. Air injection is one 
of the factors which reduces the effects of cavitation noise and erosion. 

The different numerical models are employed to take air presence into account. In [15] the full cavitation 
model was implemented to simulate the cavitating flow in a positive displacement pump. The 
discrepancies in the prediction of flow dynamics were reported. Compliance of CFD calculations with 
the experiment deteriorates as the air content increases. It has been suggested that to explain in detail 
the reason for these discrepancies, it is necessary both to increase the accuracy of experimental data and 
to apply a more advanced calculation model. 

The three-component model for liquid, vapour and air were proposed by Bin Ji et al. [12]. They analysed 
the natural and ventilated cavitation around an under-water vehicle. The proposed model gave 
satisfactory agreement with experimental data and with the increase of the gas ventilation, the vapour 
cavity is suppressed by the gas cavity remarkably. 

The comprehensive numerical study of the influence of the air injection on the dynamics of the cavitating 
flow around NACA66 hydrofoil was performed by Sun et al [11]. The vortex structure modelled by the 
LES technique changed significantly with the increase of air injection. Ventilation transforms large-
scale eddies into small-scale vortices and affects the hydrodynamic performance. 

This paper reports the investigation of the numerical models of cavitating flow with air presence. The 
flow over a hydrofoil Clark Y was selected as one of the most common cases of cavitating flow which 
has been studied both experimentally and numerically for many years. The flow regime with the cloud 
cavitation was analysed with different amount of air present in the water. The dynamics of the cavitating 
flow as well the main parameters obtained by the different methods were compared and validated against 
the experimental data. 
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2 Mathematical model 

The mixture model for simulation of the liquid-vapour-gas flow which assumes the same velocity flow 
field for each phase is used. The governing equations of mass and momentum conservation reduce to 
the form of Reynolds averaged Navier-Stokes (RANS) equations: 

 + 𝛻 ∙ (𝜌𝒖) = 0  (1) 

 (𝜌𝒖) + 𝛻 ∙ (𝜌𝒖𝒖) = −𝛻𝑝 + 𝛻 ∙ [𝜇(𝛻𝒖 + 𝛻𝒖 )] + 𝜌𝒈  (2) 

 
𝜌 = 𝜌 𝛼 + 𝜌 𝛼   (3) 

The RNG k-turbulence model was used to calculate the mixture turbulence viscosity. 

Numerical modelling of cavitating flows is a challenge because they are characterised by highly dynamic 
phenomena due to a phase change and turbulence. During the phase change, there are rapid changes in 
the density of the mixture and changes in pressure. The process of evaporation and condensation is 
described by the equation of bubble dynamics. For flow simulation, the two variants of cavitation models 
Singhal et al. model [5] and Zwart-Gerber-Belamri model [8] are selected. 

The numerical models take into account the presence of air. The three variants of numerical models are 
considered to simulate the presence of non-condensable gas (air) in the water flow. In the full cavitation 
model (Singhal et al. model), the air mass fraction is implemented in the cavitation model and corrects 
the evaporation mass transfer rate. The Zwart-Gerber-Belamri cavitation model is used in the models 
where non-condensable gas is considered as the third phase. The mixture model in two variants is 
investigated: with three phases liquid-vapour-air (3phases model) and with the two phases liquid-gas 
mixture (2phases model), where the gas mixture is handled as a species of vapour and air.  

2.1 Singhal et al model- full cavitation model 

Singhal et al. [5] proposed a cavitation model called " the full cavitation model". The name "full" results 
from the fact that the model includes the presence of non-condensing gases, phase change, bubble 
dynamics and turbulent pressure fluctuations. The continuity equation for the vapour phase has to be 
coupled with the continuity and momentum conservation equations (1) and (2): 

 + 𝛻 ∙ (𝜌 𝛼 𝒖) = −𝛤  (4) 

Generally, the cavitation models differ from each other by the way the source term Γ is determined. In 
the Singhal et al. model the following expressions for vaporization and condensation rates are obtained: 

 𝛤 = 𝐶
𝑘

𝜎
𝜌 𝜌

2

3

(𝑝 − 𝑝 )

𝜌
𝑓 ,    𝑝 > 𝑝  (5) 

 𝛤 = −𝐶
𝑘

𝜎
𝜌 𝜌

2

3

(𝑝 − 𝑝)

𝜌
1 − 𝑓 − 𝑓 ,   𝑝 < 𝑝  (6) 

𝑝 = 𝑝 +
1

2
(0.39𝜌𝑘) (7) 

where the coefficients of evaporation and condensation Cv and Cc equal to 0.02 and 0.01 respectively. 
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2.2 2phases model 

The 2phases model solves the continuity equation for the mixture of vapour and air. The mass transfer 
between a liquid phase and mixture of gaseous phase is modelled between species of vapour and liquid 
by cavitation model. The continuity equation for the mixture of the gaseous phase is in the form: 

 

 
𝜕𝜌 𝛼

𝜕𝑡
+ 𝛻 ∙ 𝜌 𝛼 𝒖 = −𝛤 (8) 

 𝜌 = 𝜌 𝛼 + 𝜌 𝛼  (9) 

 𝛼 + 𝛼 = 𝛼  (10) 

The cavitation model proposed by Zwart et al. [8] is used to model the process of phase change. In  this 
model the values of condensation and evaporation rates are calculated from the relations: 

 𝛤 = 𝐶
3𝜌 𝛼

𝑅

2

3

(𝑝 − 𝑝 )

𝜌
,          𝑝 > 𝑝  (11) 

 𝛤 = −𝐶
3𝜌 (1 − 𝛼 )𝛼

𝑅

2

3

(𝑝 − 𝑝)

𝜌
,        𝑝 < 𝑝  (12) 

where the value of nucleation site volume fraction equals to αnuc=0.0005, coefficients of condensation 
and evaporation are Cc=0.01 and Cv=50. The value of nuclei radius is assumed to be R=1 μm. 

2.3 3phases model 

The 3phases model solves the continuity equations for the vapour volume fraction and the air volume 
fraction. The mass transfer between a liquid and a mixture of gaseous phase is modelled between species: 

 
𝜕𝜌 𝛼

𝜕𝑡
+ 𝛻 ∙ (𝜌 𝛼 𝒖) = −𝛤 (13) 

 
𝜕𝜌 𝛼

𝜕𝑡
+ 𝛻 ∙ 𝜌 𝛼 𝒖 = 0 (14) 

 𝛼 + 𝛼 + 𝛼 = 1 (156) 

The same Zwart-Gerber-Belamri model is used to model the mass transfer between vapour and liquid. 

3 Numerical model 

The calculations were performed on the mesh composed of hexahedra-type elements and generated in 
ICEM-CFD. The dimensions of the calculation domain corresponded to the length and height of the 
experimental chamber. In the first step, the plain structural grid was generated and then extruded in the 
perpendicular direction. The geometry has been divided into 8 blocks and the O-grid was generated 
around the blade. The blade profile was split into 4 edges: leading, upper side, lower side and trailing 
edge. On both lower and upper side edges 129 grid nodes were set, on both the leading and trailing edges 
55 nodes. On the edge normal to the foil 101 elements were used. The domain has an overall width of 
0.09 mm discretized by 3 layers of 0.03 mm thickness each. The thin domain was selected to reduce the 
aspect ratio in the domain close to the hydrofoil in the O-grid region. The whole mesh consisted of 220k 
hexahedra elements. The overview of the mesh with the zoomed O-grid region is depicted in Figure 1. 

Validation of the numerical grid performed in [16,17] shows that the numerical grid with total nodes 
above 160k and 270 nodes around the hydrofoil is satisfactory for the hydrofoil computations. The mesh 

1090



applied in the present study is about 35% finer in the O-grid region to preserve better uniformity of the 
grid in places where high unsteady effects are present and to obtain the y+ on the hydrofoil less than 1.  

 

 

Figure 1: The calculation domain with the block structure of the mesh (above), an overview of the 
numerical mesh (left) and zoomed mesh close to the hydrofoil (right). 

The boundary conditions at the inlet are the inlet velocity, the volume fractions of water vapour and air 
and the turbulence level. The boundary condition at the outlet was the static pressure. The slip walls 
were assumed at the top and bottom walls and symmetry boundary conditions were set at both sides of 
the computational domain. 

The ANSYS Fluent was used as the 3-D RANS solver. The coupled pressure-based solver with mixture 
model was selected with the PRESTO scheme for the pressure-velocity coupling. The second-order 
implicit time scheme was applied to account for the transient multiphase phenomena. The second-order 
spatial discretisation for the mixture and turbulence variables was used but for the volume fraction, the 
first-order discretisation was set. 

4 Results 

The numerical simulations of the multiphase cavitating flow over the ClarkY 11.7% hydrofoil with the 
angle of attack of 8o were performed. The static pressure at the outlet was pout=51400Pa. At the inlet, 
the velocity of u=11.84m/s was set. The temperature of 293K was assumed constant. The flow 
conditions corresponding to the cavitation number of =0.75 and natural, cloud cavitation type.  

The volume fraction of air was set to the values of 0.004, 0.016 and 0.042 respectively. It corresponds 
to the low amount of air (e.g. after partial deaeration process), close to the amount of dissolved air in 
normal conditions, and the aerated water.  

The time step of the simulation was Δt=4·10-6 s and remained constant during computations. This made 
it possible to perform computations with the Courant number less than 1. The maximum 10 internal 
iterations per time step were applied. Depending on the case and initial conditions, it was necessary to 
perform from 100k to 200k time steps to reach the solution. 

The solutions with less amount of air are very unsteady and the flow parameters vary widely. It happens 
that the solution becomes unstable due to the unphysical jump of the variable. In such cases, the different 
solution strategies were implemented to lead the solution through the difficult point such as temporally 
increasing the number of internal iterations per time step or temporally decreasing the under-relaxation 
factors for the changes of variables. 

The most important for the stability of the solution are initial conditions. For every single model variants, 
the simulation is started as steady-state without cavitation to obtain a steady solution for the liquid phase 
only. In the next step, the steady solution with cavitation is switched on and after some number of 
iterations, depending on the residual course, the correct parameter setting for the transient simulation is 
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made. The simulations conducted for individual models were initialised with the solutions obtained for 
the previous air content. 

The numerical results show that all models were able to predict qualitatively the influence of the air 
content on the dynamics of the cavitation. The differences in flow quantities in some cases could be 
vital. The amplitude of the lift coefficients decreases with the increase of the air volume fraction at the 
inlet to the domain. The Singhal et al. model had more problems with stability and in some cases, the 
second-order accuracy scheme in time had to be changed to the bounded second-order accuracy scheme. 

The lift coefficient changes in the selected range of iterations obtained for the three models are presented 
in Figure 2. The results obtained for the Singhal et al model (Figure 2a) show that with an increase of 
the air fraction the dynamics of flow becomes weaker and it can even be said to be disappearing. The 
highly unsteady flow for the air volume fraction of 0.004 is observed and the lift coefficient changes in 
the range of 0.1-1.1. The amplitude is changing but the stabilisation of the period is observed. The 
frequency of the lift coefficient changes is about 27 Hz. The behaviour of the flow structures is highly 
unstable. When air content is higher, the flow is becoming steady and the lift coefficient stabilized its 
value. The detected frequency (with very small amplitude) in the case with the air volume fraction of 
0.042 is 195Hz. The tendency that with increasing air content the average lift coefficient is higher is 
observed. The values of the average lift and drag coefficients are given in Table 2. 

The calculated lift coefficient changes during the computations for 2phases model are presented in 
Figure 2b. The highly unsteady character is to be easily recognised. The two tendencies are visible. The 
higher air content the higher the average value of the lift coefficient and the longer the period of the 
main changes. The frequencies of the lift coefficient for all air volume fractions are presented in Table 
2. The amplitude of the lift coefficient for the air volume fraction of 0.042 is reduced in comparison 
with the cases with lower values of air content. 

The lift coefficient changes during the computations for 3phases model are presented in Figure 2c. The 
very similar picture of the lift coefficient changes is visible. For the case with the air volume fraction of 
0.004, the spikes with the close to zero values are present which might be the source of solver crash. For 
the higher values of the air content, the course of the lift coefficient is more regular. The higher air 
content the higher is the average value of lift coefficient and the longer the period of its main changes, 
similar to the 2phases model. The frequencies of the lift coefficient are summarised in Table 2. 

a.  b.  

c.  

 
 
 
 
 

Figure 2: The lift coefficient evolution in time 
predicted by a. Singhal model, b. 2phases model 
and c. 3phases model for air volume fraction of 

0.004, 0.016 and 0.042  

The flow structures observed in one period of changes for the Singhal et al. model are presented in 
Figure 3. The high dynamics of the gas volume fraction is visible for the case with the air volume fraction 
of 0.004. in Figure 3a. The formation of the gas clouds starts developing on the profile in the region with 
the high velocity. The relatively small cavity is observed in Figure 3b which is stable in the whole 
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computations. The very different picture of the gas content is visible in Figure 3c for the case with the 
air volume fraction of 0.042. The gas cavity is relatively large, mainly stable except the trailing edge 
region where some unsteady structures are present. 

 

 

 

 
a. Singhal 0.004 b. Singhal 0.016 c. Singhal 0.042 

Figure 3: The contours of gas volume fraction in one period for different air volume fraction 
(2phases model, σ=0.75, α=8o). 
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a. 2phases 0.004 b. 2phases 0.016 c. 2phases 0.042 d. Exp. 0.014 [16] 

Figure 4: The contours of gas volume fraction in one period for different air volume fractions 
(2phases model, σ=0.75, α=8o) and experiment for air volume fraction 0.014. 
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a. 3phases 0.004 b. 3phases 0.016 c. 3phases 0.042 

Figure 5: The contours of gas volume fraction in one period for different air volume fraction 
(3phases model, σ=0.75, α=8o). 

Figure 4 presents the structures of gas volume fraction for the 2phases model. For the air volume fraction 
of 0.004, the size of the formed clouds is comparable with the chord of the hydrofoil and the instant 
without clouds is present. The thickness of the cavitating structures is of the same size as for the Singhal 
et al. model. The moments are present when the gaseous phase almost disappears and cloud creation 
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starts from the region close to the leading edge. The detected frequency of the lift coefficient fluctuations 
is about 22Hz and is noticeably lower than in the Singhal et al model. 

With an increase of air content, the clouds of gaseous phase are becoming larger. The clouds in the case 
with the air volume fraction of 0.016 seem to have external boundaries smeared out but the structures 
close to the hydrofoil wall are similar to the case with the air volume fraction of 0.004 (Figure 4b). In 
contrast to the case with lower air content, in this case, the clouds close to the hydrofoil wall are present 
in all depicted moments. The frequency of the lift coefficient is lower and amounts 14.7Hz. For the air 
content of 0.042, the regions with the value of gas volume fraction close to 1 are reduced and the region 
with moderate gas volume fraction is larger. The shape of the clouds is more stable. The changes are 
observed in the trailing edge region. The frequency is reduced to the value of 9Hz. 

One period of cloud changes recorded at the test rig is depicted in Figure 4d. Details of the experiment 
and data of the measuring system can be found in the works [16,17]. The colour inverse is applied to 
better visualise the cloud structures. The air content in the air in the open-loop installation was estimated 
at 0.014. The recorded structures are larger and much finer. The pictures reveal the moment when the 
cloud close to the hydrofoil wall is significantly reduced which is similar to the numerical computations 
with the air content of 0.016 and less. 

Making the comparison, it has to be underlined that the simulations concerned flow in the thin layer, 
thus cavitation structures are quasi-2D. In the pictures from the experiment, multiple layers in the 
spanwise direction are visible simultaneously (the length of the hydrofoil was 70mm), and it was not 
possible to extract only one from them. The frequency of cloud formation observed in the experiment 
was 16.7Hz which corresponds to the values obtained in computations for both 2phases and 3phases 
models with an air content of 0.016. 

Table 1: The frequencies of lift coefficient for the different volume fraction of air calculated with 
different models 

Air volume fraction 2phases model 3phases model Singhal et al model 

0.004 22 Hz 18.6 Hz 27 Hz 

0.016 14.7 Hz 14.4 Hz 0 Hz 

0.042 9 Hz 8.9 Hz 0 Hz (195Hz) 

Table 2: The time-averaged values of lift and drag coefficient for the different volume fraction of air 
calculated with different models 

 2phases model 3phases model Singhal et al model 

Air volume fraction Lift coef. Drag coef. Lift coef. Drag coef. Lift coef. Drag coef. 

0.004 0.58 0.11 0.56 0.11 0.52 0.11 

0.016 0.59 0.12 0.59 0.11 0.53 0.10 

0.042 0.63 0.13 0.66 0.14 0.59 0.14 

Figure 5 presents results obtained for the 3phases model in the same way as it was for the 2phases model. 
Generally, the shapes of the clouds of the gaseous phase in all cases are similar to the shapes depicted 
for the 2phases model. The frequencies of lift coefficient fluctuations summarized in Table 1 are very 
close to the 2phases model except for the case with the low air content. In this case, the frequency is 
lower by 15% and amounts to 18.6Hz.  

The values of time-averaged lift and drag coefficients obtained from analysed models are summarised 
in Table 2. The same tendency is observed for all models that with an increase of air content the lift 
coefficient also increases. The value of the lift coefficients for the Singhal et al. model is lower than 
calculated with other models. The drag coefficient is similar in all cases. The values of lift coefficients 
obtained with 2phases model and 3phases model are close to each other. 

Table 3 summarised results presented in the literature and obtained experimentally for the Clark Y 
hydrofoil. The values of the drag coefficient and lift coefficient are obtained for the cavitation numbers 
in the range of 𝜎 = 0.76-0.8. The values of lift coefficient are in the range of 0.55-0.7 but the value close 
to 0.7 occurs more often. The amount of air in the water is unknown. Assuming that the air content is 
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close to the content in natural conditions the computed results for the case with the air volume fraction 
can be compared with those experimental results. The results for the 2phases and 3phases models are in 
the range of experimental data. The results of the drag coefficient are at the edge of the range registered 
in experiments. 

Table 3: The experimental, time-averaged values of lift and drag coefficients (natural cavitation) 

Source Lift coefficient Drag coefficient 

Kyushu University[18] 0.55 0.05 ( 0.02) 

Tohoku University [18] 0.7 0.11 

[19] 0.6 0.055 

[20] 0.69 0.11 

[21] 0.7 0.09 

The experimentally determined values of the drag and lift coefficients, presented in Table 3, relate to 
cases for which the cavitation number 𝜎 was in the range of 0.76-0.8. 

5 Conclusions 

Cavitating flow around a Clark Y 11.7% hydrofoil is analysed numerically to study the ability of models 
to include the presence of air in the water flow and to understand the influence of air on the cavitation 
performance of hydrofoil. 

The structures of cavitating flow obtained from RANS calculations are less extensive and, when 
compared with structures recorded with a camera, are strongly averaged. The application of the RANS 
model for calculations with a two-equation turbulence model does not provide the possibility of 
obtaining an image of small vortex structures. Also, the mixture model for two-phase flow does not 
allow  determining the image of real fine dispersion structures. Nevertheless, several global parameters 
of the phenomenon of cavitation can be tracked and analyzed using such models. It should be 
emphasized that due to the significant dynamics of flow parameters, simulations of cavitation flow are 
a computational challenge. The simulation process and its control has to be adapted to each calculation 
case. The simulation results obtained using various models allow stating that Singhal et al. model does 
not reflect the dynamics of cavitation flow with higher air contents. 2phases and 3phases models are 
more suitable for multiphase flow simulations with higher values of air content in water. The dynamics 
of the calculated cloud structures for both models are similar and close to the value obtained from the 
image analysis recorded in the experiment. The time-averaged values of both the lift coefficient and 
drag coefficient are similar to the corresponding values obtained in the experiments. The more detailed 
validation of the models with data collected on the test rig is planned in the next step of the research. 

Nomenclature 

C coefficient, 
𝑓 mass fraction, -, 
u  velocity, m/s; 
p static pressure, Pa, 
t  time, s 
ρ  mixture density, kg/m3 
  effective viscosity of the mixture, Pa s, 
α volume fraction, - 
σ cavitation number 𝜎 =

.
,- 

Γ mass transfer source term, kg/(m3·s), 
k  turbulence kinetic energy, m2/s2, 
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Indices: 
c condensation 
g gas (vapour and non-condensable gas), - 
l liquid 
ng non-condensable gas (air), - 
sat saturation conditions 
s corrected saturation 
v vapour, evaporation 
∞ free stream 
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Abstract 

The paper describes a part of a comprehensive research on the flow boiling in a model heat exchanger 
with implemented minigeometries. Heat transfer during phase transitions in minigeometries has been 
of greater interest to researchers for a long time, but it focused mainly on mini-channels and 
minichannel multiports, much less work concerned minigap geometry. Meanwhile, this geometry 
presents several advantages - it is technically easier to perform, it is less susceptible to contamination 
of the working medium, it is easier to implement an intensification of heat transfer using simple 
passive methods. The authors investigated a model minigap heat exchanger composed of a single plate 
with a heat exchange surface of 0.1 m x 0.2 m, made of brass. The working fluid was pure ethanol. 
Between the plate and the cover of the exchanger, a 0.5 mm and 1.0 mm thick minigaps were 
arranged. Minigap 0.5 mm has been compared with an equivalent minichannel structure (a set of 50 
parallel minichannels) with an equal cross-sectional area (rectangular 1 mm x 1 mm), to provide a 
broader reference to the literature and to achieve complementarity with other research conducted in the 
depatment so far. The inlet and outlet manifolds are arranged as trapezoidal (Z-type design). The 
section cover was made transparent in order to make simultaneous registration of flow structures along 
with the measurements. In the described research concept, it can be considered particularly effective 
due to flat, two-dimensional configuration of flow. The visualizations were thoroughly analysed in 
order to better understanding of the boiling process and mean of dividing the working fluid (flow 
maldistribution). The model exchanger was tested in two configurations: in a pump forced circuit to 
ensure a full range of system operation parameters and in the circuit of the reversed thermosiphon 
where it served as an evaporator, in terms of possible application in solar technology. The results of 
heat transfer, pressure drop and flow maldistribution were discussed in several author's publications. 
This work is focused on visual material and  the registered flow boiling structures. 

1 Introduction 

Systematic departure from traditional non-renevable energy sources towards renewable energy and 
ORC cogeneration introduces many new tasks for researchers and constructors. First of all, if the 
usage of such solutions in households is to be common, it must be cheap, reliable and - as far as 
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possible - maintenance-free. Low price and reliability can be achieved simultaneously through the 
simplicity of construction, minimization of moving parts and with the use of simple physical 
phenomena. Therefore,  the interest in thermosiphon circuits (working gravitationally) returns. It was 
used in heating before being replaced by pumping circuits. but it was a simple issue of heat 
transporting from the bottom to top. The popularity of solar installations results in the need to 
transport heat in the opposite way, from top to bottom. The so-called reversed, more complicated 
thermosiphons are used here. Within this group of thermosiphons, many solutions have been 
developed that differ in the complexity of construction and mean of operation. An inverted 
thermosiphon with a steam liquid lifter was selected as the model cycle for the presented research. It 
works with the single working medium, so it's relatively simple. It also have structurally and 
operationally transparent layout, as well as highly tolerance for statement of components dimensions 
and proportions. Its operation is based on the steam generation in the evaporator what causes the liquid 
portion to be forced into the separator, located at the highest point of the circuit. From there, the liquid 
and the condensable vapour gravitationally flow down to the condenser, where the heat is given off. 
The key to getting the system working is therefore the vapour generation, which ensures the transport 
of the refrigerant. 

The authors implemented a minigap heat exchanger for this purpose. In general, two-phase flow in 
minigeometries is known as highly efficient method of heat transfer. Currently, it attracts a lot of 
interest from researchers due to the growing need for the removal of large amounts of heat along with 
the simultaneous miniaturization of systems. The essential cause have been the digitization and the 
rapid development of microelectronics for its needs, what began at the end of the 20th century. In a 
short time, the scale of integration of e.g. microprocessors and their operating frequencies increased by 
several orders of magnitude, while the available heat exchange surfaces even decreased. Compactness 
is also an important priority in today heating and cooling systems. 

The aim of the research was to identify the specificity of the boiling process in minigaps and the 
specificity of the work of the selected thermosiphon cycle design. In this way, dependencies between 
the issues so far studied separately, were sought. Such a connection is hard to find in the literature at 
the moment. There are, however, interesting works on minigaps (also on minichannels, allowing for 
universal conclusions) and reversed thermosiphons which gives a good starting point for new research. 

Klugmann et al. (2020) shown the results of experimental investigations of a model brass plate heat 
exchanger, composed of a single module with a heat exchange surface of 0.1 m x 0.2 m in a circuit 
forced by pump. The working fluid is pure ethanol. Minigaps of 0.5 mm and 1.0 mm thickness are 
considered. Minigap 0.5 mm has been compared with an equivalent minichannels structure (of a set of 
50 parallel minichannels) with an equal cross-section area (rectangular 1 mm x 1 mm). The flow 
configuration of the exchanger was countercurrent, with the vertical flow of ethanol from the bottom 
to top. The inlet and outlet manifolds are arranged as trapezoidal (Z-type design). Authors have 
analysed the efficiency of heat transport and pressure drop depending on the system operation 
parameters. 

Klugmann et al. (2019) Presented the results of experimental investigations of a model of the heat 
exchanger featuring the minigap used as an evaporator in reversed thermosiphon circuit. The minigaps 
of 1 mm, 2 mm and 3 mm  and two fluids, namely distilled water and ethanol have been tested in the 
facility. Two-phase flow structures for both working fluids and various operational parameters, and 
some visualization material were presented. The specifics of pressure changes and its influence on 
operating parameters and flow structure were discussed. 

Alam et al. (2013) conducted comparative studies of heat transfer and pressure drop in minigap and 
minichannel exchangers. The working medium was water with an inlet temperature of 85 °C and a 
variable mass flow rate of 400 ÷ 1000 kg/m2s (heat flux density 0÷85 W/cm2). The flow was 
visualized with a high-speed camera to compare the bubble characteristics in both channels. The test 
results show that the minigap heat exchanger is more effective for high heat fluxes and low flow rates. 
For all heat flux density values, the flow resistance is bigger in the case of minichannels. Moreover, 
the minigap geometry appears to be promising in terms of limiting the occurrence of local hot spots, 
reducing flow instability and backflow and ensuring a more even distribution of wall temperature over 
the heated surface. 
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Alam et al. (2012) investigated the effect of the minigap width (in the range of 80÷1000 µm) on the 
heat transfer efficiency and pressure drop for water. The test results show that the limitation of boiling 
flow occurs for mini-cavities with a width >500 µm, and then the churn and ring structures dominate. 
Physically, the restriction does not exist for widths <700 µm and the bubble flow dominates then. 
Below 100 µm, the minigap is ineffective due to the very early partial drying of the liquid film on the 
wall (dryout). Pressure drop and pressure fluctuations decrease with increasing width of the minigap, 
while temperature and fluctuations increase with width. A strong relationship between the heat transfer 
coefficient and the width of the minigap was observed for widths of 500 µm and smaller. 

It also can be find some papers describing specific cases of minichannels, the conclusions of which 
could be applied to minigaps: 

Piasecka et al. (2004–2014), in numerous works described the minichannel heated asymmetrically 
with the use of heating foil. The authors showed that the use of a developed surface causes the boiling 
to start at about 30% lower heat flux densities in comparison to the smooth surface. A further 
consequence is the reduction of surface overheating. The influence of surface development on the 
increase of the heat transfer coefficient is from several to several dozen percent, depending on the 
surface area used and thermal / flow conditions. 

Piasecka (2014) in her monograph made a broad comparison of her own results with the data selected 
from the literature, and also used the correlations of other researchers describing the heat transfer 
during boiling to describe her own data. The author showed that the correlations that can be used for 
the vertical (90° position) and horizontal (0° position) channels with the error limit (± 35%) are the 
correlations of Shah, Kandlikar and Steinke, Mikielewicz and others, and Dutkowski. For the 
horizontal channel, good agreement with the experimental data (26%) was obtained using the Cooper 
Correlation, which is essentially intended for the boiling in large volumes. It should be emphasized 
that the experimental data concerned channels with a developed surface while the available 
correlations concern rather the smooth surface. So, the universal equation of correlation should be 
enriched with parameters of surface development and channel position. 

Bai et al. (2013) presented the results of a study on ethanol flow boiling through three parallel 
microchannels of 540 µm diameter, with a porous coating obtained by sintering. An intensification of 
heat exchange in the channel with a porous covering was observed, depending on the pore size. The 
intensification effect decreased as the vapour quality increased. 

Morshed et al. (2012) studied flow through a 0.36mm x 5mm x 26mm channel with a hydraulic 
diameter of 672 µm, covered with a copper "nanoskeleton". The channel was heated asymmetrically 
(lower surface). The intensification of heat transfer was found: up to 25% in the area of single-phase 
convection, up to 56% in the boiling area, and increasing the pressure drop to 20% in both areas. 

Sun et al. (2011) investigated the effect of porous (baked) microplates on the intensification of heat 
transfer in rectangular cannels with hydraulic diameters of 0.49mm, 0.93mm and 1.26mm, the bottom 
wall of which was a developed surface. A significant increase in heat transfer coefficients was found 
in relation to the smooth surface. The influence of channel sizes was described, noting that its 
reduction leads to a reduction in the value of the critical heat flux. In other studies carried out for 
horizontal rectangular channels with a hydraulic diameter of 2.27mm and for water, Sun et al. (2011) 
found that the use of baked coatings causes a 2.7x increase in the heat transfer coefficient in the area 
of supercooled boiling and 3x increase in the area of saturated boiling. 

Wang and Peterson (2010) used fine metal porous grids on the one of the walls of four parallel 
microchannels, 510µm deep and 57.1mm long and for the HFE7000. Lower overheating of the heating 
surface was observed for the intensification case, compared to smooth channels, at a significantly 
lower temperature of the heating surface. The authors suggested that the use of a porous mesh enlarges 
the vapour bubbles and increases their number. There was no change in the pressure drop value during 
the flow. 
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2 Experimental facilities 

The presented thermosiphon system (Fig. 1) has an evaporator located 1.35 m above the condenser. 
The evaporator (4) is the main, removable test section. It is designed as a single plate with a heat 
exchange surface of 0.1 m x 0.2 m, made of brass. A 1 mm-, 2 mm- or 3 mm-thick minigap have been 
arranged beyond of it. The cover is transparent in order to make simultaneous registration of flow 
structures along with measurement. The flow configuration of the exchanger is co-current, with the 
vertical flow from the top to bottom. The inlet and outlet manifolds are arranged in Z-type design and 
equipped with temperature and pressure meters. 

 

 
Figure 1: Scheme, model and photo of thermosiphon experimental rig: 1 – cold (inlet) liquid pipeline, 2 – hot 

(outlet) liquid pipeline, 3 – hot (outlet) vapor pipeline, 4 – minigap evaporator, 5 – liquid-vapor separator, 6 – 
condenser, 7 – inlet ultrasonic flowmeter for cold liquid pipeline, 8 – outlet ultrasonic flowmeter for hot liquid 

pipeline, 9 – display, T - thermocouple, P – pressure transmitter 

The heat to the evaporator is supplied using a water circuit, where the temperature and flow of the 
water can by regulated in the thermostat. The assumption is to obtain the boiling structures in the 
minigap which can push the liquid upward into the separator (5) located above the evaporator. It is a 
liquid transport mechanism similar to those found in the airlift (mammoth) pump. In the separator, a 
liquid part of the test fluid flows to the condenser through a pipeline (2) in the bottom of the separator, 
while the vapour part goes to the pipeline (3) at the top of the separator and further goes to the 
condenser through the second tube. 

The pumped system (Fig.2) is a closed loop where the motion of the test fluid is forced by a pump. 
The evaporator is a plate heat exchanger, the same as in the previously described thermosiphon loop. 
On the test side it is configured as a minigap or a set of 50 minichannels with inlet and outlet 
manifolds in trapezoidal design, the so called Z-type. The heat is supplied by a water circulation 
configured in countercurrent. The condenser is a shell-and-tube water cooled heat exchanger.  
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Figure 2: Scheme and photo of pumped circuit experimental rig: A – evaporator, B – condenser (long 
tube), C – heating constant temperature water tank, D – cooling constant temperature water tank, E – 

working fluid reservoir 

Mass flow rate of the tested fluid is measured using a Coriolis flowmeter Sitrans FC mass 2100 Di 1.5. 
The inlet and outlet temperatures of evaporator and condenser are measured using T-type 
thermocouples, and additionally 12 temperatures of the exchanger wall are recorded. Inlet and outlet 
pressures of the evaporator are measured using a high precision KELLER PAA/33X transmitters. At 
the same time, the boiling structures are registered with fast shutter speed camera through the 
transparent evaporator wall. 

3 Results 

Figure 3 shows the operation of a steam liquid lifter. It is a set of two elements: an evaporator and a 
separator. As an evaporator serves the previously described minigap exchanger. This set is filled with 
a working fluid to above 30cm beyond evaporator outlet. The liquid partially fills the tube entering the 
separator. The liquid of temperature below the saturation is fed to the evaporator from the bottom. 
Taking heat from the wall of the minigap the working fluid reaches a boiling state. Boiling structures 
are formed that flow to the top of the evaporator and, further, into the separator tube. Occupying more 
volume, the vapour phase bubbles push an adequate portion of the liquid out of the separator tube. The 
pushed out liquid flows to the bottom of the separator and from there, by gravity, it goes down to the 
condenser. The steam escapes through the second pipeline and also goes down, condensing along the 
way and mixing with the liquid in the condenser. Then the cycle repeats. 

This means that the operation of the thermosiphon is cyclical by definition. Work cycles in time for 
two heat flux densities are shown in Fig. 4. 
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Figure 3: The operation of a steam liquid lifter 

 

 
Figure 4: Pulsating nature of the system operation; left - mass flowrate: blue – at evaporator input, 
red – at separator output (liquid pipeline); right - temperatures on separator’s outputs: blue – liquid 

pipeline, red – vapour pipeline 

 

For further described analysis one set of constant working conditions have been chosen: 

- ethanol under atmospheric pressure, 

- temperature on exchanger's inlet = 20 ⁰C, 

- channel wall temperature = 90 ⁰C (heat flux density ~ 14 kW/m2). 

Variable conditions were: mass flux and channel geometry. 

Fig. 5, left, shows a typical pattern of boiling development in a 0.5mm minigap and the change in 
boiling structures from early bubbly flow structure to churn structure. This situation is compared to the 
50 minichannels multiport. 

A line of transition from the bubbly structure to the beginning of the slug structure can be clearly 
identified. With the same parameters, the transition takes place at the same - on average - distance 
from the collector. Then the slugs become bigger. In the case of a minigap, they can take different 
shapes, expanding in two dimensions. In the minichannel multiport, the growth of slugs is practically 
one-dimensional and only their length increases. This can happen in two directions, including 
downward direction, whereby the elongating bubbles can cause backflow in the individual channels. 
Combined with the maldistribution phenomenon, this leads to a very complex flow situation in the 
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minichannel multiport. It can be seen that the transition to the slug structure is not as linear across the 
width of the sections as in the case of the minigap. 

 

 
Figure 5: The development of flow boiling in 0.5mm minigap (left) and 1x1mm minichannel multiport 

of 50 parallel channels (right); the white line shows the place of transition from the bubbly to slug 
structure 

The great advantage of minigap, namely ease of observation of the boiling structures can be seen here. 
It is possible along the entire length simultaneously. To see what exactly is happening in such thin 
minichannels, using a close-up is needed. In order to illustrate the development of the boiling, the inlet 
and outlet of the sections were compared for three different mass flow rates in minichannel multiport. 

For the relatively high mass flow rate of 3.3 g/s (Fig. 6) a subcooled boiling can be seen at the inlet of 
the section. The bubbles are small, located near the channel walls, and does not fill full width of the 
channels. At the outlet, the fully saturated bubbly flow occurs and the first vapour slugs are being 
formed. Under these conditions, the backflows didn’t occurred yet. 

 

 
Figure 6: The change of flow boiling structures between section inlet and outlet                                    

for a mass flow rate 3.3 g/s 

At the mass flow rate of 1.9 g/s (Fig. 7), a full developed bubbly structure along with small vapour 
slugs are visible already at the inlet. At the outlet the situation is the opposite - very long channel parts 
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filled with vapour dominate (covering the entire visible length of the channels), while the liquid phase 
takes the form of "liquid slugs". 
 

 
Figure 7: The change of flow boiling structures between section inlet and outlet                                    

for a mass flow rate 1.9 g/s 

For a mass flow rate of 0.5 g/s (Fig. 8), in practice, the entire outlet section of the section is filled with 
the vapour phase. In the lower part, you can see both the vapour-filled channels, as well as those with 
a visible bubble and slug structure, as in the previous cases. Such a large share of steam is the result of 
not only the development of the boiling at the inlet, but the growth of the steam bubbles towards the 
bottom of the section (backflow). 
 

 
Figure 8: The change of flow boiling structures between section inlet and outlet                                    

for a mass flow rate 0.5 g/s 

The flow boiling development, taking into account the situation at the outlet of the multiport of 50 
minichannels, 1x1 mm, looks as follows: 

For the mass flow rate of 4.6 g/s, its visible a predominance of liquid in the flow. The only present 
structure is a bubbly flow. Reduction the flow rate by 30% (to 3.3 g/s) significantly increases the 
proportion of the vapour phase. The longer vapour structures (slugs) are being formed next to the 
bubbles. For a mass flow rate of 2.6 g/s, the slugs becomes dominant. For a mass flow rate of 1.2 g/s, 
the vapour (the lighter parts on Fig. 9) fills most of the length of the channels, while the "slugs" of the 
liquid flow locally (darker parts). Also the churn structure is visible in some locations, but on a very 
small scale. For a mass flow rate of 0.5 g/s, the situation is similar, with a greater proportion of 
vapour. The churn structure is present, but still not overwhelmingly involved. 
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Figure 9: Indication of places of the churn flow occurrence for mass flow rates 1.2 and 0.5 g/s 

Comparing the inlet of the minigap and minichannel multiport for a mass flow rate of 0.5 g/s (Fig. 10) 
clearly shows that not only the backflow can be the cause of completely vapour-filled channels already 
at the inlet. In the minigap a dry-out is visible already at the inlet. Analyzing towards the process steps 
clearly shows that the flow from the collector to the minigap and to the minichannel is of exactly the 
same nature. It can therefore be assumed that a similar dry-out must occur at the inlet of the 
minichannel section. 
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Figure 10: Three stages of liquid inflow to minigap and minichannel; time interval is 0.2s;                

mass flowrate = 0.5 g/s; brighter areas in minigap = dry-out areas 

4 Conclusions 

 In the multiport of 50 parallel minichannels, the bubbly flow and slug flow are dominant for 
the entire range of mass flow rates. 

 For high vapour qualities, a churn structure appears locally, but it does not become dominant, 
even near the dry-out range. 

 The growth of bubbles/slugs in the channels during the flow causes the backflows. This effect 
increases with decreasing mass flowrate. This significantly disturbs the uniformity of the 
medium distribution between the channels, intensifying the maldistribution effect. 

 The distribution of the working medium between the inlet and outlet manifolds and the 
minigap or multiport spaces is in fact the same for the same cross-section of both geometries. 
It can be said that the structures which are visible in the minigap are "shredded" in the vertical 
direction by the walls separating the multiport channels. It also means that a similar dry-out 
range should be expected in both geometries. 
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Abstract 
A dynamic development of technologies allowing waste heat utilization is observed in a 
correspondence with a pro-ecological approach of the zero waste idea. Such approach becomes the 
most demanding in the area of low-temperature was heat sources, especially gaseous media. Till now, 
they were usually not utilized due to unfavorable thermal conditions and high costs. Therefore, the 
zero waste approach directs research on techniques for heat exchange intensification and increasing 
heat transfer coefficients. In many cases, it is connected with the compact heat exchangers oriented on 
the low-temperature heat recovery from gaseous sources. Passive intensification methods, 
characterized by low energy consumption are primarily desirable. The shell-and-tube heat exchanger is 
a type of commonly applied unit in various industry branches, that is why it is considered as the most 
suitable for improvements. The passive techniques, implemented in it, are very often connected with 
various types of inserts in the bundle of tubes, which intensify the heat exchange process on the gas 
side and are a relatively simple modification even of existing heat exchangers. The inserts are of 
various shapes, optimized toward particular applications and sometimes combined with other 
techniques. Following the pro-ecological approach, the authors proposed an innovative shell-and-tube 
heat exchanger a new type of inserts, designed to transfer high heat fluxes. Proposed construction 
based on the previous experiences with the impinging jets technology, which confirmed its validity in 
the cylindrical heat exchangers. Novelty of the tube inserts relies on generation of jets impinging on 
the heat exchange surface. To enhance a compactness of the heat exchanger, the minichannels 
technology was also implemented - the inlet diameter of single perforated tube is 2 mm. In this paper 
the construction and principles of operation of described shell-and-tube heat exchanger were 
discussed. The experimental stand and investigations of heat exchanger thermal performance in a 
single-phase convection in the gas-liquid system were presented. Analysis of obtained data provides 
the basis for further development of a correlation describing the Nusselt number for shell-and-tube 
heat exchangers with impinging jet technique. 
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1 Introduction 

Nowadays, the zero-waste approach is influencing every area of life and industry. According to it, all 
waste resources should be maximally utilized. In the case of energy production, this involves the 
dynamic development and improvement of technologies for efficient waste heat management, 
especially the low-temperature ones that have been neglected so far, but can be effectively used in 
distributed energy systems. The growing interest in these technologies implies numerous studies and 
works on high-efficiency, small-scale energy systems – for example, ORC (Organic Rankine Cycle) 
technology. This is associated with a need to adapt the devices operated in such systems to a small 
scale of energy production and, moreover, to increase their efficiency. The heat exchangers dedicated 
to the low temperature media, are required to transport high values of heat flux. All techniques of heat 
transfer intensification in the heat exchangers can be grouped into active, passive and combined ones. 
Because the active methods base on an additional energy supply, the passive techniques, which do not 
require external sources of mechanical or electrical energy, are more eligible. They mainly focus on 
developing heat transfer surfaces, changing the flow geometry or using various fluid additives. The 
most popular methods are: surfaces with increased roughness, ribs, additives in the form of liquid 
droplets or solid particles (for gases) and aluminum or copper particles (nanofluids), mini- and micro-
channels, impinging jets, turbulizing elements. 

Popularity of the shell-and-tube heat exchanger construction, possessing numerous advantages like 
simplicity, versatility and relatively low price, is proved by its common application in various industry 
branches. Therefore, such construction is the best model for improvement of heat transfer processes, 
especially oriented on increasing of the heat transfer coefficient. It becomes important to adapt it to 
heat recovery from low-temperature gas sources. In the gas-liquid systems, the low-temperature 
gaseous heating medium flows in the bundle of tubes, while the heated medium (water/low 
temperature boiling medium) in the shell side. In such systems, in order to increase the overall heat 
transfer coefficient, the heat transfer coefficient on the gas side, should be increased, because it is 
usually characterized by lower values than on the liquid side. Due to these aspects, various types of 
turbulizing inserts, located in a bundle of tubes, are gaining popularity in the shell-and-tube heat 
exchangers, favorably affecting the heat transfer coefficients on the gas side. Moreover, at the same 
time, they should be easy to install with an emphasis on their installation in the existing heat 
exchangers. 

Current research confirms obtaining increased heat fluxes by an usage of the inserts for both gaseous 
and liquid media, and indicates a significant influence of the geometry on the thermal performance 
parameters. Bhuiya et al. [1] investigated impact of perforated triple twisted tape inserts with various 
porosities on the heat transfer coefficient enhancement and compared the results with plain tube. Air 
was a tested medium. Depending on the porosity, there was significant increase in the Nusselt number 
in comparison with the tube without insert. The friction factor of the tube with inserts more than 100% 
higher than of the smooth tube. For all tested cases, thermal enhancement efficiency was higher than 1, 
which shows an inevitability of utilization of this type of inserts despite increased friction. He et al. [2] 
conducted research on cross hollow twisted tape inserts of various hollow widths, with air as a 
working fluid. The Nusselt number values of the tube fitted with cross hollow twisted tape inserts 
were about 100% higher than those of the plain tube. Also, it was proven that the hollow part can 
reduce the additional pressure drop caused by the presence of the inserts. Sarviya et al. [3] tested 
continuous rectangular cut edges twisted tapes with various twist ratio values. Experimental 
investigation showed, that new twisted tape not only increased heat transfer rate in comparison to plain 
tube, but also in comparison to conventional twisted tapes (about 1.5 time), showing the role of further 
research on improving existing turbulent inserts. Yaningsih et al. [4] investigated the louvered strip 
insert and effect of its slant angle on the heat transfer and friction factor. Provided experimental data 
exhibited that the louvered strip insert increased the Nusselt number value about 77% for the highest 
slant angle (25o), compared to the plain tube. Thermal enhancement factor (TEF), defined as Nusselt 
number ratio to the friction factor ratio at the same pumping power, varied in the range of 1.00–1.12. 
Kumar et al. [5] studied an effect of the circular perforated ring inserts with different parameters, i.e. 
perforation index (PI, the perforated area of insert to the total area of insert) and diameter ratio (DR, 
diameter of the insert to the tube diameter ratio) values. During experiment, with air as a working 
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fluid, 4 times improvement in the value of heat transfer for PI=8% and DR=0.6 was obtained in 
comparison to the heat exchanger without inserts. Also, TPF was 1.47 times higher than in the plain 
tube for PI=24% and DR=0.8. A novel type of perforated vortex generators was examined by Chamoli 
et al. [6]. Different perforation index (PI) and relative pitch length (RPL) values were experimentally 
tested to select the best geometry. The study showed that heat transfer and pressure drop increased 
with decreasing PI and RPL values, while TEF increased as PI increases. Their broad research also 
proved that there is a trend, that all inserts increase TEF with decreasing value of Reynolds number. 
The same phenomenon was observed by Promvonge [7], who conducted research on coiled square 
wires inserted in the tube. Coiled circular wire and smooth tube were experimentally tested as well. 
Studies showed that for identical conditions, coiled circular wire ensured higher heat transfer than the 
circular one, and also, the Nusselt number enhancement was decreasing with the higher Reynolds 
number values.  

Singh et al. [8] studied an improvement of the heat transfer in a tube fitted with the perforated hollow 
circular cylinder inserts (PHHC), with air as a medium. The insert consisted of several cylinders made 
of iron sheet, connected by the rod, with the distance between cylinders. In the experiment, various 
values of PI and DR were examined. Data presented in this research showed the Nusselt number 
augmentation with an increase of DR and its decrease with increasing PI values. For all geometries of 
inserts, there was a significant increase TEF values. This geometry was also investigated numerically 
by Nakhchi et al. [9], but with a water as a medium. Numerical simulation agreed with the 
experimental reports on the optimal DR. 

The above studies proved the conclusion that the location of additional elements (inserts) in the bundle 
of tubes, despite an increased value of the friction factor, allowed an increase in the heat transfer 
coefficients. However, most of the researches have been carried out on a single tube, in addition using 
only one medium. It is important to examine a new type of inserts in more complex geometries under 
the conditions of heat transfer between two fluids. That was emphasized by Marzouk et al. [10], who 
tested the performance of inserts in the case of multi-tube heat exchanger. They experimentally 
investigated the wired nails inserted in the shell-and-tube heat exchanger and tested various 
configurations of inserts, placing them in all or only in selected tubes in the bundle. The water-water 
heat exchanger was examined. Very promising results were obtained - all possible configurations 
showed an increase in the thermal parameters in relation to the heat exchanger with plain tubes. 
Overall heat transfer coefficient was higher by up to 280% over a conventional shell-and-tube heat 
exchanger. Effectiveness of heat exchanger, defined as the actual heat rate transferred to the maximum 
possible heat transfer rate ratio, was also increased by almost 224%. Despite an increased pressure 
drops, configuration containing the inserts in all tubes in the bundle was recommended by the authors. 
However, because described tests were carried out using water as the heating and heated fluid, further 
research is needed on the gas-liquid systems. 

2 Heat transfer intensification by impinging jets technique 

Generated impinging jets in the cylindrical heat exchangers through the perforated partitions inside the 
pipe, which were previously studied by one of the authors using its own patent [11], perfectly fits an 
idea of turbulizing inserts for shell-and-tube heat exchangers. Similar to works by Singh et al. [8] and 
Nakhchi et al. [9], the effectiveness of such inserts was proven, except that the inserts proposed by 
them were made of intermittent, wire-connected segments, and inserts considered by the authors were 
made of one solid part of pipe. 

Wajs et al. [12] presented thermal and hydraulic performance of minijet heat exchanger in single-
phase convection conditions in a gas-liquid (air-water) system. A simple double pipe heat exchanger 
was considered, in which impinging jets were generated by perforated partitions, located on both, 
heating and heated sides. The results were compared with a reference heat exchanger with the same 
heat exchange surface, inlet and outlet diameters and overall length. Various number of holes 
generating jets and various temperature values of hot medium (air) were examined. The advisability of 
minijet heat exchangers has been proven, obtaining twice higher values of Nusselt number in 
comparison with the reference heat exchanger [12]. The highest increase in heat flux was obtained for 
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the lowest examined temperature on the hot side, thus confirming the rightness of using the impinging 
jets technique for a low-temperature media. As usual with heat exchangers with turbulizing inserts, 
there were higher hydraulic resistances for minijet heat exchangers - five times on the cold side and 
twice on the hot side, however, the efficiency index values for heat transfer intensification in the 
examined minijet heat exchangers were greater than one. It proves the compensation of increased 
energy expenditure by high heat fluxes and higher heat transfer coefficients [12]. 

This type of heat exchanger has also been tested in comparison with a plate heat exchanger [13]. The 
heat exchangers were tested on the same measuring stand and thermal-hydraulic conditions. A 
quintuple increase in the transferred heat flux values at the same hot medium flow rate values was 
observed for the microjet heat exchanger compared to the plate heat exchanger. The pressure drop 
values were higher in the plate heat exchanger: two times on the cold side and four times on the hot 
side [13]. These results proved that cylindrical heat exchangers with perforated partitions can be an 
attractive alternative to plate heat exchangers. 

Because the effectiveness of inserts combined with the impinging jets technique over plain tube has 
been previously confirmed, the presented study provides information on inserts’ thermal performance 
in the multi-tube heat exchanger. In such case there are relatively few reports on this subject in the 
literature. Moreover, the patented construction of shell-and-tube heat exchanger with minijets was 
used in the research [14]. The results of tests in the gas-liquid system were discussed, where air was 
selected as the hot medium and the water as the cold one. Thermal characteristics were studied at two 
temperature values of hot medium at various mass fluxes values for hot and cold media. The Nusselt 
number was determined as a measure of heat transfer enhancement. Its value increased with increasing 
values of analyzed parameters. 

3 Minijets shell-and-tube heat exchanger 

Considered heat exchanger was classified as minichannel, in the basis of terminology used in literature 
of the subject. According to the classification proposed by Kandlikar et al. [15], conventional channels 
have hydraulic diameter bigger than 3 mm and term ,,minichannels” refers to the channels with 
hydraulic diameter between 3 mm and 200 µm. Presented heat exchanger has hydraulic diameters 
within the second range, thus it was decided to use nomenclature ,,minijets shell-and-tube heat 
exchanger”. 

Minijet shell-and-tube heat exchanger (MJSTHE) is made of stainless steel and is dedicated to 
operation in a liquid-gas system. The cold medium (water) flows through the shell side, while the hot 
medium (air) flows in the bundle of tubes, in which the turbulizing inserts are placed. On the shell 
side, 9 baffles were used, extending the contact of water with the heat exchange surface. The 3D 
model, presenting the heat exchanger design, is shown in Figure 1. 

a)          b) 

 

Figure 1: Axonometric views of MJSTHE: 
a) view from the inlet; b) view of outlet section of the tubes bundle 

 

MJSTHE consists of 26 tubes in a bundle, with an internal diameter of 6 mm and a wall thickness of 1 
mm and length of 310 mm, placed in a pipe (shell) with an internal diameter of 69.8 mm and a wall 
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thickness of 3.2 mm. The turbulizing inserts are in the form of a perforated tube with an inflow 
diameter of 2 mm and a wall thickness of 1 mm, with a length of 310 mm, placed inside the tubes in a 
bundle. Total heat exchanging surface is 0.152 m2. The holes generating impinging jets have a 
diameter of 1.3 mm and are arranged in an inverted pattern, along the entire length, 4 holes on the 
perimeter. Each pipe is sealed at the end to force the flow of medium (gas) through the jet-generating 
holes. In total, 202 holes are made in each insert. The total length of the heat exchanger is 396 mm. 
Figure 2a shows an internal structure of heat exchanger, while Figure 2b exhibits the dimensions and 
geometry of the holes in the perforated tube. 

a) 

b)

 

Figure 2:  a) View of the tubes bundle and baffles of MJSTHE; b) dimensions and geometry of holes in 
the perforated tubes, units in [mm] 

4 Experimental setup 

The purpose of experimental research was to examine the thermal characteristics of the novel heat 
exchanger in single-phase convection conditions. Initial tests were carried out at the laboratory stand 
located at the Department of Energy and Industrial Apparatus at Gdansk University of Technology. 
Scheme of measuring stand with marked temperature and pressure measurement points is presented in 
Figure 3. The stand allows to examine the heat exchanger in the air-water system at given input 
parameters of both media. 

The cold medium (water), through the main valve (1) is entering the system, then after cleaning in a 
fabric filter (2), is directed through a mass flow meter (3) and needle valve (4) to the water heater (5), 
controlled by the autotransformer (6), and then to the heat exchanger (7). Air is supplied to the heat 
exchanger by a compressor (10), and volumetric flow rate of gas is measured by a rotameter (9). The 
air is heated to the required temperature in two-sections air heater (8) and then directed to the tested 
heat exchanger (7). Pre-heating of the water and air to required temperatures allows obtaining a steady 
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state, independent of temperature fluctuations of tap water and ambient air. Air temperature is 
recorded using the T-type thermocouples. Signal from the thermocouples is recorded by a data 
recorder. In addition, the relative humidity of the air after the rotameter is measured with a 
hygrometer. The list of devices used and their measuring accuracy are presented in Table 1. 

 

Figure 3: Scheme of the measuring stand for examination of the thermal characteristics of heat 
exchangers: 1 - main water valve; 2 - fabric filter; 3 - mass flow meter; 4 - needle valve; 
5 - water heater; 6 - autotransformers; 7 - heat exchanger; 8 – two-sections air heater; 

9 – rotameter; 10 – compressor; T – temperature; p – pressure; φ – humidity 

 

Table 1: Measuring equipment details 

Device name Measured parameter Accuracy Unit 

Simex Multicon CMC-99 Data recorder - - 
Czach TTP-1-100-0,5 T type thermocouple 
Metalchem ROL-253 Rotameter 

Temperature 
Air flow rate 

± 0.5 
± 0.47 

°C 
m3/h 

Siemens Sitrans FC MASS 6000 Water flow rate ± 0.1 % kg/s 
Testo 435 Air pressure ± 0.02 hPa 
Benetech GM1362  Air humidity ± 3 % 

5 Experimental results and discussion 

The tests of heat exchanger were conducted in countercurrent configuration. Two air temperature 
values: 100 and 130C and constant water temperature of 21C, were set and the inlets of heat 
exchanger. To obtain the characteristic thermal parameters of the tested heat exchanger, at first a series 
of measurements was carried out at constant air volume flow rate, while the water mass flow rate was 
varied in the range of 15 to 35 g/s. Volumetric air flow rate varied from 17.74 to 5.6 m3/h. Collected 
data contained: temperature of the hot medium (air) at the inlet (th,in) and the outlet (th,out), temperature 
of the col medium (water) at the inlet (tc,in) and the outlet (tc,out), volume flow rate of the air (�̇� ) and 
the mass flow rate of water (�̇� ). Also, humidity of the air (φ), temperature of cold air in the rotameter 
(trot), the air pressure at the inlet to the heat exchanger (ph,in) and the air pressure in the rotameter (prot) 
were measured to determine mass flow rate of air. It should be mentioned that subscripts c and h 
denote cold or hot medium respectively in applied symbols. 

The heat flux value can be calculated as arithmetic average heat rate (0.5(Qh+ Qc)) - transferred and 
received respectively, related to the heat transfer surface: 
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𝑞 =
𝑄

𝐴
  (1) 

 

𝑄  average heat rate, W, 
𝐴

 
heat transfer area, m2. 

The mass flux value of hot/cold medium was determined at the inlet of the tested heat exchanger, 
using the following formula: 
 

𝐺 =
�̇�

𝐴
  (2) 

 

�̇�  mass flow rate of hot/cold medium, kg/s, 
𝐴

 
cross-sectional area of the medium inlet, in the case of cold medium, it refers to a pipe of 
19 mm diameter, and in the case of hot medium, to the sum of the cross-sectional areas of 
26 tubes of 2 mm diameter,  m2. 

The Reynolds number is calculated as: 
 

𝑅𝑒 =
𝑤 ∙ 𝐷

𝜈
  (3) 

 

𝑤  medium velocity in tube/pipe, m/s, 
𝐷  hydraulic diameter of considered geometry, where on the air side it was the diameter of 

the pipe being a direct heat exchange partition (6 mm), while for water the hydraulic 
diameter of the shell side, calculated according to equation (4), was considered, m, 

𝜈
 

kinematic viscosity of the fluid, m2/s. 

The hydraulic diameter on the shell side was calculated as: 
 

𝐷 =
4 ∙ 𝐴

𝑃
  (4) 

 

𝐴
 

free flow cross-sectional area on shell side,  m2. 
𝑃

 
wetted perimeter of the flow on the shell side, m. 

 

The Nusselt number can be calculated by a formula: 
 

𝑁𝑢 =
𝛼 ∙ 𝐷

𝜆
  (5) 

 

𝛼  heat transfer coefficient, W/(m2K), 
𝐷  hydraulic diameter of considered geometry, where on the air side it was the diameter of 

the pipe being a direct heat exchange partition (6mm), while for water the hydraulic 
diameter of the shell side, calculated according to equation (4), was considered, m, 

𝜆
 

thermal conductivity, W/(mK). 
 

The heat transfer coefficients (α) on the hot and cold side of the heat exchanger (denoted as αh and αc 
respectively) were determined using the Wilson plot method [16], dedicated to heat exchangers with 
complex geometry. With this method an average value of the heat transfer coefficient was obtained. 
Since in analysed unit, there is a parallel system of the tubes, the same value characterises the heat 
transfer coefficient in each tube. A series of tests were carried out at different temperature values of 
the hot medium, at first, maintaining a constant mass flow rate of the air and changing the mass flow 
rate of water, and then at a constant mass flow rate of water and changing the mass flow rate of air. 
Figure 4 presents dependence of the heat flux on the mass flux of water as a cold medium. Figure 5 
illustrates dependence of the heat flux on the mass flux of air as a hot medium.  
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Characteristics presented in Figure 4 correspond to the situation, in which the gaseous heat source is 
available at constant temperature and mass flux, while mass flux of the cold medium can be adjusted. 
In contrary, the characteristics shown in Figure 5, represent the situation, in which the gaseous heat 
source mass flux can be controlled in the certain range, but the cold medium is available at constant 
temperature and mass flux. In general, determination of thermal characteristics of heat exchanger 
allows to analyze usage of such device under selected conditions, depending on considered 
parameters. In analyzed cases in Figure 4, the water mass flux allows heat transfer from gaseous heat 
source at its much higher temperature or much higher mass flux values. In analyzed cases in Figure 5, 
the results exhibits significant increase of transferred heat flux with increasing value of hot medium 
mass flux. 

a)        b) 

  

Figure 4: Heat flux versus the mass flux of water at selected mass flux values of air;  
a) Gh = 75 kg/m2s; b) Gh = 58.5 kg/m2s 

a)        b) 

  

Figure 5: Heat flux versus the mass flux of air at selected mass flux values of water;  
a) Gc = 105.8 kg/m2s; b) Gc = 88.1 kg/m2s 

 

Figure 6 shows the distribution of the average heat transfer coefficient of air (hot side) and water (cold 
side), estimated by the Wilson plot method, as a function of the mass flux values of both media. 
Obtained average values of heat transfer coefficient are promising, especially taking into account a 
fact that the tests were carried out at atmospheric pressure and relatively low air mass flux values. The 
heat transfer coefficients on the hot side were higher than in previous studies [12], where maximum 
value of 130 W/m2K was reported. The heat transfer coefficient reached much higher values at the 
cold side (of about 800 W/m2K), that is why the different scales are used in Figures 6a and 6b. Further 
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tests will be carried out for higher values of mass flow rate and higher air pressure values, after 
adapting the measurement stand to the mentioned conditions. 

Figure 7 presents dependence of the Nusselt number on the Reynolds number for both media. Since 
presented heat exchanger has a complex geometry on the air side, these non-dimensional numbers 
were related to the diameter of a single tube in the bundle, being a direct heat exchange partition on 
the air side, with a diameter of 6 mm. This is due to the fact that the perforated partition does not 
participate in the heat exchange process and is only a form of preparing the inflow of fluid to the heat 
exchange surface. On the water side, the results were related to the hydraulic diameter of the shell. In 
the presented range, the Nusselt number values increase with an increase in the Reynolds number 
values. These characteristics allow to examine an operation of the tested heat exchanger in the 
conditions close to atmospheric pressure, for relatively small mass flux values of media. 

a)       b) 

 

Figure 6: Average heat transfer coefficient as a function of the mass flux:  
a) for hot medium; b) for cold medium 

a)       b) 

  

Figure 7: The Nusselt number versus the Reynolds number:  
a) for hot medium, referred to the diameter of a single tube (6mm);  b) for cold medium, referred to 

the hydraulic diameter of the shell (eq. (4)) 

6 Conclusions 

Presented experimental study of innovative shell-and-tube heat exchanger is a summary of its thermal 
performance under conditions of a single-phase convection in the liquid (water) and gas (air) system. 
The presented experiment allows to verify an idea of turbulizing inserts usage in the conditions of heat 
exchange between gas and liquid, which has not been widely studied in the literature. The heat transfer 
coefficient on the air (hot) side varied from 107.3 to 194.5 W/(m2K), which are definitely a high 
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values for a gaseous medium with low thermal conductivity. Obtained results indicate the inevitability 
of using inserts with impinging jets technology, especially in the cases of heat recovery from a low-
temperature gas source. Proposed geometry forces fluid to flow through the perforated partition, which 
has a positive effect on the heat transfer coefficients. Presented results exhibits the performance of 
turbulizing inserts at small mass flux values at atmospheric pressure - further work will be conducted 
on examining an operation of the heat exchanger in higher air pressures and mass flux values of 
media. Perspective research directions include also construction of the hydraulic characteristics of a 
prototype heat exchanger. The emphasize will be especially placed on examination of pressure drops 
and comparison with a reference heat exchanger without inserts. The research will be supplemented 
with a numerical analysis, which will help to indicate problematic regions and to optimize the 
construction in order to obtain even better heat intensification results. These works are already in 
progress. 

Nomenclature 

𝛼  heat transfer coefficient, W/(m2K), 
𝜆

 
thermal conductivity, W/(mK), 

𝜈
 

kinematic viscosity of the fluid, m2/s, 
𝐴  surface, m2, 
𝐶  specific heat, J/(kgK), 
𝐷  hydraulic diameter, m, 
𝐺  mass flux, kg/(m2s), 
�̇�  mass flow rate, kg/s, 
𝑝  pressure, hPa, 
𝑃

 
wetted perimeter of the flow, m, 

𝑞 heat flux, W/m2, 
𝑄  rate of heat, W, 
𝑇

 
temperature, K, 

𝑡
 

temperature, oC, 
�̇�  volumetric flow rate, m3/h, 
𝑤  velocity, m/s. 
 
Subscripts: 
𝑐  cold medium, 
ℎ

 
hot medium, 

𝑐, 𝑖𝑛
 

at cold medium inlet, 
ℎ, 𝑖𝑛

 
at hot medium inlet, 

𝑐, 𝐷
 

for cold medium hydraulic diameter, 
ℎ, 𝐷

 
for hot medium hydraulic diameter, 

𝑖𝑛
 

inlet.  
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Abstract 

Research regarding blade design and analysis of flow have been conducted for over a century. 
Meanwhile new concepts and design approaches were created and improved. Advancements in 
information technologies allowed to introduce computational fluid dynamics (CFD) and computational 
flow mechanics (CFM). Currently a combination of mentioned methods is used for design of turbine 
blades. These methods enabled us to improve flow efficiency and strength of turbine blades. This paper 
relates to a new type turbine which is in the phase of theoretical analysis, because the working fluid is a 
mixture of steam and gas generated in wet combustion chamber. Conception of this cycle and 
thermodynamic calculations are presented in previous papers, therefore the main aim of this article is 
design and analysis of flow characteristics of the last stage of gas-steam turbine. 

When creating the spatial model, the atlas of profiles of reaction turbine steps was used. In this paper 
results of CFD calculations of twisting of the last stage are presented. Blades geometry and the 
computational mesh are also presented. Triangles of velocity for selected dividing sections are 
presented. It is worth noting that the velocity along the pitch diameter varies greatly. Near the root it 
shows an action triangle, on the other hand, near the tip it presents a reaction type of triangle. Velocity 
fields and pressure fields show the flow characteristics of the last stage of gas-steam turbine. The net 
efficiency of the cycle is estimated as 54.35% regarding to enthalpy drop, however, the net efficiency 
taking into account the mechanical power determined from the stage theory is equal 52.61%. 
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1 Introduction 

The work on turbine blade shaping dates back to the beginning of the last century [1], however, over the 
years new concepts have appeared [2,3].  Apart from the concepts themselves, a research tool was also 
developed which, starting from analytical tools [1], with the previous years transformed into analyses 
including sophisticated numerical tools [4,5]. At present, turbine companies are already based on a fully 
three-dimensional approach, both for solid-state stress analyses and for efficiency-enhancing flow 
analyses [6]. This paper refers to a turbine which is in the purely theoretical analysis phase, as the 
working medium is the steam-gas produced in a wet combustion chamber. The concept of this 
circulation was developed in the dissertation of P. Ziółkowski [7]. 

In work [8] the numerical analysis of a four stage low pressure steam turbine was presented. The 
thermodynamic behavior of the wet steam was reproduced by adopting a real gas model. Geometrical 
features and flow-path details consistent with the actual turbine geometry were included in the analysis 
using simple models. simple one-dimensional model of shrouded cavity was implemented, and its 
inclusion in the primary flow solver was described in detail. All these models were applied in the 
computation of the steam turbine, and computed spanwise distributions were compared to experimental 
ones at inlet/exit of the last stage. The models discussed in this paper were thought to be used as 
industrial tools suitable for turbomachinery design. They are aimed at capturing the relevant physics of 
some aspects which are usually neglected within the design process. 

Paper [9] describes the features and analyzes the results of a zero dimensional model for the design of 
high efficiency small size ORC expanders. Starting from a previously developed 0D design tool for 
radial ORC expanders [10] able to account for the specific loss correlations across the rotor, a 3D design 
procedure for very small expanders was developed with the purpose of achieving an improved design, 
mainly concerning the geometry of the flow channel and the number of blades. The 3D geometry of the 
rotor was imported in commercial CFD packages. The improved design corresponds to the final fluid 
dynamics design of the rotor, with the improved blade geometry and a more suitable number of blades. 
The results of the 0D and 3D models applied to the reference case showed a satisfactory agreement, 
confirming the reliability of the 0D design tool as the basis for the definition of the overall geometry 
and working parameters of the machine. 

Authors of [11] shape optimization of a 3D nozzle and a 2D turbine blade cascade was presented based 
on CFD simulation of turbulent nucleating transonic wet steam flow in the corresponding flow passage. 
Both the liquid and gaseous phases were treated as continua and for each phase the conservation laws 
were solved together with proper source terms modeling the mass transfer and momentum exchange 
between two phases. A nonequilibrium condensation model based on classical nucleation and growth 
theory was utilized as well. Main conclusion of this work is that in analyzed cases k-ω SST turbulence 
model more accurately predicts the wet steam flow field in comparison to the well-known k-𝜀 model for 
Moore’s ‘‘Nozzle A” and Dykas’s turbine blade cascade. 

In paper [12] Large-scale aerodynamic and structural interaction analysis was introduced to analyze 
steam turbine last stage blade. The two different kind of the unsteady flow analyses were carried out. 
The results shows that the nozzle blade shock wave reflections on the rotor blade surface seems to be 
one of main origin that induce the flow unsteadiness and blade vibration in operating condition. The 
unsteady flow analysis of low load flow condition was carried out. This result shows the important flow 
features in the last stage. Robust data interpolation software was developed and proved to be able to use 
in the present system. Existing measured data of the model steam turbine and the wheel box test facility 
was used to assume damping factors and to validate the unsteady flow analysis and CSD (Computational 
Solid Dynamics) result. 

The recent technologies on developments and designs of last-stage long blades for steam turbines are 
explained in [13]. Technical features of last-stage long blades are high centrifugal force, high blade 
speed, 3D flow, wet steam flow, and relatively large unsteady flow forces during low-load operations. 
Regarding future trends in last-stage long-blade technologies, recent studies cited in this chapter indicate 
that the accuracy of unsteady flow forces and blade vibration stresses in very low load conditions is 
being enhanced by employing state-of the-art CFD, CSD, and (FSI) Fluid Solid Interaction analysis. 
These new technologies, together with modern material science and fracture analysis based on strength 
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of material science, will provide some breakthroughs to further increase annulus areas. The redesign of 
existing blades for enhancement of low-load operation ranges employing these new technologies may 
bring more opportunities for steam turbine power plants because these power plants need to be operated 
to control electrical grid fluctuations due to the increase in the numbers of renewable-energy power 
plants. 

Authors of [14] performed numerical study aimed at investigating the steady and unsteady interactions 
between the components of a two-stage axial turbine. They found out that the expansion rate and flow 
range are mainly controlled by the first stage.  First stage wakes, secondary flows and vortices cause 
flow perturbations and losses to the second which persist downstream. Since the flow field is very 
affected by the wakes and vortices, a better design has to account for the optimum clocking position. In 
order to reduce the pressure loss due to the first stage tip leakage and vortices, a better flow control 
should be managed in the first rotor and second NGV and consider the effects of the gap between blade-
rows. 

Numerical studies have been conducted in [15] to understand the rotating instability previously 
experimentally identified at low mass flow rates in a model steam turbine stage. An initial CFD analysis 
using a time-domain RANS solver is able to capture a large scale separated flow pattern, which is 
compared well with the experimentally observed one. The 3D vertical flow pattern observed in the 
experiment is reproduced in the 3D calculation. The results consistently show that a rotating pattern non 
synchronized with the rotor speed exists at low mass flow conditions. The dominant frequency for the 
tip section identified by the Fourier transform is a higher (by 50%) than the experimental value and 
shifts when the mass flow rate is changed. The results suggest that the rotating speed of the patterns as 
seen in the stationary frame of reference is about a half of the rotor rotation speed. On the other hand, 
the near hub section is much more stable with no clearly identifiable rotating patterns found at low mass 
flow conditions. 

The aim of the work is to adopt the free vortex law to the gas- steam turbine, and further to analyze the 
nature of the flow using CFD tools. Use of gas-steam as working fluid is a new concept. Analyze of 
results would allow to preliminary determine possible challenges in construction of this kind of turbine 
and recognize differences between analyzed stage and conventional steam turbine stage. 

2  The case under consideration 

This gas-steam turbine consists of high-pressure and low-pressure part (Fig 1). Fig.1 shows a diagram 
of a compact gas-steam power plant, where the key element is the original "wet combustion chamber" 
(WCC), which is a steam-gas generator. In this chamber (WCC), the product of the aerobic combustion 
of gases, combined with the "nano production" of steam, is a working medium containing about 80-90% 
steam and 20-10% CO2. The exact data are shown in Table 1. It is therefore important to separate water 
vapour from CO2 accordingly. The original idea proposed in [7] is also: 1) introduction of a streamer as 
a spray/jet condenser that condenses water and separates CO2 and 2) use of a gas-steam turbine. Fig. 2 
presents the shape of the last expander stage to ensure optimal use of the working medium enthalpy in 
GT+GTin. The turbine consists of one high pressure housing and one low-pressure, two outlet housing. 

Table 1: Parameters of mixture and computational domain used in CFD simulation of a last turbine 
stage  

t0 = 336.794  °C 
𝜔 = 3000. rpm 
 p2 = 0.07955  bar 

 p0 = 0.16225  bar 
X_CO2  X_H2O  X_N2   Sum 
0.0894  0.9084  0.0022     1 
Y_CO2    Y_H2O    Y_N2     Sum 
0.1933    0.8037    0.003    1 
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The number of stages of the high (27 stages) and low-pressure part (6 stages in both directions) of the 
turbine were determined, together with the kinematics and velocity vectors for subsequent stages of the 
axial turbine. The low-pressure part has two outlets. The length of the rotor blade of the last stage is 
1587 mm (Fig.2). The design process takes into account the law of variation of the velocity peripheral 
component of the working medium along the radius of the turbine blade and it is conducted in a discrete 
way so that a 3D drawing of the resulting geometry can be performed. The circumferential velocity 
varies from 262 m/s near the blade hub to 771 m/s near the blade tip. 

 

 

Figure 1: The double Brayton cycle with oxy-combustion and CO2 capture (DBCOCC), where WCC – 
wet combustion chamber, GT+GTbat– gas turbine divided into two parts, SEC – spray ejector condenser, 
ASU – air separation unit, C - compressor, HE – heat exchanger, CHE + S  –  condensate-cooler heat 
exchanger and separator, CHE –  cooling heat exchanger,  M – motor, G – generator, P1 – supply water 
pump, P2 –water pump for cooling combustion chamber, GTN2 –  expander N2, CCO2 –CO2 compressor. 

 

Fig. 2 shows a 3D geometry of the stator and rotor blade designed based on the free vortex law. The last 
stage of turbine is always a peculiar one, not only it is challenging from the material strength point of 
view, but also regarding fluid flow. Numerical analysis of this particular case also provides difficulties. 
To ensure that simulation will be performed correctly discretization of the analyzed domain must be 
done correctly with inclusion of crucial elements. For this purpose, hexahedral mesh has been  chosen, 
as one that provides excellent accuracy and relatively low elements count. In this case to perform 
calculations in reasonable time period mesh consisting of 4 000 000 hexahedral elements was used. 
Mesh limits were set on the maximum face angle (165°), minimum face angle (15°), connectivity 
number (12), maximum and minimum volume ratio (10 and 0) and maximum edge length ratio (500).  

Cross section through the domain was shown in the Fig. 3, on the left part the stator’s blade mesh is 
portrayed and on the right side is mesh used on rotor blades. Mesh used in rotor stage was finer due to 
more complex phenomena’s occurring compared to stator hence for better reproduction of real processes 
it is necessary. In this paper only one channel was modelled and in circumferential direction periodic 
boundary condition was implemented to imitate the impact of other turbine blades on the fluid flow 
without unnecessarily increasing elements count. 
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Figure 2: View from the top and front – respectively stator and rotor blade. 

     

 

Figure 3: Mesh used in numerical simulation, respectively stator and rotor on the left and right side of 
the figure. 

3 Mathematical model 

The calculation is based on two steps, namely: 1) determination of the shape of the last stage based on 
the free vortex law; 2) calculation of the flow based on CFD tools. 

3.1 Twisted blade model 

The kinematics of the stage undergoes significant changes as we disregard the assumption that the 
channel high following the radius is homogeneous. In fact, the flow fields change with the radius. In 
order to increase the efficiency of the turbine, the shape of the blades must be adjusted to the changing 
flow. It is accomplished by changing the angles α and β in order to adjust the blade shape to the changing 
peripheral speed u. The twisting was performed using the free vortex method presented in Professor 
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Perycz's book [16], as this method has been described most precisely. However, in the further part of 
this work we will also refer to Professor Szewalski's proposal [1-3]. 

Usually, the law of coiling of the second blade, i.e. the law of variation of the peripheral component of 
the speed of the working fluid in radius direction, is rather suitable in a discrete form, and differently 
for the inlet to the vane channel and for the outlet. In engineering practice, it is assumed that the velocity 
component c2u at the inlet is to be as low as possible and should not be increased unnecessarily due to 
the decrease in efficiency by dissipation of kinetic energy of the medium operating at the outlet [16].  
Thus, the free vortex procedure is based on the slow vortex method, but the most important calculation 
steps will be introduced for clarity. Starting from the division of the blade height in a discrete way into 
15 sections: 

∆𝑙 =
𝑙

𝑛
 ;  ∆𝑙 =

𝑙

𝑛
 

   (1) 

 

It is equally important to determine the inflow angle α1 in subsequent sections by using the relationship: 

 

tan 𝛼 =
𝛼 ∙ 𝜋/180

𝑟 /𝑟
 ;  tan 𝛼 =

𝑟

𝑟
∙ tan 𝛼  

(2) 

where: 𝑟  - average radius, 𝛼 - average angle of inlet, 𝛼  - angle of inlet at the foot, 𝑟 radius of the 
rotor for a given section, 𝑟  - radius at the foot of the rotor. Reactivity of the step is determined based 
on the formula: 

𝜌 = 1 − (1 − 𝜌 ) ∙ (
𝑟

𝑟
)  (3) 

where: 𝜌  = 0.1 is assumed as initial, 𝑟  - radius of the steering wheel in a given section of the 
discernment, 𝑘 = 2 cos 𝛼  coefficient at the correction of reactivity. Based on the continuity equation 
we determine the stream of mass on particular sections:  

 

∆�̇� =
𝜇 ∙ 𝑐 ∙ ∆𝐴 ∙ sin 𝛼

𝑣
 

(4) 

where:  ∆𝐴 = 2 ∙ π ∙ 𝑟  is the surface area of the given section,  𝜇  is the coefficient, 𝑐  absolute speed, 
𝑣  relative speed. The calculation procedure also determines the angle 𝛽 and the speed components for 
the individual speed triangles, blade losses for subsequent sections, power and efficiency. 

The calculation is carried out in an iterative manner and the parameter to be compared is the mass flow, 
as the value of the sum of ∆�̇� from the individual sections of the discernment shall correspond to �̇� =
91.15 kg/s. 

The initial assumptions for a twisted stage are collected in Table 2. In turn, the assumed parameters of 
the step needed to carry out the calculation of the twisting for selected sections of the discretization are 
presented in Table 3. In the Table 4 results of the calculations for the five divisional sections were 
presented. Section number 8 is located on the pitch diameter. Due to very large changes in the value of 
peripheral velocity, 𝑢, there are large changes in reactivity, angles and velocity along the radius. The 
value of peripheral speed, u, varies from 𝑢 =262 m/s to 𝑢 =771 m/s. The sound velocity in this area of 
the pair fluctuates around 440 m/s. 

It should be noted that near the hub the blade is impulse at the foot and extremely high reaction ratio at 
the apex. The minimum reaction ratio of 0.1 is at the hub. This value should not fall below 𝜌 =0.1 so 
that there is no negative degree of reaction value during operation on partial power. Reaction ratio near 
the shroud is as high as 𝜌 =0.89. Figure 4 shows the velocity triangles for selected divisional sections. 
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Table 2: Initial assumptions regarding twisted stage. 

𝜌  - 0.1 
𝑟  m 0.820115209 
𝑟  m 0.820115209 
𝐻  kJ/kg 178.6120643 
𝐻  kJ/kg 165 
𝑙  m 1.293335645 
𝑙  m 1.578019487 
𝜔 rad/s 314.1592654 
𝛼  o 22.5 
𝑝  MPa 0.016255325 
ℎ  kJ/kg 2695.346123 
𝑠  kJ/(kg·K) 8.254181075 
�̇� kg/s 91.15 
𝑐  m/s 164.9973594 
𝑛 - 15 

∆𝑙  m 0.086222376 
∆𝑙  m 0.105201299 
𝛼  o 11.92069374 

 

Table 3: Assumptions regarding chosen sections of a twisted blade.  

parameter unit 1 4 8 12 15 

𝜇  - 0.94 0.94 0.94 0.94 0.94 
𝜇  - 0.94 0.94 0.94 0.94 0.94 
𝜑 - 0.935 0.95 0.95 0.95 0.95 
𝜓 - 0.925 0.935 0.935 0.935 0.935 

 

Table 4: Results obtained in twisted stage  

parameter unit 1 4 8 12 15 

𝑟  m 0.8632 1.1218 1.4667 1.8116 2.0703 
𝑟  m 0.8727 1.1883 1.6091 2.03 2.3455 
𝜌 - 0.1906 0.5221 0.7152 0.8084 0.8503 
𝑢 m/s 274.17 373.32 505.52 637.72 736.87 
𝛼  ᵒ 14.661 19.008 24.95 30.089 33.623 
𝑐  m/s 529.8 413.9 328.02 277.18 251.01 
𝑐  m/s 495.38 393.2 311.6 263.32 238.46 

∆𝐴  m2 0.4677 0.6078 0.7946 0.9814 1.1216 
∆𝑚 kg/s 2.471 3.896 5.807 7.57 8.85 
𝛽  ᵒ 20.988 19.127 16.476 13.861 12.262 
𝑙  kJ/kg 146.15 150.15 144.25 135.38 126.99 
𝑙  kJ/kg 158.04 156.09 154.27 153.28 152.75 
𝜂  - 0.9247 0.9619 0.935 0.8832 0.8313 

Δ𝑁  MW 0.3905 0.608 0.8959 1.1604 1.3513 
 
The main result, apart from the thermodynamic parameters, is the number of axial stages, respectively: 
27 stages for the high-pressure part (GT) and 6 stages for the low-pressure part (GTbap) as shown in 
Fig.2. The length of the rotor blade of the last stage reached 𝑙 =1.57 m and this is a value comparable 
to the blades that operate in the newest steam unit in Kozienice Power Plant. In addition, it should be 
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mentioned that this turbine is double-housed: high pressure (GT) and low-pressure (GTbap) parts, and 
that the low-pressure part has double outlet.       

3.2 CFD model in 3D simulation  

Steady-state Reynolds Averaged Navier-Stokes (RANS) calculations were performed with the help of 
the commercial code Ansys CFX using second order spatial discretization with an automatic time step. 
The turbulence model used was k-ω SST of Menter [17]. The imposed set of boundary conditions 
consists of total pressure, total temperature and flow direction at the inlet, average static pressure at the 
outlet and rotational speed of the rotor domain. The frozen rotor technique is assumed to tackle the 
interface between the stationary and rotating domains. The rotor blades are unshrouded. The working 
fluid was described using through the NIST Refprop Thermodynamic and Transport properties database 
[18]. This models ale resolving set of basic equations, namely mass, momentum and energy balance 
equations for the fluid and energy dissipation equations. This set of basic equations can be written in the 
following manner: 

 

- balance of mass - 𝜌: 

 𝜕 (𝜌) + div(𝜌𝐯) = 0                                 (5) 

 

- balance of momentum - 𝜌𝐯: 

 𝜕 (𝜌𝐯) + div(𝜌𝐯 ⊗ 𝐯 + 𝑝𝐈) = div(𝝉 ) + 𝜌𝐛     (6) 

 

- balance of energy - 𝑒: 

       𝜕 (𝜌𝑒) + div(𝜌𝑒𝐯 + 𝑝𝐯) = div 𝝉 𝐯 + 𝐪 + 𝜌𝐛 ⋅ 𝐯   (7) 

 

where: 𝜌 = 𝜌(𝐱, 𝑡) - fluid density, generally dependent on time 𝑡 and location 𝐱, 𝐯 = 𝑣 𝒆  - fluid 
velocity, 𝑝 - thermodynamical pressure, 𝐈 = 𝛿 𝒆 ⊗ 𝒆  - unity tensor, 𝝉 = 𝝉 + 𝑹 + 𝑫 - the viscous, 

turbulent and diffusive flux of momentum, 𝐛 - mass force of Earth gravity, 𝑒 = 𝑢 +
𝐯

 - sum of internal 

and kinetic energy, 𝐪 = 𝐪 + 𝐪 + 𝐪 +. .. - total heat flux in the fluid. In order to take into account 
the influence of turbulent transport of momentum and turbulent transport of heat the fluid should possess 
the set of additional equations governing the evolution of turbulent primary parameters, for instance 
turbulent kinetic energy 𝑘 and turbulent dissipation energy 𝜔 [19,20]: 

 

𝜕 (𝜌𝑘) + div(𝜌𝑘𝐯) = div(𝐉 ) + S         (8) 

 

𝜕 (𝜌𝜔) + div(𝜌𝜔𝐯) = div(𝐉 ) + S         (9) 

 

where: - 𝐉 , 𝐉  - diffusive flux of 𝑘 and diffusive flux of 𝜔 with sources S , S  (various definitions of 
different authors exist in literature). For each finite volume of the computational grid seven equations 
are solved (one for mass, energy, 𝑘 and 𝜔 transport balance equation and three momentum balance 
equations). The five balance equation (that consist of one mass balance equation, three momentum 
balance equations and one energy balance equation) and two evolution equation for parameters defining 
turbulence (equation for turbulent kinetic energy evolution 𝑘 and equation for turbulence dissipation 
evolution 𝜔) have been described in publications [20,21]. The turbulent viscosity in (8) and (9) is 
computed by combining 𝑘 and 𝜔 as follows [19-21]: 

 

𝜇 = 𝛼∗          (10) 
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For low fluid velocities (laminar-turbulent transitions) the coefficient 𝛼∗ damps the turbulent viscosity 
causing a low Re number correction. It is given by [19-21]: 

 

𝛼∗ = 𝛼∝
∗ (

∗ /

/
)         (11) 

where: 𝛼∗ - 0,024, 𝑅  - 6, 𝑅𝑒 =   . For full turbulent flows the coefficient 𝛼∗is equal 1. 

4 Results analysis  

It is worth noting the large velocity changes along the pitch diameter. At the hub velocity triangle that 
represents low degree of reaction is clearly visible Fig.4. At the apex the most different velocity triangle 
Fig 6 can be observed. 

 

 

Figure 4: Velocity vectors at the hub. 

 

 

Figure 5: Velocity vectors at the mid-span. 

In the Figure 4 we can see velocity vectors at the hub. This part of stage has low  reaction ratio (0,1) and 
works like action stage. Most of expansion takes place at the rotor.  Edge trail can be observed. Vortexes 
are not observed. Velocity vectors at the mid span are presented in the picture 5. This part of turbine has 
high reaction ratio (0,7), which is higher than in conventional impulse stage. Most expansion takes place 
at the rotor, what could be observed by values of velocity vectors. Vortexes does not appear. Flow 
conditions  at the shroud are presented in the Figure 6. Reaction parameter is extremely high here (0,85). 
Radial change of shape of channel could be origin of vortex which could be observed. This part of stage 
should be redesigned with use of  optimization algorithms. 
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Figure 6: Velocity vectors at the shroud.  

a)   b)  

Figure 7: Static entropy contours at the hub a) and Static entropy contours at the mid-span b). 

 

Figure 8: Static entropy contours at the shroud. 

Static entropy contours shown in Fig. 7 - Fig. 8 indicate a high intensity of flow losses in shroud section 
of stator and rotor rows. In the mid-span and hub section the profile losses can be observed. Fig. 9 shows 
the distribution of loading through the rotor passage. The blade is more loaded closer to trailing edge of 
the blade. The pressure profiles in the hub is regular during whole axial distance. In the mid-span section 
occurs the higher pressure difference between suction and pressured side of the profile. 
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Figure 9: Rotor blade loading at the hub, mid-span and shroud. 

a)      b)  

Figure 10: Static entropy contours in the stage a) and temperature b).  

5 Conclusions 

In this work the results obtained by the analytical method - free vortex - and the numerical method using 
CFD codes were compared. The analytical method allowed to determine the geometry of spatially 
twisted and trimmed vanes of the guide and rotor blades. Additionally, thermodynamic parameters, 
which were boundary conditions for CFD calculations, were determined using analytical methods. This 
information (geometry and thermodynamic parameters) was used as input data for CFD tool analysis. 
The velocity vectors and temperature fields showed a satisfactory agreement between the numerical and 
analytical calculations in the hub and mid-span (split radius) areas only. However, more attention should 
be focused on the essential differences that apply to the mass flow and the phenomena occurring at the 
top of the blade. The mass flow in analytical and in numerical terms reached 25 % differences. In 
addition, CFD calculations showed operation as ventilator in the upper edge area of both rotor and stator 
blades, resulting in temperature rise and significant entropy generation in this area.  On the basis of the 
analysis, it should be concluded that the current shape of the channel should be redesigned in order to 
achieve the assumed mass flows of the working medium while maintaining the assumed efficiency.  
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Abstract 
Building materials with a high thermal mass or phase change materials (PCMs) can be used to prevent 
overheating of buildings in summer. The paper presents the results of experimental studies carried out 
in 3 terraced rooms with windows facing south, designed to be identical, except for the walls and roof, 
which were light timber systems with and without PCM and massive reinforced concrete enclosures. 
The main aim of the study was to compare the influence of PCM and reinforced concrete on the summer 
thermal performance of a room in an existing building without additional night ventilation in temperate 
climate. In addition, it aimed to test whether this effect depends on duration and severity of the heat 
waves. Research has shown that the use of concrete to increase thermal mass has greatly improved 
summer thermal performance of the rooms. Room peak temperature was reduced by 2.5°C in the first 
days of heat wave and the differences in maximum room temperatures between studied rooms remained 
at a level of 1.5°C to 2.0°C during all 17 days of heat wave in July-August 2015. Lining of internal 
surfaces of walls and roof in the investigated rooms with PCM with melting temperature of 21.7°C did 
not lead to a significant decrease of indoor temperature in any of the summer months - June, July and 
August 2015, although the PCM's melting point was selected on the basis of the relationships between 
its melting point and the average outdoor temperature for the summer months suggested in the scientific 
literature. The effective use of PCM is only possible if its transition temperature range ensures full PCM 
solidification which is difficult to achieve because the temperature in buildings is influenced by the type 
of building, room location, the history of outdoor temperature and solar radiation. 
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1 Introduction 

The consequence of climate change linked to global warming is an increase in global average 
temperatures. Global temperatures in 2018 were 0.83 degrees Celsius warmer than the 1951 to 1980 
mean [1], and during 2017, the globally averaged land surface temperature was 1.31°C above the 20th 
century average [2].  It is shown that 17 of the 18 warmest years since modern record-keeping began 
have occurred since 2001 [3]. The years 2014-2018 are the 5 warmest years in the modern history of 
temperature recording [1].  The average temperature rise depends on the geographical location, with 
stronger warming on land, which is generally more pronounced for temperature extremes than for global 
mean temperatures [4]. The frequency and severity of heatwaves is expected to increase [5]. In regions 
with traditionally temperate climates, where daily temperature variations are high, longer periods of 
days with high maximum temperatures, which do not decrease significantly at night, are more frequent. 
Central Europe is one of the regions with the highest increase in extreme heat waves [4]. In addition, 
people living in temperate climates are more exposed to high temperatures [6], and the temperature 
threshold at which death begins to increase is lower in regions with cooler climates [7], [8]. As a result, 
in many parts of Europe, so far unaffected by the negative effects of high temperatures in summer, more 
frequent and heavier heat waves have been observed, which can cause problems of thermal comfort, 
health and even increased human mortality [9], [10], [11].  

A common strategy for adapting buildings to high summer temperatures is the integration of passive 
cooling techniques. These include protection against heat and sun, mainly by means of shading devices 
and paints with low absorption of solar radiation [12], [13], heat modulation by high building thermal 
mass or PCM [14] and dissipation, mainly by additional night ventilation [13]. 
Increasing thermal mass of building envelope is generally a recommended strategy for coping with high 
indoor temperatures in moderate climate [15], [16].  Low thermal mass combined with high air tightness 
and thermal insulation of buildings makes them more susceptible to summer overheating [17]. However 
most studies combine efficiency of increasing building thermal capacity with its coupling with 
additional night ventilation [18], [19]. Solgi et al. [20] determined the effectiveness and limitations of 
night ventilation in various climates around the world, indicating the exceptional effectiveness of its 
combination with the use of high heat mass, even under unfavourable climatic conditions. In existing 
buildings, a significant increase in ventilation at night is not always possible.  The questionnaire survey 
conducted in UK indicates that window related occupant behaviour plays critical role in summer 
building overheating. This behaviour is often considerably different than it was assumed, e.g. windows 
in south-facing rooms remain closed during hot summer night [21]. This may be due to traffic noise, 
outdoor pollution, security concerns which may cause different window-opening behaviour. In many 
buildings the possibilities of ventilation system itself were restricted, e.g. windows were too difficult to 
open [17]. 

In order to assess the benefits of increasing the thermal inertia of rooms by using high thermal mass 
materials and PCM, it is possible to compare how the two solutions influence the temperature indoors 
[22]. Simulation test from the warmest 10 day period of the summer for an existing passive house in 
Linköping (Dfb-climate) showed a decrease in indoor temperature from 0.5 to over 2°C, depending on 
the amount of PCM [23]. However, when the exhaust air temperature was reaching 28°C, which was 
quite common, the PCM room temperature was very close to the reference room temperature.  Over the 
past decades, several proposals have been developed for the use of traditional high thermal mass 
structural elements as well as PCM in temperate buildings to prevent overheating of buildings. Voelker 
et al. [22] showed that the maximum temperature in a room with PCM was between 0.5 and 4 K lower 
than in the reference room, depending on whether the outside air temperature at night provided sufficient 
cooling of PCM to change from liquid to solid phase. Similar results, i.e. temperature reduction by  1.0 
to 3.5 K in the room with PCM in comparison to the reference room were obtained by Schossig et al. 
[24]. The thermal mass of the building itself should, at least theoretically, ensure that the temperature is 
lowered during the hottest part of the day. This was confirmed by Givoni [25] in two experimental 
buildings with open window blinds and without ventilation in San Diego, USA (Csa-climate), where the 
temperature difference between a room with a low and high thermal mass at the hottest part of the day 
was 2.0°C. In simulation study Pajek et al. [26] found that for a typical single-family residential building 
with no additional night ventilation using reinforced concrete walls comparing to light timber frame 
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walls during hottest 10 days allowed for reduction of maximum indoor temperature by approximately 
2–4°C for three geographical locations Helsinki (Dfb-climate), Vienna (Cfb-climate) and Madrid (Csa-
climate). In Zielona Góra, Poland (Cfb-climate) in detached residential buildings with an area of 
approximately 120 m2 and a ventilation air exchange of 0.6/h for cellular concrete walls, the average 
indoor temperature was 2.8°C lower than for lightweight timber-frame walls. [27]. 

The main aim of the study was to compare the influence of PCM and reinforced concrete on the thermal 
performance of the rooms without additional night ventilation in temperate climate regions. In addition, 
it aimed to test whether this effect depends on duration and severity of the heat waves. This study is, to 
the best knowledge of the authors, the first to experimentally compare the effectiveness of the use of 
PCM and traditional building materials with high thermal mass to affect the thermal behavior of real 
buildings.  

2 Methodology 

2.1 Characteristics of experimental rooms 

The paper analyses the influence of different materials in building partitions on internal temperature in 
rooms on the southern side of the building. The rooms are located at the Centre for Sustainable Building 
and Energy (CSBE) in The Science and Technology Park in Nowy Kisielin, in central-western Poland 
(Fig.1). Nowy Kisielin is a small district in the city of Zielona Góra (Cfb-climate), located 8 km from 
its centre. CSBE is a three-storey, low energy centre for research, science and development that was put 
into use at the end of 2013. The usable area of the building is approximately 2500 m2.  
 

      

Figure 1: Centre for Sustainable Building and  Energy in The Science and Technology Park  
in Nowy Kisielin, Poland; view of the building façade and horizontal section. 

On the second floor of CSBE (Fig.1, Fig.2) there are 8 A-H experimental rooms. Each room is 6 m long, 
3 m wide and 3.2 m high. The floor area of the rooms is 18 m2 and the net volume is about 57 m3. The 
internal surfaces of the floors and walls of the rooms are made of different building materials.    
The analysis includes 3 types of wall and roof assemblies located in experimental rooms B, D and E: 
Room B with reinforced concrete walls and roof (RC room), room E with PCM walls and roof (PCM 
room), 3. room D with timber-frame walls and roof (REF room).  
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Figure 2: Plan of the 2nd floor of the building with the locations of experimental rooms B (Reinforced 
concrete room-RC room), D (Reference room-REF room), E (PCM room) and thermo-hygrometers 

(indicated as red squares). 

2.2 Materials and constructions 

In this paper, reinforced concrete and Dupont ENERGAIN® PCM were selected as materials for 
increasing the thermal inertia of roofs and walls. The Dupont ENERGAIN® PCM was selected based 
on existing research results on its transition temperature range of 17.8-22.3oC [28] and melting 
temperature which is given between 21.6oC [29] and 22.3oC [28]. It contains microencapsulated PCM: 
a polymer-paraffin compound in aluminium-laminated panels. The latent heat capacity and density of 
compound PCMs are approximately 70 kJ/kg [30], [31] and 855 kg/m3 [28], respectively and the weight 
of a 5.2 mm-thick panel is about 4.5 kg/m2 [30], [31]. It has a variable thermal conductivity of about 
0.18 W/m K in solid phase and 0.22 W/mK in liquid phase [30].The Dupont ENERGAIN® PCM is 
considered beneficial for preventing building overheating in regions with summer temperatures higher 
than in Central European countries [32], [30], [28].  

In Table 1 thermal transmittance coefficients and area of assemblies of experimental rooms were 
presented. 

Table 1: Thermal transmittance coefficients and area of assemblies of experimental  rooms. 

Assembly U [W/m2K] Area [m2] 
External wall Room B 0.17 5 
External wall Room D 0.12 5 
External wall Room E 0.12 5 
Internal wall Room A/B 0.50 19 
Internal wall Room B/C 0.50 19 
Internal wall Room C/D 0.19 19 
Internal wall Room D/E 0.20 19 
Internal wall Room E/F 0.16 19 
Internal wall Hall/Room B 0.45 8 
Internal wall Hall/Room D 0.27 8 
Internal wall Hall/Room E 0.26 8 
Floor Room B,D,E 0.49 18 
Roof Room B 0.12 18 
Roof Room D 0.08 18 
Roof Room E 0.08 18 
Windows Triple glazing, SHGC (av.) = 0.50  
Uw-mounted = 0.79 W/m2K; Ug=0.51 W/m2K 

4.6 
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2.3 Measurements 

The following measurements were recorded continuously:  
- inside the experimental rooms (air temperature)  
- outside the building (outdoor parameters: air temperature and global horizontal solar radiation). 

Regular measurements of all above mentioned parameters have been carried out since the end of 
December, 2013 and recorded in the BMS (Building Management System) every 5 minutes. 

During the first two years after the building was commissioned, the rooms were not occupied, which 
allowed to reduce the level of uncertainty as to the behaviour of users [33]. The heating thermostat has 
been set at 20°C. In all rooms, the air exchange was kept constant at 0.6 per hour and the blinds on the 
windows remained open throughout the entire research period. Each room was centrally heated and 
ventilated.  

Results of measurement were taken for analysis at 1 hour intervals from 1st June 2015 to 31stAugust 
2015. Heat waves analysis was carried out for the hottest 17 day period (from 31st to 16thAugust 2015). 
The climate labelling for each location in the paper is based on the Köppen-Geiger climate classification. 
[34]. 

3 Results and analysis 

Figure 3 presents indoor air temperatures in the summer of 2015 for three tested wall and roof 
assemblies, for three summer months and separately for June (Fig.3a), July (Fig.3b) and August (Fig.3c), 
respectively. 
 

 

Figure: 3. Measured hourly values of indoor and outdoor temperatures (oC) and solar radiation 
[W/m2]. June - August, 2015. 

 

In summer 2015, there were several periods when the outdoor temperature was rising for at least 6 
consecutive days. Among these events there was one very severe and intense heat wave which lasted 
from 31 July to 16 August. During this time the maximum daily temperature exceeded 31°C eleven 
times, including four times 35°C. The average values of outdoor temperature, solar radiation and 
temperature in all rooms during both heat waves and in the period from 1 June to 31 August 2015 are 
summarized in Table 2. 
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The average outside air temperature from June to August was 19.4°C with an average hourly solar 
radiation value of 200.1 W/m2. The indoor temperatures for RC, PCM and REF rooms were 27.77°C, 
27.75°C, and 27.72°C respectively. Such a small difference between average temperatures in rooms 
with different thermal inertia was probably due to the fact that no additional night ventilation was used. 
As a result, only a small part of the excess heat could be removed.  
During the measurements carried out in August the temperatures in the PCM room and REF room has 
dropped below 26°C only during the first two nights. 

 

 

Figure 3a: Measured hourly values of indoor and outdoor temperatures (oC) and solar radiation 
[W/m2]. June, 2015. 

 

 

Figure 3b: Measured hourly values of indoor and outdoor temperatures (oC) and solar radiation 
[W/m2]. July, 2015. 
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Figure 3c: Measured hourly values of indoor and outdoor temperatures (oC) and solar radiation 
[W/m2]. August, 2015. 

For almost all August the maximum daily temperatures in these rooms exceeded 30°C. In July the 
temperatures in both rooms has dropped slightly below 25°C only for three nights in the middle of the 
month. For 22 days of July the maximum temperature in these rooms exceeded 28°C. The temperatures 
in the PCM room and the REF room were similar. The temperature curve in the RC room was much 
more attenuated. 5-7 day periods of cooler weather with average maximum temperatures not exceeding 
15°C did not lead to significant decrease of average  temperatures in all investigated rooms.   

As the graphs for June and July show, the high heat mass in the RC room has been effective in limiting 
the rise in daytime peak temperatures at high outdoor temperatures. During periods of low outside 
temperatures following high temperatures, due to the much slower cooling of the reinforced concrete, 
the daily peak temperature was higher for a few days than in the other two rooms. More important for 
assessing the effectiveness of the chosen control measures is the analysis of the daily peak temperatures 
in the warmest days and, above all, during heat waves. 

Table 2: The average outdoor temperature, solar radiation and temperature in all rooms during heat 
wave and for the entire summer 2015. 

Date Solar 
radiation  
[W/m2] 

Outdoor 
temperature  

[oC] 

Indoor temperature [°C] 
Room B  

(RC room) 
Room D  

(REF room) 
Room E 

(PCM room) 
1.06-31.08.2015 200.1 19.4 27.77 27.72 27.75 
1.06-30.06.2015 224.2 15.8 26.6 26.6 26.7 
1.07-31.07.2015 195.1 19.8 27.77 27.72 27.75 
1.08-31.08.2015 181.4 22.5 29.5 29.4 29.5 
31.07-16.08.2015 158.2 23.5 27.2 27.0 27.1 

 
A more detailed analysis of the results can be based on measurements carried out during the 17-day heat 
wave in July-August 2015 (Fig. 4). 

The average outside air temperature during a heat wave of July-August 2015 was 23.5°C with an average 
hourly solar radiation 157.8 W/m2. In the first days of August the maximum temperature in RC room 
was from 2°C to 2.5°C lower than in the REF room. More importantly, during the next 17 days of heat 
wave in July-August 2015, the effectiveness of high thermal mass materials decreased only slightly and 
ranged from 1.5°C to 2.0°C. At night the temperature in RC room became higher than in the REF room, 
but it was about twice as low as during the day reaching 0.5°C and 1.0°C. Integrating PCM in internal 
wall and roof surfaces did not affect significantly the indoor room temperatures.   
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Figure 4: Measured hourly values of indoor and outdoor temperatures (0C) and solar radiation 
[W/m2]. July 31 - August 16, 2015. 

4 Discussion 

The main aim of the research, which results are presented in this article, was to evaluate the influence 
of PCM and reinforced concrete on the summer thermal performance of a building. However, due to the 
fact that the results of this study on the summer performance of PCM applications differ significantly 
from some other published results, they require a deeper assessment of both the relationship between 
PCM performance and its melting point range and the indoor temperatures that occur in real buildings 
in moderate climates in summer. The efficiency of using PCM materials to reduce the temperature inside 
buildings is determined by the relationship between their melting point and ambient temperature. 
Theoretically, during the day the room air temperature rises, which causes the PCM to move from solid 
to liquid phase. The heat needed for this process is taken from the room air, which cools it down. At 
night, the air temperature in the room drops, which allows the PCM to cool down and move back to the 
solid phase. In real-life conditions, the internal PCM board has a specific melting temperature range, 
while the room temperature evolution of each day is different [35].  

Most studies indicate relatively large possibilities of using PCM materials to prevent overheating of 
buildings in summer. However, a growing number of them recognize the danger of not being able to 
maintain the indoor temperature at a level that guarantees full PCM solidification. Inadequate estimation 
of the melting range most often results from errors in design assumptions; in case of non-air-conditioned 
buildings, these are mainly difficulties in predicting the operative indoor temperature at the design stage. 
The most common assumption is that the optimum melting point of PCM is achieved when it is close to 
the average daily room temperature [36]. The problem is that the decision on the melting temperature 
of PCM is to be made at the design stage of the building, and then the temperature in individual rooms, 
depending mainly on the outside temperature, solar radiation, or the occupants' behaviour is not yet 
known. In these conditions the use of PCM with a relatively wide transition temperature could be 
assumed beneficial. Neeper [36] however, indicated that even slight increase of the temperature 
transition range over 2 K may result in a significant reduction in the diurnal thermal capacity of PCM 
lined in internal wallboard. It was confirmed by Zhou et al. [37] who suggest that the transition range 
should not exceed 2-4 K. 
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The ability of PCM to effectively improve thermal comfort can be assessed experimentally by 
comparing the temperature course in a room with PCM-lined partitions with a room where PCM is not 
used [38]. Experimental studies on the influence of the use of PCM in the inside of the building envelope 
on the effectiveness of counteracting overheating of buildings in summer for temperate climate were 
carried out by Sage-Lauck and Sailor [39]. The research facility was a two-story building in Portland, 
USA (Dfb-climate) divided into two mirrored flats with a common wall on the north-south axis. Each 
of the apartments had a total area of 145 m2. All structural elements of the building except the floor on 
the ground were lightweight. BioPCM25™ (0.9 kg/m2 floor area) was installed behind the gypsum 
board of some walls and ceilings in the second story of the west flat. The east flat served as a reference 
unit. In a PCM-implemented flat, the average air temperature in August, the warmest month of the year, 
was 1.1°C lower than in the reference flat. However, the course of air temperatures in common rooms 
on the second floor of both apartments in the warmest week of summer 13-21 August 2012 indicates 
that the use of PCM was no longer useful when the minimum daily temperature in the apartment did not 
fall below about 23.5°C. It is worth noting that the average outside temperature in Portland in July, is 
20.3°C compared to 18.2°C in Zielona Góra. 

Experimental studies carried out in 2015 and 2016 in the office rooms of the Energy Efficiency Center 
of ZAE Bayern in Würzburg, Germany (Cfb-climate) show that PCM wall panels can provide passive 
cooling power that is comparable to a 15 cm thick concrete wall. However, the key to their performance 
is their regenerative capacity. For the DuPont Energain® Board, a regenerative capacity of only 1% has 
been achieved in summer under real operating conditions by keeping the internal temperature between 
22 - 26°C with air conditioning. For comparison, the regeneration rate of the Knauf Comfortboard-23® 
was found to be below 20% [40]. 

During the measurements conducted in August in this study, the temperature in the PCM room fell 
below 26°C only during the first two nights and did not fall below 23°C throughout the summer of 2015, 
although the average outdoor monthly temperature for June, July and August at Zielona Góra for 1981-
2015 was 16.5°C, 18.2°C and 18.5°C respectively. As it was shown, rooms in buildings with high 
thermal inertia have a very low daily temperature fluctuation, which in turn causes PCM not be able to 
solidify most of the time. More encouraging results from some studies may result from the fact that they 
are often carried out in small free-standing experimental rooms [41], [42], [32] with much lower thermal 
inertia than in large utility buildings. In such facilities, even a slight external cooling is immediately 
reflected in the indoor temperature. Rooms in a building with a high thermal inertia heated during high 
outdoor temperatures cool down for many days even if the outdoor temperatures fall significantly. This 
applies to both low and high heat inertia rooms, the process being somewhat faster for the former. As a 
result, it is difficult to adjust the melting range of PCMs to specific conditions, as they depend both on 
the course of the outdoor temperature and the solar radiation values during the preceding days or even 
weeks, and on the total thermal capacity of the building in which the rooms are located.  

As a measure of effectiveness of thermal capacity of building elements to prevent building overheating 
during periods of high temperatures, the values of internal air temperatures, measured experimentally 
or calculated in the model, are most often taken, comparing them to those obtained for light structures. 
In order to estimate the potential energy gains that can be made by using high thermal capacity materials 
when air conditioning is used, appropriate activation settings are assumed and then the cooling energy 
used in the test and REF room is measured [43]. If air conditioning is not widely used, the effectiveness 
of using high-capacity materials to counteract high temperatures is most often assessed by assuming the 
maximum acceptable internal temperature level at which cooling should be switched on and determining 
the number of such hours in the REF room [44], [39]. The number of hours with a temperature equal to 
or greater than 28°C in June and July decreased in the RC room, compared to the REF room from 162 
hours to 84 hours (48,2% reduction) and from 175 hours to 120 hours (31,1% reduction) respectively. 
In August the number of hours with temperature higher than 28 C was 9,6% higher in the RC room. The 
hours with a temperature equal to or greater than 29°C in June and July were practically eliminated (12 
hours in RC room compared to 142 hours for REF room). In August the temperature 29°C was exceeded 
in the RC room for 454 hours and in the REF room for 465 hours. The presented results indicate that at 
temperatures not significantly deviating from average summer temperatures, 15.8°C for June (with a 
multi-annual average of 16.5°C) and 19.5°C for July (with a multi-annual average of 19.0°C) the use of 
materials with high thermal capacity was fully effective. For August, with an average outdoor 
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temperature of 22.5°C, 4 K higher than the multi-annual average, the use of high thermal capacity 
materials resulted in a significant reduction of hours only at indoor temperatures over 32°C. For 
comparison, in the Sage-Lauck and Sailor study [39] in buildings in Portland, USA with an average 
temperature in the warmest month of August 20.3°C, applying PCM material reduced the number of 
hours with excessive internal temperature from 400 to 200 hours. However, the authors do not give a 
value for the assumed excessive internal temperature. As mentioned earlier, although they used PCM 
with a melting point of 25.0°C, 4.2 K higher than the average outdoor temperature for August, there 
were days when the PCM material proved to be ineffective, which was explained by the excessive room 
air temperature making it impossible for PCM to solidify. In this study PCM with melting point 22.0°C 
appeared to be completely ineffective in all days of June with an average temperature of 16.8°C, i.e. 
when the PCM melting temperature was 5.2 K higher than the average outdoor temperature for June.  In 
a simulation study in Sevilla, Spain with an average temperature in the warmest month of July 27.4°C 
and an average night air exchange of 3.4 ACH, the optimum melting point was 28.0°C (0.6 K higher 
than the average outside temperature for the month of August) and the period of severe discomfort with 
an operating temperature above 29°C decreased by 12% (from 38% to 34%) [45].  

In this study, the number of hours with temperatures above 29 C in the RC room compared to the REF 
room was reduced by 20 % (from 26,9 % to 21,6 %). Incorporation of the PCM material into the wall 
and roof surfaces of the PCM room did not have a significant impact on the temperature course during 
the entire summer period. Solidification of PCM proved to be impossible because both in August at an 
average temperature of 22.5°C and in June at an average temperature of 16.8°C, the minimum 
temperature in any of the examined rooms have not decreased below 23.0°C during all summer 2015. 

5 Conclusions 

In Zielona Góra, an experimental study was conducted on the thermal parameters of three middle, south-
facing rooms on the second floor, each with an area of 18 m2. Thermal properties of 3 types of walls and 
roofs assemblies were compared with timber framing, reinforced concrete and PCM with melting point 
around 22.0°C.  

As a result of the use of reinforced concrete instead of timber-framing in the walls and roof of the 
building, its peak temperature was reduced by 2.5°C in the first days of heat wave. Moreover, the 
effectiveness of high thermal mass materials decreased only slightly and ranged from 1.5°C to 2.0°C 
during the next 17 days of heat wave in July-August 2015. Lining of internal surfaces of walls and roof 
in the investigated rooms with PCM with melting temperature of 22.3°C did not lead to a significant 
decrease of indoor temperature in any of the summer months - June, July and August 2015. The 
minimum air temperatures in the tested rooms in June, the coldest month of summer 2015 with the 
average outdoor air temperature of 15.7°C, never dropped below 24°C and remained too high to allow 
solidification of the PCM contained in ENERGAIN panels. 

The number of hours with a temperature equal to or greater than 28 C in June and July decreased in the 
RC room, compared to the REF room from 162 hours to 84 hours (48,2 % reduction) and from 175 
hours to 120 hours (31,1 % reduction) respectively. In August the number of hours with temperature 
higher than 28 C was 9,6 % higher in the RC room. Incorporation of the PCM material into the wall and 
roof surfaces of the PCM room did not have a significant impact on the temperature course during the 
entire summer period. 

This study is, to the best of the authors' knowledge, the first to experimentally compare the efficiency 
of the use of PCM and traditional building materials with high thermal mass for lowering high summer 
temperatures in real buildings. In previous studies, the effectiveness of these two methods of increasing 
the thermal inertia of a building has been analysed by dynamic modelling. In addition, for temperate 
climate countries, no experimental studies have been conducted in real buildings so far, which monitored 
the thermal performance of materials with high thermal inertia at a heat wave lasting for more than 2 
weeks with the peak daily temperature eleven times exceeding 31°C.  

The results indicate that effective use of PCM is only possible if the transition temperature range is 
precisely adjusted to the actual building conditions. It is particularly important to ensure that this 
temperature allows full PCM solidification. Otherwise, PCM may be ineffective over longer periods of 
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high temperature. It may happen that in temperate climatic PCM is ineffective throughout the summer. 
The difficulties with precise adjusting the melting range to expected air temperatures are particularly 
noticeable in the buildings with high thermal inertia. Rooms in such buildings heated during high 
outdoor temperatures cool down for many days even if the outdoor temperatures fall significantly. As a 
result, it is difficult to adjust the melting range of PCMs to specific conditions, as they depend both on 
the course of the outdoor temperature and the solar radiation values during the preceding days or even 
weeks, and on the total thermal inertia of the building. 

At present, night ventilation is not used in Poland. Therefore, the study focused on the thermal inertia 
only. Ventilation air exchange was left at the level required to ensure its quality due to pollutants. 
However, the tests should be repeated with additional night ventilation, because the full effectiveness of 
the applied solutions can only be achieved if both passive strategies, i.e. heat modulation and heat 
dissipation, are combined.  

There is a need for further research on the impact of various determinants on the efficiency of the use 
of high thermal mass building materials and PCM materials in temperate climates in Central European 
countries where not much research has been done so far. In particular, this should include the question 
of matching the melting range to the temperatures expected in specific rooms in buildings, which, as 
demonstrated by the study results presented, depend on the history of the external temperature and solar 
radiation and thermal inertia of the building. In this study, the efficiency of the PCM material was 
compared with that of the reinforced concrete. 
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Abstract 

The building sector accounts for as much as 40% of total energy consumption. Currently, in Poland, 
most energy is used for heating. For this reason, engineers focus on reducing heating demand, for 
example by increasing thermal insulation of external walls of the designed buildings. The heat exchange 
with an outdoor environment in such buildings is limited and might significantly reduce the thermal 
comfort in a summer period. As a consequence, it may contribute to increased morbidity. The problem 
can increase with global warming. The aim of the paper is the analysis of heating and cooling demand 
and human thermal comfort in a single-family house for different climate data and for various types of 
thermal insulation of building external partitions. In the study two ways of cooling building were taken 
into account: 1) by using air conditioners and 2) by using outdoor air, where the airflow depends on the 
angle of a window opening. Two cases were considered for weather files, in the first case for typical 
weather files from 30-years-period (standard weather data) and in the second for data from the 2018. 
EnergyPlus software was used to carry out the simulation. The multi-zone model of an existing single-
family house was prepared. The model was validated and calibrated based on the indoor temperature 
measurement. The results of the calculation have shown that due to the climate change, external 
environment is getting warmer resulting in a decrease in annual heating demand and increase in annual 
cooling demand, especially in passive buildings. The use of the ventilative cooling instead of the 
mechanical cooling is a good solution for single-family house. The number of discomfort hours is small 
compared to all the hours while people are staying in the rooms. This solution causes lower electricity 
consumption, which in the case of Poland comes mainly from coal-fired power plants. 
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1 Introduction 

Currently, there is a great deal of emphasis on reducing energy consumption in buildings for both 
economic and environmental reasons. The construction sector accounts for over 40% of total energy 
consumption in Poland. There is a common opinion that in single-family houses located in moderate 
climates, the most energy is used for heating. For this reason, engineers focus on reducing heating 
demand, for example by increasing thermal insulation of external walls of the designed buildings. 
According to current Polish standards [1] heat transfer coefficient U for the external wall should not 
exceed value 0.23 W/(m2·K) to 2020, 0.20 W/(m2·K) from 2021, while for passive building maximum 
value of coefficients U for the external wall is 0.15 W/(m2·K) and 0.10 for ground floor [2]. To reduce 
heat loss in modern buildings, tight windows and doors are also designed. These operations, apart from 
the expected reduction in heat demand, also have negative effects, for example overheating building in 
the warm season. The heat and mass transfer between outdoor and indoor environment is limited. Due 
to this fact occupants feel more often discomfort in modern buildings than in older ones. As a 
consequence, it may contribute to increased morbidity.  

To improve thermal comfort conditions in a residential building in the summer additional cooling can 
be used for example by using split air conditioners. However, it will cause the additional consumption 
of electricity. In developed countries, air-condition can account for more than half of the electricity 
consumption in a single flat [3]. A different way is to use additional airing the room, the use of natural 
ventilation. It is an environmentally friendly solution, which does not increase pollutant emissions and 
does not involve additional energy consumption. However, using only natural ventilation may not 
provide comfort for residents throughout the year, especially on the hottest days of the year. The use of 
natural ventilation as a way of cooling rooms is a good solution during the transition period of the year 
and at night hours during the summer while the outdoor air temperature is lower than room temperature.  

The increase in the number of publications in recent years regarding energy conservation in buildings 
through ventilative cooling illustrates its large energy-saving potential in the near future. Mirakholi [4] 
carried out the simulation effectiveness of natural ventilation in a residential building (one-story building 
with a total area of 94 m2); simulations were made in the EnergyPlus program. It showed that electricity 
consumption in air-conditioned buildings with natural ventilation can be 20% lower than in buildings 
without using natural ventilation. The best results were obtained in April and November to 50% energy 
savings. To achieve high cooling efficiency using only natural ventilation, which results in high energy 
savings, the windows should be opened properly. So that it is possible to use free-cooling for a maximum 
period of a year while ensuring the comfort of users. In the study of Stazi et al. [5], an analysis of the 
automatic window control system is presented based on indicators of thermal comfort (PMV and PPD) 
and indoor air quality. In the article of Grygierek et al. [6] optimization of the window opening was 
carried out in the simulation model. EnergyPlus program combined with the MATLAB was used. This 
made it possible to write a script that indicates when windows should be open and what the size of the 
opening window should be. The conscious opening of the window was to ensure the greatest number of 
occupants’ comfort hours per year. An adaptive model was used to determine comfort limits.  

The effectiveness of passive techniques depends directly on on-site conditions, varying not only from 
season to season but also on the daytime. Consequently, not every alternative method might be a solution 
for a given location, but local climatic conditions must be carefully considered [7]. Artmann et al. [8] 
could find an evaluation of the climatic potential for passive cooling of buildings by night-time 
ventilation in all climatic zones of Europe. They showed high potential for night-time ventilative cooling 
over the whole of Northern Europe and still a significant potential in Central, Eastern, and even some 
regions of Southern Europe. However, due to the inherent stochastic properties of weather patterns, a 
series of warmer nights can occur at some locations, where passive cooling by night-time ventilation 
alone might not be sufficient to guarantee thermal comfort. 

The aim of this study is the analysis of the heating and cooling demand and human thermal comfort in 
a single-family house for two cases of climate data prevailing over Poland and for two cases of thermal 
insulation of building external partitions. The paper also explores possibilities for reducing energy 
consumption and for improving thermal comfort using ventilative cooling. 
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2 Methods 

2.1 The building  

The existing single-family semi-detached house, located in Skoczów (south Poland) was selected to 
analysis. The building was built in 2017–2018 according to current standards [1]. The list of building 
partitions is presented in Table 1. Only the right part of the semi-detached house that was one dwelling 
was taken into account. The usable area of the building is 92 m2. The building consists of three stories: 
ground floor with separate living area (entrance, living room with kitchen, hall, bathroom), usable attic 
floor (two children’s rooms, bedroom, bathroom, hall), and an unheated attic floor. In the building there 
are natural ventilation and a central heating system with a gas boiler.  

Table 1: List of building partitions 

Building partition Specification 
External wall Porotherm blocks 25 cm, polystyrene 15 cm, plaster on 

both sides  
Internal wall Porotherm blocks 12 cm 
Ground floor Ceramic tiles, cement screed, polystyrene 10 cm, moisture 

insulation, reinforced concrete slab  
Ground floor ceiling  Plaster, Porotherm blocks 23 cm, polystyrene 5 cm, cement 

screed, floor panels 
First-floor ceiling (to unheated attic) Gypsum board, mineral wool 25 cm, boards  
Roof Gypsum board, vapor barrier film, mineral wool 10+15 cm, 

vapor-permeable foil, laths and counter battens, concrete 
tile 

Wall to the neighbouring apartment Porotherm block 25 cm, polystyrene 2.5 cm 
Window Double glazing Glass Solution – Saint Gobain, PVC frame  

2.2 Thermal model 

The numerical model of the building was created by using the graphical application of the OpenStudio 
SketchUp Plug-in [9] which makes building of an object geometry easier. The building model was based 
on the construction project, but due to the complexity of building elements, the construction has been 
slightly simplified for example the front facade with the window partially cutting the roof. The building 
materials parameters were determined based on the manufacturers’ data. The prepared model was 
divided into ten thermal zones as shown in Figure 1. The numerical simulations were carried out in 
EnergyPlus (EP) software [10] because all the options required for this study are not included in the 
OpenStudio program [11].  

Internal heat gains were included to the model. Human gains were assumed following ASHRAE 
(American Society of Heating, Refrigerating and Air-Conditioning Engineers) standards [12]. The value 
of 126 W per occupant was taken to calculations. The heat gains for equipment were also calculated in 
the living room with opened kitchen: electric cooker 300 W, fridge 150 W, TV 50 W, in children’s 
rooms: computer 100 W and in two bathrooms: steaming hot water 913 W (with latent fraction of 0.89). 
In all rooms, lighting gains were 2 W/m2. For the obtained simulation results to be as close to reality as 
possible, the lighting switching on and off was controlled using the function „DaylightingControl”, the 
light source was switched on depending on the lighting intensity of the room. The heat gains schedules 
for four occupants (with a 15-minute time step) were prepared on basis of attendance registration 
conducted by occupants. Control of external blinds was introduced depending on the intensity of solar 
radiation. For this purpose, a type of control “On If High Solar On Window” was used in which external 
windows were covered by blinds if the intensity of solar was high (above 27 W/m2).  

The Sherman and Grimsrud (1980) model was used to modelling air infiltration [10]. This is one of the 
recommended models to building simulation in EnergyPlus program and based on method ‘Infiltration 
by Effective Leakage Area’ (ELA). The ELA value is defined as the equivalent amount of open area 
through which the same amount of air would flow that would pass jointly through the building envelope 
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at 4 Pa pressure differential [10], [13]. The value of the airtightness coefficient for windows was 
assumed at 0.3 m3/(m·h·Pa0.67) based on available research on the airtightness of the window in Polish 
dwelling buildings [14], [15]. The effective area of the chimney and leaks in the roof were established 
in accordance with ASHRAE guidelines [16]. The method allowed to take into account the temporary 
difference in temperature inside and outside the building, and the effect of wind on the airflow 
infiltrating the building.  

 

Figure 1: Model view with thermal zones marked in colours 

2.3 Climate data 

Two different climate models were used for the analyses (Table 2). In the first case, it was a weather 
file from 30 years (from 1971 to 2000) of data for Polish city Katowice (standard weather data) [17]. 
The second climate data was the real climate from 2018 for the city of Bielsko-Biała, located 60 km 
from Katowice and 20 km from Skoczów. Due to the noticeable warming-up in recent years, it was 
decided to carry out comparative simulations for these two cases. Both data were prepared in weather 
file format – the ‘.epw’ file (Energy Plus Weather) [18]. It is a typical file format common using in 
EnergyPlus program, it is a text-based CSV file that contains a year-worth of hourly weather variables 
for a given location. Weather variables are temperature, dew point, global horizontal radiation, diffuse 
solar radiation, wind speed, and wind direction [19].  

Table 2: Climate models used in simulations 

Temperature Standard climate Real climate 2018 
Average annual  8.0oC 10.1oC 

Minimum annual  -18.3oC -16.7oC 
Maximum annual  30.8oC 32.0oC 

Average in the heating period (September –May) 5.0oC 7.1oC 
Average in the summer (June–August) 17.2oC 19.0oC 

2.4 Model validation and calibration  

In order to verify the thermal model, the indoor temperature measurement campaign was carried out in 
September 2018. The measurements were conducted with 15-minute time step using Apar235 recorders 
(measuring range: -30–80°C, measuring accuracy: ±0.5°C in the range 20–30°C and ±0,5–1,8°C in the 
remaining range) in four selected rooms (living room, children’s room, bathroom on 1st floor and 
unheated attic.). During the measurement, there were 2 adults and a one-year-old child in the building. 
For that reason, a special schedule (based on actual recording) of the heat gains was prepared to validate 
the model. 

The preliminary calculations were made and the tuning of the model to the real object was performed. 
The calibration was carried out in four steps and included adaptation of the infiltration model, proper 
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estimation of internal and solar gains. To assess the compliance of the simulation model, the indicators 
given in the ASHRAE guide were used [20]. There Normalized Mean Bias Error (NMBE) and 
Coefficient of Variation of Root Mean Squared Error (CVRMSE) were evaluated. The indicators are 
used for average hourly and average monthly values. For the hourly step, the NMBE and CVRMSE 
rates should not be more than 10% and 30%, while for the average monthly data the NMBE and 
CVRMSE rates should not exceed 5% and 15% respectively (Table 3). After calibration, it was found 
that the model could be used for simulation. The indicators' values were within the acceptable range 
(Table 3).  

Table 3: The values of NMBE and CVRMSE indicators after the model calibration 

Building zone Error 
Living room with opened kitchen  NMBE = 1%; CVRMSE = 3% 
Children’s room  NMBE = 2%; CVRMSE = 3% 
Bathroom on 1st floor NMBE = 2%; CVRMSE = 3% 
Unheated attic NMBE = 10%; CVRMSE = 11% 

2.5 The thermal comfort model 

The adaptive model of the thermal comfort based on ASHRAE [12], ISO 7730 [21] and EN15251:2007 
[22] standards were adopted to calculations. According to the ASHRAE standard [12], the adaptive 
model is “a model that relates indoor design temperature or acceptable temperature ranges to outdoor 
meteorological or climatological parameters”. The model was used to simulate thermal comfort in 
naturally ventilated buildings [23]. The model assumes that people can adapt to changing environmental 
conditions at different times of years by using adaptive possibilities [24]. To obtain the optimal 
temperature of the internal environment an algorithm of a linear function of the average outdoor 
temperature has been defined. The model indicates the range of comfortable operative indoor 
temperature. The operative temperature is “the uniform temperature of an imaginary black enclosure, 
and the air within it, in which an occupant would change the same amount of heat by radiation and 
convection as in the actual non-uniform environment” [12]. The value of operative temperature differs 
from the indoor air temperature because it takes into account the thermal radiation of surrounding 
building partitions. Research on this topic can be found in the work of Kaczmarczyk et al. [25].  

According to the assumption of the adaptive model, there are three comfort categories: I (90% 
acceptability), II (80% acceptability), III (65% acceptability). In this study the 2nd category was taken to 
calculations. It was also assumed that the rooms can be heated from September to May depending on 
instantaneous heating demand. Heating setpoint for the bathrooms was 24°C and for other rooms 21°C. 
At night, the heating temperature was lowered to 18°C. Rooms, except bathrooms, could be cooled all 
year according to the assumption described in the next section.  

2.6 Case studies 

The simulations were carried out for eight cases included external partitions insulation, weather data 
(see section 2.3) and type of cooling system (Table 4). All simulations were made with a 15-minute time 
step. In research, two values of the heat transfer coefficients were taken into account (Table 5): current 
standard [1] and passive building standard [2].  

The first type of cooling was mechanical cooling using electric-powered air conditioners (splits). The 
air-conditioners turned on automatically if the temperature exceeded the comfort temperature range of 
the 2nd category of the adaptive model. As mentioned earlier in this model, the operative temperature is 
occurred, while the devices are controlled by the air temperature. In this study, based on the literature 
[25], it was assumed that the air temperature was 1.5 K lower than the operative temperature. 
Instantaneous values of the operative temperature for the entire year were determined in accordance 
with EN15251: 2007 [19]. Cooling devices could be switched depending on instantaneous cooling 
demand. 

The second type of cooling was ventilative cooling which relies on the use of the cooling capacity of 
the external airflow through the opening area of the windows. It is common practice for residents in 
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buildings without cooling or mechanical ventilation to open windows in order to improve the indoor 
environment. In order to model the ventilative cooling (by opening the windows), a built-in EP model 
was used, described as "Wind and Stack Open Area". The main parameter that occurs in this model was 
the window opening area. For the assumed opening area, the airflow changes with the outdoor 
conditions. The degree of the window opening was decided by the residents who, depending on the 
instantaneous thermal conditions in the room and depending on the outside temperature, open the 
windows less or more. In EP, a model based on the "IF ... THEN" principle was built to predict the 
process of opening windows. It has been implemented in the EMS part of the EP program. The window 
opening model was described in detail in the work of Grygierek et al. [6]. As a result of the multi-criteria 
optimization, a set of non-dominated solutions (Pareto front) was obtained.  

For each calculation case of ventilative cooling, the number of discomfort hours (Hdis) was determined 
as the sum of the discomfort hours from all the rooms that were intended for people to permanently 
reside in (the sum of occupied hours for all analyzed rooms was 14511 hours per year). Thermal comfort 
was only calculated for the occupied hours in each zone. The night hours when the temperature was 
intentionally reduced to 18°C during the heating period were excluded from the calculations. The 
adaptive model of thermal comfort determines the degree of comfort in buildings with natural 
ventilation, as long as the weighted average outdoor temperature exceeds 10°C. Therefore, in winter 
periods, when lower temperatures occur in Poland, this model was not able to determine the thermal 
comfort in the rooms. During this period, it was assumed that the heating system ensures proper thermal 
comfort. 

Table 4: Description of the cases 

Case External partitions insulation  Weather data Cooling system 
1 Current standard Standard weather data Mechanical cooling 
2 Passive building standard Standard weather data Mechanical cooling 
3 Current standard Weather data for 2018  Mechanical cooling 
4 Passive building standard Weather data for 2018  Mechanical cooling 
5 Current standard Standard weather data Ventilative cooling 
6 Passive building standard Standard weather data Ventilative cooling 
7 Current standard Weather data for 2018  Ventilative cooling 
8 Passive building standard Weather data for 2018  Ventilative cooling 

 

Table 5: The requirements for the heat transfer coefficients (U) for current and passive standard 
building 

Building partition Current standard  Passive building standard 
Exterior wall Insulation 15 cm, 

U=0.23 W/(m2·K) 
Insulation 26 cm, 
U=0.15 W/(m2·K) 

Ground floor Insulation 10 cm, 
U=0.30 W/(m2·K) 

Insulation 41 cm, 
U=0.10 W/(m2·K) 

Internal ceiling to the unheated attic Insulation 25 cm, 
U=0.18 W/(m2·K) 

Insulation 30 cm, 
U=0.15 W/(m2·K) 

Roof Insulation 25 cm, 
U=0.18 W/(m2·K) 

Insulation 31 cm, 
U=0.15 W/(m2·K) 

Window Uglass=0.6 W/(m2·K), Uave=0.9 W/(m2·K), Solar heat gain 
coefficient is 52% 

3 Results and discussion 

The analysis included the comparison of annual energy demand and the thermal comfort for considered 
cases. The values of heating and cooling demand were presented for the whole building and for the 
living room. In the first step, the simulations were carried out for cases with mechanical cooling in order 
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to compare the annual cooling and heating demand (Figure 2). In the case 1, the annual heating demand 
was 3689 kWh (including 648 kWh in the living room) and cooling demand was 636 kWh (including 
182 kWh in the living room). The value of heating demand for the whole building was much higher than 
the cooling demand (about six times). In the case 2, as one would expect, there was a reduction in the 
heating demand (about 31%) because of using better thermal insulation of the building envelope. But 
on the other hand, the value of cooling demand increased (about 84%), especially in the living room 
(about 212%). In the case 1, the cooling demand was only 17% of the heating demand, while in the 
second one it was as much as 46%. Furthermore, in the living room the cooling demand was 28% of 
heating demand for case 1, while for case 2 the cooling demand exceeded the heat demand and amounted 
to 188% of its value. The living room was the most often used room and it involved the largest internal 
heat gains from people and devices. Moreover, there was the big window area in this room which 
generated large solar gains. In the case of very good building insulation, the heat losses during the colder 
periods of the day (e.g. at night) were smaller and the room was overheated. 

In the cases 3 and 4, warmer climate parameters were used, therefore the values of heating demand 
decreased, comparing to cases 1 and 2 (about 20% and 20% respectively). In both cases, the value of 
heating demand was still higher than cooling demand but in the case of 4 the difference was only 12%. 
For case 4 with the insulation of passive building standard, as in case of 2, the value of cooling demand 
was higher than heating demand in the living room. Currently, Polish guidelines on the insulation of 
partitions are aimed at the heating demand. However, as the simulations showed, in the era of a warming 
climate, the cold can have a significant share in the energy demand of the building. In this case, 
increasing the insulation of external partitions have an adverse effect. The building becomes like a 
thermos and on hot days it cools down much more slowly. This problem intensifies in the case of large 
internal heat gains as in the presented study – building with an area not exceeding 100 m2 is inhabited 
by a four-people-family. However, it should be kept in mind that windows were not opened in this case, 
which could help cool the building.  

 

(a) (b) 

Figure 2: The annual cooling and heating demand: a) the whole building, b) living room 

In the second step, calculations were carried out for cases with ventilative cooling. The results of 
optimization were presented in the form of Pareto front (Figure 3). The main criterion for choosing the 
best solution for each case was to obtain the minimum number of discomfort hours. However, to achieve 
this criterion, windows had to be often opened, thus it caused a rise in heating demand. Therefore, two 
objective functions were adopted (Hdis and heating demand) in the research. The optimal solutions in 
this case provide minimal Hdis with a small rise in heating demand.  

The extreme case for which the least heating demand was obtained concerns the situation when the 
windows were not opened in the building or the windows were opened very rarely. It is rather a 
theoretical case because in the building with natural ventilation people often open windows from spring 
to autumn. Low heating demand caused a very large number of hours of thermal discomfort, the greater 
the more insulated the building was. Each subsequent point in Figure 3 indicates a possible solution to 
improve comfort conditions. Using a large regime for window opening in appropriate periods caused a 
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significant improvement of thermal comfort conditions. The Hdis for the best solutions due to the heating 
demand varied from 2699 to 5471 hours of discomfort depending on the considered case (it was from 
19% to 38% of the cumulative time of spent in the rooms). This comparison best shows how building 
insulation and climate change affect Hdis. While the differences between heating demand in optimal 
solutions were from 118 to 263 kWh, the highest value was only from 3% to 12% worse than the lowest. 
Better conditions for the use of this cooling system occur in a less insulated building (this can be seen 
especially in warmer climates). For the case 7, in the most favorable solution from the comfort point of 
view (minimum value of Hdis) 31 discomfort hours were calculated; for a passive standard building it 
was 52 hours (case 8).  

(a) (b) 

(c) 
 

(d) 

Figure 3: Pareto front: a) case 5, b) case 6, c) case 7, d) case 8 

Table 6 presents the total number of discomfort hours for all rooms that were calculated for the optimal 
solution with lowest Hdis. In this solution, only a few to several dozen hours of discomfort in rooms was 
calculated. For all cases, the largest ratio of discomfort hours to all occupied hours was obtained for 
bedroom, but it was still only from 0.3% to 1.2% of the time. This room is located on the south side and 
it is a relatively small room occupied all nights by two persons. The best comfort conditions were 
obtained in child room 2 (actually, there were comfortable environmental conditions all the time, 
moreover regardless of the case). Most of the discomfort hours were calculated in summer, but the share 
of its time did not exceed 1.3% of all occupied hours in this period. This was possible thanks to the 
appropriate window opening control and thus obtaining various values of air change rate in the rooms 
(Table 7). In investigated model was assumed the high airtightness of the building. Due to this fact, the 
values of the air change rate for cases 1 to 4 were low (Table 7); the mean value was about 0.1 h-1. In 
cases 5 to 8, the opening area of the window had a huge impact on the amount of mean and maximum 
infiltration airflows. To obtain thermal comfort conditions, the window had to been wide opened it 
caused increased air exchange and could also case draft. Therefore, this problem requires further 
investigation.  

In general, the least favourable conditions occurred in passive building (case 8). In unheated months the 
value of discomfort hours was higher than in other months. In this period the external temperature was 
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significantly higher. Due to this fact, the thermal comfort could not be obtained all the time by using 
only ventilative cooling. Figure 4 presents the variation of indoor air temperature. In the case of variants 
with mechanical cooling, the values of temperature were in line with the assumption. However, in 
variants with ventilative cooling, the indoor temperature was often a few degrees too low and sometimes 
exceeded the assumed value by 1–2oC. The values of indoor temperature for cases with weather data 
from the 2018 were higher than for cases with standard weather data.  

On the basis of the comparison of annual heating demand for mechanical cooling and ventilative cooling 
(Figure 5) noted the higher values of this parameter for ventilative cooling for all cases, which is 
associated with greater the heat loss of ventilation. However, the differences were not significant (from 
2% to 8%).  

Because in the case of single-family-house heat and cold are usually generated from other sources, the 
costs of energy consumption for heating and cooling were compared. It was assumed that a gas boiler 
was the heat source (the most popular solution in Poland) and electric air conditioners were the source 
for cooling. The efficiency of the systems was assumed in accordance with Polish standards [26]. The 
market prices were used to assess the heating and cooling costs as follows: 0.54 PLN/kWh for electricity 
and 0.19 PLN/kWh for gas [6].The costs of heating a building with ventilative cooling were higher from 
2% to 8% depending on the case (Table 8). However, considering both annual heating and cooling costs 
the total costs were higher for buildings with mechanical cooling (from 5% to 20% depending on the 
case).  

Table 6: The number of discomfort hours for the whole year and a percentage of discomfort hours in 
relation to the occupied hours in the rooms (in brackets) 

Case Living room Bedroom Child room 1 Child room 2 
5 2.5 (0.1%) 8.5 (0.3%) 19.8 (0.5%) 2.3 (0.1%) 
6 0.0 (0.0%) 12.3 (0.4%) 8.8 (0.2%) 2.3 (0.1%) 
7 2.0 (0.1%) 21.0 (0.7%) 5.5 (0.1%) 3.0 (0.1%) 
8 6.5 (0.2%) 38.7 (1.2%) 4.0 (0.1%) 3.0 (0.1%) 

 

Table 7: Infiltration air change rate in the living room 

Case Mean (annual), h-1 Max (annual), h-1 Mean (June-August), h-1 Max (June-August), h-1 
1 0.1 0.2 0.1 0.1 
2 0.1 0.2 0.1 0.1 
3 0.1 0.2 0.1 0.1 
4 0.1 0.2 0.1 0.1 
5 0.2 5.0 0.4 4.1 
6 0.3 5.2 0.6 4.2 
7 0.3 4.0 0.5 3.0 
8 0.5 7.3 0.9 5.7 
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(a) (b) 

Figure 4: Variation of indoor air temperature in living room (hourly step): a) standard weather data, 
b) weather data for 2018 

 

 
(a) (b) 

Figure 5: The annual heating demand for cases with mechanical cooling and ventilate cooling: a) the 
whole building, b) living room 

 

Table 8: List of annual costs for heating and cooling  

Case Heating costs, PLN Cooling costs, PLN Total costs, PLN 
1 876 60 936 
2 603 110 713 
3 703 102 805 
4 479 166 645 
5 893 0 893 
6 628 0 628 
7 724 0 724 
8 519 0 519 
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4 Conclusions  

Based on the simulations carried out, it was found that: 

 In current climate in Poland ventilate cooling is a good solution. It causes a reduction of energy 
demand to provide thermal comfort conditions to a sufficient extent. Therefore, it is a lower-
cost option than mechanical cooling. Also, it is environmentally friendly because it does not 
contribute to CO2 emissions to the atmosphere. Moreover, using only ventilative cooling can 
cause discomfort during only 1% of the occupied time in rooms in the summer period. To obtain 
the lowest number of hours of discomfort, especially in summer, the air exchange rate 
significantly increased, up to 7 h-1. However, these are extreme cases. On the other hand, 
ventilative cooling has greater inertia of work. it is not possible to reach the required internal 
temperature as quickly as in the case of mechanical cooling.  

 Standard climate data, commonly use to energy analyses, is not actual. The results of 30-years 
of data differed than current data. During several decades the climate has warmed up 
considerably. Therefore, particular attention should be given to the selection of climate data to 
building performance simulations. The obtained differences in the calculated heating demand 
can reach even 8 kWh/m2.  

 Very well-insulated buildings have more cooling demand however taking into account the sum 
of cooling and heating energy consumption, they generate lower operating costs compared to 
standard single-family houses; but in opposite in well-insulated houses without mechanical 
cooling thermal comfort conditions are significantly worse in current warmer climate.  

Acknowledgements 

The work was supported by the Polish Ministry of Science and Higher Education within the research 
subsidy. 

References 

[1] Regulation of the Minister of Infrastructure of 12 April 2002 on the Technical Conditions That 
Should Be Met by Buildings and Their Location; Journal of Laws of the Republic of Poland No 
75, Item. 690, (with Recast); Polish Ministry of Infrastructure: Warsaw, Poland, 2002. (In Polish)  

[2] Państwowy Instytut Budownictwa Pasywnego. Available at: < http://www.pibp.pl/ > [accessed 
26.06.2020]. 

[3] Oropeza-Perez, I.; Østergaard, P.A.: Active and passive cooling methods for dwellings: A review. 
Renewable and Sustainable Energy Reviews, Vol. 82, 2018, pp.531–544. 

[4] Mirakhorli A.: Natural ventilation in resindetial building in San Antonio area. 2017. Available at: 
< https://www.researchgate.net/publication/319162483 > [accessed 26.06.2020]. 

[5] Stazi F., Naspi F., Ulpiani G., Di Perna C.: Indoor air quality and thermal comfort optimization in 
classrooms developing an automatic system for windows opening and closing. Energy and 
Buildings,Vol. 139, 2017, pp. 732–746. 

[6] Grygierek K., Ferdyn-Grygierek J., Gumińska A., Baran Ł., Barwa M., Czerw K., Gowik P., 
Makselan K., Potyka K., Psikuta A.: Energy and Environmental Analysis of Single‐Family Houses 
Located in Poland, Energies, Vol. 13, 2020, 2740. 

[7] Tejero-González, A.; Andrés-Chicote, M.; García-Ibáñez, P.; Velasco-Gómez, E.; Rey-Martínez, 
F.J.: Assessing the applicability of passive cooling and heating techniques through climate factors: 
An overview. Renewable and Sustainable Energy Reviews, Vol. 65, Nov. 2016, pp.727-742. 

[8] Artmann, N., Manz, H., Heiselberg, P.: Climatic potential for passive cooling of buildings by 
night-time ventilation in Europe. Applied Energy, Vol. 84, Issue 2, Feb. 2007, pp.187–201 

[9] “SketchUp Documentation. Available at:< https://sketchup.com.pl> [accessed 11.03.2020]. 
[10] Engineering Reference, EnergyPlus™ Version 8.9.0 Documentation, US Department of Energy: 

1161



Washington, DC, USA, 2018. Available at: 
< https://energyplus.net/sites/all/modules/custom/nrel_custom/pdfs/pdfs_v8.9.0/EngineeringRefe
rence.pdf> [accessed 17.03.2020] 

[11] OpenStudio Documentation. Available at:. <http://nrel.github.io/OpenStudio-user-
documentation>, [accessed 28.02.2020] 

[12] ANSI/ASHRAE Standard 55. Thermal Environmental Conditions for Human Occupancy. 
American Society of Heating, Refrigerating and Air‐Conditioning Engineers (ASHRAE): Atlanta, 
GA, USA, 2017. 

[13] Baranowski A.: Modelling of natural ventilation of multi-family houses. Wydawnictwo 
Politechniki Śląskiej, Zeszyty Naukowe, seria Inżynieria Środowiska, z.55, Gliwice 2007 (In 
Polish). 

[14] Blaszczok M., Baranowski A.: Thermal improvement in residential buildings in view of the indoor 
air quality - case study for Polish dwelling. Architecture Civil Engineering Environment ACEE, 
Vol 11, Issue 3, 2018, pp.121-130. 

[15] Ferdyn-Grygierek J., Baranowski A., Blaszczok M., Kaczmarczyk J.: Thermal diagnostics of 
natural ventilation in buildings: an integrated approach. Energies, Vol 12 , 2019, 4556. 

[16] 2001 ASHRAE Handbook: Fundamentals. American Society of Heating, Refrigerating and Air-
Conditioning Engineers, 2001. 

[17] Typical Meteorological and Statistical Climatic Data for Energy Calculations of Buildings. 
Available at:. <https://dane.gov.pl/dataset/797,typowe-lata-meteorologiczne-i-statystyczne-dane-
klimatyczne-dla-obszaru-polski-do-obliczen-energetycznych-budynkow> [accessed 15.06.2020) 

[18] EnergyPlus Weather file. Available at:< https://energyplus.net/weather> [accessed 23.06.2020] 
[19] Herrera M., Natarajan S., Coley D. A., Kershaw T., Ramallo-González A. P., Eames M., Fosas 

D., Wood M.: A review of current and future weather data for building simulation. Building 
Services Engineering Research and Technology, 2017, pp. 602-627. 

[20] ASHRAE Guideline 14-2002: Measurement of Energy and Demand Savings. American Society 
of Heating, Refrigerating and Air-Conditioning Engineers, 2002. 

[21] ISO Standard ISO7730:2005. Ergonomics of the Thermal Environment—Analytical 
Determination and Interpretation of Thermal Comfort Using Calculation of the PMV and PPD 
Indices and Local Thermal Comfort Criteria. International Organization for Standardization: 
Geneva, Switzerland, 2005. 

[22] EU Standard EN15251:2007. Indoor Environmental Input Parameters for Design and Assessment 
of Energy Performance of Buildings Addressing Indoor Air Quality, Thermal Environment, 
Lighting and Acoustics. European Committee for Standardization: Brussels, Belgium, 2007. 

[23] Nicol J., Humphreys M.: Adaptive thermal comfort and sustainable thermal standards for 
buildings. Energy and Buildings. Vol. 34, Issue 6, July 2002, pp.563-572. 

[24] Barbadilla-Martin E., Martin J.G., Lissen J.M.S., Ramos J.S., Dominguez S.A.: Assessment of 
thermal comfort and energy savings in a field study on adaptive comfort with application for mixed 
mode offices. Energy and Buildings. Vol. 167, May 2018, pp. 281-289. 

[25] Kaczmarczyk J., Ferdyn-Grygierek J., Baranowski A., The impact of building parameters and way 
of operation on the operative temperaturein rooms. Architecture Civil Engineering Environment 
ACEE, Vol 11, Issue 2, 2018, pp.107-114. 

[26] Regulation of the Minister of Infrastructure of 27 February 2015 on the methodology for 
calculating the energy performance of a building or part of a building and energy performance 
Certificates; Journal of Laws of the Republic of Poland, item. 376; Polish Ministry of 
Infrastructure: Warsaw, Poland, 2015. (In Polish) 

 

1162



6th International Conference on Contemporary Problems of Thermal Engineering 
CPOTE 2020, 21-24 September 2020, Poland 

 

Measurement of thermal radiation of non-isothermal 
sky using infrared camera  

Tadeusz Kruczek1*  
1Department of Thermal Engineering  

Faculty of Energy and Environmental Engineering 
Silesian University of Technology, Gliwice, Poland 

e-mail: tadeusz.kruczek@polsl.pl  

Keywords: Infrared camera measurements, radiation ambient temperature, buildings exposed to open 
air space, low sky temperature, sky temperature measurement   

Abstract 

Usually, the surroundings of objects located in open atmospheric space consists of two surfaces: the 
hypothetical surface of the sky and the surface of the ground. Radiative and convective heat transfer 
occurs between such objects and the environment. The purpose of thermovision examination of 
objects placed in open atmospheric space, especially buildings, is to determine the value of heat loss or 
to assess the quality parameters of insulation of walls, roofs and other partitions. The examined 
surfaces, including elements of the outer shell of buildings, are usually arranged at different angles to 
the ground surface and the sky. For the needs of thermovision examination of considered objects as 
well as calculations regarding radiation heat exchanging, knowledge concerning the radiation 
parameters of the sky is necessary. These parameters include the equivalent radiative ambient 
temperature needed for thermovision measurements (including the sky and ground temperature) and 
the radiative ambient temperature that decides about the radiative heat loss from the surface being 
tested. This paper contains a description of the method for the determination of sky thermal radiation 
intensity on the basis of sky temperature measurement with the use of long-wave (LW) infrared (IR) 
camera. Quite often the sky temperature is very low and is outside the measuring range of the infrared 
camera. In such cases, a specially developed measurement method was used. To verify the developed 
method, the results obtained with the use of the long-wave infrared camera and measurement results 
obtained by means of a pyrgeometer have been compared. The verification included a comparison of 
the radiative flux of thermal emission of the sky calculated on the basis of thermovision measurements 
and the energy flux measured using the pyrgeometer. The verification result is quite satisfactory.   

1 Introduction 

In the modern world, one of the most important challenges of humanity is the rational use of natural 
resources, mainly energy. One way is to modernize the facilities used, including buildings, power 
installations, industrial equipment, and others. One of the basic ways to improve the energy efficiency 
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of the operation of the tested objects is to reduce heat loss from these objects to the environment. This 
effect is achieved by improving the quality of thermal insulation in places where these losses are 
excessively large. The assessment of technical possibilities of improving energy efficiency, including 
reduction of heat losses, is carried out as a part of energy audits of the examined objects (buildings, 
heat pipelines and other energy installations), [1]. One of the basic examination performed as a part of 
such audits is the temperature measurement on the external surfaces of the analyzed objects. The 
thermovision technique is used for such measurements. The results of infrared camera measurements 
allow to determine the temperature distributions on the external surfaces of the tested objects, calculate 
heat losses or to locate places with excessive heat loss. Knowledge of heat losses from the examined 
objects is an element of fundamental importance in the development of methods of improving the 
technical condition and methods of operation of the devices in terms of energy efficiency [2]. 

In thermovision measurements, the result of temperature measurement is influenced by several 
parameters, including the emissivity of the tested surface, the temperature of surrounding elements, 
thermodynamic parameters of atmospheric air. Non-contact temperature measurement methods are 
based on the measurement of radiation energy flux emitted from the surfaces taken into account. In 
real situations, the emissivity of the tested object is less than 1.0 and in this case the total radiation 
energy flux coming out of the tested surface consists of two parts. The first part presents a self-
emission flux, while the second part is a radiation flux that comes from the environment and is 
reflected by the analyzed surface. To determine the radiative flux from the environment, we need to 
know the temperature responsible for this flux, which has been called the radiative ambient 
temperature. 

The problem arises when determining the ambient temperature for objects in open air space. Basically, 
the environment of objects placed in an open air space consists of two elements: the hypothetical sky 
surface and the ground surface. Usually the temperature values of these elements are varied and 
therefore the value of the ambient temperature that should be entered into the infrared camera 
measuring system is unknown. To solve this problem, a new method has been proposed for 
determining the equivalent ambient temperature for non-isothermal surroundings. The main principle 
of this technology is to transform a multi-element and non-isothermal surroundings into a one-element 
isothermal surroundings [3]. An important problem is to determine the radiation temperature of the 
sky responsible for thermal radiation. To determine this temperature, it was proposed to measure the 
sky temperature using a long-wave infrared camera operating in the so-called atmospheric window, 
using a special configuration of its measurement parameters. In this measuring technology, the sky is 
treated as a hemispherical shell. Generally, two qualitatively different temperatures are important 
during this type of investigations. The first ambient temperature relevant to infrared measurements is 
the temperature associated with the heat radiation flux within the spectral range of the infrared camera 
used. This temperature can be measured using a thermovision camera used in the measurement. The 
second temperature is the temperature representing the total thermal radiation of the surroundings 
within the entire spectral range of thermal radiation. This temperature should be used during the 
calculation of radiative heat losses from the considered object. In this work, the above-mentioned 
temperatures were determined by measurements and calculations. The purpose of this research is to 
provide users of infrared cameras performing thermovision inspections in an open atmospheric space 
with a useful method for determining radiation ambient temperatures useful during infrared camera 
measurements and radiation heat loss calculations.  

In a time of cloudy nights with even cloud covering, the sky temperature is relatively high and fairly 
uniform. In case of cloudless weather, the sky temperature is lower and more diverse [4,5]. In this 
situation, the hemispherical shell of the sky can be divided into horizontal spherical bands. Then, for 
calculations, each of these bands can be treated as an isothermal area. This method of determining 
thermal radiation of the sky using infrared camera measurement has been successfully verified. To 
verify the developed method, the results obtained using the LW infrared camera and the results 
obtained using the pyrgeometer were compared. Quite satisfactory results of this comparison have 
been obtained.  
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2 Open atmospheric space as non-isothermal surroundings 

Objects exposed to open air space exchange heat with the environment through convection and 
radiation. In this case, the surroundings of the examined object consists of the sky (usually having a 
low temperature) and the surface of the ground having practically air temperature [6]. In the case of 
cloudless sky, as a result of intensive radiative heat exchange, the temperature of high emissivity 
surfaces directed upwards (e.g. external overhead shell of a pipeline or building roofs) decreases to a 
temperature lower than the temperature of the atmospheric air. This phenomenon hinders the 
quantitative interpretation of the results of thermovision diagnostics of such objects. 

When using an infrared camera to measure the sky temperature, it should be emphasized that this solid 
object does not exist. The observed body is atmospheric air containing a certain amount of radiation 
active gases, mainly water vapour and carbon dioxide. The temperature of the sky measured with the 
infrared camera results from the radiation effect of radiation active gases contained in the atmosphere. 
Long-wave infrared cameras operate within the so-called atmospheric window 7.513 m in which 
the absorption of thermal radiation, as well as atmospheric radiation, is relatively weak. Because of 
this reason, the temperature indicated by the infrared (IR) camera is relatively low. If the infrared 
camera is used to measure the temperature of the sky, the obtained temperature value is not 
representative for the calculations regarding radiation heat transfer in the open air space. The heat 
exchange takes place in the entire spectral range, i.e. (0 +) m, while the camera indicates the 
temperature representative for thermal radiation within the spectral range of its operation. Therefore, 
in calculating heat loss by radiation, it is necessary to know the ambient temperature responsible for 
radiative heat transfer [2,7]. In fact, in these calculations we use radiation heat fluxes emitted and 
absorbed by the objects in question [2,8]. Knowledge of the temperature values of these objects allows 
to calculate the aforementioned heat fluxes.  

Figure 1 shows an example of the thermal absorptivity (emissivity) distribution as a function of the 
wavelength of the 1000m thick atmosphere layer at temperature 283K containing 385 ppm carbon 
dioxide and 1.1% water vapour. The presented waveforms were obtained based on numerical 
calculations made using the spectral line gas radiation model [8,9] and HITEMP base of gas radiation 
properties. This database, along with many different applications, is used among others, in 
astrophysical studies of the atmosphere [9]. The number of spectral lines in the calculations carried out 
was over 106.  

Comparison of the results of calculations for other cases shows that from a certain value, the assumed 
thickness of the atmospheric air layer has a negligible impact on the shape of the graph. Larger 
differences occur only at small air layer thicknesses (<< 100m) which is not shown in the figure. Also, 
air temperature within the range of potential changes of atmospheric temperature has a negligible 
impact on the form of the graphs presented. The average decrease in atmospheric air temperature with 
altitude is about 0.6K/100m. Taking this into account, it can be concluded that the heat radiation from 
the lowest atmosphere layers has a dominant effect on heat exchange with objects located on the 
ground level. Therefore for atmospheric air inside this zone as representative temperature the value of 
temperature which is measured at the ground level can be assumed. 

Fig. 2 presents the distribution of spectral density of heat emission of a black body as a function of 
wavelength for the temperature of 283 K, determined on the basis of Planck's law. Comparison of this 
graph with the graph in Fig. 1, explains why the surface temperature of an object having a high 
emissivity and located in an open space can decrease to a value below atmospheric air temperature. 
This is due to the fact that for object temperature values within the range of 270÷290K, a relatively 
large radiation energy flux is emitted into the sky, because the maximum of the emitted energy flux 
occurs practically in the centre of the aforementioned window  7.513 m [6], Fig. 2.  

In the proposed method, the irradiation of the examined object by the atmosphere is replaced by the 
radiation of a hypothetical semi-spherical surface surrounding the object and emitting radiation fluxes 
of energy of the same intensity and spectral characteristics as the radiation of the atmosphere. As is 
known, the thermal radiation of gases (and at the same time the absorption of thermal radiation) is 
selective depending on the wavelength. In addition, the intensity of heat radiation by gas depends on 
the thickness of gas layer. For these reasons, with the cloudless sky, the intensity of atmospheric 
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radiation within the spectral range of atmospheric window is the lowest, see Fig. 1. In addition, it also 
depends on the direction of observation. The lowest intensity occurs for vertical direction and 
increases with increasing the zenithal angle of sky observation until reaching the horizontal direction. 
Generally, the cloudless sky canopy is a non-isothermal object. 

 

Figure 1: Absorptivity (emissivity) of atmospheric air layer dependence on the thermal radiation 
wavelength of and its temperature 

 

Figure 2: Spectral density of thermal radiation of black body as a function of its wavelength at 
different temperature values 

3 Description of measurements  

Simultaneously with the measurements of the sky temperature by means of the infrared camera, a 
CGR4 pyrgeometer with a spectral range of 4.5÷42 µm manufactured by Kipp & Zonen was used for 
direct measurements of the atmosphere radiation. In addition, the measurement of sky radiation 
intensity was carried out within the spectral range 0.3÷3 µm using the FLA628S pyranometer 
manufactured by Ahlborn. For thermovision measurements, the Flir SC2000 camera was used with a 
spectral range of 7.5÷13 µm, with 45o field of view (FOV). 

The analysis assumed that the considered horizontal reference surface (which was the surface of the 
pyrgeometer detector) was surrounded by a semispherical surface that is irradiated by the atmosphere. 
Then this radiation is transferred entirely through mentioned hemisphere shell to the interior. From the 
inside of the hemispherical canopy, the temperature of the sky was measured with an infrared camera.  
The scheme of the camera measurement positions and the angular division of the sky are shown in 
Fig. 3. All measurements were carried out at night in the absence of solar radiation. This is justified by 
the fact that thermovision inspections of facilities exposed to open air space are usually carried out 
during the nights. Such results of these inspections are then used in calculating heat losses and 
assessing the technical condition of the facilities as part of performed energy audits. The aim of this 

0

0.3

0.6

0.9

1.2

2 7 12 17 22 27 32 37 42

Wavelength, m 

A
b

so
rp

ti
vi

ty
/e

m
is

si
vi

ty

1000 m; 283.0 K

0

5

10

15

20

25

30

2 7 12 17 22 27 32 37 42
Wavelength, m 

E
m

it
ta

n
ce

, 
W

 m
-2

 
m

-1

283.0 K

273.0 K

253.0 K

1166



 

 

work was to develop methods for estimating the ambient temperature radiation distributions useful 
during thermovision measurements as well as in the calculation of heat losses.  

 

 

Figure 3: Geometric outline for measuring the sky temperature using an infrared camera and 
dividing the open atmospheric space into measurement sectors, 1-measurement sectors, 2-ground 

surface, 3-infrared camera 

4 Description of calculations  

The diagram presented in Fig. 1 shows that the total radiative energy flux emitted by the atmospheric 
air will be the sum of the fluxes emitted within the ranges of the distinguished bands. In further 
considerations, we treat the part of the Earth's atmosphere that interests us as a lump of gas and 
surround it with an imaginary surface. Then, on this surface we define the unit total radiative energy 
flux, which is the sum of the fluxes emitted within each of the distinguished bands, i.e. windows and 
radiation active bands. It can be expressed by the relationship (1):  
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where: jwjw ,, , 21  - starting and ending wavelength for the j -th window; jaja ,, , 21  - starting and 

ending wavelength for the j -th radiation active band in the atmosphere; atT - actual temperature of 

the atmospheric air, K; cmT - the temperature of the sky measured with the LW camera within the 

spectral range of atmospheric window 7.513 m, K. 

During the calculations according to (1), the windows were treated as a black body and the 
temperature of the sky measured with an IR camera was assumed for it. Radiation active bands were 
also treated as black bands and the ambient air temperature was assumed for them.  

In the verifying calculations, the extreme limits of the spectral range corresponded to the operation 
range of the pyrgeometer i.e. 4.5÷42 µm, were assumed. In this range, the windows 4.5÷4.8 µm, 
7.5÷13 µm and the active bands 4.8÷7.5 µm and 13÷42 µm have been distinguished, Fig. 1. Treating 
the active bands as a black body within the given spectral ranges is justified. Figure 1 shows that for 
the assumed spectral ranges for the bands, they do not always have the absorptivity (emissivity) equal 
to 1.0 in the entire range, for example in the sub-range 16÷21 µm, Fig. 1. It should be remembered,  
that the presented graphs refer to a mix of air, CO2 and H2O as the gaseous phase. In the real 
environment there is an air layer of thickness greater than 1000m, for which the calculation results are 
presented. In fact, in the atmosphere, especially when the temperature drops during the night, there are 
particles of water vapour condensing what gives a continuous spectrum of radiation. As a result, due to 
the radiation of these particles, emissions are enhanced in those spectral regions where the atmosphere 
was partially transparent.  

The temperature indicated by the camera differs depending on the angle at which the sky will be 
observed. It is related to the water vapour content in the atmosphere and the thickness of air layer [10]. 
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Therefore, in order to determine the flux of radiation energy irradiating a unit horizontal surface, apart 
from the different temperature, the angle at which the radiation hits the horizontal surface should also 
be taken into account.  

In order to verify the proposed method of calculating the emission of the sky based on the results of 
measurements of the temperature of the sky with use of IR  camera, these results were compared with 
the results of the measurement of the sky emission obtained with the use of a pyrgeometer in relation 
to the unit of horizontal surface.  

The following calculation model was applied. The canopy of the sky (Fig. 4) was divided by 
horizontal planes into N spherical bands. Most often, the canopy of the sky has a diversified 
temperature depending on the viewing angle. If the temperature distribution of the sky is symmetrical, 
then the spherical bands created in this way and with a sufficiently large number of them, can be 
treated as isothermal surfaces, each with temperature iT , as shown in Fig. 4. 
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Figure 4: Presentation of sky hemispherical model and calculation algorithm of the configuration 
factors for spherical bands and pyrgeometer [11]  

 

In order to calculate the unit radiative energy flux emitted by the sky and irradiating a horizontal plane 
(the surface of the pyrgeometer detector), the method of radiosity balance was used [3,8]. For the 
surface of the pyrgeometer detector and each of the distinguished spherical bands, equations 
expressing their radiosity were formulated [3,8].  

Radiosity balance for the detector surface of pyrgeometer has a form: 

pgggppi

N

i
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1
 (2) 

 
The system of equations for spherical bands expresses the equation: 

igggiij

N

j
jjiiiiii hFrhFreFhF ,,    

1
 (3) 

where   Ni ...,,1 . 

Equation (3) shows a system of N  equations, one equation for each spherical band is created. 
Equations (2) and (3) have a general form and will be simplified after introducing the conditions 
resulting from the adopted model for describing the phenomenon under consideration. For this 
purpose, it should be assumed that the reflectivity of the sky ir = 0 and its emissivity i = 1.0 for each  

spherical band Ni ...,,1 . The purpose of this analysis is to determine the flux of radiation energy 
coming from the sky and irradiating the surface of pyrgeometer detector. This can be achieved by 
assuming that pr =1.0 which implies the condition p = 0. In this way the self-emission of 

pyrgeometer detector is eliminated. Additionally, it should be assumed that pg , = 0 (the ground does 

Dp 

DS

1

3 2

Fi

w
1
,iw
2
,i

#

#

Fp i

1168



 

 

not radiate onto the horizontal detector surface). The radiosity of a horizontal flat surface calculated in 
this way will consist only of the reflected radiation incident on it, which comes from the radiation of 

the sky. The surface radiosity ph  calculated in this way is also the unit energy flux irradiating the 

horizontal surface of pyrgeometer detector. 

After applying the above-mentioned conditions, a new form of the system of equations (2, 3) will be  
obtained. Using additionally the reciprocity law for each pair of surfaces ip  :  

piiipp FF ,,    (4) 

 

an equation that can be used to calculate the emission density coming  from the sky and irradiating the 
horizontal plane is obtained: 

ip

N

i
ippSk ehe ,




1

  (5) 

 

The values of configuration factors pi ,  and ip,  should be calculated according to the algorithm 

presented in Fig. 4 and using the reciprocity law expressed by (4). The emission values of the sky 
within the range of each spherical bands of the sky hemisphere ie , Fig. 4, should be calculated 

according to the equation (1) using the results of measurements of the sky temperature within the 
spectral range of atmospheric window with the use of longwave infrared camera Fig. 3, and 
measurement results of atmospheric air temperature atT . The values calculated for each spherical 

band express the total emission of thermal radiation of atmospheric gases within the spectral ranges of 
high radiation activity bands together with the emission of atmospheric air inside the ranges of low 
radiation activity (windows).   

5 Examples of measurements and calculation results  

Applying the method presented above and using the results of measuring the temperature of the sky by 
means of the LW IR camera, the calculations of  sky radiation flux reaching a horizontal surface were 
carried out. These calculations were performed for the same spectral range as the spectral operation 
range of the pyrgeometer used. The use of the same spectral ranges entitles to direct comparison of 
these results. The geographical coordinates of measurement point was N50o17’39”, E18o40’47” and 
the measuring equipment was installed 250 m above the sea level.  

The obtained results of calculations and measurements of the radiation intensity of the sky in relation 
to a unit of horizontal surface are shown in Fig. 5. These results are presented as a function of air 
temperature measured at the same time as other measurements. There is no clear correlation between 
radiation intensity and air temperature. The degree of coverage of the sky with clouds, air humidity 
and others also determine the radiation intensity. Based on the measurements with the camera and the 
calculations performed, the calculated emission fluxes of the sky were slightly lower than those 
measured with the pyrgeometer. Fig. 5 shows the location of the points characterizing the results of the 
pyrgeometer measurement. The vertical line segments show the difference between the pyrgeometer 
measurement result and the calculation results. The differences found are not large, in any case they do 
not usually exceed the value of 20 W/m2, what means that relatively these differences are of the order 
of about 5%. There could be several reasons for these discrepancies. One of them may be the 
progressive effect of water vapour condensation in the air during the night and the generation of the 
enthalpy of condensation, which is not included in the calculation method applied. The second reason 
may be the method of averaging and processing the results of temperature measurements from an IR 
camera. There seems to be some possibilities for improvement after applying more advanced analysis 
methods. Nevertheless, the achieved results of this comparison should be considered as quite 
satisfactory.   
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Figure 5: Thermal radiation of the sky measured by means of pyrgeometer and calculated basing  on 
the results of temperature measurement of the sky by means of long-wave  infrared camera and 

temperature of  atmospheric air 

Figures 6,7,8 show examples of the measurement results of the sky temperature Tcm performed with 
the use of the LW IR camera and the calculation results of the equivalent sky temperature Ttot 
representing the total radiative emission flux of the sky. 

The graphs presented in the above-mentioned figures show the average Tcm temperature value for each 
spherical band. The knowledge of the angular distribution of this temperature is useful for calculating 
the equivalent radiative ambient temperature needed during thermovision inspections of objects in 
open atmospheric space [3]. In Tab.1 there are gathered the main meteorological parameters for 
considered measurement series. Based on the analysis of these data, it can be concluded that intensity 
of sky thermal emission depends strongly on temperature and moisture content in the air.  

Table 1: Air and ambient parameters for the given measurement series 

Series No 
Temperature 

of air, oC 
Air relative 
humidity, % 

Atmospheric 
pressure, hPa 

Sky radiation 
(pyrgeometer), W/m2 

Moisture content in 
dry air, g H2O/kg 

M006 5.6 81.3 992.6 337.8 4.64 
M001 11.7 53.5 997.4 294.3 4.65 
M003 10.1 59.0 997.2 291.1 4.60 
M027 9.6 45.6 984.4 280.8 3.47 
M023 4.8 52.3 995.3 261.6 2.81 
M026 5.0 50.3 989.3 255.6 2.75 
M028 5.7 58.2 983.9 266.2 3.35 

 

The Ttot temperature representing the total radiation energy flux of the sky in the entire wavelength 
range is useful  for calculations related to the radiation heat exchange of the considered objects with 
the environment (calculation of radiative heat losses). The calculations of Ttot were performed in a 
similar way as the comparative calculations for the pyrgeometer. The main differences occurred when 
calculating using the formula (1) were the presence of two spectral windows (4.5÷4.8) µm, 
(7.5÷13) µm, therefore 2wm , and three active bands (4÷4.5) µm, (4.8÷7.5) µm and (13÷ tot ) µm, 

that means 3am , Fig. 1, Eq. (6). During the calculations it was assumed that tot =100 µm. This 

value results from practical reasons, because for wavelength λ>100 µm the thermal radiation of the 
sky is negligibly low. Now, the entire unit emission of radiation energy by i-th spherical band has a 
form (6): 
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Figure 6: Zenithal distributions of temperature Tcm obtained by IR camera measurement and 
temperature Ttot representing the total thermal radiation of the sky for the case of relatively high sky 

temperature 

 

7a) 

 
  

7b) 

 

Figure 7: Zenithal distributions of temperature Tcm obtained by IR camera measurement and 
temperature Ttot representing the total thermal radiation of the sky for the case of medium sky 

temperature  
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8a) 

 
  

8b) 

 
  

8c) 

 

Figure 8: Zenithal distributions of temperature Tcm obtained by IR camera measurement and 
temperature Ttot representing the total thermal radiation of the sky for the case of low sky 

temperature  

 

On the basis of itote ,  values of emission and treating the sky as a black body, the temperature itotT ,  

values can be calculated using the expression (7):  

 

4 itotitot eT ,,   (7) 

Trends of temperature totT  depending on the zenith angle of observation have been presented for a 

few examples of sky in Figs 6,7,8. As it can be seen, for each of the above-mentioned temperatures, 
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their values within the zenithal angle range ±45o are relatively stable. Above these angle values, their 
values approach the atmospheric temperature [10]. The conducted analysis showed that their 
approximations are satisfactory with a polynomial relationship in the form (8):  

xxxx bbbT ,,, 0
2

2
4

4     where cmx    or totx   (8) 

This type of relationship was used to approximate the trends of the sky temperature changes. The 
aforementioned figures represent several characteristic cases. Figure 6 shows the temperature 
distribution Tcm for the sky with a fairly high zenithal temperature  276÷277 K. Figure 7 shows the 
cases where the zenithal temperature Tcm is lower and occurs inside the range 218÷228 K. However, 
Fig. 8 presents the cases with the lowest zenith temperature occurring within the range 208÷213 K. Of 
course, all other zenithal temperature values are possible, they depend on the meteorological 
conditions. The presented graphs are examples of the analyzed temperature distributions. 

6 Final conclusions and remarks  

During thermovision inspections and radiation heat transfer studies of objects located in open air 
space, two apparent temperatures of the sky should be distinguished. As the temperature of the sky, 
which is useful to determine the equivalent radiative ambient temperature, which is applicable in the 
thermovision measurements [3], the Tcm temperature of the sky obtained directly from the IR camera 
measurement should be used. Examples of the measurement results of this temperature are shown in 
Figs 6,7,8. In the case of calculations in the field of radiation heat exchange, which always takes place 
within the full spectral range of thermal radiation, the temperature Ttot calculated according to (7) 
should be used. The samples of such calculation results are also presented in Figs 6,7,8. The main goal 
of this study is to develop methods having practical features that can be useful in typical thermal 
diagnostics. However, it is possible to perform calculations in the field of radiative heat exchange 
between objects in open space and the atmospheric air using more advanced numerical methods [4]. 
However, due to the time-consuming nature and cost of such calculations, these methods are not 
suitable for use in the conditions of typical thermal diagnostics of objects using the thermovision 
technique.  

Nomenclature 

D  - diameter, m 
),( Te  - spectral density of black body self-emission (hemispherical spectral emissive power [8]) 

for temperature T ), resulting from Planck’s law, W·(μm·m2)-1 

e  - density of black body emission (emissive power), W·m-2 
F  - area of surface, m2 

h  - unit radiosity of surface, W·m-2 

am  - number of considered active radiation bands of atmospheric air  

wm  - number of considered radiation windows  

N  - number of spherical bands of hemispherical sky 
r  - reflectivity of surface 
T  - temperature, K 

atT  - temperature of atmospheric air, K 

cmT  - sky temperature measured by infrared camera, K 

at  - dealt with atmospheric air 
b  - dealt with black body 
cm  - dealt with infrared camera measurement 
g  - dealt with ground 
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o  - dealt with of examined object 
p  - dealt with pyrgeometer 
Sk  - dealt with sky 
tot  - dealt with the emission of the sky in the whole spectral range of thermal radiation 

 
Greek symbols 
 
  - emissivity of surface 
  - configuration factor 
  - wavelength of thermal radiation, μm 
  - radiation constant (5,67·10-8 W/(m2 K4)) 
  - zenith angle, o 
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Abstract 

Personal ventilation systems supply fresh air directly into breathing zone. This system has a big potential 
in assuring good indoor air quality in the breathing zone and should minimise cross-infection risk 
between occupants. Its applications are in office buildings where people most of the time people spend 
in a sitting position. People can easily adjust ventilation parameters (air flow rate) to their needs. 
Following the tendency in a reduction of energy use in buildings, personal ventilation systems can be 
considered as a good alternative comparing to other ventilation systems which can reduce energy 
consumption while keeping a high quality of indoor air. The aim of the study is analysis of the optimal 
solution in terms of energy consumption and indoor air quality for personal ventilation. Performance of 
the personal ventilation systems alone and supported with additional systems was analysed. It was 
examined whether personal ventilation can act as an independent source of fresh air in the room and 
whether it is enough to maintain a satisfactory quality of the room both at the workplace and in the entire 
people zone. A series of experimental investigations were performed in climatic chamber for different 
combination of installed ventilation systems. Three of them were chosen for the validation of the 
numerical model: Total volume mixing ventilation (TVMV), Chilled ceiling combined with mixing 
ventilation (CCMV) and Chilled ceiling combined with personal ventilation (CCPV). Additional chilled 
ceiling in that case is used to remove heat load generated in the space. Some of the experimental data 
acquired during those investigations were used to determine initial and boundary conditions, while 
results of field measurements were used to validate developed mathematical model. Three-dimensional 
numerical model of climatic chamber arranged as an office with two workstations was built in 
Workbench Ansys. At each workstation one thermal manikin was placed.  One of the manikins was a 
breathing manikin referred as a “polluting manikin”. Air exhaled by this manikin was marked with SF6 
which simulated exhaled contaminants like bacteria and viruses. The chamber was equipped with mixing 
ventilation and ceiling chilling systems as well with personal ventilation on each desk. Round movable 
panels were used as a personal diffuser in order to provide efficiently clean air to occupants.  
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1 Introduction 

Poor indoor environmental quality affects people’s wellbeing and often is the source of their complaints 
[1]. It has been shown that polluted indoor air and high air temperature increase perceptibly occurrence 
of symptoms called the Sick Building Syndrome (SBS) [2,3,4]. Moreover, highly polluted air and 
inappropriate indoor temperature can significantly decrease people’s work performance [5]. The 
ventilation systems currently used in buildings are mostly total volume mixing ventilation (TVMV) 
systems, which aim to remove pollutants from the space by their dilution up to the acceptable level. 
These systems require a considerable amount of energy. They are centrally controlled and create a 
uniform indoor environment, which may not be preferred by all occupants in the building. Providing 
fresh air directly to the occupant’s breathing zone with personalized ventilation (PV) system improves 
inhaled air quality. PV is also an effective solution for improvement of thermal sensation at the 
workstation in spaces where air temperature is higher than the recommended by the standards upper 
limit of 26°C. Previous studies [6,7] showed that PV decreases SBS symptoms in comparison with 
mixing ventilation (MV). At room temperature higher than 28°C, cool personalized flow significantly 
decreased reported difficulties in thinking and concentration as well as fatigue [8,9,10]. PV also 
increases the overall wellbeing sensation and arousal of subjects, which resulted in an increased ability 
to work. Moreover, depending on the operation of the background ventilation system, PV is an energy-
efficient solution as it focuses on keeping high environmental quality locally at the workstation instead 
of conditioning the whole room [11,12,13,14]. 

Radiant cooling systems remove excessive sensible heat loads from the space. Such systems gain more 
popularity, but they need to be coupled with a ventilation system to provide fresh air to building zones. 
This creates a possibility for PV to work as a single ventilation system in spaces with high cooling 
demand. Presented results are part of the study on the combined system of PV and radiant cooling. 
Previously reported results showed that a combined system of chilled ceiling and personalized 
ventilation (CCPV) ensures better thermal conditions and perceived air quality than when chilled ceiling 
works with mixing ventilation [15,16,17,18]. Lipczynska et al. [17] showed that the room air mixing, 
contaminants' concentration distribution and air-change effectiveness in the occupied space apart of the 
workstations with PV working alone was at the same level as with MV.  

This paper is a first stage of analysis of the application of personal ventilation system to prevent cross-
infection risk between occupants. The results of mathematical model validation against a measurement 
data are presented in the paper. Different scenarios including combination of mixing  ventilation, chilled 
ceiling and personal ventilation were analysed. 

2 Experimental method  

Input parameters for the numerical model, i.e. boundary and initial conditions, were determined based 
on the experimental data. The measurements were carried out in a climate chamber having dimensions  
4.12 m × 4, 2 m × 2.89 m. It was arranged as an office with two workstations. One thermal manikin was 
placed at each workstation. One of the mannequins was so-called "Polluting manikin" PM1 had 
breathing option enabled. The air exhaled by the PM1 manikin contained an SF6 gas tag that simulated 
human exhaled contaminants such as bacteria and viruses. The chamber has been equipped with mixing 
ventilation systems with diffusers located at the chamber ceiling. Cooling beams were installed in the 
chamber, they were used to remove heat gains from the room for the test case when only personal 
ventilation was working. The personal ventilation diffusers were installed on the desk separately for 
each of the manikins in the form of movable ducts terminated with round diffusers. A full description 
of the climate chamber equipment and the tests carried out were presented in [17]. The carried out 
experimental investigations included measurements for various combinations of installed ventilation 
systems. Three of them were selected for validation of the numerical model: 

- mixing ventilation (TVMV), 

- cooled ceiling in combination with mixed ventilation (CCMV) and 

- cooled ceiling combined with personal ventilation (CCPV). 
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3 Computational method 

In this section details of the developed numerical model which was used to simulate performance of 
personal ventilation are presented. 

3.1 Governing equations and solver settings  

The developed mathematical model of a climate chamber includes following equations: 

- mass, energy and momentum conservation equations, 

- equation for the transport of air components including N2, O2, CO2 and SF6, 

- turbulence model equations. 

Moreover it was assumed that the flow is steady state, three-dimensional and incompressible. 

The k- model was applied to model turbulence. In the analysed problem it is very important to include 
radiation heat transfer. Initially in order to verify radiation modelling on the computation results, 
computations were carried out for three different scenarios: no radiation scenario, radiation described 
by Surface to Surface (S2S) model and radiation modelled using Discrete Ordinate (DO) model. Results 
obtained with S2S radiation model showed the best agreement with measurements that is why this model 
was applied for final computations. 

The governing equations were discretised with Finite Volume Method (FVM), the second-order upwind 
discretization scheme was applied for the convection term in balance equations (Second-Order Upwind),  
Least squares approximation was used to describe gradient term in all equations. The Pressure Staggered 
Grid (PRESTO!) scheme was used to discretize the pressure in the momentum conservation equation. 
This scheme is recommended for flows with dominant natural convection. The computations were 
carried out using Fluent 2020 R1 software. 

3.2 Numerical model of human breathing 

Mathematical models of the breathing man are based on spirometric tests determining the flow rate of 
air exhaled by a man. Hyldgaard's research [19] shows that a person doing light work exhales 6 litres of 
air per minute with a frequency of 10 breaths per minute. A single breath cycle lasts 6 seconds and 
consists of 2.5 seconds of inspiration, 2.5 seconds of exhalation and 1 second of pause. Instantaneous 
flow during inspiration and exhalation is 14.4 l / min. In order to decrease computational time that would 
be necessary to obtain unsteady solution, the breathing was simplified to continuous emission at constant 
rate, previous studies have shown that it many cases it is sufficiently accurate [20]. The breathable PM1 
manikin exhales a mixture of N2, O2, CO2 as well as SF6 gases. SF6 emission corresponds to pollution 
emitted by man and was used in the model to investigate the risk of infection of a second dummy. 

3.3 Geometry and grid 

A three-dimensional model of a climate chamber room was developed with two mannequins with 
simplified geometry sitting at desks facing each other (Figure 1). The geometric model of the room 
includes two personal ventilation diffusers located on each desk. The air is also blown into the chamber 
by three mixing ventilators located under the ceiling in the centre of the room. They have a slit flow in 
two directions. The air is exhausted through two diffusers located on the ceiling of the chamber. Cooling 
beams have also been modelled on the ceiling in the form of 8 panels located on both sides of the ceiling. 
The lighting of the climate chamber was modelled as 4 lamps suspended from the ceiling with a power 
of 40 W each. Lamps release heat into the chamber by convection and radiation. The chamber numerical 
model also includes heat gains from the window and heat gains from sunlight on the floor surface (Figure 
1). The surface of the panels simulating a heat source from the window and from sunlight in the climate 
chamber was adopted in the same way as in the climate chamber. Modelling the process of human 
breathing it is necessary to properly model the surface of the mouth and nose of a person. The mouth 
models available in the literature assume their area 1.3 ÷ 3.4 cm2 [21-23], while the nose assumes a hole 
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of 1.3 cm2 [23-24] or two 0.65 cm2 holes. In the developed geometric model of man, for simplicity, 
breathing through a rectangular opening (mouth) measuring 1.3x1.0 cm (1.3 cm2) was adopted. 

 

Figure 1: Geometry of the numerical model of climatic chamber  

The model numerical grid comprised of 19.2 million of tetrahedral elements. The basic size of the mesh 
elements was 5 cm. However, the mesh was refined in particularly sensitive areas, i.e. in the human 
environment, around mouth, diffusers, at the hot surfaces (manikin, laptop surfaces etc.) using the Face 
Sizing function. Figures 2 show the numerical grid at plane crossing manikins in the middle. From the 
accuracy point of view of the of numerical computations, the quality of the grid elements is very 
important. One of the parameters determining the quality of the mesh is EAS (Equivalent Angle 
Skewness), which describes the degree of twisting of the elements of the numerical mesh. It is assumed 
that the three-dimensional mesh is of a good quality when the average value of this parameter does not 
exceed 0.4. For the prepared grid, the average value of the EAS parameter is 0.26 and the maximum 
value did not exceed 0.85. 
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Figure 2: Numerical mesh at the plane crossing the manikins.   

3.4 Boundary and initial conditions 

In order to obtain numerical solution of mathematical model a set of boundary conditions and in case of 
unsteady problems also initial conditions need to be defined. For the analysed problem boundary 
conditions varies depending on the considered case: 

- mixing ventilation (TVMV), 

- cooled ceiling in combination with mixed ventilation (CCMV) and 

- cooled ceiling combined with personal ventilation (CCPV). 

Prescribed boundary conditions for different computed scenarios and assumed numerical values at 
domain boundaries are presented in Table 1. Localisation of specific boundary conditions within the 
computational domain is presented in Figure 1. If only mixing ventilation (TVMV) works, the air is 
blown through the three slotted ceiling diffusers. Other ventilation systems are turned off at this time. 
For the CCMV case, only the middle diffuser was used. The air exhaust in the case of TVMV was 
carried out by both exhaust vents located on the ceiling of the room, in other cases only one diffuser was 
used. The temperature of the air blown into the room was 16oC. Thermal loads of the room were people 
(two manikins), 2 laptops, lamps, heat gains from sunlight simulated in the chamber by a heating mat 
on the floor of the room and in the window of the climate chamber.  

Table 1: Boundary conditions of the numerical model  

Climatic chamber walls  
At all walls surfaces magnitude of velocity vector was equal to zero 
side walls, floor (only part of the floor), ceiling, desk – adiabatic Q= 0 W 
heating floor panels – 250 W 
heated window (solar heat load) 404 W  
occupants 2 x 66 W 
lighting 4 x 40 W  
computers T=40oC  
cooling ceiling panels, TVMV case: Q= 0 W, CCMV case: Q= 765 W; CCPV case: Q= 798 W 
inlets– mass flow inlet 
Human breathing - constant exhalation flow from manikin �̇� =6 l/min, 
Two manikins in the model 66 W:  polluting manikin 1 – constant exhalation,  
Species transport: N2, O2, CO2, SF6 
TVMV: Three mixing ventilation diffusers �̇�=82 l/s, inlet temperature T=16oC 
CCMV: One mixing ventilation diffusers �̇�=26 l/s, inlet temperature T=16oC 
CCPV: Personal ventilation diffusers �̇�=21 l/s per diffuser, inlet temperature T=25oC 
outlets – pressure outlets 
2 exhaust at the ceiling 
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4 Results and discussion 

4.1 Experimental validation of the CFD model 

This section presents comparison of the computed results against experimental data for selected three 
cases TVMV, CCMV and CCPV (as characterised in pervious section). In all analysed cases imbalance 
for global energy equation was below 10 W, which is lower than around 1 per cent of the total power 
input.  

In case of application of the CFD tools to analyses pollutant distribution in the rooms and performance 
of ventilation systems, it is very important to accurately simulate model airflow pattern and temperature 
distribution within the room. Therefore it is extremely important to extensively validate mathematical 
model before it will be applied to solve practical aspect connected with indoor air flow and indoor air 
quality. In this work validation of the mathematical model was carried out against extensive field 
measurements of temperature and velocity. Both quantities were sampled at 9 horizontal planes located 
at heights: 0.05 m, 0.1 m, 0.3 m, 0.6 m 1.1 m, 1.7 m, 2.0 m, 2.2 m, 2.4 m respectively above the ground 
of the climatic chamber. Each horizontal plane was divided into 5 x 5 = 25 squares and the sampling 
points were localized at the centres of those squares. Altogether this gives 215 sampling points 
distributed across the volume of the climatic chamber. The temperature and velocity magnitude 
measured in all these points was compared against results of CFD simulation. Temperature was 
measured with standard uncertainty equal to 0.2oC, where the uncertainty of the air speed 
measurements was 0.02 m/s. 

4.1.1 Temperature profiles in the room 

In case with mixing ventilation (TVMV) the air was supplied to the room only through the three ceiling 
diffusers. No additional ventilation system operated in the chamber. Figure 3 shows comparison of 
temperature distribution profiles at selected heights for CFD model and measurements. A good 
agreement between temperatures from CFD model and measurements was found. The smallest 
differences occurred in the upper part of the room over the manikin’s head in the area where main heat 
sources were localised. In the whole room, the differences in temperature did not exceeded 1.1oC. 
Temperature differences in range 0.2oC were found in 50% of the monitored points. The  average 
temperature in the room computed base on the simulation results was equal to 26.4oC and was higher 
by 0.4oC comparing to the measured average temperature. Slightly higher differences in temperature 
occurred for case with operating chilled ceilings with mixing ventilation (CCMV). For this configuration 
maximum difference did not exceed 1.4oC. In three monitored points temperature difference over 1 oC 
occurred, these points were localised in the lower part of the room. In 50% of monitored points 
differences did not exceeded 0,7 oC. Calculated average temperature in the room was equal 25.6 oC, 
while measured average temperature was equal to 26 oC. In the last case a chilled ceiling with personal 
ventilation was analyzed (CCPV). In this case the maximum temperature differences between 
measurements and simulation was equal to 0.7 oC. Differences in the range 0.5-0.7 oC occurred at 5 
monitored points. Temperature differences below 0.2 oC were observed in 60% of the monitored points 
within the room.  

Calculated average temperature in the room was equal to 28.6 oC, while measured average temperature 
was equal to 28 oC. 
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Figure 3: Plane distribution of air temperature at different height for measurements and CFD 
simulation for TVMV, CCMV and CCPV case 

Manikin used in the measurements consisted of 23 segments with individual heat flux density emitted 
from individual part of the body.  This manikin was used in order to study local effect of non-uniform 
thermal environment. In numerical calculation it was assumed a constant heat flux equal to 66 W form 
each manikin. According to small differences of the body aera of the real manikin and computer 
simulated person also a temperature differences of the body surface were observed. In all calculated 
cases temperature of the manikin surface was equal 31.7 oC, where measured temperature was equal to 
34 oC. In the future calculation a heat flux density of each body part will be used as a boundary conditions 
which should help to improve the calculated temperature on the manikin surface. 

Also, a problematic issue was found in the case of the boundary conditions at the laptops surfaces at the 
desks. Assumed 65 W of heat gains from each computer in heat balance calculation for the purpose of 
physical measurements occurred unrealistic. Preliminary calculation showed that this assumption 
resulted in very unrealistic temperature on the computers surface around 50-60 oC. It caused the need to 
assume a temperature boundary condition based on the values measured by thermal imaging camera. 
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4.1.2 Airflow patterns from the diffusers  

Generally, the air movement in the room is influenced by the ventilation system presence of occupants 
and devices which generate heat. In case of TVMV airflows are dominated by air supplied through three 
ceiling slot diffuser grills. Supplied air velocity is equal 4.8 m/s. Temperature of the supplied air is 16oC 
and is much colder than the air average temperature in the room (26 oC). Air warms up and sticks to the 
ceiling due to Coanda effect then fall to the bottom part of the room along two opposite walls. This was 
confirmed by smoke visualization experiment which revealed a strong longitudinal loop between two 
opposite walls. Flowpaths of the air supplied to the room by different ventilation systems for remaining 
cases is presented in the Figure 4. In case of CCMV the airflow paths are similar to TVMV case, 
however, due to smaller amount of supplied air its potential to mix with contaminated air in the room is 
also smaller. When fresh air is supplied only by personal ventilation diffusers,  the air flows around 
manikin face and further is directed to the region behind manikins. The air movement is concentrated in 
in one part of the room. 

 

Figure 4: Airflow pathline coloured with velocity from the ventilation system for a) TVMV, b) CCMV 
and c) CCPV case 

4.1.3 Velocity profiles in the room 

Figure 5 shows plane distribution of air velocity at different height for TVMV case. Comparing CFD 
simulation with measurements one can see that the calculated profiles of the air distribution fit  
measurement results very well. The highest air velocity is observed in the bottom part of the room at the 
ankle height. Velocities obtained from the numerical calculations are slightly higher than those measured 
in experiment. Locally, in the upper part of the room single points with higher values of velocity obtained 
from computations than measured experimentally can be observed. When fresh air is supplied by one 
ceiling diffuser and supported by operating chilled ceiling like in the case CCMV the lower air velocities 
can be observed in the room. The velocity of air supplied by personal ventilation diffusers is equal to 
0.83 m/s. The biggest discrepancies of velocity values between CFD simulation results and 
measurements occurs in the bottom part of the room at the height below 0.6 m. It can be observed that 
discrepancies between computations and measurements decrease with height, however locally at 
individual points they can reach higher value. In case of TVMV and CCMV in around 50% of monitored 
points velocity, difference did not exceed 0.06 m/s and 0.12 m/s in 90% of points. The lowest speed 
values in the room were observed in a case of CCPV with chilled ceiling and operating personal 
diffusers. In that case, the mixing ventilation did not work. The discrepancies between computations 
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and experiment in the range up to 0.045 m/s occur in the 68% of the points. Moreover, it can be observed 
that in 90% of monitored points velocity are in the range between 0 and 0.09 m/s. 

 

 

Figure 5: Plane distribution of air velocity at different height for measurements and CFD simulation  

4.1.4 Distribution of contaminants in the room  

The main source of indoor contaminants is human presence and breathing process. The knowledge of 
indoor airflows paths of exhaled contaminants can be very helpful to assess apotential risk of cross-
infections between inhabitants. Hence, the CFD simulations can be efective tool for prediction of 
inhabitants cross-infections. In order to verify accuracy of the developed mathematical model in the 
field of cross-infection prediction, results of numerical computations of contaminant distribution were 
confronted against experimental results. In the carried out experiments a source of contaminant was 
manikin 1 called “polluting manikin”. The air exhaled by this manikin was marked with sulphur 
hexafluoride (SF6) in order to able to observe flow history of infected air exhaled by a sick person. 
Manikin 2 was in that case an exposed manikin. Only a “polluting manikin” was modeled as a breathing 
one. Pathlines of air breathed out by from the first manikinare presented in Figure 6. 

 

Height: 0,6 m

0.11 0.19 0.16 0.14 0.05

0.11 - 0.09 0.12 0.16

0.20 - 0.04 0.09 0.18

0.08 - 0.08 0.02 0.20

0.02 0.11 0.11 0.24 0.03

CFD

SI
M

U
LA

TI
O

N
 W

IN
DO

W

Height: 0,6 m

0.08 0.09 0.08 0.10 0.23

0.08 - 0.12 0.14 0.15

- - 0.16 0.18 0.18

0.16 - 0.19 0.19 0.17

0.08 0.07 0.09 0.12 0.21

MEASUREMENT
SI

M
U

LA
TI

O
N

 W
IN

DO
W

Height: 0,6 m

0.14 0.12 0.22 0.15 0.23

0.16 - 0.13 0.25 0.18

0.19 - 0.32 0.35 0.31

0.10 - 0.14 0.13 0.31

0.07 0.14 0.09 0.17 0.22

CFD

SI
M

U
LA

TI
O

N
 W

IN
DO

W

Height: 0,6 m

0.12 0.13 0.15 0.22 0.10

0.10 - 0.15 0.22 0.27

0.12 - 0.25 0.29 0.17

0.18 - 0.14 0.18 0.13

0.02 0.09 0.10 0.06 0.08

CFD

SI
M

U
LA

TI
O

N
 W

IN
DO

W

Height: 0,6 m

0.08 0.08 0.09 0.10 0.15

0.18 - 0.14 0.12 0.12

- - 0.16 0.18 0.14

0.16 - 0.16 0.12 0.13

0.09 0.06 0.04 0.07 0.17

MEASUREMENT

SI
M

U
LA

TI
O

N
 W

IN
DO

W

Height: 0,6 m

0.10 0.10 0.11 0.07 0.07

0.17 - 0.10 0.08 0.15

- - 0.10 0.14 0.08

0.15 - 0.11 0.07 0.14

0.05 0.10 0.06 0.03 0.06

MEASUREMENT

SI
M

U
LA

TI
O

N
 W

IN
DO

W
TVMV 

CCMV

CCPV

1183



 

Figure 6: Airflow path-line coloured with velocity from polluting manikin 

In experimental investigations concentration of SF6 was monitored in 12 sampling points including 
points at the room exhaust and in air inhaled by exposed manikin 2. A satisfactory agreement of SF6 
concentration between simulation and measurements was achieved for case CCMV with maximal 
relative error equal to 16%. Concentration of SF6 calculated in CCPV case are in not so good agreement 
with experimental results. In most of the sampling points SF6 concentration is underestimated comparing 
to measurement data. 

Table 2: SF6 concentration measured at selected points in CFD model and from measurements for 
CCMV and CCPV cases 

Point 

CCMV CCPV 
Measurements CFD Measurements CFD 

ppm ppm ppm ppm 
Exhaust 1 4.69 5.01 5.21 3.20 

Exposed manikin 5.26 5.49 1.26 3.35 
Point 14 (0.1m) 5.26 5.49 1.26 3.35 
Point 14 (0.6 m) 5.33 6.18 5.95 3.76 
Point 14 (1.1m) 5.60 5.98 6.15 3.62 
Point 14 (1.7m) 5.73 5.67 6.25 3.66 

5 Conclusions 

The paper presents mathematical model of heat and mass transfer within the occupied room equipped 
with two types of ventilation systems: mixing ventilation and personal ventilation. Moreover, the room 
was equipped with cooling ceiling. Developed mathematical model was validated against experimental 
data gathered in the considered room showing good agreement. Validation was carried out for three 
different ventilation and cooling scenarios. 

Future analysis will be focused on the different scenario of operation of personal ventilation system 
under different airflow rate from personal diffusers and its thermodynamic parameters. Under this 
condition analyses of the airflows paths of the pathogens exhaled by the infected occupant will be 
analysed, as well the influence of the personal ventilation system on indoor air quality and thermal 
comfort will be issued. Further analysis will compare energy consumption of personal ventilation in 
comparison to traditional mixing ventilation system. Simulation will also focus on the issue whether it 
is possible to use personal ventilation system as a standalone system or it must be supported with 
additional ventilation system in order to achieve acceptable indoor air quality. 
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Abstract 

In the present study, an experimental study of the effect of water contents in the fuel mixtures on the 
methanol spray combustion in an open space is delineated. The flame stabilization, flame temperature, 
pollution emissions, relative thermal efficiency with heat exchanger, and exergy analysis are also 
provided. The result shows that as the water content in the fuel mixture is greater than 10%, the flames 
cannot be sustained.  The appearance of the flames was not significantly different for various water 
contents in the fuel mixture. However, the flame length was reduced by the increase of water contents, 
but there was no apparent change in the flame lift-off height. Due to the lower flame temperature, the 
nitrogen oxide emission is reduced. Conversely, carbon monoxide emission is increased, and the 
conversion rate of the combustion is also decreased. As the water content in the fuel mixtures increases 
by 10%, the exergy efficiency reasonably decreases by 9.98%, but the thermal efficiency reduces by 
26.61%. It is interesting to note that the effect of water contents in the fuel mixture on the exergy 
destruction is minor. This research provides several important conclusions related to the methanol spray 
combustion in an open space. Understanding the spray combustion of methanol and its stabilization, 
emissions, and relative efficiency will be useful to serve as the basis for further high-efficiency 
application and control of the flame and combustion for methanol. 

1 Introduction 

Methanol is a potential and oxygenated, clean, renewable liquid fuel in the near future. The use of 
methanol is mainly due to facing air pollution and environmental degradation induced by the rapid 
growth of the petrochemical industries and the fuels. In order to slow the deterioration of the greenhouse 
effect and reduce the use of fossil fuels, increasing the proportion of methanol used or using methanol 
as fuel directly is an available option. Therefore, advanced countries/regions have begun to carry out 
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various studies to analyze the methods and policies of using methanol [1]-[3]. Compared with the 
properties of hydrogen, methanol is more practical, safe, and convenient for storage, transportation, and 
distribution. For the methanol economy concept, it can be regarded as an energy carrier for all traditional 
and alternative energy sources[4]. It can be prepared from syngas via suitable catalysts[5], a mixture of 
hydrogen and carbon monoxide obtained from fossil fuel and biomass gasification. It also can be 
produced by recycling carbon dioxide. Researchers still pay attention to new catalytic material 
manufacturing and modification to get more efficient catalysts for methanol production [6]. Hence, 
methanol can play a significant role in the carbon-neutral world by assisting with the Paris Climate 
Agreement's goals shortly. 

For liquid fuel, combustion is an energetic method for transformation from chemical energy to heat, 
kinetic, or another type of energy. Spray combustion of methanol or methanol blended with other fuels 
are of considerable technological significance to a diversity of applications ranging from furnaces, boiler, 
domestic heating[7], IC engine[8]-[10], and even to space rockets propulsion[11]. For the fundamental 
study, the combustion of methanol has also been proposed [12]. 

However, we still need to face all the problems and shortcomings when using methanol. It is well known 
that alcohols are more hygroscopic and absorbs water from the ambient humid air. The effect of low-
level content of water in the fuel for IC engine study has been reported. The results delineate the water 
addition in fuel played a significant role in the fuel spray process. It also shows that water addition can 
effectively reduce NOx and CO [13]. In the gasoline engine, adding water-methanol blends provides a 
better solution to improve combustion stability and reduce exhaust gas temperature [14]. For 
heterogeneous fuels, combustion improvement is mainly due to the phenomena of microexplosion, and 
have been widely studied. The fuel droplets contain multi-components with different boiling points 
explode fiercely during the combustion process [15], [16].  

However, in general, there are still few studies about the effect of water contents in pure methanol 
combustion. The present research aims to evaluate using methanol as the fuel of spray combustion, 
documenting, and studying the effect of water contents on the combustion characteristics in terms of 
flame stabilization, flame temperature, pollution emissions, thermal efficiency with heat exchanger, and 
exergy variation[17]. In a system, the thermal efficiency provides the ratio of the energy output and the 
energy inputs. The exergy efficiency defines the ratio of the exergy output and the exergy in inputs. It 
is well known that the exergy analysis is an analysis method that can provide a means to evaluate and 
compare processes and systems in a suggestive way. It gives efficiency that measures how near-real 
performance which approaches the ideal state. It also provides a more clearly than energy balance 
analysis to identify the causes of losses in thermodynamics aspect. Therefore, the obtained results from 
exergy analysis are helpful to improve and optimize designs for the combustion devices[18]. 
Understanding the spray combustion of methanol and its stabilization, emissions, and relative efficiency 
will be useful to serve as the basis for further high-efficiency application and control of the flame and 
combustion for methanol. 

2 Apparatus and Methodology 

Fig. 1 schematically shows the experimental setup. The spray combustion burner composed of a fine 
pressurized atomizer is applied for the present study. The diameter of the atomizer orifice is 0.15 mm, 
and its operating range is between 10-15 bar. The fuel tank was pressurized using a nitrogen cylinder 
and monitor by a pressure gauge. The flow rates versus different backpressure have been evaluated in 
advance, and methanol was filtered prior to the spray burner. The mean fuel flowrate versus the 
backpressure for different water contents in the fuels is shown in Fig. 2(a). The relationships between 
the mean mass flow rate and the backpressure are linear. The mean droplet size in terms of the Sauter 
mean diameter (SMD) which were measured using Malvern system at x = 50mm downstream the spray 
versus the water contents in the fuel is shown in Fig. 2(b). The results show that the fuel spray's SMD 
is not affected by the water contents in the fuel mixture. In the present study, in order to study the effect 
of water content in methanol on combustion, the backpressure was fixed as 13 bars, and the experimental 
conditions are listed in Table 1.   
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Figure 1: Schematic experimental apparatus 

 

 

Figure 2: Fundamental spray properties 

The spray combustion flames were sustained in ambient air. A B-type thermocouple was used to 
measure temperature distribution in a spray flame. The wire diameter of thermocouple is 200 μm. In 
order to avoid promotion of chemical reaction induced by noble metal in the flame reaction zone [19], 
a mixture of Beryllium oxide and 10–15% yttrium oxide anti-catalytical coating was applied. In order 
to reduce the radiative heat loss, the measured results in the flame were corrected by assuming the 
thermocouple junction is a spherical bead [20],[21]. To emulate the heat transfer between flame and the 
heat exchanger and measure the relative thermal efficiency, an alumina plate with water-cooling channel 
in it was used. The thickness of the heat exchanger is 30 mm with a diameter of 210 mm. Water with 
ambient temperature flows into the alumina plate and receives the heat generated by the spray flame. 
The relative thermal efficiency can be defined by Eq. (1) 

𝜂 =
�̇�𝑐 (𝑇 − 𝑇 )

�̇� 𝐿𝐻𝑉
 (1) 

The pollution emissions were measured using a gas analyzer. The flue gas sampling tube was installed 
on the lower edge of the heat exchanger at a distance of 10 mm. The emission index is defined as Eq. 4 
[22]. An emission index (EI) is defined as the weight of pollutants released per kilogram of fuel 
consumed. Note that the units of emission index are expressed as kg/kg-fuel. 
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𝐸𝐼 ≡
𝑚 ,

𝑚 ,
≡

𝑥 , 𝑀

𝑥 + 𝑥 + 𝑥 𝛼𝑀
 (2) 

𝐶𝑅 ≡
𝐸𝐼𝐶𝑂 ,

𝐸𝐼𝐶𝑂 ,
 (3) 

In Eq. 2, the mass of fuel consumption is estimated based on the measured concentrations of CO, CO2, 
and UHC. In addition, the conversion ratio of fuel is defined by the Eq. 3. The numerator is the measured 
emission index of CO2, and the denominator is the theoretical carbon dioxide production per kilogram 
of fuel according to the oxidation reaction of methanol ( C𝐻 𝑂𝐻 + 1.5(𝑂 + 3.76𝑁 ) → 𝐶𝑂 +
2𝐻 𝑂 + 5.64𝑁 ). 

Table 1: Experimental conditions 

Case # Water contents (%) Back pressure (bar) Mean fuels flowrate (g/s) SMD @ x = 5mm 

1 0† 13 0.4241 24.83 

2 2.5 13 0.4307 24.92 

3 5.0 13 0.4346 25.14 

4 7.5 13 0.4334 24.14 

5 10.0 13 0.4330 26.88 

†:  the water contents in the original methanol is less than 1% 

3 Results and Discussion 

3.1 Flame Appearance 

 

Figure 3: Typical spray flame appearances with: (a)0%; (b)2.5%; (c)5%; (d)7.5%; (e)10% H2O 
content in fuels 
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Figure 4: Mean flame length and lift-off height of the flame with: (a)0%; (b)2.5%; (c)5%; (d)7.5%; 
(e)10% H2O content in fuels 

The typical appearance of spray flames is shown in Fig. 3. The methanol spray was injected into the air, 
and the flames were sustained at a specific height from the nozzle to form lift-off flames. When the 
water content in the fuel mixture is less than 10%, the flames can be burned and sustained stably. The 
chemiluminescence and appearance of the flames were not significantly different for the fuel mixture's 
various water contents. The flame length was reduced as the water contents in the fuel mixture is 
increased, but there was no apparent change in the flame lift-off height. The statistical results are shown 
in Fig. 4. 

3.2 Temperature Profiles 

The radial distribution of temperature of the methanol spray flames with different water contents in the 
fuel is shown in Fig. 5. As shown in Fig. 5(a), the radial temperature profiles at x = 60 mm has a high 
temperature peak. The maximum temperature of approximately 1820K occurred at r = 10 mm for no 
water content in the fuel. Generally, the peak temperature is reduced as the water contents in the fuel 
increase, but the effect of the water contents on the temperature is not very obvious. The methanol spray 
flame has a hollow cone structure, and the lower temperature distributions showed the unburned mixture 
structures. Similar radial temperature profiles can also be found at x = 120, 180, and 240 mm. Note that 
the radial temperature profile at x = 240 mm has a distinguished higher peak at r = 20 mm for the case 
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of no water content in the fuel.

 

Figure 5: Mean radial temperature profiles at various heights for: (a) x=60mm; (b)x=120mm; 
(c)x=180m; (d)x=240mm; and different H2O content in fuels 

3.3 Emission Index 

The emission index, which is defined as Eq. 2 under different water contents in the fuels, were measured 
and analyzed, as shown in Fig. 6(a). The results delineate that the EINO tends to decrease as the fuel's 
water contents increase. On the contrary, the EICO decreases as the fuel's water contents increase due 
to incomplete combustion. Note that the water contents in the fuel are higher than 7.5%; the NO emission 
is lower than the lower detection limit; hence, the NO sensor cannot be detected. The results also show 
that the trading off between NO and CO can be found. 
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Figure 6: (a) Emission Index of CO and NO and (b) conversion ratio of flame for various water 
contents in the fuel 

The conversion ratio of fuels varies with the water contents in the fuels. As shown in Fig. 6(b), the 
conversion ratio decreases as the water contents of the fuels increases. When the fuel contains almost 
no water, the conversion rate of fuel can be as high as 99.83%. When the water content at 10%, the 
conversion rate of fuel still reaches about 99.21%. A small reduction in conversion rate will contribute 
to an increase in carbon monoxide emissions. 

3.4 Energy Balance and Exergy Analysis 

3.4.1 Relative Efficiency 

Table 2: Energy balance 

Case # Qf (W) Qw (W) Qloss (W) η (%) 

1 8514.60  -1059.18  7455.43  12.44  

2 8645.36  -963.72  7681.65  11.15  

3 8503.51  -898.24  7605.27  10.56  

4 8470.50  -830.49  7640.01  9.80  

5 8234.34  -751.53  7482.81  9.13  

In order to analyze the energy balance, the spray combustion system in the present study can be 
schematically shown in Figure 7. The dash block defines a system boundary of a control volume that 
surrounds the spray combustor. It can be seen that fuel mixtures and entrained air, combustion products 
with heat loss, and heat transfer through isothermal boundary. The energy balance results are listed in 
Table. 2. The energy input rate (Qf) can be calculated using the lower heat value of methanol 
(676.2𝑘𝐽 𝑚𝑜𝑙⁄   [23]) and the flow rate of the fuel mixtures. The heat transfer through the heat exchanger 
is evaluated using Eq. (1). The result shows that the thermal efficiency (η) decreases as the water 
contents of the fuels increases. It is interesting to note that the heat loss (Qloss) has similar value for 
different water contents in the fuel mixtures.  
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3.4.2 Exergy Analysis 

 

Figure 7: The schematic system boundary of the spray combustion system 

The enhancement and optimization of the combustor is a key challenge to a clean and high-efficiency 
furnace system, and the exergy analysis is a good tool than can provide information to assist in the 
design process. As the system changes from a reference state to a dead state through a thermodynamic 
process with a reference environment, the exergy represents the maximum obtainable work. For 
combustion systems, exergy analysis is divided into the physical and chemical parts. The physical 
exergy value is estimateded according to the pressure and temperature of the reactants and products. On 
the other hand, the chemical exergy is evaluated based on the molar fractions of species. Table 3 
provides the standard chemical exergy for the main reactants and products, which are in their stable 
conditions at P0 = 101.325kPa and T0 = 298.15K.  

Table 3: Standard chemical exergy values at 𝑃  and 𝑇  

Component 𝑒𝑥 (𝑘𝐽 𝑚𝑜𝑙⁄ ) Component 𝑒𝑥 (𝑘𝐽 𝑚𝑜𝑙⁄ ) 
CH3OH*[23] 705.2 H2O 9.49 

N2 0.72 CO2 19.87 

O2 3.97 CO 274.71 

In order to simplify the exergy analysis process, the spray combustion is assumed to be a stoichiometric 
reaction; hence, the molar fraction of reactants can be defined based on the ideal oxidation of methanol 
reaction. And the molar fraction of products is also can be obtained. Compared with the molar fractions 
of oxygen, water, carbon dioxide, and nitrogen, the chemical exergy changes of CO and NO in the ppm 
level can be ignored. Table 4 shows the mole fraction of the reactants, the conversion rate, and the mole 
fraction of the product. 

Table 4: The molar fraction breakdown of products 

Case  
# 

𝑥 (%) 
CR 

𝑥 (%) 
CH3OH H2O O2 N2 CH3OH H2O O2 N2 CO2 

1 0.1229  0.0000 0.1843 0.6929 99.85 1.72E-04 2.31E-01 2.58E-04 6.53E-01 1.16E-01 

2 0.1222  0.0056 0.1832 0.6890 99.79 2.39E-04 2.35E-01 3.58E-04 6.49E-01 1.15E-01 

3 0.1215  0.0114 0.1822 0.6850 99.79 2.36E-04 2.39E-01 3.55E-04 6.46E-01 1.14E-01 

4 0.1207  0.0174 0.1811 0.6808 99.51 5.57E-04 2.43E-01 8.35E-04 6.42E-01 1.13E-01 

5 0.1199  0.0237 0.1799 0.6765 99.25 8.54E-04 2.47E-01 1.28E-03 6.38E-01 1.12E-01 

Exergy analysis results are listed in Table 5. The specific physical exergy of reactants and the chemical 
exergy are defined by Eq. (4) and (5), respectively. The total specific exergy of reactants is the 
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summation of the physical exergy and the chemical exergy and can be calculated by Eq. (6). In the lab, 
the temperature is approximate to 300K, and pr is assumed to equal to p0. 

𝑒𝑥 , = 𝐶 (𝑇 − 𝑇 ) − 𝑇 𝐶 𝑙𝑛
𝑇

𝑇
− 𝑅𝑙𝑛

𝑃

𝑃
 (4) 

𝑒𝑥 , = 𝑥 𝑒𝑥 + 𝑅𝑇 𝑥 ln𝑥  (5) 

𝑒𝑥 = 𝑒𝑥 , + 𝑒𝑥 ,  (6) 

Similarly, the exergies of the products can be calculated using Eq. (7)-(9). In order to calculate the 
specific physical exergy of products, the average temperature near the upper boundary layer was also 
measured and listed in Table 5.  

𝑒𝑥 , = 𝐶 𝑇 − 𝑇 − 𝑇 𝐶 𝑙𝑛
𝑇

𝑇
− 𝑅𝑙𝑛

𝑃

𝑃
 (7) 

𝑒𝑥 , = 𝑥 𝑒𝑥 + 𝑅𝑇 𝑥 ln𝑥  (8) 

𝑒𝑥 = 𝑒𝑥 , + 𝑒𝑥 ,  (9) 

Part of heat has been absorbed via the heat exchanger. The variation of exergy via the heat transfer can 
be calculated by Eq. (10). The specific exergy destruction and the exergy efficiency of the spray 
combustor can be evaluated by Eq. (11) and (12). The results also show that the exergy efficiency of the 
spray combustion system is in the range of 18% to 21%. The exergy destruction represents the 
irreversibility of the system. As the water contents in the fuel mixtures increases, the irreversibility 
increases by 3.2%, and the exergy efficiency also decreases slightly. Note that the specific exergy varies 
due to heat transfer are negative. It means that the exergy transfers from the combustor system into the 
ambient.  

𝑒𝑥 = 𝑞 1 −
𝑇

𝑇
 (10) 

𝑒𝑥 = 𝑒𝑥 − 𝑒𝑥 + 𝑒𝑥  (11) 

𝜓 =
𝑒𝑥

𝑒𝑥 + 𝑒𝑥
 (12) 

Table 5: Exergy analysis 

Case # 
exph,r 

(kJ/kg) 
exch,r 

(kJ/kg) 
exr 

(kJ/kg) 
Tmean,p 
 (K) 

exph,p 
(kJ/kg) 

exch,p 

(kJ/kg) 
exp 

(kJ/kg) 
exq  

(kJ/kg) 
exD 

(kJ/kg) 
φ 

(%) 

1 0.0065  2936.28  3022.10  1092.25  463.96  106.25  570.22  -244.21  2207.67  20.53  

2 0.0065  2925.07  3010.39  1083.99  457.12  108.56  565.69  -222.99  2221.69  20.29  

3 0.0065  2914.05  2998.85  1072.83  447.92  109.33  557.25  -209.81  2231.79  19.98  

4 0.0065  2902.80  2987.08  1009.67  396.54  117.66  514.20  -194.23  2278.65  18.41  

5 0.0065  2891.22  2974.95  1002.92  391.13  125.56  516.69  -179.59  2278.67  18.48  

3.5 Discussions 

Up to date, using the combustion process to obtain high-density energy is a technology that cannot be 
replaced. In the present study, methanol was directly sprayed into ambient air and burned. Methanol 
droplets undergo the process of atomization and evaporation, and the gasified fuels mixed with oxygen 
in the surrounding air before burning. The heat generated by the flame is transferred to the upstream of 
the spray to heat the methanol droplets to promote evaporation. The heat moved upstream must be 
sufficient to sustain the flame to be stabilized in a specific position. Hence, the stabilization point of the 
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flames is dominated by heat transfer, chemical reaction, mass diffusion, and the flow velocity. Based on 
the experimental results, it can be found that when the water contents in the fuel mixtures exceed 10%, 
the flame cannot be sustained. As the water content in the fuel mixture is increased, the water droplets 
still exist in the mixed gas after the evaporation of methanol. Part of the transferred heat energy was 
absorbed by the moisture, and causing the flame temperature to decrease, which in turn reduces the heat 
transfer to the upstream, which leads to the flame extinguish. According to the statistics of the present 
study, as the water contents in the fuel mixtures increases, the flame length becomes shorter, and the 
temperature becomes lower, which reduces the nitrogen oxide emissions. In contrast, carbon monoxide 
emission is increased, and the conversion rate of the combustion is also decreased, from 99.83% reduced 
to 99.21%. Due to the lower temperature, the relative thermal efficiency is also decreased. When the 
water content in the fuel mixtures increases by 10%, the exergy efficiency reasonably decreases by 
9.98%, but the thermal efficiency reduces by 26.61%. Therefore, as the water content in the fuel mixture 
increases, it indeed causes a reduction in thermal efficiency, but its NO emissions have a significant 
reduction effect. The trading-off between thermal efficiency and the emission should be considered 
when we apply the fuels which contain water. 

4 Conclusions 

In this paper, the effect of water contents in the fuel mixtures on the methanol spray combustion in the 
ambient air in terms of flame stabilization, flame temperature, pollution emissions, relative thermal 
efficiency with heat exchanger, and exergy variation is delineated. The significant conclusions for the 
methanol spray combustion are listed. 

1. As the water content in the fuel mixture is less than 10%, the flames can be burned and sustained 
stably. The appearance of the flames was not significantly different for various water contents in the 
fuel mixture. However, the flame length was reduced by the increase of water contents, but there 
was no apparent change in the flame lift-off height. 

2. As the water contents in the fuel mixtures increases, the flame length becomes shorter, and the 
temperature becomes lower, which reduces the nitrogen oxide emissions. In contrast, carbon 
monoxide emission is increased, and the conversion rate of the combustion is also decreased. 

3. The exergy efficiency was in the range of 18-21%. For spray combustion in an open space, many 
factors will cause exergy destruction, including heat loss and other irreversibilities. It is interesting 
to note that the effect of water contents in the fuel mixture on the exergy destruction is minor. 

4. As the water content in the fuel mixtures increases by 10%, the exergy efficiency reasonably 
decreases by 9.98%, but the thermal efficiency reduces by 26.61%.  

The present study provides several important results which are related to the methanol spray combustion 
in an open space. Furthermore, the exergy efficiency is also given base on the measured results. As the 
exergy destruction and exergy efficiency are both given, the methods to increase the thermal efficiency 
by reducing possible irreversibility to reach the best process for combustors are still warranted and will 
be worthy of being studied. 

Nomenclature 

𝑐 :  isobaric specific heat capacity (kJ/kg-K) 
𝐶𝑅:  conversion ratio 
𝐸𝐼 :  emission index of species i 
𝑒𝑥 , :  specific chemical exergy of products (kJ/kg) 
𝑒𝑥 , :  specific chemical exergy of reactants (kJ/kg) 
𝑒𝑥 , :  specific physical exergy of products (kJ/kg) 
𝑒𝑥 , :  specific physical exergy of reactants (kJ/kg) 
𝑒𝑥 :  specific exergy destruction (kJ/kg) 
𝑒𝑥 :  specific exergy of products (kJ/kg) 
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𝑒𝑥 :  specific exergy changes due to heat transfer (kJ/kg) 
𝑒𝑥 :  specific exergy of reactants (kJ/kg) 
𝐿𝐻𝑉:  low heating value of fuel 
𝑀 :  molar mass of species i (kg/kmol) 
�̇� :  mass flow rate (kg/s) 
𝑥 :  molar fraction of species i 
𝑦 :  mass fraction of species i 
�̇� :  energy output rate through heat exchanger wall  (kJ/s) 
�̇� :  energy input rate by reactants (kJ/s) 
 𝑇 :  temperature of the reference environment (K) 
𝑇 :  temperature of products (K) 
𝑇 :  temperature of reactants (K) 
𝑝 :  pressure of the reference environment (101.325kPa) 
𝑝 :  pressure of products at reactor exit (kPa) 
𝑝 :  pressure of reactants at reactor entrance (kPa) 
𝛼:  the number of moles of carbon in 1 mole of fuel 
ϕ:  equivalence ratio 
𝜓: exergy efficiency 
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Abstract 

The Waste Framework Directive - Directive 2008/98/EC on waste, sets the basic rules and strategies on 
waste management, one of these is waste management hierarchy which places recycling and waste 
thermal processing before landfilling in waste processing scheme. Therefore, all non-recyclable wastes, 
which are suitable for thermal conversion should be used in energy recovery processes e.g. combustion 
or pyrolysis. Wastes characterized by high calorific value and low moisture are used for alternative fuel 
production. In Poland, Refuse Derived Fuel (RDF) potential is significant, but high heterogeneity and 
contamination of the fuel limit its direct use in power industry. Units dedicated to RDF firing and co-
firing are under the same environmental regulations as other waste incineration plants. The combustion 
technology and flue gas treatment systems are much more challenging and complex in comparison to 
classic coal-firing units. In the work several samples were collected from a real-scale multifuel unit co-
firing RDF with hard coal. A complex analysis of raw fuel (both RDF and hard coal) and fly ashes 
collected before and after FGT (Flue Gas Treatment) system was performed. The thermal behaviour 
characteristics, transformation properties of the inorganic components and ash fusion temperatures of 
fly ashes were investigated using X-ray diffraction (XRD) and high-temperature microscope. To 
determine the influence of flue gas treatment installations on the ash structure, Scanning Electron 
Microscopy with Energy Dispersive Spectroscopy (SEM-EDS) photographs were taken. The mass 
balance of mercury was performed for the analysed unit.  

1 Introduction 

1.1 Waste incineration – RDF  

The main purpose of alternative fuels market is the use of energy contained in waste that cannot be 
reused or recycled. Landfilling is a loss of resources that affects the efficiency of the economy. It is 
proved that combustible fraction of waste stream can be successfully used for energy production [1–3]. 
Wastes are in some extent as renewable energy resource, the use of waste in energy production will 
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enable to replace fossil fuels, and thus also reduce CO2 emissions from the energy sector. The priority 
is to obtain a fraction with a relatively high calorific value, for CHP plants above 10 MJ / kg, for cement 
plants about 20 MJ/kg [4], therefore the most commonly used raw materials for RDF production are: 
paper, textiles, plastics, sewage sludge, biomass and gum. The high calorific value of RDF fuel increases 
its attractiveness and potential as a fuel, therefore plastics with a calorific value of 30 - 45 MJ/kg are the 
main component of this fuel. 

The chemical composition of RFD depends on the waste fractions, production line, producer, etc. Unlike 
SRF (Solid Recovered Fuel), there is no official definition and standards describing chemical 
composition of RDF fuel, therefore its composition is very diverse [5]. The combustible fractions 
selected from waste are sorted, processed and can finally can be pelleted. The pelleting process 
minimises the risk of undesirable components in the fuel (large size non-flammable elements that could 
not be removed at earlier stages and posing a risk of damage to the feeding system and thermal 
processing of fuel).  

RDF fuel is produced both in Regional Municipal Waste Processing Installations (RIPOK), as well as 
by commercial producers in modern mechanical-biological waste treatment installations. The process in 
the MBP (mechanical and biological waste treatment) installation involves mechanical segregation 
associated with biological stabilization. The MBP installation processes municipal and industrial waste 
with composition and properties similar to municipal waste, as well as waste collected separately. As a 
result of processing in the MBP installation, the fractions intended for recycling are obtained, the 
overload fraction - crude, code 19 12 12, characterized by calorific value exceeding 6 MJ / kg and 
intended for the production of alternative fuel, as well as the fraction needed to be landfilled. 

In 2016, in Poland the production of alternative fuels was over 2.6 million tonnes, increasing by over 
25% in comparison to 2015. However, if appropriate consumer will be found, the production might be 
even doubled. While, when it comes to the real consumption of alternative fuel by cement and CHP 
plants, this amount does not exceed 1.25 million tonnes of developed RDF/SRF fuels, which 
corresponds to a 10% increase in comparison to the previous year. 

So far in Poland, the main recipient of alternative fuel was cement plants, using about 1.2 - 1.5 million 
tonnes of waste per year, but it should be emphasized that this is a limited market and it is necessary to 
increase the possibilities of efficient use of this fuel in the industry. In addition, as the stability of the 
cement kiln installation is a priority, in order to maintain the quality of the cement produced, the 
possibilities of low quality RDF fuels management are limited. The preferred alternative fuel parameters 
for the cement industry are moisture content below 20%, calorific value above 20 MJ / kg and sulphur 
content below 1%. Due to the significant overproduction of alternative fuel, it is necessary to increase 
the share of this fuel in the energy sector, especially heating sector. The main problem is the fact that 
the incineration and co-incineration of waste involves the need to meet many requirements for the 
thermal conversion process of this fuel itself and for units to meet reduced emission limits. 
Environmental requirements are the biggest problem in the development of alternative fuel co-firing 
technology. Significant modernization investments would be necessary, in particular after-treatment 
systems and emission monitoring systems. 

1.2 CFB technology 

Circulating Fluidized Bed (CFB) boiler technology has been growing in size and number over the past 
three decades and it has now established its position as a viable and ideal utility scale boiler technology. 
CFB technology was proven to be ideal for firing a variety of solid fuels, such as fossil fuels, various 
types of biomass and waste fuels [6]. High fuel flexibility and possibility of fuel switching or co-firing 
are major advantages of this technology. By means of dedicated fuel feeding systems it is possible to 
use the most cost effective fuel at any given time. Such flexibility gives an opportunity to use lower 
quality and local fuels for power generation instead of high quality fuels or fuels with higher 
transportation costs.  

The aim of the study was to determine the influence of co-combustion of waste fuels like RDF with hard 
coal on chemical composition and properties of fly ash on the example of a real unit combusting such a 
fuel mix. The collected samples were analysed in details (and some further works are also planned to be 
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performed) and compared with data found in literature. The same analytical methods were used to define 
the influence of FGT (flue gas treatment) system on fly ash chemical composition and properties. As 
the number of units co-combusting RDF (or other waste fuels) is still limited, the potential of the 
performed works is high and detailed analysis of samples collected from a real unit is essential for further 
development of this technology and determination of possible operating problems in the future.  

2 Materials and Methods 

2.1 Unit description  

The combined heat and power plant located in West-Central Europe was established as part of the 
modernization of the heating network. A CFB steam boiler reaches 203 MW (thermal power in steam) 
and producing 760 GWh of heat per year and 550 GWh of electricity. 
In line with the current trends presented in the "Polish Energy Policy until 2040", a decision to reduce 
the consumption of non-renewable energy sources was made and the boiler was designed to incinerate  
renewable fuels like: forest and agricultural biomass and waste fuels in the fuel mix. The unit was 
designed taking into consideration several major aspects: the use of high-efficiency cogeneration, the 
use of fuels from local resources, the reduction of local pollution resulting from low pollutants 
emissions, the design of the unit taking into account not only current but also future emission standards 
ensuring long-term operation. 
The central element of the unit is a multifuel boiler with a circulating fluidized bed (CFB) combined 
with a back pressure turbine. The boiler can operate in the power range of 40-100% (when supplied with 
coal only). The unit can also burn non-conventional fuels (biomass and waste fuel), characterised by: 
fine ash fractions, high content of chlorine, heavy and alkaline metals, and high moisture content. Such 
fuel parameters can cause severe operating problems which needs to be taken into consideration during 
designing process.  
To meet the most restricted emission limits, described in BAT conclusions, a complex FGT system was 
proposed. Desulphurization is carried out in a two stage process, first using the dry method by feeding 
limestone powder with appropriate parameters to the combustion chamber of the boiler. The favourable 
conditions in the combustion chamber of the CFB boiler (temperature around 800-900 °C, intensive 
mixing of sorbent with flue gas) allow to limit sulphur oxides in flue gas below the limits, without an 
external desulphurization system. When biomass is burned, the amount of limestone contained in it 
makes it unnecessary to supply limestone powder. Due to the temperature conditions in the boiler and 
proper air grading, the production of nitrogen oxides is low. Reduction of the content of nitrogen oxides 
in exhaust gases can be realized by means of the SNCR system, which delivers ammonia solution 
through nozzles to the separators. The systems used in the boiler ensure an appropriate level of NOx 
without additional flue gas treatment after leaving the boiler. Fuel characteristics and boiler design do 
not cause a problem with excessive carbon monoxide emissions. 
In order to clean exhaust gases from other impurities (heavy metals, dusts, hydrogen fluorides, hydrogen 
chloride, dioxins, furans, mercury) a CFB scrubber with bag filters is used. The scrubber works by 
routing exhaust gases through a fluidized bed and bag filters. The fluidized bed consists of recirculated 
dust from bag filters, reaction products, unused sorbent, and fresh portions of activated carbon and 
hydrated lime. In order to regulate the temperature in the scrubber works in a semi-dry method, water is 
sprayed and completely evaporates, minimising the amounts of sewage and waste produced.  

2.2 Fuel mix 

CFB boiler has been adapted to work with various fuels. The mixtures were selected in accordance with 
the preferences of the customer and the experience of the designing company to ensure stable and 
trouble-free operation. The fuels with which the boiler can work, together with the basic parameters, are 
presented in Table 1.  
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Table 1: Exemplary fuels parameters used in fuel mix in CFB boilers  

Fuel: 
Calorific value Ash content Moisture content 

[MJ/kg] as received [%] dry fuel mass [%] as received 
Hard coal 19÷26 16÷25 6÷15 

RDF 10÷25 10÷20 10÷20 
Forest biomass 7÷13,5 1÷3 25÷55 

Agricultural biomass 6.6÷22 1÷13 7÷45 
Coal sludge 6.0÷20.9 20÷48.5 15÷35 

 

The share of individual types of fuel, in particular agricultural biomass and RDF, is limited due to high 
contamination of these fuels. During designing process, given fuel mixes were foreseen to meet emission 
standards and ensure trouble-free operation. CFB boiler is designed to combust fuel mixes:  

 Hard coal : from 0 up to 100% 

 RDF: from 0 up to 40% 

 Forest biomass: from 0 up to 50% 

 Agricultural biomass: from 0 up to 85% 

 Coal sludge from 0 up to 60%  

It is possible to combust biomass only, but RDF needs to be combusted together with hard coal or coal 
sludge and biomass.  

2.3 Materials 

The samples of raw material combusted: hard coal and RDF were collected together with fly ash samples 
from two measuring points: before and after FGT system composed of scrubber and fabric filter in the 
unit. The results of a detailed fly ash analysis were presented in the paper. The additional analysis of 
raw material is planned to be performed: proximate and ultimate analysis, thermogravimetric analysis 
of combustion process and heavy metal content in raw material by means of ICP-OES method. The 
stability of heavy metals in the collected ashes is planned to be determined based on standard leaching 
tests: USEPA, TCLP, ASTM [7]. 

2.4 Methods 

2.4.1 Morphology and chemical composition of fly ashes (SEM-EDS) 

Collected fly ash samples were analysed taking into account its morphology and chemical composition. 
The structural analysis was performed by means of a scanning electron microscope coupled with energy-
dispersive X-ray (Nova NanoSEM  450) to identify fly ash chemical composition. For ash morphology 
observation a 2 kV beam acceleration voltage was used,  whereas for EDS tests 10 kV up to 30 kV. 

2.4.2 Phase analysis of fly ashes (XRD)  

The phase analysis of the ashes was performed using X-ray Diffraction (XRD) method by means of 
X’Pert PRO PANalytica with Cu Kα radiation in Bragg-Brentano geometry. The scans for all of the 
samples were collected from 10 to 80° (2θ) with a scanning speed of 0.008°/min and 4 hours scan time. 
For phase identification, a data base PDF-4 product of ICDD was used. 

2.4.3 Ash fusion test (high-temperature microscope) 

Ash fusion tendencies were determined and visualized using High-Temperature Microscope Misura 
HSM 3M. The use of camera allowed to observe the sequence of the shape changes with the temperature 
during the experiment. The samples were in the shape of cylinders (ø = 2 mm, h = 3 mm), the maximal 
temperature was set up to 1400 °C with 10 °C/min heating rate in an ambient atmosphere.  
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2.4.4 Mercury balance  

An Automated Mercury Analyzer MA-2000 (Nippon Instruments Corporation) was used for total 
mercury determination in collected raw materials and fly ash samples. In the method, mercury vapours 
(Hg0) are thermally released from solid sample and then captured in amalgamation process on gold-
coated diatomite particles. Atomic mercury vapours in amalgam are released thermally and the 
measurement is performed by means of atomic absorption in cuvette at the wave length of 253.7 nm. In 
each test 50–60 mg of a given sample was used.  

3 Results and discussion 

3.1 Morphology and chemical composition of fly ashes (SEM-EDS) 

SEM is one of the most recommended and widely used analytical methods in physical and chemical 
characterization of fly ashes [8,9]. In this study, SEM and EDS were used to describe morphology and 
chemical composition of the fly ash samples. Figures 1 and 2 present selected test results for fly ash 1 
and fly ash 2, respectively. The morphology of a fly ash particles is determined through process 
temperature and combustion technology. Analysed samples of fly ash 1 (before FGT system) were 
irregular and the particle sizes ranged from less than 10 μm to greater than 100 μm. Major part of the 
analysed sample were minerals and mineral aggregates, such as quartz, in some cases surface melting 
and agglomerates were observed (Fig 1B).   

  

  
Figure  1: Results of SEM-EDS analysis of fly ash 1, A, B – microscopic photographs, C, D – 

chemical composition of ash  

 
 

A B 

C D 
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Figure 2: Results of SEM-EDS analysis of fly ash 2, A, B – microscopic photographs, C, D – 
chemical composition of ash 

 
The ash before and after the FGT system consists also of particles of different sizes and shapes (Figure 
2A), but after the flue gas treatment process, the ash particle size was decreased. More fine particles, 
but still very irregular are observed after flue gas treatment installations. Particle sizes ranged from less 
than 1 μm to not greater than 50 μm. The ashes were mainly composed of elements such as S, Al, Ca, 
S, Fe, Na. After FGT installation, the content of some elements decreased (mainly S, Fe, Pb, Ti, Na, Cu, 
Zn), but the chlorine content increased. The elemental analysis did not describe directly the influence of 
FGT system on ash composition, as the ash was diluted by addition of sorbents: hydrated lime and 
activated carbon. During the tests, the Ca(OH)2 was added as a main sorbent which reacted according 
to reactions (1-3): 

𝐶𝑎(𝑂𝐻) + 𝑆𝑂 → 𝐶𝑎𝑆𝑂 + 𝐻 𝑂 (1) 

𝐶𝑎(𝑂𝐻) + 𝑆𝑂 → 𝐶𝑎𝑆𝑂 ∙
1

2
𝐻 𝑂 +

1

2
𝐻 𝑂 (2) 

𝐶𝑎(𝑂𝐻) + 2𝐻𝐶𝑙 → 𝐶𝑎𝐶𝑙 + 2𝐻 𝑂 
 

(3) 

Based on elemental analysis it is visible that, as predicted the major part of sulphur oxides was captured 
in the first stage – dry method in combustion chamber. Such behaviour was expected and desirable as 
in case of hydrated lime the higher affinity towards sulphur oxides than chlorine was observed. 
Therefore, SO2 and SO3 content shall be minimised in the combustion chamber and in the second stage 
the main goal was to decrease chlorine content in the flue gas. 

3.2 Phase analysis of fly ashes (XRD)  

The crystalline compounds in ash samples were identified by XRD and the results are summed up in 
Table 2. 
 

A B 

C D 
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Table 2: Crystalline compounds identified in studied ashes (based on XRD method). 

Sample Mineral phase 

Fly ash 1 CaSO4, SiO2, Fe2O3, KClO3, K2S2O7, CaCl2, Ca2SiO4 

Fly ash 2 CaSO4, SiO2, Fe2O3, KClO3 

 

XRD analysis had confirmed the presence of high content of calcium sulphate (CaSO4), the main product 
of flue gas desulfurization installation. In both fly ash samples: before FGT and after FGT the major 
constituents were CaSO4 and SiO2. Both, silicon compounds and products of desulphurization system 
were expected as the major ash components, due to a significant amount of Si in the hard coal ashes 
[10]. Unfortunately, more complex silicates or aluminum oxides were not identified, and only one major 
crystalline phase in coal ashes in the form of quartz (SiO2) was detected.  

3.3 Ash fusion tests (high-temperature microscope) 

In this study, a high-temperature microscope was used to investigate fly ashes collected from real unit 
fusion behaviour. The characteristic temperatures and shape of ash samples prepared to determine ash 
fusion behaviour were analysed. The changes of the ash samples shape with temperature associated with 
melting and thermal decomposition of the samples are shown in Figure 3. 

 

Figure 3: Fly ash samples behaviour at higher temperatures 

Thermal decomposition of CaSO4 above temperature 1200°C to form CaO and SO2 [11] occurs in both 
fly ash samples, as in both cases it is a major fly ash component. However, in case of fly ash 2 (after 
FGT system) additional thermal decomposition around 850°C is visible, most probably associated with 
thermal decomposition of CaCO3 [12] from reaction of CaO with CO2 or it is associated with activated 
carbon burn-out. In case of fly ash 2, just before melting process of the sample another thermal 
decomposition was observed around 1250 °C, most probably associated with eutectic mixture formation 
and melting. 

0

20

40

60

80

100

120

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400

Si
nt

er
in

g[
%

]

Temperature[°C]

Fly ash 1

Fly ash 2

1205



3.4 Mercury balance 

Hard coal in comparison to RDF is very homogeneous fuel, with a noticeable mercury content from: 45 
up to 223 µg/kg for Polish raw coals [13]. In case of RDF, the values varies from 80 up to 1732 µg/kg 
[14] and depends upon alternative fuel composition, fractions and manufacturer. Analysed in this study 
raw fuels contained moderate mercury content both in case of hard coal and RDF. The concentration of 
elemental mercury in raw fuel and collected fly ashes was measured and presented in Table 3.   

Table 3: Moisture and mercury concentration 

Sample 
Ma 
[%] 

Hga 
[µg/kg] 

Hgd 
[µg/kg] 

Raw hard coal 2.5 119 122 
RDF 5.8 251 266 

Fly ash 1 1.5 8202 8327 
Fly ash 2 0.9 524 529 

 

The fly ash 1 sample, collected before FGT system is composed of ash removed by ash hoppers from 
the duct. The ash is removed once a day, so the long-term contact of fly ash deposited in the duct with 
fly ashes make perfect conditions for mercury capture. The ash is not collected, but recirculated and 
mixed with the fly ash stream. The sorbents: Ca(OH)2 and activated carbon are added and mixed with 
fly ash for deep cleaning of the flue gases [6]. The fly ash 1 is diluted with remaining fly ash and sorbent, 
therefore the mercury concentration is much smaller.   

4 Conclusions 

Co-combustion of fossil fuels with alternative fuels like RDF is a new possibility for energy recovery 
from waste. Till now, major consumer of high calorific waste and high-quality RDF (rich in plastics, 
with low moisture and sulphur content) was cement industry. The use of waste fuels in power sector is 
limited due to very strict emission limits, units co-combusting RDF with coal or other fuel have to fulfil 
the emission limits for waste incineration plants. Such limitations increase the investment and operating 
costs and make designing process very challenging. However, thanks to high potential of RDF 
production, the interest in using this fuel in power sector is increasing. In this study, the major interest 
was the analysis of the ashes and the influence of FGT system on its properties and chemical 
composition. The fly ash samples were collected from a real CFB unit co-combusting RDF with hard 
coal and operating in south-west Europe. Detailed analysis of collected ashes reviled the influence of 
dry sorbent injection in a CFB scrubber and fabric filter as a fly ash separator on fly ash composition, 
morphology and  properties. The fly ash is rich in CaSO4 and other calcium compounds (carbonates, 
oxides). After FGT system the ash is finer 1 up to 50 μm, but still very irregularly shaped. The studies 
of mercury concentration showed that fly ash is a perfect mercury adsorber and long-term contact of fly 
ash with flue gases is a perfect way to capture mercury.   
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Abstract 
Nowadays, sewage sludge (SS) disposal is an urgent problem that needs to be solved. Thermal utilization 
is the preferred method to be employed, but it faces some significant operating problems. Firstly, it is 
necessary to apply a very costly predrying scheme to the sewage sludge, a municipal wastewater plant 
by-product characterized by its high moisture content. Secondly, its high heating value (HHV) is very 
low which results in an inefficient and high emission combustion process. That is why the application 
of hydrothermal co-carbonization (co-HTC) of sewage sludge and fuel characteristic additives can solve 
these problems. This study is focused on the fuel properties of hydrochars produced in such a reaction. 
Hydrothermal co-carbonization of sewage sludge with charcoal (10% db), oak sawdust (10% db) and 
fir sawdust (10% and 20% db) was conducted. Prior to and after the HTC process, the physical and 
chemical properties were analysed to examine the changes in the composition of the studied materials. 
The ultimate and proximate analyses, mass and energy yields, HHVs and BET of hydrochars were 
determined. The XRF analysis of ash received from raw materials was conducted. In addition, the 
combustion and comprehensive combustibility indexes were calculated based on TGA. Concluding, the 
addition of biomass additives to sewage sludge in the co-HTC process were proven to increase the HHV 
of hydrochars. The best results were found for a 20% addition of fir with 16.038 MJ/kg as the outcome. 
Moreover, all additives are believed to provide a more stable combustion process demonstrated by 
higher values of carbon content (from 34.9% to 37.9%) and lower values of volatile matter (from 56.4% 
to 40.7%). Furthermore, the ash content during the hydrothermal treatment of sewage sludge usually 
increases but the presence of additives moderated this unwanted effect, namely the ash yields for 
hydrochars derived from sewage sludge and additives were 40.7-44.5%, whereas, for hydrochar of 
sewage sludge it was 52.0% and for untreated SS it was 36.5%.    
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1 Introduction 

Sewage sludge (SS) is the major waste product generated in the municipal wastewater treatment process 
and contains not only a high organic matter, but also heavy metals and organic contaminants. This causes 
difficulties due to its large volume, quantity, high moisture content and unpleasant odour. Despite those 
problems, it can be treated as a potential energy resource. A serious problem for sewage treatment plants 
is the removal of water and neutralization of sludge. One way of dealing with these problems is 
conditioning. This is a process that changes the structure and properties of sludge and allows for 
effective dewatering. It can be carried out using chemical, physical, washing, freezing and thermal 
processes or by the application of various mineral additives. The thermochemical methods employed 
ensure the complete disinfection of sewage sludge [1,2]. Pyrolysis, gasification, combustion and co-
combustion with other fuels are the most important and widely studied technologies of thermal waste 
utilization [3–5]. Moreover, legislation rules enforce the development of thermal utilization methods of 
SS. Sludge incineration plants are currently being built in Poland, but their number is insufficient for 
current needs. They require a much larger investment than biomass incineration plants, because sewage 
sludge requires drying, stabilization and a dewatering process as well as a special pretreatment before 
the combustion process. Prior to drying the sludge, it is subjected to natural or mechanical thickening. 
These processes affect change in the physical and chemical properties of SS and that is why the chemical 
composition of sewage sludge is not only variable, but also depends on many factors, including the type 
of treated sludge and the processes applied. 

Hydrothermal treatment of wet sewage sludge is based on complex reactions occurring at elevated 
temperature and pressure in an aqueous environment. It converts sludge into a more homogeneous and 
energy dense form. The basic parameters of this process concerns temperature in the range of 150-300°C 
with a reaction time from a few minutes to up to 48 hours. Applied pressure is often autogenic and can 
range from 2MPa to 10MPa [1]. Recently, other studies have reported using specific values of pressure 
to enhance the degradation of treated material [6]. Most of the tested set-ups also have a built-in stirrer 
to enable reactions to take place throughout the whole volume of the reactor. The application of an 
elevated temperature and pressure ensures that hydrolysis, dehydration, decarboxylation, polymeric 
condensation and aromatization occurs [7]. Those reactions do not run successively, but rather mesh 
with each other [8]. The mechanism of hydrothermal carbonization is widely studied. Although it is 
complicated to describe everything which is happening in the reactor at any given moment, there are 
trials to predict the properties of the products [9–11]. The HTC process leads to the creation of three 
different products in three states of matter. The gas product takes a few percent of input mass and 
consists mainly of CO2. The ratio of liquid and solid product depends on the initial moisture content of 
the sewage sludge and the process parameters. Generally, the mass of solid phase decreases because of 
the release of water and carbon dioxide as well as the leaching of some compounds into liquid. As 
a result, the molar ratios of H/C and O/C become lower giving values closer to those of coal. 

The features of this process essentially distinguish it from the biological processes of methane or alcohol 
fermentation, which depend mainly on the action of microorganisms. Due to the high water content in 
sewage sludge, HTC technology seems to be an adequate method of pretreatment. The great advantage 
of HTC is its lower energy consumption rather than the pre-drying of sewage sludge in a conventional 
incineration plant. In addition, the water separated from the sludge can be returned to the wastewater 
treatment plant, and not be irreversibly evaporated when drying. The hydrochar produced in HTC 
installations can be used for further thermal conversion in order to obtain energy. Either through direct 
combustion or the gasification process. The hydrochar can also be used as a fertilizer [12]. Despite many 
investigations concerning sewage sludge hydrothermal carbonization [13–15], new studies have been 
conducted on the combustion of hydrochars derived from sewage sludge [16,17]. The research [16] is 
focused on co-carbonization of sewage sludge with agriculture residue, whereas [17] concerns the HTC 
of dried SS. 

To the authors’ best knowledge, the dewaterability and combustion properties of hydrothermally co-
carbonized sewage sludge and biomass have not been widely studied. That is the reason why the authors 
wish to undertake research focused on both issues: dewaterability and fuel properties of hydrochars. 
HTC of sewage sludge and biomass additives, charcoal (10% db), oak sawdust (10% db) and fir sawdust 
(10% and 20% db) were conducted, respectively. Prior to and after the HTC process, the physical and 
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chemical properties of solid materials were analysed to examine the hydrochars and discuss their 
perspective in the energy production sector. Moreover, the dewatering performance supported by 
capillary suction time and filtration tests were determined to confirm the advantages of the hydrothermal 
treatment process. 

2 Materials and methods 

The sewage sludge used in this study was collected from the Central Sewage Treatment Plant 
Radzionków, Poland, in July 2019. It was digested and pre-concentrated to 82.8% of moisture content. 
It was rather solid in consistency and required dilution prior to the hydrothermal process. The addition 
of distilled water was needed to increase the moisture content to 89.4% which provided effortless stirring 
of the sewage sludge. In the meantime, SS was stored at 4°C to prevent changes in its physical and 
chemical properties. 

In the following tests, different additives were used in order to find out which one would best enhance 
the dewaterability and combustion properties of the produced hydrochars. Two types of lignocellulosic 
biomass and charcoal were used. Oak sawdust, as an example of a deciduous tree, was applied and fir, 
as an example of a coniferous tree, was tested. The commercially available charcoal was used after being 
ground in a roller mill to an analytical state below 0.2 mm. Oak sawdust, with a particle size of below 
1mm, was collected from a sawmill in Libertów, Poland. Fir was supplied in the form of branches and 
was shredded by an electric planer into chips. Subsequently, it was milled to below 1 mm using a knife 
mill LN-100 Testchem available at the Centre of Energy, AGH UST. The biomass was air dried at room 
temperature and stored in open containers prior to further tests. 

2.1 Hydrothermal carbonization 

The experimental set up for hydrothermal carbonization consists of a Zipperclave Stirred Reactor, 
Parker Autoclave Engineers, USA. The reactor has a built-in stirrer, a cooling coil inside and an electric 
heating mantle on the exterior. It is capable of operating at a pressure up to 15.1 MPa and at 
a temperature up to 232°C. Both temperature and stirrer speed can be set on the control panel. The 
schematic diagram of the test stand is shown in Figure 1.

 

1 – N2 tank, 2 – valve, 3 – pressure gauge, 4 – thermocouple, 

5 – heating mantle, 6 – cooling coil, 7 – stirrer, 8 – cooling jacket 

Figure 1: Schematic diagram of HTC apparatus [18] 

At the beginning, 700 ml of diluted sewage sludge was inserted into the reactor. The parameters of the 
hydrothermal carbonization process were fixed and set to a temperature of 200°C and a residence time  
of 2 hours with the stirrer at 150 RPM. The only variable was the composition of the feedstock. Firstly, 
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sewage sludge without any addition was processed. Then, different additives were used: 10% charcoal, 
10% oak sawdust, 10% and 20% fir sawdust (dry basis was taken into account). The result of the addition 
of fir to sewage sludge provided the most repeatable and satisfactory filtration results and that is why it 
was also tested at a higher concentration. At the end of the reaction time, the heating was turned off, the 
heating mantle was removed, and the reactor was cooled down to room temperature. Afterwards, the 
received slurry was stored in sealed containers before further testing.  

Untreated sewage sludge and the received hydrothermally treated sludge (HTTS) from each run was 
subjected to capillary suction time tests (CST) and filtration tests to investigate changes in 
dewaterability. CST was conducted according to EN 14701-1:2006 with a CST meter. A cylinder with 
a diameter of 18mm and height of 25 mm was placed on filtration paper and filled with sludge. Water 
from the sludge travelled through the paper by capillary action and the time was recorded between 
sensors at circles of diameters 32 mm and 45 mm, which gave the results for the test. When water had 
a small affinity with the sludge, the recorded times were much shorter. 

For filtration tests a hydraulic pressure unit was used and two different approaches were employed. In 
the first one, the conventional three-step filtration was used (I-filtration, II-pressing, III-blowing) to 
achieve the lowest moisture content. The second one consisted of a one-step filtration with constant 
pressure to investigate the ease of the dewatering process. The moisture content of the received filter 
cakes was measured by using the moisture analyzer AXIS BTS, then the hydrochars were dried at 105°C 
and stored for further analysis. Similarly, the filtrate was collected and stored in sealed containers for 
analysis. 

2.2 Analytical methods 

The additives and produced hydrochars underwent detailed analysis in order to assess their influence on 
the properties of sewage sludge. 

Proximate analysis was conducted to determine moisture, ash and volatile matter contents. All analyses 
for sewage sludge, biomass and charcoal were carried out in accordance with applicable standards. 

Ultimate analysis was performed using the Truespec LECO CHNS628 Analyzer. The analysis of carbon, 
hydrogen and nitrogen consists of complete and total combustion of the tested sample (0.1 g) at 950C, 
while the analysis of sulphur content was conducted at 1350C in oxygen. The oxygen content of the 
samples was calculated as the difference between 100% and the sum of moisture, ash content and other 
determined elements. 

The high heating value (HHV) was determined in a Leco AC500 isoperibolic calorimeter. All analyses 
were performed for dried samples.  

XRF analysis of dried sewage sludge and ashes from sewage sludge, oak and fir was performed on 
a WD-XRF ZSX Primus II Rigaku spectrometer (Rh lamp) by the X-ray fluorescence method (WD-
XRF). A qualitative spectrum analysis was performed by identifying spectral lines and determining their 
possible coincidences. Based on this, analytical lines were selected. Semi-quantitative analysis was 
developed using the SQX Calculation software (a method of determining fundamental parameters). The 
analysis was carried out in the fluorine - uranium (F-U) range, and the content of the determined 
elements was normalized to 100%. 

In order to study the migration of heavy metals, post-processed water was collected after filtration and 
examined at the accredited laboratory of Kraków Waterworks. The following tests were performed: pH 
chemical oxygen demand (COD), total organic carbon (TOC), ammoniacal nitrogen, Kjeldahl nitrogen, 
total nitrogen, total phosphorus, electrical conductivity, detection of metals: arsenic, zinc, cadmium, 
copper, nickel, lead, general chromium and mercury. In addition, kinematic viscosity tests of filtrates 
were performed using Ubbelohde viscometers placed in a water bath at 25 and 60°C. Density was 
measured as well by weighing volumetric flask with filtrate. 

Thermogravimetric analysis of dried sewage sludge and hydrochars was performed using the Mettler 
Toledo analyzer, STAR System TGA/DSC 3 HT 1600. About 5 mg of sample was combusted in an air 
atmosphere with a flow rate of 50 ml/min and a heating rate of 10°C/min. During the linear temperature 
increase, the weight change in the form of TG curves (thermogravimetry) and thermal effects in the 
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form of the DSC curve were recorded continuously. DTG curves were obtained as a result of 
mathematical transformations (differentiation of the TG curve as a function of temperature). The DTG 
curve facilitates the discrimination and separation of mass losses occurring in similar conditions, which 
on the TG curve may be unnoticed. 

The specific surface area of the materials was measured by the BET (Brunauer-Emmett-Teller) 
multipoint adsorption method using the ASAP 2010 apparatus (Micromeritics Inst.). Measurements 
were made at 77 K using nitrogen as the adsorbate. Before measurements, the samples were degassed 
at 200C for 24 hours. 

3 Results and discussion 

Raw sewage sludge delivered to the laboratory contained 82.8% moisture, and then was diluted (in order 
to obtain an easily mixable consistency) before using the HTC process on a moisture content of 89.4%. 
However, after the HTC process, the moisture content in the HTTS increased to 92%. Thus, the dry 
matter content decreased by 24.5% as a result of hydrothermal carbonization of sewage sludge. 

The results of ultimate and proximate analysis supported by high heating values are presented in Table 1. 
The moisture content for hydrothermally treated sludge were measured directly after filtration. Other 
parameters were examined after proper drying of the samples. Hydrothermal carbonization caused an 
increase in the ash content from 36.49% to 52.04%, but the presence of the additive moderated that 
unwanted effect, namely 44.58% ash content for HTTS+20% fir was found. The volatile matter content 
decreased after conditioning from 56.39% to 47.67% for sludge without an additive and further to 
40.66% for sludge conditioned with 10% charcoal. Minor changes in the elemental composition of the 
received hydrochars were observed. The carbon content increased by 3 percentage points moving up 
from 34.9% and achieving the highest value after treatment with charcoal. The highest high heating 
value was measured for HTTS+20% fir – 16 MJ/kg in contrast to untreated, dried sewage sludge – 15 
MJ/kg. Altogether, higher HHV, C and FC contents, supported by lower VM content, led to a more 
favourable combustion performance, which can be confirmed by the combustion index values. 

 
Table 1: Results of ultimate, proximate and HHV analyses 

Material 

Proximate analysisdb Ultimate analysisdb 
High 

heating 
valuedb 

M A VM FC C H N S O HHV 

% % % % % % % % % kJ/kg 

Dried SS 3.4 36.49 56.39 3.72 34.9 5.04 4.28 2.53 13.36 15 088 

Fir sawdust 4.7 1.75 82.41 11.44 47.5 6.52 0 0 39.83 18 287 

Oak sawdust 4.6 1.11 84.90 9.39 47.3 6.37 0.19 0 40.23 18 264 

Charcoal 3.3 3.14 27.49 66.07 77.8 3.69 0.66 0.06 11.35 30 491 

HTTS 47.9 52.04 47.67 0.29 35.6 4.70 3.80 3.11 0.75 14 347 

HTTS + 10% fir 44.1 47.05 43.79 9.16 35.1 4.35 2.23 2.93 8.34 15 313 

HTTS + 10% oak 41.2 46.01 40.89 13.10 36.9 4.24 2.15 2.95 7.75 15 440 

HTTS + 10% charcoal 41.5 45.90 40.66 13.44 37.9 4.18 2.17 2.87 6.98 11 566 

HTTS + 20% fir 44.0 44.58 44.48 10.94 36.6 4.48 2.18 2.62 9.54 16 038 

M – moisture, A – ash, VM – volatile matter, FC – fixed carbon, C – carbon, H – hydrogen, N – nitrogen, S – sulphur, O – oxygen 

 The results from X-ray fluorescence analysis are summarized in Table 2. The combustion process 
slightly altered the oxide composition in sewage sludge and its ash. Contents of sodium, magnesium, 
aluminium and phosphor oxides increased while contents of sulphur, potassium, calcium and iron oxides 
decreased. The distribution of identified oxides in dried SS can be organized from the highest to the 
lowest values: Fe>Si>Ca>P>S and for ash derived from SS Si>P>Fe>Ca>Al. Taking into account the 
dewaterability performance, high values of CaO and SiO2 in additives are preferable. XRF analysis 
confirmed that there was a high content of Ca in the applied additives. 
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Table 2: Results of XRF analysis 

Material 
Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO Fe2O3 PbO ZnO 

% % % % % % % % % % % 
Dried SS <1 2.44 8.3 19.04 15.04 14.95 1.73 15.49 19.14 <1 <1 
Ash from SS <1 3.63 11.20 24.58 16.83 9.62 1.70 14.09 14.92 <1 <1 
Ash from fir 1.28 5.59 6.39 8.16 9.68 4.21 20.00 28.90 10.37 1.15 <1 
Ash from oak <0.1 2.62 <1 1.47 1.33 <1 7.01 83.87 <1 - <0.1 
Ash from charcoal 1.18 4.80 1.29 7.22 5.80 4.06 8.02 49.75 14.51 - <0.1 

  

The results of filtrate analysis showed highly exceeded values in chemical oxygen demand, total organic 
carbon, total nitrogen and total phosphorus (Table 3.). Those values indicate the great challenge posed 
by the purification of post-processed water. According to Polish legislation, water returned from 
wastewater treatment plants to the environment should not exceed the following values: 125 mg O2/l for 
COD, 30 mg C/l for TOC, 30 mg N/l for total nitrogen, 1 mg P/l for total phosphorus [19]. Heavy metals 
do not transfer to the liquid phase in amounts that would cause a significant problem. 
 

Table 3: Results of filtrate detailed analysis 

Test Result 
pH, - 7.6 ± 0 

Kinematic viscosity, mm2/s 
T= 21.5°C 1.102 ± 0.007 
T= 50°C 0.609 ± 0.003 

Density, kg/dm3 1 ± 0.01 
Chemical oxygen demand, mg O2/l  41 600  3 952 
Total organic carbon, mg/l 11 624  1 627 
Ammoniacal nitrogen, mg/l 1 480  89 
Kjeldahl nitrogen, mg/l 10 400  780 
Total phosphorus, mg/l 122  6 
Specific conductance (at 25°C), S/cm 10 580  317 
Arsenic, mg/l 0.0039 
Zinc, mg/l 0.42  0.09 
Chromium, mg/l 0.65 
Cadmium, mg/l <0.04 
Copper, mg/l <0.06 
Nickel, mg/l 0.23  0.04 
Lead, mg/l <0.2 
Mercury, mg/l <0.001 

 

The results of specific surface analysis (SSA) (Table 4) showed that hydrothermal carbonization of 
sewage sludge increased the specific surface area c.a. 3.5 times compared to SSA values of dried sewage 
sludge. Moreover, the addition of biomass led to its further increase giving 16.6 m2/g (HTTS+ 10% fir), 
8 times higher than the initial value for dried sewage sludge, which was 2.2 m2/g. Despite the observed 
increase in SSAs, they are still relatively small values [20]. 
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Table 4: Results of specific surface area analysis 

Material 
SSA 
m2/g 

Dried sewage sludge 2.1842 
Fir 0.7234 
Oak 0.9757 
Charcoal 0.4225 
HTTS 7.0720 
HTTS + 10% fir 16.5572 
HTTS + 10% oak 10.4111 
HTTS + 10% charcoal 10.3204 
HTTS + 20% fir 13.4297 

 
A viscosity test presented a significant dependence on temperature, thus, filtration tests and capillary 
suction time tests were conducted using samples heated up to 50°C in a water bath. The hydrothermal 
carbonization process greatly altered the behaviour of the sludge. This was confirmed by the CST values 
– with over 30 times shorter capillary suction time achieved for the HTTS+20% fir sample in reference 
to untreated sludge. It was also noticeable during experiments; over a period of time, water from HTTS 
partially separated from the sewage sludge. For untreated SS, even after dilution, the sedimentation was 
not observed, which demonstrates a high affinity of raw sewage sludge to water.  

Table 5: Results of kinematic viscosity analysis for filtrates and capillary suction time test for sludges 

Material 
viscosity at 21.5 C viscosity at 50 C CST at 50C 

mm2/s mm2/s s 
untreated SS   910.6 (at 20°C) 
HTTS 1.102 ± 0.007 0.609 ± 0.003 49.27 
HTTS + 10% fir 1.069 ± 0.007 0.609 ± 0.003 34.56 
HTTS + 10% oak 1.063 ± 0.002 0.614 ± 0.003 33.30 
HTTS + 10% charcoal 1.068 ± 0.004 0.609 ± 0.003 41.94 
HTTS + 20% fir 1.050 ± 0.004 0.609 ± 0.007 26.46 

 

In order to perform filtration tests, 150 ml of sludge was introduced to the filtration chamber. At first, 
the untreated sewage sludge was filtrated, but over a period of 600 s only 10 ml of filtrate was collected, 
proving that sewage sludge is difficult to filtrate and providing a convincing point into the debate on the 
importance of dewaterability improvements. Hydrothermally treated sludge presented much better 
results: 120 ml of filtrate was collected. The moisture content after the filtration tests was 47.9%, which 
is a rather satisfactory result but it still could be improved. The additives slightly increased the 
dewaterability of hydrothermally treated sludge, 130 ml of filtrate was collected in every test, resulting 
in a moisture content reduced to the level of 41.2-44.1%. The most important advantage, and a reason 
for considering the use of additives, is a decrease in the filtration process; from 600s to 240s for 
HTTS+10% oak. However, the tests conducted at constant pressure proved that the addition of fir 
provided more repeatable and suitable results. An increase in the fir concentration allowed a decrease in 
the filtration test from nearly 240s to almost 120s (at constant pressure). 
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Figure 2: Filtration curves for sludges produced with different additives: 

(a) with variable pressure (standard filtration process), (b) at constant pressure 

Hydrothermal carbonization also modified the combustion process of the sewage sludge. Based on TGA 
analysis (Figure 3), categories of temperature were determined and combustibility indexes were 
calculated. The ignition temperature (Ti) was determined by the intersection method. The burnout 
temperature (Tf) was found at the point where mass stabilization occurs. Ignition index (Di), burnout 
index (Df), combustion index (S) and combustion stability index (Hf) were calculated by methods 
described in [21]. The results are presented in Table 6. Concerning the SS combustion process, ignition 
occurred at 203°C, with the first stage lasting until a temperature of 385°C was achieved, and burnout 
occurred at 587°C. In the second stage, where char is combusted, the highest combustion rate was 
achieved (26.03 %/min) compared to I stage (12.99 %/min). For hydrothermally treated sludge, the 
combustion process was reduced. Ignition occurred at 245 and 247°C while burnout was found at 568 
and 566°C, for HTTS and HTTS+20% fir samples, respectively. Also, the HTC process ensured that the 
highest combustion rate for hydrochars was achieved in the first stage. The ignition index determines 
the ease of separation in fuel volatile compounds. Higher Di values were indicative of the easier release 
of volatile matter and easy combustion of fuel at an early stage. The combustion index (S) reflects the 
ignition, combustion and burnout properties of the sample. Despite raw SS having the highest volatile 
matter content, the increase in the combustion index was found for hydrothermally treated samples. The 
combustion stability index (Hf) certifies the rate and intensity of the combustion process. Furthermore, 
the decrease of Hf values for HTTS was observed generating better combustion properties. 
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Table 6: The combustion characteristics parameters of different sludges 

 SS HTTS HTTS+20% fir 
Ti (°C) 203 245 247 
ti (min) 17.80 22.00 22.20 
Tb (°C) 587 568 566 
tb (min) 56.22 54.30 54.07 
t0,5 18.95 22.78 23.43 
t1 24.60 24.47 25.03 
T1 (°C) 271 270 275 
DTG1 (%/min) 12.99 19.24 25.54 
T2 (°C) 470 371 359 
DTG2 (%/min) 26.03 11.94 14.425 
DTGmean (%/min) 4.86 3.75 4.36 
Di (%/min3·10-3) 29.7 35.7 46.0 
Db (%/min4·10-5) 49.6 63.6 80.5 
S (%/(min2·°C3) ·10-8) 261.0 211.6 322.5 
Hf (°C·103) 0.37 0.49 0.46 
DTGmean – mean combustion rate 

DTG1 – maximum combustion rate 

Di = DTG1 / (t1 · ti), t1 – corresponding time for DTG1, ti – ignition time 

Df = DTG1 / (t1 · tf · t0.5), tf – burnout time,  

t0.5 - time range of DTG/DTG1 = 0.5  

S = (DTG1 · DTGmean) / (Ti
2

  · Tf) 

Hf = T1 · ln(t0.5 / DTGmean) 
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Figure 3: Combustion of (a) sewage sludge, (b) hydrothermally treated sewage sludge  and 

(c) hydrothermally treated sewage sludge with 20% fir addition represented by TG/DTG/DSC curves. 

4 Conclusions 

Hydrothermal co-carbonization of sewage sludge and fuel characteristic additives were investigated. 
The HTC process proved to be a suitable pretreatment method for SS by significantly improving its 
dewaterability. Moreover, the addition of three kinds of biomass led to a further decrease in the moisture 
content of hydrochars and allowed effortless filtration. Hydrothermal co-carbonization led to an increase 
in the high heating value, carbon and fixed carbon contents. As a result, 20% of fir was chosen as the 
best additive used in the HTC process as it improved dewaterability and provided optimal fuel 
properties. The combustibility indexes confirmed easier and more stable combustion compared to 
hydrothermally treated sludge without an additive. Moreover, the addition of fir significantly decreased 
the capillary suction time (c.a. 47%) as well as the time required for the filtration process (almost 
2 times). Thus, it further enhanced the hydrothermal treatment effect on dewaterability. XRF analysis 
of the oak sawdust ash presented a high calcium oxide content (over 80%) which is very beneficial for 
enhancing sewage sludge dewatering, yet the addition of fir was proved to be a more suitable additive. 
The problem of the purification of post-processed water should be considered as a potential individual 
research topic. An insight into the dewatering performance, migration of compounds between liquid and 
solid phases and the combustion properties of the received products will provide a better understanding 
of the thermal conversion process. Furthermore, the derived hydrochars are expected to create a more 
environmentally friendly fuel in energy applications.  
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Abstract 

Thermal conversion processes of biomass and its residues are considered as a great alternative for 
sustainable development of the energy sector. Thermal processes like  pyrolysis and gasification lead  
to produce solid, liquid or gas components which can be used not only in the power engineering, but 
also in chemistry technologies. This work presents 2D computational fluid dynamics (CFD) 
investigation of fast pyrolysis of red oak in a free fall reactor. The Euler – Euler multiphase model has 
been proposed for flow of mixture of reacting biomass and inert gas. The reactor domain has been 
described as a heterogenous mixture of reacting woody particles and gaseous phase. Primary tars, 
light-weight gas components and nitrogen are contained in a homogenous mixture of gas phase. A 
lumped, multistage kinetic scheme has been applied to describe the thermal conversion of red oak 
particles into volatiles and char. In CFD calculations it was assumed that biomass is built by three 
main components: cellulose, hemicellulose and lignin. Numerical studies of biomass pyrolysis was 
conducted at 550°C at constant flow rate of nitrogen. Received products were designated into three 
groups: solid (char/unreacted components), primary tars and non-condensable gases. This study was 
focused on the prediction of products evolution. The distribution of products in reactor zone was 
presented. Numerical solution were compared with results founded in literature review. 

1 Introduction 

For many years, computational fluid dynamics (CFD) calculations have been gaining more and more 
importance in scientific fields. The calculations are widely adapted to support experimental 
investigations for almost every physical problem [1-3]. A properly made numerical model is able to 
predict physical phenomena occurring under different process parameters. Numerical and 
experimental researches constitute a comprehensive analysis of investigated problem. 

Now, CFD studies are applied to biomass pyrolysis issues as well. It is indicated by number of 
published papers [4-15]. Biomass pyrolysis has being empirically investigated from many years 
towards producing valuable fuels. The main reason of studies is looking for an alternative energy 
sources for replacement of fossil fuels. Additionally, conversion of them has negative impact on 
natural environmental what is known since decades. It is due to the greenhouse gases emission which 
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burden surrounding on the earth. Generally, in man-made processes, fossil fuels are directly 
combusted in many cases. It leads to emission not only greenhouse gases but also harmful compounds. 
It is undesirable effect from ecological point of view. 

These problems make that biomass pyrolysis requires advanced researches to decrease meaning of 
fossil fuels. It would be done not only by empirical investigation, but it could be supported by 
numerical calculations. Kaczor et al. [4] present comprehensive and detailed review about CFD 
modelling in biomass pyrolysis, especially biomass pyrolysis via solar radiation. Authors summarize 
the most important information affects biomass pyrolysis with CFD calculation. Almost all of kinetics 
schemes of biomass pyrolysis  are presented. Additionally, authors describe approaches and models 
which are common used to simulate multiphase behaviours in different reactors. One of them is Euler 
– Euler multifluid model which is the most occurring method in a numerical investigation [5-8]. This 
models treats solid and fluid phases as a continuous medium with interactions between them e.g. heat 
transfer, moment exchange, reaction, etc. Xue et al. [5,6] had used this approaches to calculate 
biomass fast pyrolysis in fluidized bed reactors. Xue et al. had described governing equations which 
rule during biomass particle pyrolysis in this reactor and they made calculation. Researchers used pure 
cellulose and red oak as a feedstock. There were validated the results by experimental investigations 
and proofed that vapour residence time and  temperature have significant influence on bio – oil. Yu et 
al. [7] used Euler – Euler model to calculate biomass pyrolysis in a downer reactor equipped with 
novel solid separator. Scientists presented their method to separate char particles from gas phase after 
biomass fast pyrolysis. Yu et al. examined efficiency of solid phase separation and it was around 
99.9%. The analysed obtained products. Tars contained around 57% of initial solid mass. Mellin et al. 
[8] used CFD calculation with Euler – Euler approach to simulate biomass fast pyrolysis in fluidized 
bed reactor. As a feedstock researchers used a blend of spruce and pine. Their problem was 
investigated at 450°C. Mellin et al. focused to maximize gaseous species and proofed that higher 
temperature decreases tar fraction in received products. It was observed that, higher residence time of 
vapours slightly decreased tar fraction.  

Other approach to the numerical investigation of multiphase flow of pyrolyzed biomass with inert gas 
is Euler – Lagrange method, where biomass is treated as a solid discrete phase interacting with 
continuous phase. This method was used in similar researches and can be founded in works [9-11]. A 
fundamental numerical investigation is modelling a behaviour of single biomass particle [12–14] 
towards better understanding of principles of biomass pyrolysis. These works focus on inter – particle 
reaction and interaction with fluid phases. It includes pore size impact analysis on conversion 
efficiency.  

In this article the biomass fast pyrolysis in a free fall reactor was investigated via CFD techniques. In 
this paper, governing equations of fluid flow with reacting species were used to describe physical 
phenomena. An Euler – Euler multifluid model was implemented to calculate amount of obtained 
products. Received amounts of product were compared with experimental results. Additionally, 
distributions of products were presented to visualize occurrence of each species in heated zone. 

2 Materials and methods 

2.1 Free fall reactor 

Gable and Brown published a work where scientists had investigated biomass fast pyrolysis in a free 
fall reactor [16]. Researchers focused to examine an impact of biomass particle heating time on bio – 
oil yields. Gable et al. have defined biomass heating time as a ratio of heated reactor zone length to 
biomass particle velocity. Their published data became a base for this numerical investigation. Thanks 
to their laboratory setup description, authors of this works have restored numerical model. Figure 1 
shows a computational domain of mentioned free fall reactor [16]. 
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Figure 1: 2D computational domain of free fall reactor [16] 

The general description of laboratory setup provides a basic input data which allowed to model a 
biomass pyrolysis. The free fall reactor is built from stainless steel pipe. The inner diameter d was 
0.035 m and the tube was 3.05 m high. The heating section H was 2.77 m high. The cooling section H1 
was added by authors of this publication and it was another 3.05 m. The main reason was to proper 
cool products of pyrolysis process. Additionally, authors had assumed that temperature of products 
after cooling was the same as temperature of surrounding. At the reactors inlet, the biomass mass flow 
rate was equal to 1 kg/h at temperature equal to 27°C. The volume flow rate of nitrogen was 18 L/min 
at the same temperature as biomass. The reactors had isothermal wall and its temperature was set to 
550°C. The cooling section had also isothermal wall and its wall temperature was 27°C. Amount of 
received products was monitored.  

2.2 Physicochemical properties 

Red oak was analysed as a biomass feedstock [16]. The pyrolysis process was investigated under  
nitrogen atmosphere. The inputs properties of all materials which were used in calculations are listed 
in Table 1 

Table 1: Physicochemical properties of used materials [17 – 19] 

Phase Gaseous Solid 

Species Nitrogen Primary tars 
Light – weight 
gases 

Red Oak Char 

ρ, kg·m-3 
Ideal gas 
law 

Ideal gas 
law 

Ideal gas law 650 350 

M, kg·kmol-1 28 100 30 162 12 
C, J·kg-1·K-1 824.6 2500 1100 2300 1100 
λ, W·m-1·K-1 0.0563 0.02557 0.02557 0.1256 0.0837 
μ, Pa·s 3.58·10-5 3·10-5 3·10-5 - - 
D, m2·s-1 8.52·10-4 1.1·10-4 1.1·10-4 - - 
Ε 0.7 0.7 0.7 0.9 0.95 
d, m - - - 2.5·10-4 No shrinkage 
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In calculation authors used apparent density for solid feedstock. As can be seen almost all properties 
were constant during temperature changes. Only density of inert gas and volatiles were depended on 
temperature using ideal gas law. According to work [18], the red oak was a composition of 50.9% of 
cellulose, 26.9% of hemicellulose and 22.2% of lignin. Calculation did not include effect of biomass 
particles shrinking.   

2.3 Kinetic schemes 

Literature review of biomass pyrolysis supplies a different kinetic schemes. The most common used 
scheme was presented by Miller et al. [19]. This kinetic scheme is presented in Figure 2.  

 

Figure 2: Kinetic scheme of biomass pyrolysis 

Proposed kinetic scheme presented in Figure 2 treats biomass as a composition of three main 
ingredients: cellulose, hemicellulose and lignin. General formula of biomass is presented in equation 
(1): 

 
 Biomass = a·cellulose + b·hemicellulose + c·lignin (1)  

Described kinetic scheme is basing on parallels multicomponent first order reactions, where reaction 
rate k is depended on temperature. Reaction rate k can be calculated by Arrhenius theory what is given 
in equation (2): 

  𝑘 = 𝐴 ∙ 𝑒  (2) 
 

Constant values for each reaction has been listed in Table 2 [19]. Enthalpies of reactions were given 
bested on  the literature [15]. These enthalpies were used to balance energy equations. In can be 
noticed, that tars reactions are endothermic reaction while gas and char exothermic.  

Table 2: Reaction constants for the biomass pyrolysis scheme 

Component Reaction X A (s-1) Ea (kJ·mol-1) Δhi (kJ·kg-1) 

Cellulose 
k1  2.8·1019 242.2 0 
k2  3.28·1014 196.5 255 
k3 0.35 1.3·1010 150.5 -20 

Hemicellulose 
k1  2.1·1016 186.7 0 
k2  8.75·1015 202.4 255 
k3 0.6 2.6·1011 145.7 -20 

Lignin 
k1  9.6·108 107.6 0 
k2  1.5·109 143.8 255 
k3 0.75 7.7·106 111.4 -20 

Tar k4  4.28·106 108.0 -42 

2.4 Governing equations 

Following equations present fundamental description of multiphase fluid flow based on Euler – Euler 
model. In this model, solid phase is treated as a continuous phases as same as fluid phase respectively 
with a solid phase granular theory. Conservation equations are separately solved for each phase. For 
both phases, governing equations involve: 
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- Mass conservation: 

 
∙
+ ∇(𝛼 ∙ 𝜌 ∙ �⃗�) = 𝑆 + ∆𝑚 (3) 

 
- Conservation of momentum: 
 

 
( ∙ ∙ ⃗)

+ ∇(𝛼 ∙ 𝜌 ∙ �⃗� ∙ �⃗�) = −α ∙ ∇𝑝 + ∇ ∙ �̿� + α ∙ 𝜌 ∙ �⃗� + ∆𝑃 + 𝐹  (4) 

 
- Conservation of energy: 
 

 
( ∙ ∙ )

+ ∇ ∙ (𝛼 ∙ 𝜌 ∙ �⃗� ∙ ℎ) = 𝛼 + �̿� ∶ ∇𝑣 − ∇�⃗� + 𝑆 + ∆𝑄 (5) 

 
- Convection – diffusion transport for i th species: 
 

 
( ∙ ∙ )

+ ∇ ∙ (𝛼 ∙ 𝜌 ∙ �⃗� ∙ 𝑌 ) = −∇ ∙ 𝛼 ∙ 𝐽 + 𝛼 ∙ 𝑆 + 𝛼 ∙ ℛ + ∆𝑖 + ℛ (6) 

2.5 Solution procedures 

Governing equations were solved by academic software Ansys Fluent 19R3. First approach involved a 
transient calculation with an adaptive time step size from 1·10-4 to 1·10-3 with maximal change factor 
equal to 2. A spatial discretization for pressure – velocity field was Phase Coupled Simple. For energy, 
momentum and species equations, the spatial discretization were set to second order upwind towards 
obtaining more accurate results. Residual values were set to 1·10-3 for every time step. Because of 
boundary condition of this investigation had not changed in time, after few second of computing time 
the steady flow was expected. Due to, at the outlet of reactor primary tars concertation was monitored. 
It helped to check when multiphase flow had become a steady flow. Mass fraction of primary tars in 
function of computing time has been presented in Figure 3. There were assumed that from the reactors 
end, multiphase flow had being cooled and reactions stopped. The flow of inert gas and reactions 
products occurred only and concentration of each species did not change.   

As can be noticed, steady conditions were founded at the 14th second of computing time. In this point, 
it was assumed that further analysis was steady and basic parameters did not change significant in 
time. In the next step, the solutions for 15th second of computing time were presented, when the 
investigated problem became a steady flow. Presented figure width has been scaled 10 times due to 
better visualization of obtained results. Length of reactor is much higher than its diameter and 
snapshot without scaling would be unreadable.  

 
Figure 3: Mass fraction of primary tars at the outlet of reactor 
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3 Results and discussion 

3.1 Solid feedstock conversion 

In presented work, analysis starts from biomass particle heating time and its degree of conversion in a 
heated zone of described reactor. In calculations, the biomass was considered as no moisture and free 
ash particles blend of three main components as cellulose, hemicellulose and lignin. 

A dimensionless reactor length was computed as a ratio of y position of biomass particle to total 
length of heated zone y/H. In Figures 4 and 5 total residence time of solid particle and solid phase 
yields have been presented These parameters were plotted in a function of dimensionless length of 
reactor zone. According to these results the total heating time for single biomass particle was around 
1.2 second. In this time biomass lost around 34% of initial mass. It is worth to consider that unreacted 
biomass and char content in the solid residue were presented. Therefore, 34% of initial mass was 
transferred to fluid phase as a volatile matter.  

The heating time and solid mass loss in this study is close to a value which were reported in work [16]. 
There were reported, that heating time of biomass was equal to 1.4 s and mass loss was around 42%.  

  

Figure 4: Amount of solid phase in reactor zone Figure 5: Total residence time of biomass 
particle 

In next figures, 6 and 7, biomass volume fraction and biomass temperature in the heated zone are 
showed. 
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Figure 6: Biomass volume fraction distribution 
in reactor zone 

Figure 7: Temperature distribution of biomass 
in reactor zone 

The highest concentration of biomass was noticed in the middle stage of reactor. In this place, 
according to Figure 7, it can be observed the lowest volume fraction of biomass. The high amount of 
biomass in the middle stage had caused that biomass temperature was lower than in other parts of 
reactor. Near walls biomass particles concentration decreases and their temperature had increased. 
This situation can affect on raw particles conversion. Not all particles reached temperature of 
degradation or higher and in consequence were not fully pyrolyzed leading to char fraction residue.  

3.2 Volatiles distribution 

In figure 5, distributions of primary tars and non-condensable gases in the reactor zone are showed. 

 
 

Figure 8: Volatiles matter distribution 
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Presented mass fraction values refer to primary tars and non – condensable gases content in the fluid 
phase which consisted of nitrogen, primary tars and non – condensable gases. The results presented in  
Figure 8 have showed that the highest concertation of volatiles was at the end of reactor. It was 
expected due to high temperature. In this zone the biomass particle had the highest temperature and it 
released the highest amount of pyrolysis gas, according to Arrhenius theory. 

 

  

Figure 9: Solid phase distribution in reactor 
zone 

Figure 10: Temperature distribution of solid 
phase in reactor zone 

Figures 9 and 10 suggest that at the first 10% of reactor length, biomass was heated up to temperature 
of degradation. The cooling zone (see Figure 1) has not been presented because authors of this 
publication focused on reactions in heated zone. It was assumed that in the cooling zone, biomass 
particles did not decompose. The same criteria was involved for primary tars cracking.  

3.3 Species analysis 

The total amount of formed products was calculated in relation to initial mass flow rate of biomass 
sample. An amount of primary tars was indicated by formula (8): 

 𝑇𝑎𝑟𝑠 =
̇ ∙

̇
 (8) 

 

Similar equation was used to calculate an amount of light-weight gases. It has been written as 
formula (9): 

 𝐺𝑎𝑠 =
̇ ∙

̇
 (9) 

 

Obtained solutions via numerical calculations were compared with experimental results conducted by 
Gable et al. [16]. Figure 11 presents comparison of received data. 
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Figure 11. Comparison of formed products during numerical and experimental red oak pyrolysis 

Figure 11 indicates that calculations and experiment results are slightly different. The biggest 
disproportion was seen for non-condensable gases. More non-condensable gases were obtained in the 
experiment. Primary tars were in the same level for both experiments. Numerical investigation had 
indicated on higher amount of solid residue. The insignificant differences between this investigation 
could be caused by lower heating time in the numerical case. The biomass was not reacting as long as 
in experimental research. Volatile matter was partly released what was pointed out by the experiment. 

4 Conclusions 

Conducted studies have confirmed that CFD techniques can be successfully used in biomass pyrolysis 
investigation. Proposed multiphase flow model and its governing equations have been an appropriate 
method to compute pyrolysis process in a free fall reactor. This works had showed only one case 
study. Analysing revived solutions, it can be concluded that 1.4 sec heating time was short to fully 
convert biomass particles into valuable fuels. Furthermore, the highest amount of biomass particles 
were presented in the middle stage of reactor, far from hot walls. Under this heating time biomass 
particles were not able to achieve the temperature of degradation to completely decompose. Further 
investigation should involve numerical analysis of increasing biomass heating time towards a higher 
tar production. Thus, authors will calculate the impact of a higher temperature on the reactor wall in 
next investigation. It will allow to conserve the heating time but the biomass particle will start to 
decompose earlier. A higher temperature of pyrolysis and lower heating time of biomass will not cause 
significantly on thermal cracking reactions. 

Nomenclature 

a Cellulose content in biomass, % 
b Hemicellulose content in biomass, % 
c Lignin content in biomass, % 
D Diffusion coefficient, m2/s 
d Particle diameter, m 
Ea Activation energy, kJ/mol 
Fext External forces, N 
�⃗� Gravity, m/s2 
H Length of heated zone of reactor, m 
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h Enthalpy, kJ/kg 
𝐽  Diffusion flux, mol/m2·s 
k Reaction rate, 1/s 
M Molar weight, kg/kmol 
�̇�  Mass flow rate of fluid phase, kg/s 
�̇�  Mass flow rate of solid phase, kg/s  
p Pressure, Pa 
q Heat flux, W/m2 
R Gas constant, J/K·mol 
ℛi Homogeneous reaction rate, mol/s 
ℛ Heterogeneous reaction rate, mol/s 
Sm Mass sources, kg/s 
Sq Energy sources, W/m3 
Si Source of i th species, mol/m3 
T Temperature, K 
t Time, s 
�⃗� Velocity, m/s 
𝑋 Mass fraction of char (-) 
𝑥  Mass fraction of gas in fluid phase, (-) 
𝑥  Mass fraction of primary tars in fluid phase, (-) 
Yi Mass fraction of i th species 
y Biomass particle position on y coordinate, m 

Greek Symbols 

α Volume fraction (-) 
∆𝑚 Mass exchange between phases, kg/s 
∆𝑃 Momentum exchange between phases, kg·m/s 
∆𝑄 Heat exchange between phases, W 
∆𝑖 Species exchange between phases, mol/s 
∆ℎ  Enthalpy of reaction, kJ/kg 
ε Absorption coefficient (-) 
λ Thermal conductivity, W/mK 
μ Viscosity, Pa·s 
ρ Density, kg/m3 
�̿� Shear stress, Pa 
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Abstract 
Lignin stands the most abundantly available source of renewable aromatic compounds which is 
generated as a useless waste by-product in numerous industrial processes e.g. in pulp and paper 
manufacturing or during second-generation ethanol production. However, as lignin is the most thermally 
stable component of the lignocellulosic biomass, there is still no reasonable technology of its sustainable 
utilization. One of the most prospective methods to overcome its thermal stability and opening the way 
of its transformation into value-added chemicals is the pyrolysis process. The aim of the present work 
is to investigate the effect of reaction conditions on the composition of the volatiles evolved during the 
pyrolysis of lignin. We especially focused on the assessment of the optimal conditions for the production 
of low-molecular aromatics i.e. benzene, toluene, which can be easily incorporated into the existing 
industrial processes. The pyrolytic investigation studies were done using coupled microscale techniques 
i.e. pyrolysis – gas chromatography/mass spectrometry (Py-GC-MS), and pyrolysis – Fourier Transform 
Infrared Spectroscopy (Py-FT-IR). For both series, we used a direct mode where the entities formed 
were directly transferred to analysis. Additionally, the investigations were complemented by performing 
the TGA of raw material. It allows us to the complementary investigation of the decomposition 
mechanism. We tested the effect of processing temperature ranging between 300-700 °C on the 
composition of volatiles evolved during flash pyrolysis. The pyrolysis is usually carried out under an 
inert atmosphere. Herein, we additionally studied comprehensively the effect of the oxidizing 
atmosphere (CO2). Subsequently, based on the resultant data, we postulated the likely pathways of the 
reactions occurring during the decomposition of the raw material. We have found a profound impact of 
the processing temperature on the composition changes of volatiles. The minor effect was noted for the 
pyrolysis atmosphere on the qualitative composition of the volatiles but certain quantitative differences 
between the concentrations of them were observed. Their composition confirmed the complex molecular 
structure of the lignin. Among the identified compounds we have found phenol derivatives as primary 
products of cleavage of lignin structures as well as aromatic hydrocarbons as the products of the 
secondary deoxygenation thereof.  
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1 Introduction 

Wide usage of fossil fuels, both in fuel and chemistry sector, results in gradual environmental pollution 
and climate changes. One of the solution to help overcome this issue is the development of new 
technologies allowing for energy and chemicals production from renewable sources. Among different 
raw materials, lignocellulosic biomass obtained both from forestry as well as by-products from 
agricultural and industrial processes could be mentioned as a particularly perspective. The intensive 
research in this field has been carried out for a few decades [1–5]. Lignocellulosic biomass leftovers are 
abundantly available and give the possibility to transform organic building blocks towards various forms 
of bioenergy and bioproducts. Moreover, the transformation of those type of residuals allows eliminating 
the food versus fuel dilemma which is a serious issue in case of 1st generation biofuels. The 
transformation of polysaccharides as principal components building blocks of lignocellulosic biomass  
(cellulose or hemicellulose) towards 2nd generation bioethanol is rapidly developed in the last decade 
and becoming nowadays as a well-developed technology [6]. The cellulose is also commercially used 
in pulp and paper manufacturing industry.  

The residual matter/by-product of processing lignocellulosic biomass through mentioned technologies 
is lignin which accounts ca. 15-35 wt.% of raw organic matter [7]. In the biomass, lignin provides 
resistance for biological attacks, UV-rays, and impermeability of water. Generally, lignin is a complex, 
heterogeneous, three-dimensional macromolecule built up of three major monomers i.e. sinapyl, 
coniferyl and coumaryl alcohols, which are bonded via various C-O and C-C linkages. Currently, lignin 
is utilized in no efficient ways e.g. burnt to generate heat and steam [7], and there is still no reasonable 
technology of its sustainable utilization due to technological barriers.  

One of the most perspective methods for the efficient valorization of lignin and opening the possibilities 
for its transformation into value-added chemicals is the pyrolysis process. Pyrolysis is a thermochemical 
process that undergoes in the non-oxidizing atmosphere under elevated temperatures typically carried 
out in the range 400-700 °C. During the process, the transformation of dry biomass into liquid products 
(bio-oil), solid residue (char) and non-condensable compounds (gas fraction) occur. The quality and 
distribution yields of the resultant group of products depend on processing conditions [8]. The main aim 
of the conversion is to break down the linkages between lignin monomers into value-added lighter 
compounds [9]. The process variables i.e. temperature, residence time, heating rate, and atmosphere 
affect noticeably the mechanism of thermal decomposition of organic matter [10]. In case of production 
of low-molecular compounds, particularly important is to maintain the moderate pyrolysis temperatures, 
rapid heating rates and short residence times of raw material in reaction zone.  

It is worth noting that lignin is the most abundant renewable source of aromatics, and when properly 
converted can be used for deriving fuels, chemicals and polymers (e.g. to substitute terephthalic acid in 
polyesters like PET). Aromatics found application in numerous technological processes as a solvent or 
chemical reagent [7]. Thus if obtained in high concentrations from transformations of lignin then could 
be straightforwardly implemented to existing industrial processes. However, the lignin pyrolysis liquids 
are highly heterogeneous mixtures consisting of a large number of compounds so the increase the yield 
of aromatics require bio-oil upgrading in the following stages or found the optimum conditions to reduce 
undesirable follow-up reactions.   

The work presented in this contribution aims to investigate the effect of reaction conditions on the 
composition of the volatile matter released during the pyrolysis of lignin using advanced coupled 
microscale techniques. Despite the richness of paper reporting research regarding lignin conversion the 
decomposition mechanisms pathways is not completely understood (e.g. effect of reaction atmosphere). 
One of the reason is the limitation of the analytical techniques. Herein we investigated the transformation 
of commercially available lignin using two advanced and complementary techniques Py-GC-MS and 
Py-FT-R. To the best of the Authors knowledge, in the literature, there is a lack of reports in which both 
techniques were used together. There are many Py-GC-MS and TG-FT-IR studies [11–15] but it has to 
be emphasized that thermogravimetric analysis has heating rates limitations and it is not possible to 
achieve flash pyrolysis conditions. Thus those investigations cannot be considered as totally supporting 
for Py-GC-MS. In the investigation, we tested the effect of processing temperature and different reaction 
atmosphere. We especially focused on the assessment of the optimal conditions for the production of 
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low-molecular aromatics i.e. benzene, toluene, which can be easily incorporated into the existing 
industrial processes. 

2 Materials and methods 

2.1 Raw material 

The lignin sample selected for the present study was derived from a wheat straw as agricultural waste. 
Obtained lignin was homogenized before subjecting to tests. For this purpose, the sample was ground 
using Fritsch Pulverisette 15 mill to the particle size less than 1 mm. The sample was in the form of fine 
light brown powder. The carbon, hydrogen, and nitrogen contents in the sample were analyzed using 
Truspec CHN628 Leco analyzer. The oxygen content was determined by difference. Each run was done 
twice and the result is the average value. The ultimate analysis results are presented in Table 1. 

The carbon content of tested lignin was 51.49 wt.%, hydrogen 6.03 wt.% whereas the oxygen content 
was above 40 wt.%. Those are typical values for wheat straw lignin found in the literature [13]. The H/C 
and O/C molar ratios are relatively high compared to wood-derived lignin [15]. Higher H/C ratio could 
be beneficial for conversion into hydrocarbons. 

Table 1: Raw lignin elemental composition 

Element Value  
C 51.49 wt.% 
H 6.03 wt.% 
N 0.64 wt.% 
O 41.84 wt.% 

H/C molar ratio 1.41 
O/C molar ratio 0.61 

2.2 TGA/DTG 

The thermal stability of the lignin under pyrolysis conditions was investigated by thermogravimetric 
analysis using Mettler Toledo TG/SDTA apparatus. For this purpose, the sample (c.a. 6 mg) was placed 
in an alumina crucible and heated starting from ambient temperature up to 800 C at a constant rate of 
10 K/min under a constant nitrogen flow (50 ml/min). The TG curve represents the mass change as a 
function of the processing temperature. DTG was the mathematical conversion of TG (first derivative 
of TG). 

2.3 Py-GC-MS 

The pyrolysis studies of the tested lignin sample were carried out using a Curie-point pyrolyzer 
(CDS Analytical, model: 5200). The pyrolyzer unit was attached to a GC-MS consisting of a gas 
chromatograph unit (Agilent Technologies, model 7890B) and mass spectrometer 
(Agilent Technologies, model 5977A). At the beginning, the sample (ca. 1.00 mg) was placed into a 
quartz tube and plugged with quartz wool from both sides. Next, the tube with the sample was set in a 
platinum filament and the procedure was started. Firstly, the reaction zone was purged with an inert gas 
(He, grade: 6.0) for a few minutes. Following, the sample was pyrolyzed in sequence, starting at 300 °C. 
The analytes evolved during each decomposition step were transferred for analysis to GC-MS via a 
transfer line (kept at 300 °C). After GC-MS  analysis completion, the next step was started. The same 
sample was heated stepwise to 400, 450, 500, 600 °C and 700 °C. At each stage, the samples were heated 
rapidly to the desired temperature at a heating rate of  500 °C s-1 and held for 30 s. The Agilent HP-5MS 
capillary column of dimensions of 30 m × 0.25 mm × 0.25 μm was used for separation. The temperature 
programme of the GC oven was as follows: (i) 40 °C with a hold time of 7 min; (ii) heating ramp from 
40 °C to 250 °C at a rate of 4 °Cmin-1; (iii) isothermal held at 250 °C for 30 min. The compounds and 
their peak areas were found by using the deconvolution algorithm. Only compounds with a height above 
1.0 % of the highest peak were considered. The MS spectra were interpreted based on the reference MS 
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library (chemical base G1034C). The key compounds identified in the noticeable amounts with the 
highest probability were chosen for investigation. The details of the procedure were described previously 
[16,17].  

2.4 Py-FT-IR 

The Py-FT-IR study of the pyrolytic volatiles was performed using the same apparatus as for the 
Py- GC-MS, but in this case the pyrolyzer probe with an amount of 2-3 mg of sample was put into the 
Brill Cell pyrolysis FT-IR interface (CDS Analytical) installed in a Nicolet iS5 (Thermo Scientific) FT-
IR spectrometer equipped with a DTGS detector. This device working in a transmittance mode is 
designed for the temperature-resolved IR measurements of the volatiles formed during thermal 
decomposition of the sample. The temperature of the Brill Cell accessory was set constant at 125 °C to 
avoid condensation of the volatiles onto the inner walls of the cell. Prior to the Py-FT-IR mapping, the 
cell with the pyroprobe was sealed and purged with nitrogen (grade 5.0) for 10 min. The main 
measurement was conducted with a pyrolysis heating rate of 25 °C·min-1 under nitrogen atmosphere. 
The IR spectra were collected at a temperature intervals of 25 °C and a resolution of 4 cm-1. 

3 Results and discussion 

3.1 TGA/DTG 

As can be seen on Figure 1 the decomposition of studied lignin sample can be divided into three essential 
stages: (i) initial stage below 175 °C which corresponds mainly to water release; (ii) the main stage 
between 175 and 550 °C during which the major devolatilization reactions occur; and (iii) the final stage 
above 550 °C when the decomposition of the most thermally stable organic matter occurs but with a 
noticeably lower rate compared to the second stage. It can be mentioned here that during those stages 
the mass loss of raw lignin equal ca. 5 wt.%, 60 wt.% and 5 wt.%, respectively. The initial mass loss 
may be attributed to the loss of gaseous products consisting mainly of water, CO, CO2. After the side 
functional groups are lost at low temperatures, a more condensed structure remains, leading to lower 
decomposition rates. The most intensive devolatilization occur between 230-370 °C, with the maximum 
rate of degradation noted at 333 °C. This value is slightly lower compared to wood-type lignin [15]. The 
lower thermal stability of this type of lignin can be attributed to the various structure of lignin obtained 
from hardwood, softwood and grass (e.g. share of monomers in lignin and type of bonding between 
them). Char residue, about 30.8 wt.% of origin lignin mass can be further utilized for heat and energy 
generation. It is worth emphasizing that ca. 69.2 wt.% of the raw lignin can be potentially converted 
towards lower molecular weight compounds. The solid residue after pyrolysis is composed of fixed 
carbon and mineral matter. The TG/DTG curve shape is in-line to previous reports. It seems that 
pyrolysis temperature 700 °C is sufficient for complete devolatilization of tested lignin sample. The 
minimum temperature for investigating the temperature dependence of product distribution seems to be 
not lower than 300 °C. 
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Figure 1: TG and DTG curves of tested lignin (N2; 10 °C·min-1) 

3.2 Py-FT-IR studies 

Figure 2 presents the results of Py-FT-IR measurement of raw lignin performed under the nitrogen 
atmosphere. The thermal decomposition of lignin begins at the temperature of ca. 175-200 °C, at which 
small amounts of CO2 and CO are evolved. This is manifested by the increasing intensity of the band at 
2350 cm-1 (CO2) and 2140 and 2170 cm-1 (CO). The maximum CO2 emission occurs at ca. 400 °C what 
is consistent with Py-GC-MS studies. Additionally, certain amounts of carbonyl compounds and water 
are released, which is evidenced by the presence of absorption band centered at ca. 1770 cm-1 and broad, 
complex band 1400-1800 cm-1, respectively. Similarly, also in this case the maximum emission was 
observed at 300-400 °C. It is pertinent to mention that formation of aromatic volatiles (the sharp bands 
at 1400-1600 cm-1) occurs from ca. 200 °C and features the maximum at ca. 400 °C. Starting from ca. 
400 °C, the pyrolyzing lignin emits certain amounts of aliphatic compounds (cf. the absorption bands at 
2800-3000 cm-1 assigned to the stretching modes of -CH2 and -CH3 moieties). Parallelly, methane is 
released from the material (the characteristic band at 3050 cm-1) with a maximum intensity at ca. 500-
600 °C. The foregoing is in line with the mass loss observed during TG experiment (cf. Figure 1). 

 
Figure 2: Py-FT-IR mapping of the volatiles evolved during pyrolysis of raw lignin under the nitrogen 

atmosphere (A) and the spectra recorded with 100 °C intervals (B). 
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Similar experiment was performed under the CO2 atmosphere. The results are displayed in Figure 3. 
The use of a carbon dioxide atmosphere instead of an inert one did not cause any significant quantitative 
differences in the volatile products of lignin decomposition. Moreover, the temperature ranges of the 
particular steps of degradation remain unaltered. However, it should be emphasized that in this case, the 
intensities of the particular absorption bands are substantially higher. Interestingly, in this case the 
concentration of the products of degradation were high enough to see the broad, characteristic band of 
phenolic compounds at 3000-3500 cm-1. This arises from the presence of guaiacols, catechols, various 
cresols, and phenol [18,19]. 

 

Figure 3: Py-FT-IR mapping of the volatiles evolved during pyrolysis of raw lignin under CO2 
atmosphere (A) and the spectra recorded with 100 °C intervals (B). 

3.3 Py-GC-MS 

The Py-GC-MS studies allowed us for qualitative analysis of the main groups of compounds evolved 
during the decomposition of the studied lignin. The share of selected compounds released during 
stepwise flash pyrolysis as a function of processing temperature is depicted in Figure 4. The maximum 
temperature for the Py-GC-MS study was set at 700 °C based on TG studies results. Among identified 
compounds in pyrolytic lignin volatiles, we have found mainly three types of compounds i.e. phenol 
derivatives, aromatic hydrocarbons and low-molecular oxygen compounds. We have found the high 
share of carbon dioxide which suggests that the deoxygenation of the lignin occurs via intensive 
decarboxylation. The share of carbon dioxide was gradually decreasing with temperature. At higher 
temperatures, we also detected the increased share of carbon monoxide what is in-line with Py-FT-IR 
studies.  

The increase in pyrolysis temperature increased the amount of identified phenolic compounds up to 
optimal temperature (400-450 °C) and next its gradual decrease. What interesting, the highest share of 
2-methoxyphenol  was noted at slightly lower temperatures than 2,6-dimethoxyphenol. Moreover, the 
2-methoxyphenol was detected in much higher concentration what could confirm the higher share of 
coniferyl alcohol monomers compared to sinapyl alcohol in the tested lignin structure. Those results 
confirm also TG results so a slightly lower temperature of the maximum rate of degradation compared 
to wood-derived lignin. Hardwood is characterized by a higher share of sinapyl units. An increase in 
pyrolysis temperature led to the gradual decomposition of complex molecules mainly to stable 
aromatics. At more severe conditions, the increase of pyrolysis temperature led to demethoxylation 
groups from lignin derivatives (e.g. methoxyphenols). It is worth emphasizing that taking into account 
the production of low-molecular aromatic hydrocarbons the pyrolysis reaction should occur at 
temperatures above 500 °C. It is linked with the presence of various linkages between lignin monomers. 
C-C linkages are more stable compared to C-O bond and require more energy input to cleave so a higher 
temperature has to be applied [9]. It is worth mentioning that the yield of toluene decreased slightly from 
450 °C with the pyrolysis temperature. The benzene share decreased gradually with temperature.  
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Figure 4: The effect of pyrolysis temperature on the relative intensity of formation of chosen 
compounds during pyrolysis of lignin under inert atmosphere: A) carbon dioxide, B) oxygen-

containing compounds, C) phenol derivatives, D) aromatic hydrocarbons, calculated based on the Py-
GC-MS experiments. 

4 Conclusion 

Lignin is an abundantly available residual matter that could be identified as the meaningful feedstock 
for the production of renewable fuels and chemicals. However, the stable and variable structure of lignin 
forces research and development sector looking for innovative and effective routes of its conversion. 
Herein we have successfully used complementary advanced coupled analytical techniques i.e. Py-GC-
MS, Py-FT-IR and TG for lignin pyrolysis optimization and its decomposition mechanism investigation. 
The resultant pyrolysis volatiles is the mixture consisting mainly of aliphatic oxygen compounds, phenol 
derivatives and aromatic hydrocarbons. This work has shown that proper selection of pyrolysis 
conditions allow for maximization of the yield of the desired group of compounds. We have found a 
profound impact of the processing temperature, and the modest effect of carbon dioxide atmosphere on 
the composition changes of volatiles. The observed differences enable us to conjecture that when 
performing the process under elevated pressure or under another atmosphere (e.g. reducing H2), the 
effect of different reactant gas could be more pronounced. The deep investigation in this field is 
necessary. It is worth emphasizing that taking into account the production of low-molecular aromatic 
hydrocarbons the pyrolysis reaction should occur at temperatures above 500 °C. 
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Abstract 

Spark ignition (SI) engines remain the core of power generation facilities suitable for number of small 
scale applications. In past few years, strong emphasis has been put on reductions of emissions coming 
from them, especially considering their impact to the carbon footprint. The turn from fossils into 
renewable gaseous fuels, as organic digestion products, stated one of widely implemented solutions, 
introduced to minimize negative impact of spark ignition engine-based facilities on the environment. 
Nevertheless, increasing awareness on climate protection induces next steps to prevent further CO2 
emissions. In this paper, a novel hybrid approach, concerning reduction of CO2 emissions from 
stationary SI-engine power systems, is presented. The approach links activities for decarbonization of 
fuel by its enrichment with hydrogen within the reasonable limits, as well as application of advanced 
membrane separation, equipped with thermoacoustic moisture removal, for final exhaust gases 
treatment. Results of initial analysis suggest possibility of increasing its ecological parameters, as the 
recovery coefficient of the membrane separation unit, at the level of 0.5%. The internal energy 
consumption of the applied set of thermoacoustic units corresponds to 0.5-0.6% of the analyzed 
system's power output. 

1 Introduction 

Environmental protection is one of the key tasks facing the humanity in the 21st century. The 
continuous emission of various chemical compounds to the atmosphere, soil and water affects the state 
of our nature by hindering/preventing its natural regeneration. Constant exploitation of natural, non-
renewable energy sources and raw materials leads to their systematic depletion. Therefore, it seems 
important to replace natural fossil fuels with alternative energy carriers from different sources. As fuel/ 
fuel additive in internal combustion engines, fuel mixtures can be used, including those based on 
biogas and biomethane (fuels from anaerobic digestion of organic compounds) [1-3] and other. 
Hydrogen is also considered as a a promising energy carrier, especially from the electrolysis process, 
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powered by energy from photovoltaic modules or wind turbines [4-6]. Hydrogen is considered not 
only as an energy carrier for fuel cells, but also as a fuel or fuel additive for internal combustion 
engines [7-13]. By intoducing this solution, we also try to care for the natural environment by the 
limiting the emission of harmful substances into the atmosphere and protect natural resources in 
connection with the economical management of fossil energy carriers. 

Distributed generation also seems to be appropriate to ensure better coverage of the energy needs of 
small consumers [14]. Simultaneous generation of electricity and heat/cold in small-scale facilities - 
also using renewable and/or conventional resources - allows reducing primary fuel consumption 
[15,16] and improving the energy efficiency of the use of useful energy. CHP/CCHP systems reduce 
the emission of greenhouse gases to the atmosphere in relation to separated systems. Spark ignition 
engines (SI) remain the core of power generation systems suitable for many small-scale applications. 
Over the past few years, a lot of emphasis has been put reducing emissions from them, especially 
given their impact on the carbon footprint. 

Distributed energy systems often use internal combustion engines that can be powered by 
conventional and alternative fuels (including landfill gas or hydrogen) [2,7,10,12], but choosing the 
right internal combustion engine (ICE) or its adjustment is conditioned by many factors [7,17-20]. The 
use of alternative fuels changes the emissions of such systems. Higher methane content in fuel affects 
i.e. the increase in carbon monoxide and dioxide emissions, while the increase in the hydrogen content 
of the fuel results in higher NOX emissions [9,11], decrease in CO2 emissions [1,2] and an increase in 
the water vapour content [2]. The combination of fossil and alternative (renewable) fuels may provide 
an effective method of reducing atmospheric emissions. In order to improve ecological characteristics, 
when burning alternative fuels, internal combustion engines may need to undergo a change in 
operational parameters, such as: modification of compression ratios [1], change of fuel-air ratio in the 
engine [11], modification of the cooling system [21] or integration with advanced exhaust gases 
treatment units [12]. 

In order to further reduce gas emissions from CHP systems with an internal combustion engine, 
membrane systems can be used. Depending on their purpose, these can separate CO2 as well as SO2, 
oxygen, nitrogen or hydrogen [22]. Membrane systems are characterized by a simple, modular 
structure - which is their main advantage - but the membrane separator must be properly selected for 
the separated gases [22,23]. Membranes are often sensitive to both temperature and pollution [23,24]. 
Polymer membranes (PIM) are very often used for carbon dioxide separation, including i.e. 
polyimides, for which water vapour is harmful [25-27]. Positive influence of water content in flue gas 
on CO2 separation is shown by poly(ionic liquid) membranes (PIL), where the presence of water 
contributes to an 80% increase in CO2 permeability through the membrane relative to dry gas [28,29]. 
Nevertheless, CO2 permeability for current PIL materials is much lower than for polyimide 
membranes (33 Barrer in laboratory conditions for PIL to over 2000 Barrer for PIM) [29]. 

Due to the much higher permeability of carbon dioxide to purify gases in CHP systems with an 
internal combustion engine, polymeric membranes would be used. However, this results in the need to 
significantly reduce the moisture content of the treated exhaust gas. One of the potential solutions, 
dedicated to reducing the share of water vapour in the exhaust gas upstream of the membrane module, 
is the use of a thermoacoustic cooler. Thermoacoustic devices are systems in which acoustic vibrations 
are used to force heat flow in the opposite direction. An acoustic wave forced by a passed source, 
propagating in gas - which is the working factor of the device - is nothing more than a spreading 
disturbance in density, pressure, temperature and energy. Changing these parameters causes the local 
displacement of the extracted gas element. The thermoacoustic refrigeration device uses the 
displacement of gas to transport heat from a medium at a lower temperature to a medium at a higher 
temperature. The basic advantages of the thermoacoustic cooler are: compact and simple design, 
maintenance-free operation, and the use of non-flammable and non-toxic gases as operating agents 
[30,31]. 

The paper discusses the initial analysis of novel spark-ignition engine-based CHP system, supported 
with membrane carbon dioxide removal system. The analysis focuses on investigation in operational 
parameters of the engine - including its power and CO2 emissions - as well as thermal performance of 
the double-section heat exchangers, inherently included within the simulated unit. Additionally, 
essential consideration was put on carbon removal unit, based on polyimide membrane supported with 
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thermoacoustic cooler to partially withdraw the moisture, included within the exhaust gases. The 
research was performed computationally, using the methodology of spark-ignition engine modelling 
discussed in reference [32] and basing on empirical dependencies acquired for market-available 
membrane gas separator [23]. Performance of the system was analyzed under variable composition of 
the fuel - enriched with the sewage-fermentation biogas and hydrogen as the potentially ecological 
substitutes for natural gas. 

2 Materials and Methods 

The research, discussed within the paper, considers two configurations of the CHP unit, equipped with 
simple CO2 capturing system. Schemes of these configurations are indicated in Figure 1 and Figure 2, 
respectively. 

 

Figure 1: Scheme of the engine-based CHP unit with membrane separator 

 

Figure 2: Scheme of the engine-based CHP unit with membrane separator supported with 
thermoacoustic cooling unit 

The investigation is performed using computational model of the combined heat and power (CHP) 
unit, equipped with J208 industrial spark ignition engine. The engine model is prepared basing on the 
methodology of analysis described in [32] and discussed in details in [33]. The MATLAB™ software 
was used as the main numerical environment for the analysis. The model is coupled with real gas 
model library, included within the EES™ computational engine, to determine respective heat fluxes 
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and membrane separation unit performance, as well as DeltaEC™ software for thermoacoustic unit 
analysis. Brief data summary on the simulated engine is shown in Table 1. 

 

Table 1: Selected data on J208 spark ignition engine (based on [34]) 

Parameter Value 
Cylinder stroke, mm 145 
Cylinder bore, mm 135 
Compression ratio, - 9 
Number of revolutions per power stroke, - 4 
Number of cylinders, - 8 
Rotational speed at nominal conditions, rev/min 1500 
Manufacturer INNIO/GE Jenbacher 

 

The engine model includes simplified analysis of combustion - basing on two-zone approach with 
prediction of specific heat ratios - and heat transfer - basing on averaged surface area within the 
cylinder [32]. The model simulates compression and expansion strokes, under assumption of variable 
air to fuel ratio - dependent on fuel mixture composition - and parameters of air and exhaust fumes 
with increment in crank angle rotation from opening of the inlet valve up to the closing of exhaust 
valve, with increment of one degree [32].The model incorporates the Weibe function and the Annand 
method during the simulated combustion phase (transition from compression into expansion strokes), 
with calculation of temperature of the exhaust gases basing on polytrophic correlations [32,33], as 
indicated in Eq. (1). 

 

𝑇 = 𝑇
𝑝

𝑝
 (1) 

 
𝑇    mean exhaust gas temperature, K, 
𝑇  temperature of gases in combustion chamber at exhaust valve opening, K, 
𝑝   pressure inside the combustion chamber at the bottom dead center, MPa, 
𝑝   pressure inside the combustion chamber at the exhaust valve opening, MPa, 
𝛾    ratio of specific heats of the exhaust gas. 
 

The exhaust gases composition is calculated on the basis of molar streams of respective compounds, 
estimated using the atom balance, regarding the excess air coefficient [32,33], as shown in Eq. (2). 
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 �̇�  molar stream of carbon dioxide, kmol/s, 

�̇�  molar stream of water vapor, kmol/s, 

�̇�  molar stream of carbon monoxide, kmol/s, 

�̇�  molar stream of unburned hydrogen radicals, kmol/s, 

�̇�  molar stream of nitrogen, kmol/s, 

𝜆 air to fuel ratio,  

𝐻𝐶 hydrogen to carbon ratio (of the fuel), 

𝑐  nitrogen concentration in ambient air (oxidizer), % 

𝑐   oxygen concentration in ambient air (oxidizer), % 

𝑇   mean temperature of combustion, K. 

 

Respective heat fluxes, transferred from the exhaust gases within the double-section heat exchanger, 
were calculated on the basis of energy conservation equation and parameters of the district heating and 
domestic hot water, required by the network, discussed in [35]. As the district heating temperatures at 
the inlet and outlet of the network, the values of 90°C and 70°C, respectively, were assumed. 
Considering the domestic hot water network, the inlet and outlet temperatures were assumed at the 
levels of 10°C and 55°C, respectively. For both sections of the exchanger, the 5K pinch was assumed. 

The utilized membrane separation unit includes four polyimide UBE™ UMS-A2 membranes, working 
in parallel, and an ideal gas compressor of 90% isentropic efficiency. The dependence of the recovery 
coefficient of the assumed membrane on the feed stream flow and moisture content is calculated 
basing on empirical data, presented in reference [23]. 

The model of the simple thermoacoustic cooler, supporting the membrane separation unit, follows the 
linear theory and constituted one-dimensional representation of standing-wave device, with 2D 
analysis of acoustic wave interaction with respective elements of the unit. The representation 
constitutes a set of blocks, corresponding to physical elements of the unit and additional blocks of 
equations inserted to obtain convergence of the simulation. Scheme of the model is shown in Fig. 3. 

 

 

Figure 3: Scheme of the block set of the computational model of thermoacoustic cooler in DeltaEC™ 
software (A - initial conditions block,  1 - voltage controlled loudspeaker, 2 - ambient-side acoustic 
duct, 3 - hot heat exchanger, 4 - regenerative heat exchanger, 5 - cold heat exchanger, 6 - cold-side 

acoustic duct, 7 - necking, 8 - compliance bulb, B - ending equations block) 

Several assumptions are introduced within the set of initial conditions, implemented as the first block 
within the model. These includes: selection of pure helium at the pressure of 10 bara as the working 
fluid and assumption of initial mean temperature of the gas equal to 313.6K. Due to the market 
availability, wide range of operating frequencies/rated powers and relatively low investment costs, a 
membrane loudspeaker is assumed as the source of acoustic wave. The electromagnetic circuit 
properties -  including the rated power, the coil impedance, the coil inductance and the transformation 
constant - are assumed according to the technical data of a GD-38/300 commercial loudspeaker [36]. 
The loudspeaker's membrane is assumed to be made of kapton, with total mass of 7.1 g. Total length 
of linking duct is assumed to be equal to 286.0 cm, with 41.6% of length corresponding to the ambient 
duct part. To simplify thermal analysis of the device, isothermal wall condition is put onto the duct 
surfaces. Ambient temperature heat exchanger, corresponding to the environmentally-cooled element, 
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is assumed to be made of copper, with 6.4 mm in length and 60% volumetric porosity. The 
regenerative heat exchanger, being further key element of the device, is assumed to correspond to 
7.2 cm long, parallel-plate, kapton exchanger with volume porosity of 72.4% and plate-to-plate 
distance not exceeding 40.0μm. Cold heat exchanger - corresponding to the exchanger extracting heat 
from by-passing exhaust gases - is assumed as 2.5 mm long, copper element, characterized with 67.0% 
volume porosity. The stated criteria, assumed for copper heat exchangers, might be met by 
implementing dense rib/copper foam exchanger design [37]. Conical necking and a spherical 
compliance of 1060.0 dm3 volume are chosen as the closing elements of the unit. Brief summarization 
of the characteristic features of modeled thermoacoustic refrigerator unit is presented in Table 2. 

 

Table 2: Summary of key features of the modeled thermoacoustic cooler 

Parameter Value 
Total length of acoustic duct, cm 440.2 
Working gas (helium) mean pressure, bara 10.0 
Initial mean temperature of the working gas, K 313.6 
Frequency of emitted sound wave, Hz 567.3 
Area of the loudspeaker's membrane, cm2 6.0 
Nominal impedance of the coil, Ω 8.0 
Inductance of the coil, mH  0.9 
Transformation constant of the loudspeaker, T∙m 20.0 
Volume porosity of the ambient heat exchanger, % 60.0 
Volume porosity of the regenerative heat exchanger, % 72.4 
Volume porosity of the cold heat exchanger, % 67.0 

3 Results and Discussion 

Brief summary of the first part of the analysis, concerning parameters of the engine set under variable 
fuel composition, are shown in Table 3. 

Table 3: Summary of spark-ignition engine CHP unit operational parameters: NG - natural gas,      
B - biogas, H2 - hydrogen. 

Fuel 
mixture 
compo-
sition, 
%mol 

Power, 
kW 

Power 
generation 
efficiency, 
% 

Exhaust 
gas 
temp., 
°C 

Exhaust 
gas mass 
flow, g/s 

CO2 
share 
(moist 
e.g.), 
%vol 

Water 
vapor 
share 
(moist 
e.g.), 
%vol 

CO2 
emission 
factor, 
kgCO2/kJe 

Total 
primary 
energy 
use 
efficiency, 
- 

100% NG 300.0 38.79 633.5 0.467 9.1 19.0 0.061 0.884 

50% NG, 
50% B 

283.0 38.81 608.3 0.587 10.2 17.3 0.087 0.895 

30% NG, 
70% B 

274.5 38.77 594.5 0.647 10.7 16.4 0.101 0.900 

10% NG, 
90% B 

264.7 38.78 577.6 0.715 11.2 15.5 0.118 0.907 

27% NG, 
70% B, 
3% H2 

296.5 38.80 635.5 0.642 10.7 16.4 0.098 0.897 

25% NG, 
70% B, 

311.5 38.77 663.7 0.640 10.7 16.4 0.095 0.894 
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5% H2 

23% NG, 
70% B, 
7% H2 

326.8 38.71 692.3 0.637 10.7 16.4 0.093 0.890 

7% NG, 
90% B, 
3% H2 

288.2 38.80 622.1 0.712 11.3 15.5 0.115 0.903 

5% NG, 
90% B, 
5% H2 

304.3 38.77 652.5 0.710 11.3 15.5 0.112 0.900 

3% NG, 
90% B, 
7% H2 

319.2 38.74 680.5 0.704 11.3 15.5 0.109 0.897 

 

As indicated in Table 3, change in composition of fuel vitally affects both performance of the engine, 
as well as exhaust gases properties. For the reference case of fuelling the device with pure natural gas, 
total electric power output is 300kW with primary energy efficiency of 38.79%. At this case, 
temperature of the exhaust gases at the outlet main collector equals almost 634°C, with CO2 content 
slightly exceeding 9% in moist gas. High moisture content (19% H2O in moist) should be emphasized 
for this case. Rise in share of sludge fermentation biogas leads to drop in the power output of the 
engine - for the 90% biogas share, the unit generated 264.7 kW, consuming 682.6 kW of primary 
energy in the fuel. Volumetric flow of the exhaust gases was increased by over 53%, regarding the 
reference case (0.715 g/s to the 0.467 g/s, respectively), with significantly higher CO2 share of 11.2% 
in moist gas. High content of carbon dioxide in sewage fermentation biogas, equal to 35% in dried 
fuel, states the primary cause of change in discussed parameters. The observed rise in both exhaust gas 
emission and carbon dioxide content lead to vital soar in CO2 emission factor, equal to 0.101 kgCO2/kJe 
in 90% biogas case to 0.061 kgCO2/kJe for the reference, respectively. Nevertheless, due to the higher 
heat flux introduced to the low-temperature section of hot water heat exchanger, total primary energy 
efficiency of the co-generating unit increases with rise in biogas content (from 0.884 for the reference 
case to 0.900 for the highest biogas share case). Significant change in operation of the system is 
visible for the fuel mixtures, including hydrogen. Regarding the natural gas-rich mixture, 3% addition 
of hydrogen leads to rise in exhaust fumes temperature up to 635.5°C (2°C than for the pure natural 
gas case), with only 1.2% reduction of available electric power, comparing to the reference. 
Nevertheless, due to over 37% higher volumetric flow of exhaust gases, almost double rise in CO2 
emission factor is observed. 

Results concerning the exhaust gas parameters, are depicted in Figure 4 and Figure 5. 

1247



 

Figure 4: CO2 emission factor as function of hydrogen share in the fuel for respective biogas contents 

 

Figure 5: Temperature of exhaust gases (at inlet of the main outlet collector) as function of hydrogen 
share in the fuel for respective biogas contents 

As shown in Figure 4, further increase in CO2 emissions takes place for 90% biogas content - this 
proves vital importance of the carbon dioxide, carried by the fuel, within total CO2 emissions.  
Nevertheless, independently on biogas content, rise in hydrogen share in the fuel mixture leaded into 
drop in CO2 emission factor. 

As shown in Figure 5, increase in the hydrogen content leads to significant rise in exhaust gases 
temperature at the main collector's inlet. Regarding the biogas-lean mixture, partial replacement of 
natural gas with hydrogen in the initial fuel mixture leads to rise in exhausts temperature up to 692°C 
(for the 7% hydrogen content). This essential change leads not only to higher potential of the central 
heating and domestic hot water production, but might vitally influence constructional features of 
respective heat exchangers and affect higher NOx emissions. Lower exhaust temperatures, visible for 
the biogas-rich fuel mixture, suggest beneficial heat absorption of the triatomic CO2 molecule, 
included within the biogas. Thus, the discussed results suggest, that there is optimal ratio of the 
hydrogen and biogas concentrations within the fuel mixture, enabling acquisition of low NOx and CO2 
emissions with simultaneous significant rise in exhaust fumes temperature. 
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Results concerning the electric and thermal power outputs of the analyzed, engine-based CHP unit are 
shown in Figure 6. 

 

Figure 6: Output performance of the analyzed CHP system equipped with spark ignition engine 

Increase in hydrogen content within the fuel mixture leads both to rise in the electric and thermal 
power outputs, as indicated in Figure 6. For both 70% and 90% shares of biogas in the fuel, linear 
dependence of generated power and heat with rise in hydrogen content is visible. Regarding the 
electric performance of the engine-based unit, for the 7% share in hydrogen, unit generated 326.8 kWe 
for the natural gas-rich and 319.2 kWe for the natural gas-lean mixtures, respectively. This proves 
observations of rise in operational parameters of the spark ignition engines, partially fueled by 
hydrogen, discussed in the reference [14]. Regarding the useful heat generation, the unit was 
characterized by 19.0% and 20.6% higher thermal outputs, for 70% and 90% biogas content, 
respectively. The discussed thermal power was transferred to the high-temperature section of heat 
exchanger, directly translating into larger heat flux derived to the distributed heating network. 
Furthermore, rise in the hydrogen content was directly correlated with drop in CO2 emission factor of 
max. 7.9% for the natural gas-rich and max. 7.6% for the natural gas-lean fuel mixtures, respectively. 

Results of the investigation, concerning the membrane separation unit performance for respective 
cases, are summarized in Table 4. 

Table 4: Results of the membrane separation unit (MSU) part performance analysis: NG - natural gas, 
B - biogas, H2 - hydrogen 

Fuel mixture 
composition, %mol 

Water vapor mass 
flow in e.g., g/s 

CO2 mass flow 
in e.g., g/s 

Humidity 
ratio of e.g., - 

Recovery 
coefficient of 
the MSU, % 

100% NG 23.091 0.018 0.1493 41.1 

50% NG, 50% B 25.374 0.025 0.1332 31.9 

30% NG, 70% B 25.919 0.028 0.1249 28.6 

10% NG, 90% B 26.405 0.031 0.1168 25.7 

27% NG, 70% B, 3% H2 26.975 0.029 0.1249 30.0 

25% NG, 70% B, 5% H2 27.698 0.030 0.1249 31.0 

23% NG, 70% B, 7% H2 28.399 0.030 0.1249 32.0 

7% NG, 90% B, 3% H2 27.615 0.033 0.1168 26.9 

5% NG, 90% B, 5% H2 28.469 0.034 0.1168 27.7 

3% NG, 90% B, 7% H2 29.099 0.035 0.1168 28.6 
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Nevertheless, as shown in Table 4, rise in the hydrogen content significantly affects increase in the 
water vapor flow within the exhaust gases. For the 70% biogas fuel case, the water vapor stream in 
exhausts was risen of up to 9.5%, whereas for the 90% biogas fuel, the water vapor flow was increased 
of up to 7.9%, regarding the reference. Furthermore, despite the drop in CO2 emissions coefficient, 
total stream flow of emitted carbon dioxide was increased with rise in hydrogen content: regarding the 
70% biogas mixture, up to 9.3% rise was observed, whereas for the 90% biogas mixture, max increase 
of 11.3% was acquired. However, due to the rise in temperature of exhaust gases, no significant 
increase in humidity ratio, regarding respective reference cases, was observed. As shown by the 
recovery coefficient values the, rise in the hydrogen share in exhausts is followed by rise in the 
operational parameters of the membrane - which is caused by continuous drop in exhausts stream 
flow. This observation suggests essential importance of proper sizing of the membrane unit. 
Nevertheless, for all cases of biogas-enriched fuel mixture, the operational parameters of the CO2 
capturing membrane are lower than for pure natural gas used as a fuel. In the worst case scenario 
(corresponding to 90% biogas share with no hydrogen added), drop in the recovery coefficient 
approximates 27%. The total power demand of the MSU unit - based on internal energy demand of the 
compressor - for all investigated cases was approximately equal to 113kW. 

Results of the investigation, concerning the thermoacoustic supporting equipment, are shown in 
Table 5. 

Table 5: Results of the thermoacoustic cooler-supported membrane separation unit (MSU) analysis: 
NG - natural gas, B - biogas, H2 - hydrogen 

Fuel mixture 
composition, %mol 

Relative power demand 
of the coolers, % 

Exhaust gas temp. at 
the MSU inlet, °C 

Recovery coefficient 
of the MSU, % 

100% NG 0.53 59 41.4 

50% NG, 50% B 0.57 59 32.1 

30% NG, 70% B 0.58 59 28.7 

10% NG, 90% B 0.60 59 25.9 

27% NG, 70% B, 3% H2 0.54 59 30.1 

25% NG, 70% B, 5% H2 0.51 59 31.1 

23% NG, 70% B, 7% H2 0.49 59 32.2 

7% NG, 90% B, 3% H2 0.56 59 27.0 

5% NG, 90% B, 5% H2 0.53 59 27.8 

3% NG, 90% B, 7% H2 0.50 59 28.8 

 

As shown by summarization of thermoacoustic cooling system analysis, indicated in Table 3, 
utilization of the sixteen parallel coolers of total 1.6 kW input electric power does not lead to essential 
rise in internal power demands of the system. The applied cooling system enabled decreasing the 
exhausts temperature by 1°C, which led to water vapor condensation in only one case - corresponding 
to the reference, natural-gas fueled system. For this case, application of the exhausts sub-cooling was 
followed by 0.6% rise the recovery coefficient ratio. Slightly lower increase in separation process 
parameters was observed for other analyzed cases. However, comparing the classical membrane 
separation unit system and the membrane separation with exhausts sub-cooling cases, vital change in 
energy consumption per mass of captured CO2 was observed. For the separator using the 
thermoacoustic cooler, the unit requires higher power supply of roughly 116 kW, what corresponds to 
2.2% increase regarding the standard MSU case. This basically corresponds to rise in power demand 
of the compressor, following rise in the pressure drop along the exhausts duct, as well as internal 
demand of the thermoacoustic cooler. Therefore, due to additional rise in power demand and 
insignificant enhancement of the separation process, the practical application of thermoacoustic 

1250



coolers require vital development of their highly-efficient designs; otherwise, their utilization is might 
be deemed as doubtful. 

4 Conclusions  

The research indicated beneficial influence of hydrogen addition into the natural gas/biogas fuel 
mixture for spark ignition engine-based power units. Depending on the concentrations of the biogas, 
hydrogen addition was followed by rise in electric power, being generated, as well as significant 
increase in the heat flux transferred to the district heating exchanger. Nevertheless, due to significant 
rise in exhaust gases temperature, such solution might require prevention of the main outlet collector 
corrosion and higher NOx emissions. 

Application of sewage fermentation biogas-enriched fuel mixture leads to essential rise in CO2 
emissions, which is caused primarily by high CO2 concentration within the fuel. Although this might 
introduce certain benefits, as drop in exhausts' temperature, this leads to significant rise in total 
membrane separator load and drop in its operational parameters. Thus, considering the ecological 
parameters, excessive addition of pure sewage biogas might be deemed as disadvantageous. 
Nevertheless, the research suggests the presence of the optimal fuel mixture composition, influencing 
both satisfactory operational parameters of the power unit and low CO2/NOX emissions. 

Utilization of the exhaust cooling-integrated CO2 capturing system did not influenced the emissions 
significantly, considering the fuel mixtures with variable biogas/hydrogen share. The subsequent sub-
cooling and water vapor condensation were followed by visible rise in captured CO2 stream only for 
the reference case (of pure natural gas, used as a fuel), which corresponded to 0.6% rise of captured 
stream with 0.5% of electric power, produced by the unit, consumed by the thermoacoustic coolers. 
Nevertheless, due to slight increase in power demand and unimportant intensification of the separation 
process, the practical application of thermoacoustic is rather doubtful. 
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Abstract 

The constantly growing water deficit in agriculture contributes to the fact that digestate, which is a by-
product of biogas production, begins to be treated not only as an alternative fertilizer but as a potential 
source of water. Digestate is a rich source of nutrients and water. However, European Nitrates Directive 
(91/676/EEC) could become a significant obstacle for direct application of the digestate by means of 
land-spreading, due to high availability of the nutrients in the digestate. Storage is also difficult, as state-
of-the-art biogas plant has a substantial land requirement for the storage of digestate. The use of 
hydrothermal carbonization process (HTC) can enhance the mechanical dewatering of digestate and 
make it less energy intensive. On top of that, liquid by-products of hydrothermal carbonization can be 
used to enhance the biogas production, due to their relatively high content of organic compounds while 
recovered water may be used in agriculture. This paper presents the results of the use of various polymer 
membranes for purification of water from the HTC effluent, after hydrothermal carbonization of an 
agricultural digestate. 
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1 Introduction 

Production of biogas, by means of anaerobic digestion (AD), is one of the most popular biomass-to-
energy solutions and Europe is the leader regarding electricity production, using biogas [1]. Digestate is 
a by-product, with estimated value ranging between 6 and 15 €, due to the significant content of 
nutrients, such as nitrogen and potassium [2]. However, European Nitrates Directive (91/676/EEC) 
could become a significant obstacle for direct application of the digestate by means of land-spreading, 
due to high availability of the nutrients in the digestate [3]. Storage is also difficult, as state-of-the-art 
biogas plant has a substantial land requirement for the storage of digestate, typically 8 ha/MW of 
installed power, which introduces significant costs [4]. Currently, there are several commonly applied 
techniques for digestate management with solid-liquid separation being one of the possibilities. Thermal 
drying is considered as one of the options that, along with a subsequent pelletizing, might lead to a 
significant decrease in the volume of the digestate [5,6]. Nonetheless, it comes at a cost of the use of 
valuable energy, e.g. using a part of the produced biogas [5], with open-air drying being the only energy-
saving option. 

Some have suggested novel approach, with using the process of hydrothermal carbonisation as a 
valorisation process, that could help overcoming of existing obstacles in the digestate logistics [7,8]. 
Hydrothermal carbonization (HTC), also known as wet torrefaction, is a valorisation process suitable 
for a range of low quality solid biomass, especially with high initial moisture content [9,10]. Process 
temperature, reported in the literature, usually ranges between 180°C and 260°C [10–12]. As the process 
takes place in subcritical water, pressure has to be higher than saturation pressure of water for specific 
temperature [13–15]. In these conditions water behaves as a non-polar solvent and its ionic constant 
increases significantly [16]. A multitude of concurring reactions takes place during HTC and a variety 
of different products is obtained as a result [10,12]. Firstly, the biomass is degraded by hydrolysis to a 
vast number of different monomers and oligomers [10] as well as some intermediates [9,10]. In general, 
the rate of hydrolysis is diffusion-controlled [17]. Therefore, the limitation of transport phenomena is 
an important factor, especially taking into account the complexity of fibrous structure different for 
various types of biomass [17]. Therefore, hydrolysis can be enhanced by the overall increase in the 
process temperature [18–20]. Hydrolysis is followed by dehydration and decarboxylation [9,10,21]. 
Dehydration decreases the number of OH groups [10]. Colloidal structures are destroyed, thus 
decreasing the number of hydrophilic groups and promoting the formation of gases (mainly CO2) [12]. 
CO can also be detected, along with CH4, and H2 for the case of catalytic processes [18,19]. The decrease 
in the amount of hydroxyl groups is the cause of decreased O/C ratio of solid products. The amount of 
carboxyl (COOH) and carbonyl (C=O) groups is decreased, which attributes to the decreased O/C ratio 
of the solid product [10]. This is followed by polymerization and aromatization [9,10]. A decrease in 
the number of OH groups is crucial in making hydrochars hydrophobic [22] and enhancing dewatering 
by mechanical means [10,23]. Moreover, grindability of the processed biomass can be significantly 
enhanced [24]. Therefore HTC can be considered as a prospective valorisation process for low quality 
biomass, especially when wet biomass is concerned as a potential feedstock for biorefineries [25–27] or 
as a component of high quality solid biofertilizers [28–30]. 

The potential synergy between hydrothermal carbonization and anaerobic digestion has been suggested, 
so far, by plenty of published studies [31–33]. This synergy can be achieved in many ways. Firstly it 
can enhance the dewatering of the digestate as suggested by Gao et al. [23] and Wang et al. [34]. Possible 
enhancement of the biogas production is also very appealing, as the problem of liquid by-products of 
hydrothermal carbonization does not have a viable technical solution for the commercial-scale reactors 
nowadays. Svensson et al. [31] determined the thermal hydrolysis of digestate cake, from sewage sludge 
and food waste, can improve methane production and dewaterability of the digestates. Yields of methane 
as high as 0.25 dm3 per dm3 of the HTC liquid per day were reported by Wirth and Mumme [35]. 
Production potential of methane, using the liquid by-product from HTC of orange pomace, was 
determined by Erdogan et al. [36] to be between 213.6 cm3 and 195.3 cm3 of methane per gCOD (COD - 
chemical oxygen demand), depending on the process parameters. Typical products such as acetic acid, 
formic acid, lactic acid, glucose, and saccharose were the most abundant in the liquid phase, reaching 
concentrations in the order of magnitude of 1 g/dm3 [36]. 
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However, the downside of the straightforward recirculation of the HTC effluent, from hydrothermal 
carbonization of digestate, into an anaerobic digester, would be the problem with maintaining of the 
optimum solid load of the AD reactor, as significant amounts of liquid effluent could be obtained by 
mechanical dewatering, applied after HTC [8]. Therefore, a membrane separation could be seen as 
a sensible mean of separation of water and organics, thus allowing recirculation of the most of organic 
compounds into the AD process [37]. However, more in-depth analysis of different membranes and their 
respective configurations should be carefully analysed, in order to obtain the optimum solution. This 
study aims at closing the knowledge gap, by presenting results of separation of organic compounds using 
sequential membrane processes. 

2 Materials and methods 

The research was conducted for the liquid fraction of the digestate coming from an agricultural biogas 
plant located in the Silesia region, in Poland. Sample of the digestate was taken from a special sampling 
point at the outlet of the AD reactor, before the mechanical dewatering installation. The digestate was 
stored in a cooler, at the temperature of 5°C, prior to HTC experiment. Diagram of the experimental 
setup (Figure 1) shows both autoclave rig. The autoclave was filled with 3.8 litres of wet digestate, 
which had a moisture content of 10.1%. The moisture content of the drained material was subsequently 
determined, at 105°C, using the moisture analyzer Radwag MA.X2.A, with a scale resolution of 0.001 
g and a maximum sample mass of 50 g. The mass of the sample was considered to be in equilibrium 
when the first derivative of the mass (dm/dt) was equal or smaller than 1 mg/min.  
 

 

Figure 1: Diagram of the test rig, used for hydrothermal carbonization of the digestate (1 – autoclave; 
2 – type K thermocouple; 3 – PLC controller; 4 – heating mantle, with band heaters; 5 – cotton cloth; 

6 – colander; 7 – HTC effluent; 8 – hydrochar, after separation; 9 – pressure relief valve; 10 – 
nitrogen for purging; Memb. – membrane purification followed by analyses). 

Heating mantle, controlled by a PLC, with band heaters, was used for heating up and maintaining the 
temperature of the autoclave vessel. The temperature was measured inside of the reactor by a K type 
thermocouple, inserted close to the centre of the reactor. Setpoint temperature of 190°C was chosen, as 
it is a reasonably typical temperature for the HTC process, with most of the literature results presented 
for the range of temperatures between 200°C and 260°C [12,24,38]. HTC pressure was measured by an 
analogue gauge and during the experiment, it was close to the water vapor saturation pressure. The 
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residence time in the reactor was 30 minutes. Time measurement started after the reactor reached the 
setpoint temperature. After 30 minutes of the process, the mantle was turned off and the setup was left 
for cooling. The colander, with clean cotton cloth, was used for the subsequent separation of the effluent 
and hydrochar. The cooled material was drained for approximately 20 minutes, to let all of the effluent 
to be drained. 
The sample of the drained liquid by-products of HTC was also analysed using GC-MS (gas 
chromatography-mass spectrometry) that consisted of the Agilent 7820-A chromatograph (manufactory, 
Agilent Technologies, Palo Alto, CA, USA) and the Agilent 5977B MSD spectrometer (Agilent 
Technologies, Palo Alto, CA, USA). In the chromatograph, the Stabilwax-DA column (Restek, Benner 
Circle, Bellefonte, PA, USA) was used. Helium was used as carrier gas (1.5 mL/min). A heating program 
was set to achieve 50°C in 5 min, subsequently heat up the column with a ramp of 10°C/min until the 
temperature of 200°C was reached, and hold for another 20 min. Compound identification was 
automatically performed by comparing the mass spectra with the NIST-14 MS library (minimum match 
factor = 80%). The MS scanning range was m/z 10–450, with a frequency of 1.7 scans/sec. The gain 
factor and EM Volts were 0.5 and 1348.5, respectively, and the MS source and quadrupole temperatures 
were 230°C and 150°C, respectively. 
The properties of the liquid fraction of the agricultural post-HTC digestate were as follows: 

 pH: 7.2, 
 conductivity: 14.95 mS ‧ cm-1, 
 chemical oxygen demand (COD): 38,595 mg O2/dm3, 
 biochemical oxygen demand (BOD5): 12,320 mg O2/dm3, 
 dissolved organic carbon (DOC): 23,070 mg C/dm3, 
 total suspended solids: 3,950 mg/dm3. 

The post-HTC liquid was treated in the integrated processes which was a combination of 3 stages of 
membrane separation: microfiltration, ultrafiltration and nanofiltration (Figure 2). 
The following types of flat sheet membranes were used in the research: 

 MF (microfiltration) membrane with pore size 0.2 µm made of polypropylene (Daicel Chemical 
Industries), 

 UF (ultrafiltration) membranes made of polyethersulfone (PES) with 10 and 30 kDa MWCO 
(Microdyn Nadir), 

 NF (nanofiltration) membrane: NPO10P made of polyethersulfone with MWCO in the range 
1040 - 1400 Da (Microdyn Nadir). 

Research on the evaluation of the effectiveness of the purification of the agricultural digestate liquid 
fraction using pressurized membrane processes was conducted on a test stand equipped with Millipore's 
Amicon 8400 stirred cell (Figure 3). The Amicon stirred cell is designed to work with flat sheet 
membranes and allows dead-end filtration. The capacity of the filtration cell was 400 cm3 and the 
diameter of the membrane equalled 76 mm. In order to ensure that the contaminant concentration in the 
entire volume of the feed solution is equalised, the cell was placed on a magnetic stirrer. 
The purification of the liquid fraction of the agricultural digestate was carried out in various variants. 
The sequential use of the membranes has resulted in the following solutions being fed for each treatment 
process: 

 A - solution after MF membrane, 
 B - solution after the MF followed by the UF using a PES 10 kDa membrane, 
 C - solution after the MF followed by the UF using a PES 30 kDa membrane. 

Characteristics of these solutions are presented in Table 1. 
Individual processes were carried out in the TMP range 0.1 - 0.4 MPa. To estimate the separation 
properties of the membrane under study the organic substances retention coefficient (R) was used. 
Process efficiency was determined by measuring the concentration of organic compounds, expressed as 
COD, BOD5 and DOC in the samples.  
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retentate

retentate

permeate
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Figure 2: Experimental setup. 

 

Table 1: Solution properties after separation using different configurations of membranes (BOD5 – 
indicates 5 days analysis time). 

Solution type COD, mg O2/dm3 BOD5, mg O2/dm3 DOC, mg C/dm3 
Solution A 37,425 10,720 20,225 
Solution B 34,090 7,960 15,610 
Solution C 34,890 9,800 16,785 

 

 

Figure 3: Amicon 8400 dead-end membrane system (1 - ultrafiltration cell, 2 - membrane, 3 - stirrer, 
4 - pressurized nitrogen cylinder, 5 - pressure valve). 

3 Results and discussion 

Since the post-HTC digestate is considered a potential water source, it needs to be treated. Membrane 
processes can be suitable for this purpose. Due to the low efficiency of the membranes used 
independently, three membrane processes have been combined in sequence: microfiltration (MF), 
ultrafiltration (UF) and nanofiltration (NF). As shown in Figure 4, the combination of the analysed 
membrane techniques allowed to significantly improve the quality of the purified liquid fraction. This 
effect was observed in all analysed cases, and the final quality of the digestate depended on the 
combination of separation properties of individual membranes. The application of the MF process 
enables the separation of colloids and suspended solids as well as some macromolecular compounds and 
microorganisms. For example, at transmembrane pressure of 0.2 MPa, retention values RDOC, RBOD5 and 
RCOD were equal to 29%, 30% and 9% respectively. The application of permeate obtained in the MF 
process to further purification in the UF process showed that the combination of screening mechanisms 
of both membrane processes increases the effectiveness of organic compounds removal from the 
analysed digestate. Comparing the efficiency of digestate purification, it can be observed that the 
separation properties of the tested UF membranes depended on the molecular weight cut-off (MWCO). 
As the cut-off value increased, and thus as the pore diameter of the membrane increased, a deterioration 
of the separation efficiency of organic compounds from the digestate could be observed. The higher the 
value of this parameter, the larger particles were transferred to the purified solution. The application of 
the NF process in the final stage of digestate treatment allowed for a significant improvement in its 
quality. The best results were achieved by conducting sequential purification in the following variant: 
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MF 0.2 µm  UF 10 kDa membrane  NPO10P NF. Such a sequence of membrane processes allowed 
to obtain the reduction of DOC, BOD5 and COD content by 52%, 63% and 51% respectively. The 
change of membrane cut-off to 30 kDa in the UF process in the analysed treatment variant resulted in 
lower retention values of organic compounds: RDOC = 46%, RBOD5 = 54% and RCOD = 47%. 

 

 
Figure 4:DOC, BOD5 and COD removal efficiency in various membrane process configurations. 

 

The effects of the treatment of the digestate using membrane processes presented in Figure 5 show that 
the driving force which causes the transport through the membrane had no effect on permeate quality. 
In the analysed pressure range from 0.1 to 0.4 MPa, the content of organic compounds in the permeates 
remained practically the same. 

 

 
Figure 5: DOC removal efficiency dependency on TMP pressure in various membrane process 

configurations. 

 

Results of GC-MS analysis of HTC effluent, as well as permeates (Table 2) and retentates (Table 3), 
after membrane separation, are presented for all the analysed cascades and single microfiltration 
membrane. 
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Table 2: Composition of the HTC effluent and permeates after membrane separation (kau – 1000 
arbitrary units; n.d. – not detected; → transition between stages of the cascade) 
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Acetone 93.6 156.0 64.1 167.5 63.4 91.6 
Methyl Alcohol 183.0 137.4 111.9 145.7 289.0 165.4 
Ethanol 231.6 137.2 28.3 176.7 34.8 216.8 
Pyrazine  564.5 410.8 385.6 436.0 395.6 416.3 
Pyrazine, methyl 1174.0 1422.5 1371.1 1500.8 1416.4 1418.5 
Pyrazine, 2,5-dimethyl 337.0 405.5 387.9 430.4 395.6 396.7 
Pyrazine, 2,6-dimethyl 168.5 203.4 193.1 208.4 195.4 194.8 
Pyrazine, ethyl 483.7 538.4 509.7 583.7 501.2 480.5 
Pyrazine, 2,3-dimethyl 101.8 116.8 111.8 125.3 114.5 118.9 
Pyrazine, 2-ethyl-6-methyl 149.4 163.6 156.9 168.9 144.7 134.5 
Pyrazine, 2-ethyl-5-methyl 242.2 273.4 257.8 286.3 246.0 230.5 
Pyrazine, 2-ethyl-3-methyl 167.1 193.1 177.5 205.0 175.4 179.8 
Acetic acid  4574.7 4937.5 4052.7 5940.5 2547.7 6303.4 
Propanoic acid 504.0 449.7 877.8 513.1 386.7 562.4 
Propanoic acid, 2-methyl 167.4 107.2 280.2 132.7 174.8 190.0 
2-Furanmethanol 117.3 148.1 145.3 160.7 101.4 187.9 
Hexanoic acid, 2-methyl 358.7 173.1 539.4 212.5 348.5 257.4 
Acetamide 512.5 607.7 598.0 669.9 704.8 867.7 
Ethanone, 1-(2-thienyl) 93.4 125.6 116.1 135.5 96.1 123.8 
Pentanoic acid, 4-methyl 303.8 60.0 332.2 75.5 47.3 74.0 
Propanamide 104.0 86.5 113.6 112.0 110.9 129.6 
Phenol, 2-methoxy 360.9 376.6 n.d. 384.5 262.2 325.2 
Phenol 227.4 212.2 216.9 239.4 187.5 237.4 
1H-Pyrrole-2-carboxaldehyde 39.1 54.0 49.5 70.0 40.1 85.1 
2-Pyrrolidinone 137.6 148.2 131.8 167.3 153.5 224.5 
Cyclohexanecarboxylic acid 142.0 190.5 165.1 236.1 118.1 253.7 
2-Piperidinone 155.4 123.5 151.4 153.7 156.9 175.5 
3-Aminopyridine 36.3 59.0 24.7 49.2 46.8 50.3 
Phenol, 2,6-dimethoxy 277.9 377.6 80.4 382.2 188.9 339.0 
3-Pyridinol 1223.8 1274.9 1228.7 1388.2 1385.1 1591.0 
Benzeneacetic acid 1477.9 1881.4 1283.3 1916.5 667.6 1697.9 
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Table 3: Composition of the HTC effluent and retentates after membrane separation (kau – 1000 
arbitrary units; n.d. – not detected; → transition between stages of the cascade) 

Compound 
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Acetone 93.6 103.4 10.4 7.0 53.6 81.8 
Methyl Alcohol 183.0 920.4 53.5 98.8 323.7 223.4 
Ethanol 231.6 - 39.0 371.3 - 155.4 
2-Butanol 33.8 43.2 16.7 249.9 - 7.4 
Pyrazine  564.5 201.9 260.0 339.5 335.8 358.2 
Pyrazine, methyl 1174.0 1116.3 1141.5 1136.5 1237.8 1250.5 
Pyrazine, 2,5-dimethyl 337.0 249.2 295.1 400.4 357.3 365.3 
Pyrazine, 2,6-dimethyl 168.5 127.7 151.1 255.0 176.0 181.9 
Pyrazine, ethyl 483.7 354.7 382.4 583.6 462.5 477.5 
Pyrazine, 2,3-dimethyl 101.8 81.9 96.8 130.4 97.9 101.9 
Pyrazine, 2-ethyl-6-methyl 149.4 110.0 122.5 144.5 141.3 141.9 
Pyrazine, 2-ethyl-5-methyl 242.2 204.7 212.5 258.4 239.0 243.3 
Pyrazine, 2-ethyl-3-methyl 167.1 133.4 174.2 190.8 168.4 167.4 
Acetic acid  4574.7 4131.5 901.9 4379.2 1847.3 3877.0 
Propanoic acid 504.0 264.8 38.9 341.7 283.5 346.5 
Propanoic acid, 2-methyl 167.4 202.8 50.8 199.4 108.1 208.0 
2-Furanmethanol 117.3 81.9 30.9 98.8 91.5 134.2 
Hexanoic acid, 2-methyl 358.7 328.0 109.0 259.8 267.5 353.1 
Acetamide 512.5 196.3 264.8 401.5 549.9 537.5 
Ethanone, 1-(2-thienyl) 93.4 109.4 88.4 119.4 92.7 107.9 
Pentanoic acid, 4-methyl 303.8 443.4 222.6 383.1 47.3 251.4 
Propanamide 104.0 - - - 86.9 93.4 
Phenol, 2-methoxy 360.9 31.0 45.9 367.5 290.6 317.1 
Phenol 227.4 215.0 209.8 233.8 191.9 194.7 
1H-Pyrrole-2-carboxaldehyde 39.1 22.1 16.0 20.2 25.4 40.1 
2-Pyrrolidinone 137.6 86.2 91.8 112.6 110.9 130.5 
Cyclohexanecarboxylic acid 142.0 68.2 50.4 73.7 112.5 163.6 
2-Piperidinone 155.4 176.7 108.2 160.6 134.5 164.5 
3-Aminopyridine 36.3 43.4 35.0 65.0 44.8 35.6 
Phenol, 2,6-dimethoxy 277.9 85.8 57.2 314.0 237.8 298.2 
3-Pyridinol 1223.8 863.7 850.2 1204.3 1126.4 1158.4 
Benzeneacetic acid 1477.9 1165.7 1212.5 2285.2 1293.4 2216.7 

 
It should be noted that results, presented in Tables 2 and 3, show full extent of the complex nature of 
the membrane separation processes. Concentrations of some compounds in the retentate increased, 
whereas concentrations of other compounds decreased, due to higher dilution. Reverse situation can be 
observed in the permeates. Obtained results show, that optimization of the cascade membrane process 
should be a subject of careful consideration at each of the stages.  
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4 Conclusions 

Of the many processes used to purify the digestate liquid fraction, the pressure membrane processes 
deserve special attention. To increase their effectiveness, a combination of their effects is used. The 
conducted research on the effectiveness of agricultural biogas plant digestate liquid fraction purification 
using sequentially connected membrane processes MF - UF - NF showed that the combination of 
screening mechanisms of the tested membranes significantly increases the effectiveness of removing 
organic compounds from the analysed digestate. It was shown that the efficiency of the process is 
determined by the type of membrane used, while the applied TMP remains irrelevant. The best results 
were achieved by sequential purification in MF 0.2 µm  UF 10 kDa membrane  NPO10P NF. 
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Abstract 
In the paper authors’ present a novel hierarchical gas-gas system cooperating with a compressed-air 
energy storage. Comparison with a recuperated gas turbine cycle indicate significantly lower thermal 
efficiency of the cycle and a round-trip efficiency of charge and discharge of the compressed-air storage. 
However, this cycle achieve higher unit storage capacity and lower fuel consumption per unit electric 
energy storage, which leads to lower carbon dioxide emission.  Moreover, hierarchical gas-gas system, 
unlike the recuperated gas turbine cycle, allows for the use of a thermal energy storage. This 
modification improves thermal and round-trip efficiency, also significantly reduce fuel consumption and 
carbon dioxide emission. 

1 Introduction 

Energy storage systems become more important due to development of renewable energy sources (RES) 
[1]. The first step of effective cooperation between RES and fossil fuel power plants, in meaning of 
carbon dioxide emission reduction, is to give the priority of energy generation to RES. Hereby, thermal 
power plants become power reserve for stable operation of the energy system. To fallow rapid 
fluctuation in RES power generation increased flexibility of thermal power plants operation is needed. 
Fast ramp behavior, fast start-up and low minimal output electric power, while maintaining high energy 
efficiency, are the main issues in this field [2]. However, in some periods total power generation in RES 
and minimal loaded thermal power plants is higher than energy demand. As a consequence the electric 
energy must be sold abroad or the RES generation must be decrease. In this situation the second step is 
needed – the energy storage systems. However this technology has a great disadvantage, which is loss 
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of energy during electric energy conversion to storable form and reconversion to electricity, so called 
round-trip efficiency. 

In power engineering only pumped-storage hydroelectricity are commonly used in term of hourly power 
reserve. Despite high energy efficiency, in range of 75-80% [1], this type of energy storage is 
characterized by high investment costs and requires special terrain topology. Therefore other 
technologies are being intensively developed. The most mature alternative solution suitable for large-
scale energy storing are compressed air energy storage (CAES) systems. Though, there are only two 
full-scale CAES plants worldwide there are many R&D projects in this field.  

The first power plants was built in Huntorf Germany in 1978 [3]. The lower-cost electric energy from 
off-peak periods is used to compress air to 46-70 bar using 60MW intercooled compressors. The 
compressed air stream is cooled to 50°C and stored in an underground caverns. During peak load periods 
the compressed air from the cavern is heated in first combustion chamber and expanded in the first 
turbine. Next is heated in second combustion chamber and expanded in second turbine down to ambient 
pressure. Design nominal output power is 290 MW. According to [4] thermal efficiency of energy cycle 
is between 40 and 42% depending on the overpressure of the air in the cavern. Definition of efficiency 
is described in detail in section 2.1.  

The second CAES power plant is situated in McIntosh in Alabama, USA. The power plant was 
commissioned in 1991. The greatest difference compared to the Huntorf CAES system are employment 
of a recuperation and 4 stage intercooled compressor instead of 2 stage unit. Those improvements 
increased the thermal efficiency to range of 51-54% [4] depending of the overpressure in the cavern. 
The output power is 110 MW. Both power plant are described in detail in many works [4–8]. 

Due to high investments, energy conversion efficiency in energy storage systems needs to be improved. 
Moreover, effective employment of compressed air requires additional thermal energy to increase the 
turbine inlet temperature (TIT). If fossil fuels are used for this purpose, also this energy demand need to 
be minimalized. Proposed paper presents an original solution of CAES system based on a gas turbine 
set coupled with a turboexpander in a hierarchical gas-gas system. Firstly this type of a gas 
thermodynamic cycle differs from the Joule cycle with heat regeneration by higher optimal pressure 
ratio, which is particularly important while air storage is considered. Secondly, as it is described in work 
of Bartnik et al [9], gas-gas cycle without compressed air storage achieves higher energy efficiency for 
TIT above 1400K. Moreover, employment of gas-gas cycle, compared to the recuperated cycle: 1) 
decrease heat transferred in the cycle, which leads to decrease heat transfer surface area; 2) enables 
employ thermal energy storage, using e.g. phase change materials (PCM), to increase round-trip 
efficiency of energy storage. 

2 Process description 

The hierarchical gas-gas system, presented in Fig.1, comprising air compressors GC1 and GC2 with 
intercooler (HE1), air cooler at the cavern inlet (HE2) with by-pass, gas turbine (GT), turboexpander 
(TE) and heat exchanger (HE3). When power plant is working in charging mode air form GC2 is 
cooldown before the injection to the cavern. Decreased temperature increase density of storage air. 
Whereas, when power plant is working in discharge mode compressed air extracted from the cavern 
bypasses the exchanger to reduce pressure losses. In case of additional thermal energy storage a phase 
change material container is coupled with the air cooler HE2. This is necessary to cooldown compressed 
air to assumed temperature if PCM was not cooled enough during last discharge mode operation. It is 
assumed that temperature difference between points 4-1a is 100K due to heat exchange in the PCM 
container. During the discharge mode only a part of compressed air from the cavern is passing through 
it. Air supplying turboexpander should be cold to increase heat rate recovered from the flue gases. 
Relative pressure losses in the PCM container are taken into account when air is entering the cavern, in 
charging mode, and are reduced by half during the discharging. Pressure drops are related with velocity 
of the medium, and only about half of volumetric flow rate at point 5 is directed to the gas turbine (point 
1a). Pressure losses due air flow through the pipelines to and from the cavern have been omitted because 
they depend on the length and diameter of the pipelines, which correlates with geological conditions.   
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The PCM container can be design as a cylindrical column with PCM capsules assembled as a packed 
bed. A feature of this solution is large heat transfer surface needed because of low thermal conductivity 
of phase change materials. Moreover, for effective storage of thermal energy in the gas cycle mass of 
PCM should be divided into sections to match phase change temperatures of different material in so-
called cascade PCM thermal storage. This solution provides maximal temperature recovery during 
charging/discharging mode [10]. Main parameters of mentioned above machinery are gathered in Table 
1. 

 

Figure 1: Hierarchical gas-gas system with CAES. In case of thermal energy storage the PCM 
container is coupled with HE2 cooler.  

 

Table 1: Main thermodynamic parameters of investigated cycles for nominal conditions. 

Parameter Symbol Value 
Isentropic efficiency of gas compressors 𝜂  0.87 
Isentropic efficiency of gas turbine 𝜂  0.90 
Isentropic efficiency of turboexpander 𝜂  0.90 
Energy efficiency of combustion chamber 𝜂  1.00 
Energy efficiency of heat exchangers 𝜂  1.00 
Efficiency of electric generator 𝜂  0.99 
Efficiency of electric motor 𝜂  0.98 
Relative pressure drop in heat exchangers 𝜉  0.05 
Relative pressure drop in combustion chamber 𝜉  0.03 
Relative pressure drop in PCM container for 
charging and discharging mode 

𝜉 ,   
𝜉 ,  

0.10 
0.05 

 

The thermodynamic analysis of the hierarchical gas-gas system is based on a comparison with 
a recuperated gas turbine cycle. Results of the analysis are not compared with the existing CAES 
systems in Huntorf or McIntosh due to technological progress made over the last 30 years. Currently it 
possible to apply turbine inlet temperature TIT up to about 1360°C at 42 bar [11]. Scheme of recuperated 
gas turbine system with CAES is presented in Figure 2. Main features of this thermodynamic cycle are: 
1) low optimal pressure ratio; 2) no possibility of thermal energy storage; 3) high thermal efficiency due 
to low exergy destruction in combustion chamber resulting from preheating of compressed air. 
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Figure 2: Recuperated gas turbine system with CAES. 

2.1 Power, CO2 emission, efficiency, and storage capacity definitions 

Mathematical models were built based on real gas properties of air, the share of exhaust gas at the 
combustion chamber outlet has been neglected. Model has been validated using data from Hudnorf and 
McIntosch CAES systems. 

2.1.1 Power and CO2 emission 

It can be stated the aim of the CAES system is to store electric energy during low demand of the energy 
system and deliver a maximum amount of this storage electric energy during peak loads periods using 
the minimal amount of fuel. The electric output power of the gas-gas cycle is defined as: 

𝑁 , = (�̇� Δℎ + �̇� Δℎ )𝜂 = �̇� (ℎ − ℎ  ) + �̇� (ℎ − ℎ ) 𝜂  (1) 

Stream of thermal energy input in fuel in combustion chamber is given as: 

�̇� = �̇� Δℎ 𝜂 = �̇� (ℎ − ℎ )𝜂  (2) 

Where energy efficiency of combustion chamber 𝜂  includes heat losses by radiation and incomplete 
combustion. In case of recuperated cycle the electric output power and rate of thermal energy is define 
by analogy using descriptions from Figure 2. 

If CAES is operated in charging and discharging mode for the same period of time, e.g. 10h/10h a day, 
the electric input power of compressors, for both cycles, is given as: 

𝑁 , = �̇� (Δℎ + Δℎ )
1

𝜂
 = �̇� (ℎ − ℎ + ℎ − ℎ )

1

𝜂
 (3) 

 

If charging period is longer then power of compressors is reduced, if the period is shorter the power 
need to be increased. 
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The carbon dioxide emission is calculated on basis of the combustion chamber power and assumption 
that methane is used as a fuel. Using the LHV units in MJ/kg the calculation formula is as follows: 

𝑚

MWh
=

�̇�

𝑁 ,

1

𝐿𝐻𝑉

𝑀

𝑀
∗

3600𝑠

ℎ
∗

𝑡

1000𝑘𝑔
 (4) 

The result is in units of tCO2/MWh.  

2.1.2 Storage capacity 

In order to compare different CAES systems the output electric power and storage capacity of McIntosh 
power plant were assumed, namely 𝑁 , = 110 𝑀𝑊 and 𝑉 = 560000𝑚 . The requirement of the 
national power system for the CAES systems is availability of nominal power during the entire discharge 
period. Therefore compressors and cavern are operated  at pressures ranging from the cycle optimum 
pressure to the overpressure required in the cavern to provide mass of compressed air for discharge 
operation period. 

Mass storage in compressed air required for power generation during discharge period can be calculated 
as: 

Δ𝑚 = �̇� 𝑡  (5) 

On the other hand to storage Δ𝑚  in the cavern of defined volume change of density is necessary: 

Δ𝑚 = 𝑉 (𝜌 − 𝜌 ) (6) 

Where 𝜌  = 𝑓(𝑝 ; 𝑇 ) and 𝜌  = 𝑓(𝑝 ; 𝑇 ). 

It is assumed that 𝑇 = 𝑇  , while discharging pressure 𝑝  results from the gas cycle pressure 
ratio optimization. It follows from the above that the mass of storage air is a function of charging 
pressure: 

Δ𝑚 = 𝑓(𝑝 ) (7) 

If the difference between charging and discharging pressure is higher than mass storage in given volume 
is larger, however throttling loss during discharge increases. 

In conducted work pressure ratio of GC1 and GC2 are given with symbol Π  and Π  . In case of 
gas turbine with two stage compressor, with one intercooler, the value of  Π  can be estimated as 

Π   . However, because gas-gas cycle with CAES works in different conditions values of Π  and 
Π  were optimized using the generalized reduced gradient method (GRG). The boundary conditions 
for the optimization were Π ≤  Π  and   𝑝 < 8.0 MPa, while the aim of the optimization was 
𝜂 → 𝑚𝑎𝑥. 

To provide comparable data ratio of energy storage (MWhel) in a unit of cavern volume (m3) is defined 
as unit storage capacity (USC),  for each analyzed case according to equation: 

USC =
𝐸 ,

𝑉
 (8) 

2.1.3 Efficiency 

Thermal efficiency of the analyzed cycles is defined differently than for conventional gas turbine cycle. 
Namely, specific work [kJ/kg] at gas turbine and turboexpander electric generators is divided by sum of 
compressors electric specific work and input specific heat of combustion chamber: 

𝜂 =
(Δℎ + Δℎ )𝜂

(Δℎ + Δℎ )
1

𝜂
+ Δℎ

1
𝜂

 (9) 

The efficiency is calculated using specific values (per 1kg of working medium) because time of charging 
and discharging of the cavern is usually different. 
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In conventional gas turbine cycle electric output power is reduced by mechanical power of compressors, 
therefore power of compressors is not in the denominator but in the numerator of the equation (9). 
Moreover, compressors are powered by turbine using fuel. In CAES systems compressors are powered 
from electric grid. As a result thermal efficiency of CAES systems is higher than in case of conventional 
gas turbine cycles. Furthermore, thermal efficiency is calculated without the cavern overpressure 
required for operation in discharge mode, so this is a maximal efficiency of the energy cycle without 
energy storage. This efficiency is usually given in description of Huntorf, McIntosh, and other CAES 
systems, because it is independent  from capacity of caverns and time of operation in discharge mode. 

The round-trip efficiency is define as a ratio of output and input energy in one full charge/discharge 
round taking into account overpressure in the cavern: 

𝜂 =
𝐸 ,

𝐸 , + 𝑄
=

𝜂 (Δ𝑚 Δℎ + Δ𝑚 Δℎ )

1
𝜂

Δ𝑚 ∫ Δℎ 𝑑𝑝 + ∫ Δℎ 𝑑𝑝 +
1

𝜂
Δ𝑚 Δℎ

 (10) 

Because real gas model of air is employed the integrals in the denominator, describing compressors 
operation under variable discharge pressure, are solved numerically.   

3 Results  

Results of the analysis are presented in graphical form, in temperature – specific entropy (T-s) charts, 
and in tables. In Figure 3-5 the T-s diagrams of gas-gas system, gas-gas system with PCM thermal 
energy storage, and recuperated gas cycles are presented respectively. Solid line represent the gas turbine 
cycle (GT), while dashed line turboexpander cycle (TE). Numbers of characteristics points match 
notation form Figures 1-3.    

Analysis of the charts shows that in the case of the gas-gas system (Fig. 3) and recuperated gas turbine  
cycle (Fig. 5) two-stage compressor increases the air enthalpy approximately evenly. In the case of the 
PCM thermal storage (Fig. 4) the intercooler can be removed because the temperature rise by compressor 
GC2 is stored in PCM. This could reduce the investments costs of the CAES system. 

 

 

Figure 3: T-s diagram of gas-gas system with CAES. 
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Figure 4: T-s diagram of gas-gas system with PCM thermal energy storage for CAES. 

 

Figure 5: T-s diagram of recuperated gas system with CAES. 

Because of the stored air is cooled down to 50°C the exhaust of GT can be cooled above 100°C using 
turboexpander system, which improves the gas-gas cycle thermal efficiency. However, the flue gases 
are cooled to 120°C to avoid water condensation on exhaust side in the HE2. In result the temperature 
difference between points 3a-2b equals 70K and is the same as between points 4a-1b. This gives HE2 
thermal efficiency, defined as 𝜂 = (ℎ_2𝑏 𝑚_2𝑏 − ℎ_1𝑏 𝑚_1𝑎)/(ℎ_3𝑎 𝑚_3𝑎 − ℎ_1𝑏 𝑚_1𝑏 ) =
0.8772. In case of recuperated gas turbine cycle (Fig. 5) cold air from the cavern increases energy rate 
recovered from exhaust. In this cycle exhaust is also cooled to 120°C. Temperature difference between 
points 10-6 is 70K, but according to energy balance the temperature difference between points 9-7 is 
116K, which gives 𝜂 = 0.8533. In system with PCM thermal storage cold air from caver drives the 
turboexpander cycle, while air for combustion chamber is preheated in PCM container. 

Thermodynamic parameters of working fluids in characteristic point of the cycles, according to Fig. 3-
5, are gathered in Table 2. 
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 Table 2: Main thermodynamic parameters of working fluids. 

Cycle Point 𝑝  
[MPa] 

𝑇  
[°C] 

ℎ 
[kJ/(kg*K)] 

𝑠  
[kJ/kg] 

�̇�  
[kg/s] 

�̇� 
[m3/s] 

Gas-gas 

1 0.100 15.00 225.56 6.83 162.34 134.26 
2 0.610 236.78 450.64 6.89 162.34 39.05 
3 0.579 50.00 259.88 6.44 162.34 25.98 
4 2.346 230.79 443.66 6.49 162.34 10.10 
5 2.228 50.00 256.79 6.05 162.34 6.75 
1a 2.228 50.00 256.79 6.05 81.00 6.75 
2a 2.161 1400.00 1786.96 7.87 81.00 18.09 
3a 0.105 614.83 857.28 7.99 81.00 196.25 
4a 0.100 120.00 331.52 7.15 81.00 91.45 
1b 2.228 50.00 256.79 6.05 81.35 6.75 
2b 2.117 544.83 780.28 7.04 81.35 9.09 
3b 0.100 128.17 339.81 7.17 81.35 93.75 

Gas-gas with 
PCM thermal 
energy 
storage 

1 0.100 15.00 288.39 6.83 156.21 129.18 
2 0.228 91.36 302.35 6.83 156.21 71.82 
3 0.216 50.00 260.58 6.73 156.21 66.99 
4 3.391 477.19 706.32 6.81 156.21 10.05 
5 3.052 50.00 255.28 5.95 156.21 4.74 
1a 2.900 377.19 598.05 6.70 78.10 5.09 
2a 2.813 1400 1787.57 7.79 78.11 13.42 
3a 0.105 567.93 805.05 7.93 78.11 179.26 
4a 0.100 120.00 331.52 7.15 78.11 88.19 
1b 3.052 50.00 255.28 5.95 78.10 2.37 
2b 2.900 497.93 728.88 6.88 78.10 6.03 
3b 0.100 77.75 288.79 7.03 78.10 78.69 

Recuperated 
gas cycle 

1 0.100 15.00 288.39 6.83 182.64 151.05 
2 0.258 106.47 317.62 6.84 182.64 77.18 
3 0.245 50.00 260.52 6.69 182.64 69.11 
4 0.666 171.94 383.89 6.73 182.64 35.12 
5 0.633 50.00 259.78 6.42 182.64 26.77 
6 0.633 50.00 259.78 6.42 182.64 26.77 
7 0.601 777.78 1042.57 7.68 182.64 91.88 
8 0.583 1400 1785.48 8.25 182.64 150.71 
9 0.105 894.01 1177.13 8.31 182.64 581.64 
10 0.100 120.00 394.35 7.14 182.64 206.21 

 

In Table 3 power of turbomachinery is presented. In each analyzed cycle electric output power is 110 
MW. However, power of compressors and combustion chambers are different. The power of the 
compressors is calculated on the assumption that period of the charging mode operation is equal to the 
discharge mode operation. Higher power of compressors means, that optimal value of pressure ratio in 
the cycle is higher and CEAS system is able to store more electricity in compressed air per unit of cavern 
volume.  The gas-gas system with PCM thermal storage is characterized by the highest compressors 
power (73.28 MWel), lowest combustion chamber power (92.91 MWth) and lowest HE1 and HE3 heat 
exchangers power (6.53 and 36.99 MWth respectively). On the other hand power of cooler HE2 is the 
highest (43.69 MWth) and PCM thermal storage of 26.77 MWth is required. 

Table 4 contains main results of the analysis. Thermal efficiency and the round-trip efficiency is the 
highest in case of recuperated gas turbine cycle, 67%. Thermal efficiency of the gas-gas cycle with PCM 
thermal energy storage is lower only by 0.83 pp, but the round-trip efficiency is higher by 2.92 pp. 
Moreover, due to the lowest thermal power of the combustion chamber the gas-gas system with PCM 
thermal energy storage is characterized by the lowest carbon dioxide emission per unit of storage electric 
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energy, 0.1672 kgCO2/MWhel. Which results from the lowest fuel demand (LHV) per unit of electric 
energy storage, 1.20 MWhth/MWhel . Also the unit storage capacity is the highest in case of gas-gas cycle 
with PCM thermal storage, 1.379 MWhel/m3. 

Table 3: Power of machinery, MW. 

Machinery Gas-gas 
Gas-gas with PCM 

thermal energy storage 
Recuperated gas 

turbine cycle 
Turbine 75.29 76.75 111.11 
Turboexpander 35.83 34.37 - 
Electric generator 110.00 110.00 110.00 
Compressors 66.37 71.81 27.87 
Electric motor 67.72 73.28 28.44 
Combustion chamber 123.92 92.91 135.69 
Cooler HE1 30.96 6.53  10.43 
Cooler HE2 30.33 43.69 22.67 
PCM energy storage - 26.77 - 
Heat exchanger HE3 42.58 36.99 142.97 

Table 4: Main  results of the analysis. 

Parameter Unit Gas-gas cycle 
Gas-gas cycle with 

PCM thermal 
energy storage 

Recuperated 
gas turbine 

cycle 
Thermal efficiency % 57.40 66.19 67.00 
Round-trip efficiency % 55.93 64.69 61.77 
Optimal pressure at 
GC1 / GC2 outlet * 

MPa 0.610 / 2.346 0.228 / 3.391 0.258 / 0.666 

Pressure in the cavern 
for 10 hour operation  
(1100 MWh) 

MPa 3.195 3.983 1.720 

CO2 emission per unit of 
electric energy storage 

kgCO2/MWhel 0.2231 0.1672 0.2442 

LHV per unit of electric 
energy storage 

MWhth/MWhel 1.70 1.20 3.20 

Unit storage capacity MWhel/m3 1.301 1.379 0.508 
* Optimal pressures with no overpressure in cavern, condition for thermal efficiency calculation. 

4 Conclusion 

Conducted thermodynamic analysis of CAES systems shows that proposed hierarchical gas-gas turbine 
system provides significantly lower thermal and round-trip efficiency than recuperated gas turbine cycle. 
However, this system is also characterized by lower heat rate exchange in the cycle, lower carbon 
dioxide emission and higher unit storage capacity. Moreover, this thermodynamic cycle allows to 
employ thermal energy storage at the cavern inlet / outlet. This modification significantly decreases fuel 
demand and increases thermal and round-trip efficiency, and unit storage capacity of the cavern. 
Therefore, gas-gas system with thermal energy storage has a great potential to provide high efficient 
energy storage for RES. 

Further research is required on PCM container. Analysis on PCM selection, spheres dimensions and 
container design should be conducted. Particularly important are calculations of mass of each PCM layer 
in the cascade and volume and geometry of the container. On the basis of such an analysis pressure 
losses and temperature differences between gas and PCM at the inlet and outlet of the container can be 
calculated.  
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Moreover, gas-gas system with thermal energy storage require turboexpander and PCM container but 
significantly reduce heat exchangers power and fuel consumption. Those parameters gas great impact 
on CAPEX and OPEX calculus. Therefore an economic analysis should be carried out.    

Nomenclature 

𝑏 specific exergy, kJ/kg 
ℎ specific enthalpy, kJ/kg 
𝑚 mass, kg 
�̇� mass flow rate, kg/s 
𝑁  power, kW 
𝑝 pressure, bar 
𝑠 specific entropy, kJ/(kgK) 
t time, h or s 
𝑇 temperature, °C 
𝑉 volume, m3 
�̇� volumetric flow rate, kg/s 
LVH lower heating value, MJ/kg 
USC unit storage capacity, kWh/m3 
 
Acronyms 
G electric generator 
M electric motor 
CC  combustion chamber  
GC gas compressor 
GT gas turbine  
HE heat exchanger 
RT round trip 
TE turboexpander 
T-s temperature – specific entropy chart 
PCM phase change material 
RES renewable energy sources 
TIT turbine inlet temperature 
CAES compressed air energy storage 
 
Greek symbols 
𝜂 efficiency, - 
Δ difference, - 
𝜉 related loss. - 
ρ density, kg/m3 

Π  pressure ratio, - 
 
Subscripts and superscripts  
1,2,… characteristic points of the energy cycle  
m mechanical 
ch charging 
el electric 
in input energy 
th thermal 
cav cavern 
out output energy 
disch discharging 
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Abstract 

This work presents the thermodynamic model of steam storage in a steam cycle. The innovative steam 
storage is an integral part of the unit and thus responds quickly to changes in load. This enhances the 
primary control reserve while maintaining high efficiency of energy conversion. With regard to power 
plants, it improves the operational safety of generation units, as it prevents boiler and turbines overload 
in the case of steep reduction in the load. A steam power plant able to swiftly adjust its generation to 
load changes becomes more competitive on the capacity market due to improve its dynamic 
characteristics. The relative disadvantage of the steam storage is its limited capacity. Therefore, the 
article includes a comprehensive assessment of the power plant parameters that will allow developing 
guidelines and recommendations to determine the optimal operation modes of the steam accumulator 
for the case of the underlying reference process. This will also take into account changing ambient 
conditions and current operational requirements. Therefore, it is necessary to use zero-dimensional 
modelling (0D) which relates to the design level strictly focused on thermodynamic parameters at 
specific points in the thermodynamic cycle. However, the three-dimensional approach, which allows 
determining temperature fields, displacements and stresses in relevant space is used for more accurate 
analysis. This paper also presents the relationship between the different approaches in relation to steam 
storage. The steam accumulator itself will be analysed in detail by means of Thermal-FSI (Fluid Solid 
Interaction) based on flow models with phase transitions induced both by change of pressure and 
temperature. Computational Solid Dynamics (CSD) models will be included to obtain the thermal and 
mechanical stresses. The mathematical modelling of complex physical phenomena in the steam storage 
is of increasing interest, particularly with regard to energy storage in the steam cycle. However, taking 
into account zero-dimensional modelling it is possible to show that charging the energy storage leads to 
a load reduction of up to 6.5%. On the other hand, discharging the energy storage can produce an 
additional net power of up to 4.1%. However, a new three-dimensional FSI analyses are necessary. 
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1 Introduction 

The innovative steam accumulator can be an integral part of the unit and thus responds quickly to 
changes in load, and thus enhances the provision of primary control reserve while maintaining high 
efficiency of energy conversion. With regard to power plants, it improves the operational safety of 
generation units, as it prevents overloading of boilers and turbines in the case of steep reduction in the 
load. Steam units are particularly often subject to load changes when working with renewable energy 
sources. With a sudden increase in electricity production from, for example, wind farms, steam turbines 
are forced to suddenly reduce electricity production. At this point in time, there is a difference in the 
rate of change in power between the steam boiler that produces steam and the steam turbine that receives 
it. Excess steam can be redirected to the steam storage. In contrast, if you suddenly need to increase the 
power of the steam turbine, there is water in the storage facility which, when it reaches the boiler, easily 
turns into steam without overloading the boiler with too much fuel. Therefore, this solution has a positive 
effect on the boiler, the turbine and the whole system. 

 A steam power plant able to adjust swiftly its generation to load changes becomes more competitive on 
the capacity market by improving dynamic characteristics [1]. The relative disadvantage of the steam 
storage is its limited capacity, and therefore the articles includes a comprehensive assessment of the 
power plant parameters that will allow to develop guidelines and recommendations to determine the 
optimal operation modes of the steam accumulator for the case of the underlying reference process, 
taking into account changing ambient conditions and current operational requirements.  

The multidimensional approach carried out using the non-stationary thermodynamic steam storage 
model proposed and calibrated in experiments will allow verification of the impact of modernization 
proposals on: 1) power plant components, 2) basic energy indicators, 3) emission levels, 4) production 
efficiency, and 5) create dynamic characteristics of the steam storage.  

In the study, it is adumbrated a thermodynamically justified multidimensional approach to describe the 
characteristics of thermal processing of steam storage in steam cycle. The model stems from a common 
thermodynamic approach and from preceding papers on fluid flow in such systems dominated by various 
mechanisms, such as mass, momentum and energy transfer [2-5]. A schematic presentation of these of 
emerging aspects of a multidimensional mathematical modelling that considers a fluid-solid interaction 
and volumetric integration from dynamics (3D) to mechanics (0D) is highlighted in Fig. 1.         

 

Figure 1: Schematic presentation of emergencing asspects of a multidimentional mathemetical 
modelling that takes into acount a fluid-solid interaction and volumetric integration from dynamics to 

mechanics 
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Fig. 1 shows the relationship between the numerical tools of the Computational Thermomechanics of 
Continuum (CTM). Computational Flow Mechanics (CFM) tools are based on integral (algebraic in 
space) equations of mass, momentum and energy balance, i.e. at the engineering level (0D) treating a 
steam storage as a "black box" which has inlets and outlets, heated surfaces on which heat is exchanged 
and a moving surface (phase separation surface) on which energy is absorbed or transferred on the way 
of work . Computational Structure Mechanics (CSM) is designed to quickly design the structure of a 
device based on well-known design techniques and, in the context of a steam storage, will be used to 
design wall thicknesses and load-bearing frames and, consequently, to determine the expected stress 
levels and strength of the device [2-5]. 

1.1   From three-dimensional thermodynamic modelling to zero-dimensional equations 

The transition to a higher dimension of 1D, 2D or 3D should take into account spatial changes, so the 
mathematical description introduces divergence. The broadest and most accurate distribution of 
individual thermodynamic parameters gives a three-dimensional view, which is also preferred for data 
transfer between solid and fluid. Traditionally, in local terms we use two types of approaches, namely 
Computational Fluid Dynamics (CFD) [6] and Computational Solid Dynamics (CSD) [7]. CSD strength 
analyses derive data from CFDs and can simultaneously influence the nature of the flow as a result of 
displacements. On the other hand, CFD analyses affect the solid body by changing the stress state, 
temperature distribution, as well as the thickness of the separation surface in case of deposition, which 
is shown schematically in Fig. 1. The steam accumulator itself will be analysed in detail by means of 
FSI based on flow models with phase transitions induced both by change of pressure and temperature. 
Computational Solid Dynamics (CSD) models will be included to obtain stress, creep and fatigue. The 
mathematical modelling of complex physical phenomena in steam storage is increasing interest, 
particularly with regard to energy storage of steam cycle. Summarizing the local (3D) level used in CFD 
techniques, it is possible to associate the integral approach with CFM, i.e. the level (0D) by integrating 
the local area [8]: 

0D = ( 3D) d𝑉 (1) 

 

where 𝑉 is the volume at which integration from 3D to 0D takes place. At this point it is worth 
mentioning that the phenomenon accompanying calculations based on 3D models is a renaissance of 
meaning and an almost complete restoration of equivalent significance of calculation codes based on 
0D models. It should be remembered that the 0D codes covering the entire steam and block storage, thus 
serve the 3D codes (both for fluid and solids) as the " giver" of boundary conditions and averaged (in 
the sense of 0D) load data. Furthermore, the results of 3D calculations are also compared with the results 
of 0D codes, after averaging, especially at the design stage of the solution, when no measurement data 
are available yet.  

1.2  Aims and scope of work 

The main aim of the work is to explain the concept of introducing a steam storage facility into the steam 
cycle, which improves the flexibility of the operation of these systems in interaction with renewable 
energy sources. Section 3 presents the basic balance equations in three-dimensional and 
zero-dimensional terms to determine the characteristics of unit operation. Also, the concept of steam 
storage location on the steam cycle scheme is described (section 3). Section 4 shows the parameters and 
scheme of tank which will be taken to experimental measurements. The last point outlines the 
perspectives and conclusions from the work (section 5). 
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2 Main governing equations 

In the case of the steam storage, the 3D approach to flow (CFD) is quite complicated. The area inside 
the storage is characterised by zones where there is liquid and gas in turn, and the individual liquids are 
separated by a separation area. With regard to the separation area, there are commercial VOF approaches 
as well as more accurate models for phase slip and surface transpiration. However, at this point it is 
worthwhile to bring closer the area of strictly steam as a medium which, after entering the steam storage, 
undergoes significant pressure and temperature changes causing the transition from dry steam to wet 
steam. For a consistent non-equilibrium condensation model, a set of nine transport equations can be 
written in the general form [9]: 
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in which: 𝜌; 𝜌𝐯; 𝜌𝑒; 𝜌𝑘; 𝜌𝜀; 𝜌𝑥; 𝜌𝛼  represents the relevant conserved variable vector. First, three 
variables  (𝜌; 𝜌𝐯; 𝜌𝑒) are generated from the well-known equations: the balance of mass (𝜌), the balance 
of momentum (𝜌𝐯 - three scalar equations for each velocity component), the balance of energy (𝜌𝑒). 
However, 𝜌 = 𝜌(𝐱, 𝑡) represents the mixture density that depends on time 𝑡 and location  𝐱. Here,  𝐯 =
𝑣 𝐞   is velocity vector including 𝐞  (versor in direction 𝑖 ) and  𝑣  (value of vector 𝐯). 𝜌𝐯 can be named 
the momentum density vector. 𝑝 represents thermodynamic pressure; 𝐈 = 𝛿 𝐞 ⨂𝐞  defines unit tensor, 
and 𝛿  is Kronecker's delta. Additionally, total diffusive momentum flux defined as  𝐭 = 𝐭 + 𝐭  
takes into account two components of viscous stress flux, namely, laminar and turbulent.  𝜌𝐒𝐯 is 

momentum sources. The total specific energy 𝑒 = 𝑢 + 𝐯  includes specific internal energy 𝑢 and 

specific kinetic energy 𝐯 . 𝐪  represents the total diffusive heat flux, and 𝑆  are the energy sources. 

Furthermore, in the evolution part of kinetic energy of turbulence 𝑘 and dissipation of the kinetic energy 
of turbulence 𝜀, occur diffusive fluxes of 𝑘 and diffusive flux of 𝜀, i.e. 𝐉 , 𝐉 , respectively. The last but 
not least in turbulence equations, sources, namely, the source of the kinetic energy of turbulence 𝑆  
together with the source of the dissipation of the kinetic energy of turbulence 𝑆 .  The additional balance 
equations for 𝑘, 𝜀, 𝑥 and 𝛼 are related to the evolution of turbulence in the condensing flow or the 
condensation evolution under turbulent flow conditions. Both are fully non-equilibrium phenomena that 
should be combined by the sources, 𝑆, and thermodynamical forces, which constitute the fluxes,  𝐉. The 
above set of nine equations is to be integrated within every finite volume. The process of growth of 
individual droplets is governed by mass, momentum, and energy transport mechanisms between gas and 
liquid phases.  

The system of CSD equations may be written in a conservative form as follows [6]: 
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where additionally, in comparison to (2), there appear such quantities as: 𝛔 - tensor of stresses in the 
solid; 𝐞 - tensor of plastic strain; 𝜶 - kinematic hardening; 𝑟 – isotropic hardening; 𝐉  - diffusive flux 
of 𝑟  ; 𝐒 , 𝐒𝜶, 𝑆  sources of plasticity, kinematic and isotropic hardening typical for the Chaboche 
model. Chaboche model is appropriate because, has a clearly defined and supported by many examples 
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of the calibration constants. It is fully temperature-dependent, so can describe the thermal and 
mechanical stresses and visco-plastic deformations. Chaboche model consist of well-known elements 
of continuum mechanics. On the other hand, on the influence occurring in the steam storage itself on the 
area of water vapour-water separation in 0D approach we put the following equations of the balance [1]: 

d𝜌

d𝑡
𝑉 = �̇� , , + �̇� , , + �̇� _ +

d𝑉

d𝑡
𝜌  (4) 

𝑑(𝑚ℎ)

𝑑𝑡
= �̇� , , ℎ , + �̇� , , ℎ , + �̇� _ ℎ

+ �̇� _ ℎ +
𝑑(𝑝𝑉)

𝑑𝑡
+ �̇� , + �̇�  

(5) 

 
where: 𝜌  is density of liquid or vapour of water, 𝑉  represents volume of liquid or vapour; �̇� 
is mass flow rate; 𝑖 is a number of inlets; 𝑗 represents number of outlets; �̇� _  is mass flow rate 
obtain due to condensation or evaporation depending, which phase is balanced. Rate of energy obtained 
due to phase change is specify by �̇� , however, rate of energy transferred through wall of steam 
storage is taken into account as �̇� , . Three type of enthalpy is included in balance of energy 
water/steam mainly: saturated water ℎ ; dry saturated steam  ℎ  and wet steam ℎ. It is worth noting the 
𝑝𝑉 component, which describes the amount of mechanical work accumulated during charging or 
discharged. 

3 A concept of thermodynamic cycle with steam storage for 0D modelling 

The primary objective of introducing a steam storage facility is to increase the flexibility of steam units 
while maintaining operational safety and low emission levels. The special aim is to increase the power 
rate and extend the operating spectrum relative to the nominal load. More thermodynamically expressed, 
the aim of a steam storage is to improve the primary control range by about 3 percentage points of the 
power output fluctuations and high ramp-rates, both at power peaks and power downs, which at power 
peaks is twice the changeover rate. In terms of the operating range, on the other hand, it is possible to 
increase the power of the unit after the integration of the steam storage by more than 4 per cent, or to 
reduce the power of the unit when the minimum power of the discharged steam storage tank is reached 
by a further few per cent.  However, the exact values depend on the specificity of the power plant and 
the size of the storage tank to be integrated into the cycle.  

The place where the steam storage is integrated into the heat cycle is shown in Fig. 2. Elements such as: 
V - control valves, IC - temperature control by water injection, B - boiler, CM - coal mills; C - regulation 
of coal dust supplied to the boiler; HP, IP, LP - high-pressure, medium-pressure and low-pressure part 
of a steam turbine, D - deaerator, HE1-HE4 - low-pressure regenerative heat exchangers, HE5-HE7 - high-
pressure regenerative exchangers, HE8 - steam cooler, P - pump, G – electric generator, CON - 
condenser. The location of the steam storage (VS) with a suitable valve system on both the live steam 
and reheated steam path provides a greater possibility of control   the amount of steam that goes to the 
high-pressure, medium-pressure, superheated secondary part of the steam boiler and the steam used for 
water regeneration in the high-pressure feedwater heaters, that is HE5 and HE6. Thus, this position of 
the steam storage (VS) provides the possibility to use both the superheated live steam and the steam that 
has already expanded in the high-pressure turbine and is to go to the reheater. This gives greater 
flexibility to the unit and provides the ability to change power output faster than traditional systems both 
at full power and with a technical minimum. In addition, this integration ensures a smooth steam 
extraction from the boiler and adjustable turbine power output reduction. Figure 2 also shows the place 
of return of the medium stored (wet steam) in the steam storage to the high pressure regeneration 
exchanger (HE5), which allows to increase the water temperature in this heat exchanger and increase the 
flow rate in the MP and LP part, thus increasing the power output of the unit. The steam stored in the 
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steam storage can be used in the condensate regeneration process when the boiler is not able to increase 
the steam flow so quickly. 

It should be mentioned that currently control methods are carried out, for example, with steam 
temperature control by water injection in the IC. Another method of regulation also applies to the boiler 
area and is related to the amount of fuel supplied to the burners and therefore the heat transfer rate on 
the waterwall furnace tubes (EV). The introduction of an innovative steam storage tank will support the 
power plant by giving it an alternative method of primary control. 

Additional profit is emission reduction of these power plant as the amount of burned fuel and emission 
efficiency of the whole unit is connected with proper running of the maindevices, therefore introduced 
steam store will also have direct impact on emission reduction of the power plant unit. Based on the 
steam storage it is possible to control the operation of the unit not only in dynamic conditions but also 
to optimize efficiency and reduce emissivity in transient states. 

 

 

Figure 2: General scheme of supercritical block with designation of basic devices cooperating with 
innovative VS steam storage. The red frame contains elements related to the steam storage. 

 

Table 1 presents the key parameters of the power plant which is analysed as a reference case. The 
referent efficiency 𝜂 = 0.4907 and the gross electrical power of the supercritical power plant have 
been estimated as  𝑁 = 899.49 MW by means of the numerical analysis. Parameters of the most 
significant devices are presented in Table 2. Like in Table 1 also here the values were comparison to the 
literature [3] and applied to the model. 
 

Table 1: Key data of the supercritical power plant model. 

Parameter Values Units 
gross electric power 900 MWe 
minimum load 30 % 
live steam mass flow 611.1 kg/s 
live steam pressure/temperature 30/650 MPa/oC 
minimum load 6/670 MPa/oC 
pressure in steam condenser 0.005 MPa 
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Table 2: Main devices achievements assumed in supercritical steam cycle. 

Parameter Symbol Unit Value  
Internal efficiency of the IP turbine group of stages  ηiIP - 0.92 
Internal efficiency of the LP turbine group of stages ηiLP - 0.85 
Internal efficiency of pumps ηiP - 0.85 
Efficiency of regenerative heat exchangers ηHEm - 0.995 
Efficiency of vapor cooler ηHE - 0.995 
Efficiency of deaerator ηD - 1.00 
Flow losses in vapor pipelines to regenerative heat exchangers and 
vapor cooler 

ζ - 0.02 

Feed water flow losses through regenerative heat exchangers and 
vapor cooler 

ζ loss - 0.01 

Boiler efficiency (hard coal) ηB - 0.945 
Generator efficiency ηg - 0.988 
Mechanical losses of turbine ΔNm MW 0.9 

 

4 A concept of steam storage tank for 3D modelling 

The research method combines theoretical and experimental issues in such a way as to obtain a project 
of pilot installation of a steam storage facility cooperating with a steam unit. The test method must 
therefore take into account: 

- the zero-dimensional method (0D), in other words, mass, momentum and energy balancing at the level 
of the steam storage so as to implement this data to the whole block; 

- the three-dimensional (3D) method, which allows to know exactly the mechanisms governing the 
processes inside the steam store and their influence on the stresses in the tank walls. 

In the process of calibrating the numerical model, it is important to have a measuring system that collects 
the response of the steam accumulator depending on the parameters and the amount of steam introduced 
into it. In the case of the benchmark experiment, the steam source will be an LW40 steam generator 
from Prometr with a 28 kW heating system. Connecting it to the steam storage tank provides the 
measurements necessary to determine the 0D and 3D characteristics necessary to verify the models and 
their constants. The steam generator includes an electric boiler, a water pump and a condensate tank. 
The boiler capacity is 50 litres and the nominal steam output is 40 kg/h. Allowable thermal parameters 
for the generator are 180 degrees Celsius and 8 bar pressure. The generator is equipped with a centrifugal 
pump and a stainless steel condensate tank with a capacity of 75 litres. The steam generator has its own 
capacity control system and a protection system against excessive steam pressure increase in the boiler. 
Therefore, the steam generator is fully sufficient to take the necessary measurements and obtain both 
integral and spatial parameters in the time needed to obtain calibration characteristics. The experiment 
aims to capture first the integral parameters of the steam storage, i.e. at the inlet and outlet of the tank, 
on the basis of which a mathematical model described by integral equations can be calibrated. It should 
be mentioned that experimental results are available in the literature [10,11], but they are aimed at 
obtaining integral characteristics, i.e. at 0D level. In turn, the concept of the experiment from this work 
is to indicate the parameters at different points of the steam storage so as to obtain variability in the 3D 
space, and thus the measuring system contains several sensors of temperature and pressure after height, 
width and length of the tank. In addition, time displacements are measured to determine the thermal 
effects of a sudden inflow of steam into the steam storage. The geometry created is then used for 
numerical analysis of the CFD type. 

At the same time, CFD flow analysis results will become boundary parameters for stress/strength 
analyses, where not only pressure changes acting on the tank walls but also process temperature changes 
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will be important. With such diverse operating parameters, it would be appropriate to consider material 
fatigue and creep effects. And for extremely loaded elements, the risk of plasticisation and the conditions 
of material strengthening in an isotropic and kinetic way should be investigated [12-14]. It is also worth 
adding that the 3D analysis of the steam flows in the innovative steam accumulator will be carried out 
taking into account the boundary conditions from the analysis of the cycle in the context of geometry 
optimisation, taking into account pressure drops, mass and heat transfer. The stress/strength analysis of 
the steam storage tank will harness the variable operating parameters to determine minimum wall 
thicknesses and dynamic transient forces. 

 

 
Figure 3: A scheme of an innovative steam storage facility, which will be measured to perform a 

benchmarking experiment. The main parameters measured in time will be pressure, temperature, mass 
flow rates, water level in the tank and displacement. 

5 Conclusions 

The scientific value of implementing the presented concept and carrying out the research will be related 
to the development of numerical methods and their coupling with each other. In addition, an important 
scientific value is the calibration of the steam store on one' s in-house experiment. At this point it is 
worth adding that the phenomenon accompanying the calculations based on 3D models is a renaissance 
of significance and almost complete restoration of equivalent significance of calculation codes based on 
0D models. It should be remembered that 0D codes covering the entire turbine and block thus serve 3D 
codes (for both liquid and solid) as a " giver" of boundary conditions and averaged (in the 0D sense) 
load data. Furthermore, also the results of the 3D calculation, after appropriate averages, are compared 
with the results of the 0D codes, especially at the solution design stage when no measurement data is 
yet available. The scientific value is also enhanced by the fact that the calibration will take place in a 
dedicated experiment taking into account the dynamic effects. 

The novelty of the proposed concept consists in the use of advanced numerical tools and the theory of 
thermal concentration (e.g. Storm Theory) to model non-stationary phenomena. In the era of intensive 
development of wind and photovoltaic power plants, a very important aspect is the dynamics of load 
changes in JWCD (Central Power Generating Units), which in Poland are practically exclusively coal-
fired blocks. Steam storage tanks are installations aimed at improving the flexibility of electricity 
generation in power units, however, the steam storage tanks themselves operate at high parameters. 
Therefore, it is very important to propose solutions that not only have high efficiency of the 
charge/discharge cycle, the so-called round-trip-efficiency, but above all can be dynamically charged 
(charged/discharged). This requires a detailed analysis of the thick-walled components of such plants, 
their structural optimisation and then operational optimisation, in the sense of determining the optimum 
characteristics of the change in operating conditions as a function of temperature and pressure. It has 
also been repeatedly emphasized that innovative is the approach to the problem, which uses many 
computational tools to well reproduce the phenomena occurring in devices at the boundary between 
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liquid and solid, then determine the size of the necessary foundations cooperating with the ground and 
properly introduce the characteristics of a completely new device into the block simulator.  

An additional innovation is the fact that the steam storage can be used both as a source of thermal energy 
flow and a source of mechanical power, because the steam still retains its high-pressure gaseous form. 
With proper introduction to the steam turbine it will allow to generate electric energy, or in case of units 
equipped with regenerative exchanger system it will be used to raise water temperature. Therefore, the 
multi-tasking of this storage is important. In addition, it can be said that it is innovative to combine 
simple construction with high exergy storage. The steam storage tank is a kind of indirect solution 
between heat accumulator and electricity or fuel storage. Its construction is simple, which significantly 
reduces costs in comparison to SOEC solutions or electric batteries, without having to concern about 
electrolyte or excessive sensitivity to thermal stress. If we compare a steam storage to a heat 
accumulator, the energy in it is significantly more exergic, which means that there is much more power 
generation and almost instantaneous system response.  

The fact that this storage fits perfectly into the primary control of the unit and can be installed close to 
the boiler is also innovative. However, alternatives are available, such as liquefied-air storages [15] or 
hydrogen-producing storages [16]. 
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Abstract 
This paper examines an optimization system that allows controlling district heating network optimally. 
A simplified network model created with the use of machine learning techniques is used. An innovative 
algorithm, which iteratively runs fast calculations of the linear programming class, allows to select the 
parameters of heating plants (supply temperature and pressure), pumping station (pressure head), and 
decide on shutting down or starting peak load heating plant. The dedicated work environment of the 
solution is large-scale heating networks with multiple heat sources and a complex network structure. 
District heating systems are subject to increasing automation. One of its tasks is to improve economic 
indicators and, at the same time, increase the efficiency of the system, which is most often expressed by 
reducing heat losses. Still, in most systems with qualitative-quantitative regulation, which allows 
modifying the network supply temperature during the day, the decisions are made by the operator using 
the primary supply temperature heating curve, weather forecast, and mainly - own experience. Due to 
the necessity to take into account the high inertia of the heating network, these decisions are subject to 
a substantial safety margin, expressed as the excess of the supply temperature. By using computer 
calculations, this margin can be minimized, thus achieving economic and environmental benefits. This 
problem belongs to the Mixed Integer Nonlinear Programming class, and there are implementations of 
optimizers working on small radial networks. In the case of large heating networks with multiple rings, 
the convergence of a solution to such a complicated problem is challenging to achieve. In Europe, it 
happens that a heat distributor does not own heating plants, and optimizer in the paper is built from such 
a point of view. The paper proposes a method that allows to quickly optimize the operation of the large 
network in a short time horizon (48 hours), with the use of low computational expenditure due to the 
simplifications applied. The solution is scalable regardless of the size and complexity of the heating 
network.  

1289



 

 

1 Introduction 

1.1 Issues of optimization of district heating systems 

Optimization and reliability are central to current research efforts in district heating. The number of 
proposed solutions to the problem of optimizing the operation of heating systems, in particular taking 
into account the production of electricity in combined heat and power plants, maximizing the use of 
waste heat, energy storage in heat accumulators, heating network, and in buildings, or simply 
minimizing heat losses, is significant. 

There are many cases of optimization of radial heating network or even network consisting of only one 
bus leading from one source. The hydraulic calculations of this type of network are trivial, but in reality, 
there are systems with many rings, which makes it difficult to simulate, let alone optimize. This paper 
presents a solution to optimize the operation of a heat distribution network with a complex structure in 
the short term. 

It happens quite often that the ownership of distribution network and heating plants are separated, or a 
share of a company managing the network in the annual heat production is negligible. Heat is purchased 
from external suppliers, and in this case, the optimization objectives from the point of view of the heat 
distributor are different from the typical cases considered in research (usually focusing on taking into 
account changes in the efficiency of CHP plants). The paper describes such a case. 

1.2 State of research 

The accurate and reliable heat demand forecast is pivotal to safe economical and operational control of 
district heating systems [1][1]. The predictive capacity of many mathematical techniques or machine 
learning algorithms can be applied to the task. An increasingly popular approach exploits artificial neural 
networks. Artificial neural networks adapted to recent advancements in machine learning have yielded 
superior outcomes [2][2], [3][3]. 
Prior to optimization is network modeling. The following model classes can be distinguished: 

 White-box models, where phenomena are described by physical equations and physical constants, 

 Gray-box models, where equations are based on physical laws, but coefficients are calculated 
based on historical measurements, 

 Black-box models which are based solely on data. Their internal structure may not relate to 
physics. 

Models based on physical equations include many nonlinear dependencies. This renders the calculation 
of the model an iterative process (even without optimization) [5]. However, the physical approach is 
widely used in research and commercial implementations for simulation, not the optimization of the 
network operation [7]. It is not feasible to run an optimization algorithm using such a model, but in [6], 
it was proven to be possible for a very simple network structure. 
As a rule, optimization requires certain simplifying assumptions to be made. In the case of optimization 
at the design stage, due to the unlimited amount of time for calculations, these simplifications may be 
minimal. An example of such an optimization process can be found in [8]. However, in the case of 
operational optimization of the district heating system, otherwise known as the optimal control of the 
district heating network, these simplifications have to be more significant. Researches examine the 
possibility of maximization of utilizing energy storage [9], also in the buildings [10]. An example of 
dealing with the complexity of issues taking into account the problem of optimal selection of working 
sources was discussed in [11]. The process of looking for an optimal solution was divided there into the 
task of optimal selection which heating plant should be run at what time (using the simplified model and 
solving the mixed-integer linear programming class task), and the second task, finding optimal heating 
plants setpoints - using a more complex hydraulic model but for a fixed set of working heating plants. 
Another successfully used method is the delay distribution model of flows and brut force optimization 
[12]. In both case studies [11] and [12], there is one main heating plant determining flows in the entire 
network, and less significant auxiliary heat sources, which facilitates calculations. This paper presents a 
method which, according to the authors, will better cope with numerous equivalent heat sources in distant 
locations working in a common network. An attempt to overcome an important assumption that is often 
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used in operational optimization - the adoption of permanent time delays – which lowers results accuracy 
is taken in [13] using multiparametric disaggregation for global optimization of bilinear terms. An 
overview of the techniques used for district heating control can also be found in [4].  

1.3 Characteristics of a problem of optimization of district heating network 

Pay attention to the word district heating network, not a system used in the title of the article. Of course, 
from the global point of view and exergy analysis, the only important optimization is one that takes into 
account all elements of the district heating system from heat producer to the consumer. However, the 
presented solution is a response to the business needs of optimization from the point of view of a heat 
distribution company. 

In particular, for such a company, important are issues like: 

 Minimization of network operation costs, i.e., heat loss and pumping costs. It is worth noting 
that the distributor is not responsible for all pumping costs, because usually, as a rule, he buys 
heat at a fixed price from a heating plant, regardless of the pressure head. However, there may 
be pumping stations in the network, which operating is fully covered by the heat distributor. 

 Ordering network operating parameters from heat suppliers in advance, e.g., once a day for the 
next 24 hours. 

 The cost of make up water. 

 Possibility of changing the valve settings, especially in the case of multi-ring networks. 

 Short computation time enabling operational use of the optimizer in the daily work of the 
dispatcher. 

 Including historical network operating parameters (short history) such as overheating and 
accumulation of some energy in the network. 

 Consideration of the possibility of failure and unusual network condition. 

 Planning the start-ups and shutdowns down of peak load heating plants in advance, enabling the 
heat supplier to prepare the unit. 

 Compliance with contractual terms with a heat supplier. 

 Compliance with contractual terms with heat consumers. 

 Compliance with the technical limitations of the network operation. 

 Maximizing heat purchase from cheaper heating plants. 

Unless such costs or benefits are transferred to the distribution company in the tariff, it is not an 
important issue to optimize the following factors: 

 Electricity production, in particular, the intentional use of heat accumulation to maximize 
electricity production. 

 Minimization of pumping costs in heating plants. 

 Economic load distribution within combined heat and power plants. 

2 Methodology 

2.1 Discussion on choosing a method 

The task set is to plan optimal parameters for heating plants (which may differ depending on how heat 
sources are controlled, in our case by supply temperature and supply pressure) and pumping stations in 
large heating systems with numerous heating plants and pumping stations. The goal was to be able to 
optimize large networks with more than 2 heating plants, installed capacity above 1000 MW, and more 
than 1000 substations. The optimization horizon should be 48 or 120 hours. The natural horizon of 
network operation planning is the 24-hour horizon, but due to significant transport delays, it should be 
sufficiently long so that the decision parameters in the last hours of the 24-hour horizon reflect the actual 
needs that will arise even later. The longer, five-day optimization horizon allows to get information 
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about the planned start-ups of peak load heating plants in advance even if such a long optimization 
horizon is burdened with a significant error in the weather forecast. 

The use of the hydraulic model for optimization meeting these assumptions is, therefore not an option. 
The simulation time of a two-day horizon with an hourly resolution of such large networks is about 10 
minutes (for example, in commercial thermo-hydraulic simulators such as Termis, or Audytor SCW). 

Numerous optimizers are created for networks with simple structure, solving the task of mixed-integer 
nonlinear programming (MINLP). The integer term results from the presence of decision variables 
describing the state of the heat sources (on / off) and possibly pumping stations. There are both 
commercial and open-source solvers available for solving such problems (e.g., Cbc solver [14]). 
However, from the experience of the authors, it appears that for tasks as set out here (about 1000 decision 
variables), there is no certainty as to finding an MINLP solution within a reasonable time. In complex 
multi-ring systems, it is sometimes challenging to converge simulation calculations, let alone 
optimization. It was decided to divide the optimization problem into stages and solve the primary stage 
(optimization with a fixed set of running heating plants) using the fastest and possibly reliable method - 
that is, solving linear or quadratic programming problem (later called as “primary optimizer”). The 
superior algorithm of the scheduling of work of heating plants runs primary optimization iteratively. 

The heat demand forecasting has been excluded from the optimization process as an independent step. 
It is obvious that the forecast heat demand will remain constant during the optimization process. 
However, this is a very important input for network performance models. Thanks to exclusion from the 
optimization process, the prognostic module can be built in any way (a deep neural network was used), 
and it’s no-differentiability does not affect the speed of finding an optimal solution. 

2.2 Primary optimizer 

2.2.1 Decision variables 

According to the definition of the primary task optimization above, the decision variables in this task 
are: 

 Supply pressure in heating plants, 

 Supply temperature in heating plants, 

 Pressure head in pumping stations on the supply side, 

 Pressure head in pumping stations on the return side. 

The set of running heating plants is defined in advance, so its parameters must always meet a certain 
technical minimum. For the pumping station, the pressure head should be greater than or equal zero. 
The parameters of each of the plants may be different. Optimizer works with the hourly resolution 
because the data in this resolution is exchanged between the network dispatcher and heat source 
dispatchers. In total, this gives over 1000 decision variables (when the horizon is 120 hours and several 
plants in the network). 

Treatment of pumping stations using only continuous variable need some comment. They can be started 
or turned off so they could also be considered in the context of integer programming, where the binary 
decision variable determines the state of the pumping station. It makes no sense to run a pumping station 
with a very small pressure difference, for example, 0.1 bar. However, to minimize the number of 
iterations of the superior algorithm and at the same time not to complicate the primary optimizer, it was 
decided to ignore this fact and leave the decision variables related to the pumping stations only as 
continuous variables. The consequence of this is that sometimes the work of the pumping station is 
planned with a minimal pressure increase. However, such situations are treated in processing by 
rounding the results down or up to the minimum available pressure head for which the dispatcher 
considers it worth running the pumping station. 
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2.2.2 Model of the network 

IPOPT [15] library was implemented in C++ to solve the primary optimization task. Naturally, this 
cannot be a linear task because cost optimization involves calculating the power that results from the 
flow multiplied by temperature differences at the output from the heating plant. And both: the flow and 
the return temperature are not decision variables and must be computed from some model. If these are 
the simplest, linear models, the primary optimization task will have a square quality indicator. For some 
solvers (e.g., IPOPT), a task with a square quality indicator has a similar level of complexity as a linear 
task. Hence, in the first approach, it was proposed to create models of network parameters linear in 
relation to the decision variables describing the operation in the District Heating network, such as 
temperature and pressure flows. 

 

Figure 1: Illustration of a typical hydraulic model of the DH network used for simulations and 
optimization (on the left), and of the machine learning model used in this study (on the right) - 

parameters only at selected critical points of the network are modeled directly depending on the 
parameters of heating plants and pumping stations. 

 

However, it was decided to control the heating network by checking conditions only in selected critical 
points (several dozen substations and chambers) – Fig. 1. It was assumed that if the constraints are met 
in critical points, they are met throughout the entire network, and all consumers receive heat. Critical 
objects were selected in this way to evenly cover the entire network - the highest and lowest elevation, 
substations near heating plants, and far from them. 

This approach has certain consequences. Such a significant simplification of the model may introduce a 
calculation error. However, it doesn’t have to be larger than the error introduced by inaccurate selected 
and validated roughness, thermal resistance, and other constants needed to run the thermohydraulic 
model. 

One of the typical steps to model a district heating network in order to optimize it is to use the mass 
balance equation: the sum of the flow from heat sources is equal to the sum of the flows in DH 
substations. Such an approach requires knowledge of the flow of all heat nodes installed in the network. 
In the case of very extensive networks exanimated in this article, this would require to model thousands 
of substations. The flow is calculated in the model directly based on the optimizer's decision variables. 

Of course, the linear model in relation to decision variables, will not reflect the nature of the phenomena 
that occur in the network throughout the year. However, it should be noted that the model may be 
nonlinear in relation to inputs other than the decision variables, for example, the weather forecast or, in 
our case, the heat demand forecast. Secondly, a family of linear models, each appropriate only within a 
certain range of parameters, is prepared. There are many successful implementations of optimizers using 
simple linear models but valid only in a certain range of parameters. Stochastic Immune Layer Optimizer 
is a good example [16].  

In order to build a family of linear models, it was decided to distinguish periods with different sets of 
running heating plants, periods with different power ranges of the working system, and with different 
settings of the most important valves that determine the direction of flows in the network.  

Historical data and machine learning algorithms can be used to build this type of model, which speeds 
up the process of building the model and makes it cheaper. Unfortunately for some reason, historical 
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data had to be supported by experiments performed on a hydraulic model. A model that was created 
using only historical data and automatic feature selection is a good predictor but does not always indicate 
physical dependencies. For example, sometimes, it turns out that the most important feature in a model 
for the supply temperature of some customer substations in the eastern part of a city is supply pressure 
at the other end of the network. Although using this input gives the most accurate model by mean square 
error, it will only work properly for typical parameters at which the network works. When changing 
these typical parameters, for example, as a result of the optimization, this model is no longer accurate. 
Besides, performing optimization using this type of model results in giving optimizer the wrong 
stimulus, i.e., the optimizer would increase the pressure to raise the temperature for what there is no 
physical reason. For this reason, the modeling process (utilizing mainly Ridge regression) was supported 
by expert knowledge by adding some constraints during feature selection. 

Historical data from 3 years of network operation was used. Despite the availability of longer 
measurement data, they were not used because the network changes over time, and as found out - using 
old measurement data does not improve the accuracy of the model testing it on new data. Using only 
historical data turned out to be insufficient in some cases, and examples will be given: 

 Substations located close to the heating plant are naturally supplied from this source, so the 
supply temperature in this heating plant directly affects the value of the supply temperature in 
the substation. Meanwhile, if all heat sources have run so far according to the heating curve, so 
their parameters were similar. But it happened that the distant heat source has a significantly 
lower variance of the measured temperature thanks to higher measurement quality. Then 
automatic feature selection indicates that the more important input to substation model is the 
temperature of a distant heating plant, not the one adjacent to the substation. Therefore, 
additional data generated using a hydraulic simulator was used to determine which heat sources 
can and which cannot affect the parameters of which critical points and were used as constraints 
in the model learning process. 

 Another example is the lack of historical data from some important device or very poor quality 
of it, for example from a pumping station. This was also the case during the implementation of 
the algorithm in a sample large network. Therefore, it was necessary to identification 
experiments of the impact of some pumping station operation on the pressure distribution in the 
network. 

The share and importance of simulator data in the final model was approximately 30%, and historical 
data approximately 70%. 

All parameters appearing in the constraints or the quality indicator are modeled: 

 In CHPs and heating plants: 

o Return temperature, 

o Flow, 

o Return pressure, 

 In critical district heating substations: 

o Supply pressure, 

o Return pressure, 

o Flow, 

o Supply temperature, 

 In critical chambers: 

o Supply pressure, 

o Return pressure, 

o Supply temperature, 

 In pumping stations: 

o Suction pressure on the return side, 

o Discharge pressure on the return side, 

o Flow at the supply side, 
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o Flow at the return side 

Inputs to the models are: 

 Decision variables, 

 Total heat demand forecast (and its transformations), 

 Valves openings, 

 Hour of the day, 

 The factor determining which piece of the piecewise linear model is used: set of running heating 
plants, set of valves closed daily average temperature, and heat demand.  

 

Decision variables can be delayed up to 48 hours, and the delay in the linear model is constant since the 
flows do not change significantly within one of the pieces of the piecewise linear model. However, 
during the year, different parts of the model are used, and this delay varies. In an example 
implementation, the temperature of a specific substation depends mainly on the temperature of one of 
the heating plants delayed from 3 up to 18 hours. 

The created system prepares heat demand forecasts for the entire city, as well as for individual districts 
and individual substations. However, since the forecast of demand for the individual substation is the 
least accurate, and that the critical nodes are intended to represent the average conditions in the area, 
heat demand forecasts used as an input to model in critical facilities, is the one for the entire network, 
not the one for individual substations. 

Valves opening is taken into account in two ways. First, when choosing the right piece of the piecewise 
linear model (which is associated with a specific setting of some valves), secondly some of them is an 
independent input to the model. It is done to take full account of the impact of the valves on the network 
conditions. Most important fittings that radically change the flows in the network are included in the 
selection an appropriate piece of the piecewise linear model, while the less important fittings, used by 
dispatchers, eg. to keep the return pressure positive, are taken into account as model inputs for the supply 
and return pressure. 

The lack of ambient temperature as an input to the model may be noticed. It is perhaps an important 
input that determines, for example, heat losses and thus temperature drops. However, two strongly 
correlated variables should not be introduced into the model, and the heat demand is strongly correlated 
with the outside temperature. Information carried in the heat demand and in the division of the model 
into linear pieces turned out to be sufficient. 

2.2.3 Constraints 

About 20,000 constraints of the primary optimizer have been identified and implemented. They result 
from contracts with the heat supplier and customers as well as from the good practice and dispatchers 
experience and the need to ensure the safe operation of the network. 

For heat sources, these are, for example: 

 Min and max supply temperature, max hourly change, max daily change,  

 Max instantaneous and daily average supply temperature deviation from the heating curve, 

 Max positive difference between the return temperature and its value according to the heating 
curve,  

 Min and max supply and return pressure. 

 Max hourly and daily change of supply pressure. 

 Max supply pressure difference between selected heat sources. 

 Max return pressure difference between selected heat sources. 

 Min and max instantaneous and daily average flow and thermal power. 

Some of the constraints above have to ensure that way of running the system won’t change significantly 
from the current one. For example, thanks to these constraints the optimizer can not transfer too much 
load from one source to another if the dispatcher decided. 
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For pumping stations constraints are for example: 

 Min and max suction pressure and discharge pressure. 

 Max pressure head. 

 Max electrical power. 

For critical points: 

 Min return pressure. 

 Min and max differential pressure.  

 Max deviation between supply temperature and heating curve. 

 Max flow (only for substations). 

Constraint connected with the maximum flow is not necessary from the contractual point of view, as the 
setting of  Δpv valve limiting flow reflects the power ordered by the customer. But it was included for 
a better understanding of the restrictions that affect the operation of the network. 

During optimization, the possibility of using soft limits is widely practiced. The soft constraint is the 
removal of the “hard” constraint and adding to the quality indicator a penalty calculated as a value of 
constraint exceeding the limit multiplied by penalty factor. The penalty is counted either linearly or 
squarely. Soft limits enable higher reduction of network operating cost, by the temporary deterioration 
of network operating parameters in a specific area which is not felt by customers. 

 

2.2.4 Quality indicator 

A quality indicator is a sum of: 

 Heat cost. 

𝐻𝑒𝑎𝑡 𝐶𝑜𝑠𝑡 = 𝑐 ,

 ∈

 ⋅ 𝐺1 , ⋅  𝑇1 , − 𝑇2 , ⋅ 𝑐 ⋅ Δ𝑡  (1) 

 
Where z is one of the heating plants from the 𝐴  which is a set of heating plants running in time 
step i of the optimization horizon H. cs is unit heat cost. G1s, T1s, T2s are flow, supply 
temperature, and return temperature.  Time step length it Δ𝑡 = 1 hour. 

 Pumping cost in booster pumping stations: 

 

𝑃𝑢𝑚𝑝𝑖𝑛𝑔 𝐶𝑜𝑠𝑡 = 𝑐
,

⋅ 𝐺
,

⋅
1

ρ
⋅

Δ𝑝1
,

η1
,

+
Δ𝑝2

,

η2
,

Δ𝑡  (2) 

Where p is one of pumping stations Np. cpEL is the unit cost of electricity, Gp is the flow through 
the pumping station, Δp1p and Δp2p are pressure heads and η1p, η2p are total efficiency of pumps 
on the supply and on the return side of a network. 

 

 Penalties for soft constraints. 

2.3 Peak load heating plants scheduling 

2.3.1 Decision variables 

The task of the algorithm for selecting a set of running heating plants is to find out when heating plants 
should be started or stopped. However, it is possible to limit the number of possible solutions by 
adopting appropriate assumptions. Different costs of purchasing heat from different heating plant 
courses that the plant operation priority is known in advance. First must-run plants, then from the 
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cheapest to the most expensive. Therefore it is not necessary to consider all possible combinations of 
running heating plants, only sets of working heating plants: 

 X0 – must-runs only, 

 X1 – must-runs and one, the cheapest peak load heating plant. 

 X2 – must-runs and two, the cheapest peak load heating plants, 

 Etc. 

Must-runs are not considered as switchable at all. The decision variables of an algorithm are sets of 
working HP over the time horizon. 

2.3.2 Constraints 

Thanks to additional constraints finding a solution may be faster without missing any feasible solutions. 
There is no point in considering the operation of an expensive peak source in the summer when the 
system load is low. It may be necessary for the event of significant failure, but it is not the intention of 
the authors of the created system to prepare it to handle significant failures –  relying on historical data 
is a limit. Therefore, a constraint in the form of temperature windows in which it is worth to consider 
the running of a given peak load heating plant was introduced. For example, above 5°C, it is not worth 
considering running some plant, and below -4°C, this plant must work. 

The introduction of this type of constraint also makes it possible to force the optimizer to work following 
the previous practice of the dispatcher, for example, to always start the peak load heating plant at a given 
outside temperature. 

Further limitations are the minimum working time and the minimum rest time of a plant, and the 
minimum time advance of notification of planning the commissioning of a heating plant. For example, 
if the optimization starts at hour 0 of the optimization horizon and the notification about the possibility 
of commissioning, for example, in 12 hours, has not been given, the optimizer can start-up heating plant 
only after the minimum time set. 

The above constraints can be defined differently for individual plants. 

 

Figure 2: Graph of feasible states (sets of running heating plants). 

 

2.3.3 Algorithm 

Based on the assumptions mentioned above, a directed graph of the feasible states in each hour is build 
– Fig. 2. However, to be able to take into account lead times, which are a constraint, the graph is deeper 
than shown in the picture. It includes states such as the 1st hour of X1 – X1

1, 2nd  hour of X1
2, and so on 

to the nth of X1
n if n is minimum running time of first peak load heating plant.  

Some directed edges in the graph are forbidden. From the state X0 when none of the peak load heating 
plants is working, only available edges are leading to the X0 or X1

1 in the next hour of optimization 
horizon. From the X1

1 only available edge leads to X1
2 or X2

1. From X1
2 only to X1

3 or X2
1 and so on. 

From X1
n next available state is X1

n or X0 or X2
1. Thanks to such a design of the graph, changes of state 

which would violate the limitation of the minimum plant working time are excluded. Other constraints 
regarding the lead time of plants are implemented similarly. When it's too hot to consider running a peak 
load heating plant, this state is not available on a graph. 
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Each of these states has its network operation cost - different for each state. It can be determined using 
the primary optimizer. Parameters in a specific state in a particular hour of the optimization horizon 
depends on the history. The history may vary depending on the solution of the scheduling algorithm. So 
when its missing, typical data – like temperatures from the heating curve are used as a substitute.  

In the first iteration network running the whole feasible part of the horizon in the state X0, X1,  X2, etc. 
is considered. After this calculation, the costs of running the network in any of the feasible states in the 
optimization horizon are known. These costs are treated as weights at each node of the graph. The task 
is to find the cheapest path through the graph from the first to the last hour of the horizon. This is an 
easy and typical programming task. Potentially different initial states can occur if, for example, it was 
scheduled to start the peak load heating plant in the first hour of optimization, it may be started without 
any lead time, but optimizer can also postpone that start. 

After finding the cheapest path through the graph, the second iteration of primary optimization is run — 
this time with known changes of state at certain hours. The optimizer then uses the real historical values 
of the decision variables at all timesteps, so the solution is more accurate. This is the final solution of 
the optimization task. 

3 Implementation 

The environment in which the elements of the system were created are C++ (optimization engine), 
Python, and R (modeling, data preprocessing, and postprocessing). Optimizer running on Intel Xeon E5-
2680, 32 GB RAM needs from 3 (typically about 5) up to 30 minutes (in complicated cases with high 
weather variability) to find a solution. 
This optimizer was implemented as an element of the dispatcher's Decision Support System in the 
Warsaw District Heating network. To comprehend the operational scale, it is worth considering a few 
facts about the optimized system: 

 2 cogeneration heating plants working all year round and two peak load heating plants, 

 Over 10,300 heat substations, 

 3 pumping stations considered in the optimization process (on the supply and return side of the 
network), 

 Few dozen rings in the network. 
The specific data and optimization results of this network are confidential. The main observations made 
on other sample network model is that the optimization effect is lowering the supply temperature by a 
few °C comparing to the heating curve, and releasing the flows towards the maximum flows – Fig. 3 and 
4. However, it should be noticed that the optimizer does not directly minimize the supply temperature, 
but optimizes the costs. There may be cases when the result is an increase in the supply temperature. The 
time of operating peak load heating plants is reduced in comparison to the heating curve. 

 

Figure 3: Supply temperature in the CHP according to the heating curve (dotted line) and optimized 
(solid line). 
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Figure 4: Flow in the CHP according to historical data (dotted line) and optimized (solid line). 

 

4 Summary 

The authors of this study have created a system that can quickly optimize the operation of even complex 
heating networks. An unusual approach was used, building the model mainly based on measurement 
data without taking into account the physical structure of the network. The possibility of using simplified 
models for optimization purposes was investigated. It is possible that there are networks, for that 
historical data is sufficient to build all models, but as it was found out during the research, that sometimes 
it is necessary to use data generated by the simulator. Instead of a simulator, it could also be data 
generated on the real network by designing an appropriate identification experiment and executing in 
on a running district heating network. 

It turns out that such a simplified model can be as effective as thermal-flow models. Although its 
structure is significantly simplified, it can be quickly validated on the latest historical data. Contrary to 
simulators, where validation is long and expensive, so it is performed quite rarely. 

The most important result of the project is that the optimizer has become an element of the commercial 
implementation used in the daily work of dispatchers and analysts, which is probably the best proof of 
the correctness of this approach. 

It is worth exploring the possibilities of the model in slightly differently posed problems. The plant 
scheduling algorithm can be modified in such a way that, in parallel with the task of optimizing the 
network operation, the task of economic load distribution inside heating plants is considered. 

There is a potential to develop a system and increase the accuracy of the described model by introducing 
a model correction on a very short historical data collected just before optimization, and research in this 
direction will be continued. 
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Abstract 

Among possible alternatives, the reversible dissociation/carbonation of metal carbonates, carried out in 
fluidized bed reactors, is of paramount relevance for thermochemical energy storage (TCES) in 
concentrating solar power (CSP) plants. In this framework the SrCO3/SrO system is receiving great 
research interest due to its high energy density (4 GJ m-3) and working temperatures (up to 1200 °C). In 
analogy to the more investigated CaCO3/CaO couple, one of the main problems of SrO is that particle 
sintering causes a dramatic drop of its reactivity over multiple carbonation/calcination cycles. In this 
context, it has been shown that Al2O3 can be successfully used as sintering and agglomeration inhibitor 
to improve the performances of the SrO/SrCO3 system. Besides the multicycle carbonation conversion, 
also the carbonation kinetics is crucial for the reactor design, especially during the scale-up of thermal 
processes from laboratory to real scale. However, no studies are available on the kinetic modelling of 
the SrO carbonation reaction under operating conditions typical of TCES-CSP applications. In this work, 
the gas-solid kinetics of SrO carbonation has been investigated in thermogravimetric equipment. In 
particular, tests have been performed using an SrO-Al2O3 composite containing 34%wt of Al2O3, which 
has been previously proved to be stable from both the reactive and mechanical point of view. Then, two 
different kinetic models, for the fast and slow stages of the carbonation reaction, have been applied to 
analyze the experimental data, thus obtaining useful information for design and optimization of the SrO 
carbonation reactor. 

1 Introduction 

One of the main advantage of concentrated solar power (CSP) generation combined with thermal energy 
storage (TES) is the dispatchability, i.e. the ability to provide energy upon demand, or alternatively, 
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store energy when there is no demand [1]. However, in spite of this advantage, much research effort is 
needed in the field of energy storage for CSP to become competitive with photovoltaics or conventional 
fossil power sources [2, 3]. In particular, both the efficiency and economic competitiveness of TES 
systems can be improved by operating the plant at temperatures higher than 600 °C, according to the 
second law of thermodynamics and Carnot efficiency [4].  

To date, TES can be accomplished using several technological approaches, differing from one another 
in the way the heat is stored: sensible thermal energy storage (STES), latent thermal energy storage 
(LTES) and thermochemical energy storage (TCES) [5–7]. In this framework, TCES, in which energy 
is stored in the form of enthalpy of reversible reactions, is one of the most promising alternatives since 
it is characterized by several benefits over the other options: high energy density (1 GJ/m3), high working 
temperatures (> 600 °C), non-toxic reactants [8, 9]. Several reactive systems have been proposed for 
TCES applications, such as metallic hydrides, carbonates, hydroxides, redox system [8, 9]. Among 
these, alkaline-earth metal oxides/carbonates can provide the highest reaction enthalpy, storage 
temperature (typically > 800°C) and energy density (up to 4 GJ/m3) [9, 10]. Therefore, a TCES system 
based on the carbonation/calcination looping can be realized so that: the endothermic calcination 
reaction is the solar-driven step in which the metal oxide is produced; this metal oxide is, then, 
carbonated in the exothermic step from which thermal energy is released and used to drive a power cycle 
[4].  

Among all the possible alkaline metal oxides/carbonates couples, the CaO/CaCO3 one, characterized by 
an energy density of 3.26 GJ/m3 and a dissociation temperature at atmospheric conditions of 895 °C, 
has been extensively studied in the framework of the calcium looping process used for both CO2 capture 
and storage (CCS) [11] and TCES applications [12, 13]. Regardless of the specific applications (either 
CCS or TCES), carbonate looping cycles are typically carried out in fluidized bed reactors [11–13], 
since they can provide high heat/mass transfer coefficients and uniform temperatures within the bed, 
thus minimizing the risk of hotspots [3, 14–17]. 

Similarly to the well-known CaO/CaCO3 system, also the SrO/SrCO3 couple has been attracting growing 
attention due the its advantageous characteristics [4, 18–21]. Indeed, being Sr the 15th most abundant 
element of earth, SrCO3 is readily available and quite inexpensive [18]. Besides that, SrCO3 is 
characterized by higher energy density (4 GJ/m3) and dissociation temperature at atmospheric conditions 
(1175 °C at atmospheric pressure), thus being able to provide a higher quality of heat release in a still 
technologically feasible temperature range [18]. In spite of these favourable features, this system suffers 
from the same critical drawback affecting CaO/CaCO3, namely the dramatic loss of SrO reactivity over 
multiple carbonation/calcination cycles due to the sintering phenomena (i.e. the physical aggregation of 
crystals that leads to increased grain size and loss of surface area) [4, 19, 20]. In analogy to several 
studies available on Ca-based sorbents for the calcium looping process, the intrinsic sintering 
deactivation of SrO can be dealt with the incorporation of refractory additives, i.e. inert materials with 
great thermal stability, that can inhibit the sintering phenomena by acting as “spacers”, i.e. by physically 
separating the sorbent particles [19, 20]. In this framework, Ammendola et al. [22] synthesized and 
successfully tested for the first time an Al2O3/SrO composite in a lab-scale fluidized bed rig.  

Even though much work [4, 19, 20] has been done in order to explain and contrast the decrease of the 
SrO carbonation conversion over repeated carbonation/calcination cycles, to our knowledge, no studies 
are available on the kinetic modelling of the SrO carbonation reaction under operating conditions typical 
of TCES-CSP applications. However, it is a matter of fact that reaction kinetics is a key point in the 
design of reactors for a variety of processes. This is of particular value during the scale-up of thermal 
processes from laboratory to real scale [23]. In this framework it should be kept in mind that, as a matter 
of fact, the carbonation/calcination looping requires particular reaction conditions to which the sorbent 
performance (in terms of both multicycle conversion and kinetics) is extremely sensitive [24]. Therefore, 
specific models based on the conditions of any particular application are needed. In this regard, a huge 
number of studies are focused on the carbonation kinetics of CaO at operating conditions functional to 
CCS applications [25–30], only few deal with the CaO carbonation kinetics at TCES-CSP operating 
conditions [24, 31], whereas no one is available on SrO carbonation at TCES-CSP operating conditions.  

As a typical gas–solid reaction producing a solid product, it is well-known that carbonation occurs in 
two phases characterized by two different kinetic regimes [32]. The first stage (stage 1) involves a fast 
chemical reaction of the CO2 molecules with the fresh oxide surface [32]. Then, after this fast 
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kinetically-controlled stage, a thin layer of carbonate covers the free surface of the sorbent particles and 
the reaction turns to be controlled by a much slower phase (stage 2) characterized by the diffusion of 
CO2 through this solid layer [32]. 

In this work, the carbonation of SrO has been studied for thermochemical energy storage in CSP plants. 
Since the carbonation behavior (in terms of both multicyclic SrO conversion and kinetics) strongly 
depends on the operating conditions (operating temperature and pressure strongly affects the 
thermodynamics and kinetics of the carbonation reaction), a kinetic study has been carried out to analyze 
the effect of the particular carbonation conditions to be used in TCES-CSP applications, i.e. involving 
carbonation under high CO2 partial pressure and at high temperature. Experimental tests have been 
performed in thermogravimetric equipment using a SrO-Al2O3 composite containing 34%wt of Al2O3, 
which has been previously proved to be stable over repeated carbonation/calcination cycles [22]. 
Moreover, it has shown a good stability also from the mechanical point of view, thus being able to 
withstand fluidized bed operation without raising noteworthy attrition and/or elutriation issues [22]. 
Then, the carbonation kinetics has been analyzed by applying two different kinetic models, depending 
on the stage of the reaction (i.e. either the kinetically or diffusion controlled stage), to fit the 
experimental conversion data, thus obtaining useful information for design and optimization of the SrO 
carbonation reactor. 

2 Experimental 

2.1 Materials 

The Al2O3-stabilized SrO granules have been prepared according to the procedure described in [22]. In 
particular, a commercial powder of SrCO3 (Aldrich 472018, purity >99.9%) has been mixed with Al2O3 
(MARTOXID KMS-96, purity 96,0%), with an Al2O3/SrCO3 weight ratio of 34%/66%, in deionized 
water in an alumina crucible. Then, the obtained mixture has been calcined in muffle furnace at 1000 
°C for 3 hours. The calcined material has been gently crushed in an agate mortar and sieved in the 
particle size range 200 - 600 m. Al2O3 (MARTOXID KMS-96, purity 96,0%) has been used as 
sintering/agglomeration inhibitor. Details on the chemico-physical and morphological characterization 
can be found in [22]. In brief, the morphological analysis, performed using a Philips XL30 SEM-EDS 
instrument, has shown that SrO (Fig. 1a) is characterized by irregularly-shaped grains with size smaller 
than 10 m, and that the addition of Al2O3 (Fig. 1b) leads to a finer microstructure and denser structure. 
Then, from the surface analysis it has been obtained that both the raw SrO (0.524 m2 g-1) and the SrO-
Al2O3 composite (1.255 m2 g-1) have relatively low BET surface area, even though the presence of Al2O3 
increases the BET SSA in the composite due to a spacing effect [22]. 

  
 

Figure 1: SEM images of the SrO (a) and the Al2O3/SrO composite (b). 

2.2 Experimental apparatus and procedure 

Carbonation/calcination cycles have been carried out in a STA 449 Jupiter (Netzsch Geraetebau, Selb, 
Germany) thermo-balance, able to measure the weight change of the sample in alternating atmospheres 
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of CO2 and Ar and, hence, to determine the CO2 enrichment and release. In particular, five cycles (i.e. a 
number of cycles sufficient to reach stable carbonation performance [22]) have been performed at four 
different temperatures (900, 950, 1000, 1025 and 1050°C). Then, the experimental data of the last cycle 
have been used to perform the kinetic study. 

The sample weight has been in the range 35-45 mg. The sample has been initially heated at 30 °C/min 
in an inert atmosphere (Ar) up to the reaction temperature. Afterwards, calcination and carbonation steps 
(with a duration time ranging from 30 to 60min, in order to obtain a stable value of carbonation 
conversion depending on the tested temperature) have been alternatively performed flowing Ar or CO2 
gas at atmospheric pressure. Flowing rates of 40 ml min-1 (STP) have been adopted for the gases. 

The SrO carbonation conversion, X, has been evaluated from the variation of the sample weight, 
according to: 

 

𝑋 =
∆𝑚

𝑤 𝑚

𝑀

𝑀
 (1) 

 

where m is the weight variation of the sample during the i-th carbonation, w is the mass fraction of 
SrO in the sample, mi is the mass of sample at the beginning of the i-th carbonation, and 𝑀  and 𝑀  
are the molecular weights of SrO and CO2. 

2.3 Carbonation kinetics 

As a common gas-solid reaction, the carbonation reaction involves the transformation of one solid (the 
metal oxide) into a gas (CO2) and another solid (the carbonate), and vice versa [33]. The reaction rate is 
expressed by the variation of conversion X(t) with time. Indeed, varying with the time evolution of the 
reaction, X(t) can assume characteristic shapes [33]. The aim of the kinetic analysis is, then, to 
understand these shapes and link them to the specific fundamental mechanisms [45]. Considering that a 
reaction may be incomplete, i.e. X(t) typically does not reach unity, the extent of conversion, α, is 
commonly used in the analysis of solid-gas reaction kinetics. In particular, α (0 < α < 1) is evaluated as 
X/Xu, being Xu an experimental conversion limit. More specifically, two conversion limits, Xu1 and Xu2, 
can be evaluated for the fast and slow stages of the carbonation reaction, respectively. 

Therefore, the reaction rate (dα/dt) of a gas-solid reaction is commonly described by the equation: 

 

𝑑𝛼

𝑑𝑇
= 𝑘(𝑇)𝑓(𝛼) (2) 

 

where k(T) (min-1) is the temperature-dependent reaction rate constant and f() is the reaction model 
describing the reaction mechanism. By integrating Eq. 1, the integral form of the kinetic model g() can 
be obtained: 

 

𝑔(𝛼) =
𝑑𝛼

𝑓(𝛼)
 (3) 

 

Once the extent of carbonation is known (i.e. α vs. time plot), the kinetic analysis can be performed by 
selecting a proper theoretical solid state kinetic model to fit the experimental data [33, 34]. Based on 
mechanistic assumptions, models are divided into nucleation, geometrical contraction, diffusion, or 
reaction-order [33]. In this work two different models have been applied to study the carbonation 
kinetics, depending on the stage of the carbonation reaction.  

As regards the fast carbonation stage (stage 1), the contracting sphere model has been used. The main 
assumption is that nucleation occurs rapidly on the surface of the crystal. The rate is controlled by the 
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resulting reaction interface progress towards the center of the crystal [33, 34]. The mathematical 
expression is [33, 34]: 

 

1 − (1 − 𝛼) ⁄ = 𝑘 𝑡 (4) 

 

where k1 (min-1) is the apparent (i.e. depending on several material properties, such as particle size and 
specific surface area [33, 35]) rate constant of the fast carbonation stage. 

As regards the slow carbonation stage (stage 2), which is known to be controlled by the diffusion of the 
CO2 molecules through the product layer, the Jander’s three-dimensional diffusional model [33, 34] has 
been used. Its main assumption is that the rate of carbonate formation decreases proportionally with the 
thickness of the product layer [33, 34]. The mathematical expression is [33, 34]: 

 

(1 − (1 − 𝛼) ⁄ ) = 𝑘 𝑡 (5) 

 

where k2 (min-1) is the rate constant of the slow carbonation stage. 

Then, the reaction rate constants of the two carbonation stages, k1 and k2, have been evaluated by 
considering the logarithmic form of Eq. 4 and Eq. 5: 

 

ln [1 − (1 − 𝛼) ⁄ ] =
1

𝑛
ln (𝑘) +

1

𝑛
ln (𝑡) (6) 

 

where n is either 1 or 2 depending on the stage of the carbonation reaction. Clearly, ln [1 − (1 − 𝛼) ⁄ ] 
and ln(t) are in a linear relationship, and the slope of this line is 1/n. More specifically, considering that 
the carbonation reaction is characterized by a double stage, a bi-linear plot should be obtained, with 
slopes equal to 1 in the kinetically controlled stage and 1/2 in the diffusion controlled stage. Then, k1 
and k2 are evaluated from the intercept of the plot. 

3 Results and discussion 

The results of thermo-gravimetric tests performed at different temperatures are shown in Fig. 2. It is 
clear that the experimentally detected calcination is always complete, since the signal achieves the 
baseline. As regards the carbonation step, the sample is characterized by an increased carbonation 
conversion with increasing number of cycle. This behaviour is in line with the results reported in [22]. 
In particular, it has been shown that the Al2O3/SrO composite becomes stable after 4-5 
carbonation/calcination cycles (i.e. the carbonation performances obtained for the 5th cycle are 
representative of the residual carbonation performances of the composite). More specifically, this initial 
increase in the carbonation conversion has been explained considering that the evolution with cycling is 
generally the result of two opposite phenomena, sintering and self-reactivation, whose relative entity 
determines whether the carbonation reactivity decreases or increases over repeated cycles [36–38]. 
Indeed, from one hand, it has been shown that the composite is naturally affected by sintering 
phenomena, which would hinder its multicyclic performances/reactivity. However, it has been also 
shown that the addition of Al2O3 can actually limit the sintering phenomena with respect to the raw SrO. 
In particular, when Al2O3 is added to SrO just minor morphological changes occur, with respect to the 
dramatic morphological transformation undergone by the pure SrO sample [22]. In particular, it has 
been reported that Al2O3 and SrO remain homogeneously distributed at the end of the cycles, thus 
providing a stable framework capable of inhibiting SrO sintering. Indeed, the observed increase in the 
sorbent reactivity during the first cycles has been explained by referring to the self-reactivation 
phenomena [39–43], i.e. the sample experiences an increase of BET SSA of about 50% after 4-5 cycles 
[22]. Most likely, this increase of BET SSA, coupled with the strong limitation of sintering due to the 
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presence of inhibitor, leads to an increase of the amount of SrO available to the carbonation reaction, 
thus explaining the improved carbonation performances observed during the first cycles (Fig. 2) [22]. 

Fig. 3a reports the experimental values of the carbonation conversion degree (X) of the last carbonation 
cycle obtained at the different investigated temperatures, according to Eq. 2. It can be clearly observed 
that the rate of carbonation changes with the conversion degree in the course of the reaction, i.e. the 
reaction is under kinetic control at very lower conversion levels (stage 1), whereas it is diffusion 
controlled at higher conversion levels (stage 2). 

 
 

Figure 2: TGA cycles of carbonation and calcination performed respectively under CO2 and Ar 
flowing at different temperatures: (a) 900, (b) 950, (c) 1000, (d) 1025, (e) 1050 °C. 

 

More specifically, the reaction rate is fast at low conversion levels, with the different initial rates strongly 
depending on temperature. Then, as the carbonation reaction proceeds and the conversion increases 
close to an ultimate conversion, Xu, at which no more significant conversion is attained at each 
temperature, the rate of carbonation approaches to zero. The strong dependence of the carbonation rate 
on the temperature has been more clearly shown by polishing the plots form the effect of Xu (which is 
itself depending on the temperature), i.e. by plotting the extent of carbonation () (Fig. 3b). 
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Figure 3: Carbonation conversion degree (X) (a) and carbonation extent () (b) as functions of time 
obtained at different temperatures. 

 

Fig. 4 shows the graphical representation of the kinetic model (Eq. 6), i.e. the plots of the experimental 
values of ln[1 - (1 - )1/3] vs ln(t) for different temperatures. Here, the existence of stage 1 and stage 2 
of the carbonation reaction, having two different rate-controlling steps (i.e. kinetic control and diffusion 
through product-layer control) is clearly evidenced by the two different linear segments of the plots.  

 

 
 

Figure 4: Plots of ln[1 - (1 - α)1/3] vs. ln(t) at different temperatures. 

 

From the analysis of Fig. 4, i.e. from the slope and intercept of the two linear segments of the plot, the 
parameters of the kinetic models have been evaluated (Table 1). The SrO conversion degree at the end 
of stage 1 (Xu1) and stage 2 (Xu2) have been also evaluated from Fig. 4, i.e. Xu1 has been evaluated as 
the carbonation conversion corresponding to the change of the slope and Xu2 as carbonation conversion 
at the end of the end of the plot. The results are reported in Table 1 and Fig. 5. As reported above, in 
ideal cases, the slopes of the fitted curves should be 1 (1/n1) and 0.5 (1/n2), for stage 1 (contraction 
volume model) and for stage 2 (Jander’s model), respectively. Congruently, there is a good agreement 
of the experimental data with these theoretical values. Indeed, the slope for stage 1 ranges from 0.860 
to 1.032 and from 0.469 to 0.515 for stage 2 (Table 1). Such slight deviations from the theoretical value 
are expected because carbonation is a rather complicated process occurring in multiple steps and the 
exact point where stage 1 finishes and stage 2 begins is very difficult to identify [34].  
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Table 1: Parameters of the kinetic models 

Temperature, °C 
Stage 1 Stage 2 

n1, - k1 10-3, s-1 n2, - k210-4, s-1 
900 0.939 3.418 0.489 4.307 
950 1.049 4.725 0.469 7.444 
1000 0.912 5.176 0.512 8.715 
1025 0.860 4.212 0.498 9.977 
1050 0.909 3.041 0.515 10.443 

 

Clearly, the analysis of Table 1 and Fig. 5a shows that there is a temperature at which the rate of the fast 
carbonation stage (stage 1) reaches a maximum, above which it gradually decreases as the equilibrium 
temperature (1175 °C) is approached. This same trend is in line with the results reported by Ortiz et al. 
[24] and Kywak et al. [31] for the CaO/CaCO3 system operated for high temperature thermal energy 
storage, i.e. near equilibrium conditions. Obviously, the fact that, under operating conditions suitable 
for TCES-CSP applications, the fast carbonation rate does not monotonically increase with temperature 
is very important and the temperature at which the reaction rate is at its maximum is a key input for real 
applications. Indeed, from one hand, the plant efficiency will increase at higher carbonation temperature 
due to the higher power generation efficiency, according to the second law of thermodynamics and 
Carnot efficiency [24]. But, on the other hand, it should be considered that temperatures nearby 
equilibrium negatively affect the carbonation kinetics. As regards the slow carbonation stage, on the 
contrary, the reaction rate monotonically increases with increasing temperatures (Fig. 4b), which is in 
line with the enhanced diffusional transport of CO2 molecules within the carbonate layer at higher 
temperatures.  

From the analysis of Fig. 5b it can also be inferred that, although from thermodynamics carbonation at 
lower temperatures should theoretically achieve higher final conversion, carbonation resulted in greater 
conversion when temperature was increased up to 1000 °C. Even though these observations are in 
contrast to thermodynamic predictions, they agree well with previous works on CaO carbonation [26, 
28]. Also this result can be explained by referring to the enhanced solid phase diffusional transport of 
CO2 through the SrCO3 product layer at higher temperatures. On the contrary, slower diffusion at lower 
temperature hinders the achievement of larger ultimate conversion within reasonable time frames [26, 
28]. Obviously a further increase of temperature is detrimental in terms of final conversion degree as 
thermodynamics limitations predominate over the enhanced CO2 diffusional mobility. 

Likewise, from Fig. 5a it can be observed that the carbonation conversion achievable at the end of the 
stage 1, i.e. at the boundary between the fast reaction and solid-state diffusion stages, also increases with 
temperature up to 1000 °C, whereas it decreases for higher temperatures. This same trend is also 
obtained for the extent of carbonation, , thus indicating that an increase of temperature up to 1000°C 
makes it possible to increase the percentage of solid converted in the fast carbonation stage, i.e. the 
contribution of the fast carbonation stage to the global carbonation conversion is enhanced.  

 
 

Figure 5: Kinetic constants, ultimate carbonation conversion degree (X) and carbonation extent () of 
the stage 1 (a) and stage 2 (b) of the carbonation reaction as functions of the temperature.  
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The kinetic parameters obtained in the stage 1 and stage 2 of the carbonation reaction have been used to 
evaluate the time evolution of the carbonation conversion in order to validate the obtained results. Fig. 
6 shows the conversions predicted by the proposed model equations, i.e. employing the parameters 
obtained in the kinetic and diffusion control regimes, in comparison with the experimental curves. 
Clearly, neither of the two proposed models (the contracting volume model and Jander’s model) is able 
to properly describe the entire carbonation reaction, i.e. over the entire time frame. This evidence is due 
to the fact that there is always a transition zone, i.e. a time frame in which the carbonation reaction is 
controlled by both chemical reaction of the CO2 molecules with the SrO surface and by the diffusion of 
CO2 through the building up carbonate layer. However, although a single theoretical model is not able 
to capture all of the features and describe the whole carbonation reaction, it nevertheless provides a 
simplified basis for kinetics investigation [34]. Indeed, the proposed models can separately describe 
with a rather good accuracy the two stages of the carbonation reaction, as clearly evidenced by the good 
match between the experimental data of the stage 1 and stage 2 with the theoretical values predicted by 
the contracting volume model and Jander’s model, respectively. Therefore, the combined prediction 
using the parameters obtained in both the two control regimes can give the best results in the entire range 
of conversion for the obtained experimental data. 

 

Figure 6: Comparison between the experimental value of the conversion degree (X) and the 
theoretical values predicted using the kinetic parameters obtained in the kinetic (contracting volume 
model) and diffusion (Jander’s model) rate control regimes. Carbonation temperature: (a) 900, (b) 

950, (c) 1000, (d) 1025, (e) 1050 °C. 
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4 Conclusions 

The carbonation of SrO has been investigated for thermochemical energy storage in CSP plants. 
Considering that the carbonation behavior is strongly dependent on the operating conditions, a kinetic 
study has been performed to investigate the effect of the specific carbonation conditions to be used in 
TCES-CSP applications, i.e. high CO2 partial pressure and high temperature. 

In particular, SrO has been stabilized using Al2O3 as a sintering/agglomeration inhibitor and a SrO-
Al2O3 composite, containing 34%wt of Al2O3, has been used for the thermogravimetric tests. The 
kinetics of the carbonation reaction from TG experiments has been analyzed by applying two different 
kinetic models (the contracting volume model and the Jander’s model), depending on the reaction stage, 
in order to thus get useful information for design and optimization of the SrO carbonation reactor. 

 The main conclusions and observations derived from the kinetic study are: 

 The carbonation of SrO occurs in two distinct phases: i) a fast carbonation stage (stage 1) in 
which the carbonation rate is kinetically controlled by the chemical reaction of the CO2 
molecules with the fresh oxide surface; ii) a slow carbonation stage (stage 2) controlled by the 
diffusion of CO2 through the carbonate layer. 

 Neither of the two selected models (the contracting volume model and Jander’s model) can 
suitably describe the carbonation reaction over the entire time frame since there is always a 
transition period in which the carbonation reaction is controlled by both chemical reaction and 
CO2 diffusion through the building up carbonate layer. However, the two stages of the 
carbonation reaction can be separately described with quite good accuracy by the two proposed 
models, i.e. stage 1 by the contracting volume model and stage 2 by the and Jander’s model.  

 At operating conditions functional for TCES-CSP applications, the carbonation rate does not 
monotonically increase with the temperature. Indeed, it rapidly increases with increasing 
temperature from 900 to 1000 °C, whereas, above this temperature it decreases gradually as the 
thermodynamic equilibrium temperature is approached. 

In spite of thermodynamics predicting lower conversions with increasing temperatures, the ultimate 
carbonation conversion has been found to increase when temperature is increased from 900 up to 1000 
°C, due to solid phase diffusional transport of CO2 through the SrCO3 product layer becoming more 
efficient at higher temperatures. On the contrary, temperatures higher than 1000 °C have been found to 
lead to a decrease of the final conversion degree as the enhanced CO2 diffusional mobility is outbalanced 
by the thermodynamics limitations. 

Nomenclature 

f()   reaction kinetic model 
g()   integral form of the reaction kinetic model 
k   carbonation reaction rate constant 
m   sample mass 
MSrO   molecular weights of SrO 
MCO2   molecular weights of CO2 
XSrO   SrO carbonation conversion 
Xu   ultimate carbonation conversion 
w   mass fraction of SrO in the sample 

 
Greek letters 
 
   extent of carbonation conversion
m   weight variation of the sample during carbonation 
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Abstract 

Missing financial and regulatory frameworks lead to low development and stagnating costs of 
concentrated solar power (CSP) technology. Nevertheless, the technology is promised a learning rate of 
10-20 %. In particular, in locations with high direct normal radiation such as the MENA region (Middle 
East and Northern Africa), CSP could become competitive and may boost the local economy. This study 
aims to identify potential business cases to evaluate the likelihood of an increase of investments in the 
technology in the region, with Egypt as a case study. A thorough market assessment on the market 
structure, regulatory framework, demand, and potential revenues was conducted for the power and 
process heating sector. Under consideration of the local context and competing technologies, the 
potential strengths, weaknesses, opportunities, and threats were identified and discussed for both 
business cases: (1) concentrated solar power (CSP), and (2) concentrated solar heating (CSH).  

Egypt was shown to not only offer large solar potential and availability of land, low-cost labor, raw 
materials, and infrastructure for local manufacturing, but also a regulatory framework and governmental 
renewable energy (RE) strategies in place, which would facilitate the deployment of CS technology. 
Moreover, the market is open to private investment and selected international funds are directed towards 
CSP development in the region. The high initial capital cost of the technology, the subsidized fuel and 
electricity prices for industry, the lack of long-term financial incentives as well as of awareness of 
potential long-term benefits of CSP technology for the economy were identified as the most significant 
threats. High demand for process-heating and a large potential for CSH application were identified. Yet, 
the market is decentralized and processes are very diverse, moreover retrofitting may pose risks 
alongside the high upfront capital investment and additional land costs, which makes CSH applications 
less attractive for Egypt's industrial sector. Hence, for the deployment of CS technology, the 
implementation of financial incentives and a regulatory framework directed towards the technology, in 
particular, would be necessary. 
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1 Introduction 

The transition from a fossil-fuel-based energy system to a majority of electricity generation from 
renewable energy sources requires political and economical incentives, public acceptance, and 
technological readiness. Great steps toward the incorporation of renewables in the energy sector have 
been taken globally. In particular, the electricity generation from wind power and solar photovoltaics 
(PV) has increased rapidly in the past years. In 2020, the two technologies represent 86 % of the global 
renewable capacity additions [1]. The electricity from both solar PV and wind is fluctuating in nature. 
The highly volatile generation pattern, alongside the low power capacity factor, complicates the 
prediction of power availability. Other renewable energy technologies enable a higher capacity credit 
and dispatchability such as biomass, hydropower, or concentrated solar power (CSP) with integrated 
thermal storage. In particular, the benefits offered by CSP with thermal storage are argued to be of value 
in a prospective “fully renewable” energy system [2].  

CSP relies on the concentration of direct radiation, constraining its potential locations to regions with 
high direct normal irradiance (DNI) [3]. Only a few years ago, the necessity of support for research and 
development and larger investment was addressed in the context of both solar technologies, PV and 
CSP, to enable cost reduction and unlock the global potential [3]. Governmental subsidies and incentives 
led to an immense net-price regression of PV components in the past years. Nowadays PV is offering 
some of the lowest levelized costs of electricity (LCOE) of any generation technology (similar to wind 
power [4]). Mostly China, Europe, and North America contribute by 36 %, 24 %, and 12 % to the global 
cumulative PV installations, respectively [5]. While PV levelized costs have become competitive, the 
expected learning rate for CSP of approx. 20 % was not attained [2]. 

The first installations of CSP plants date back to the 1980s (USA) [6]. The first developments of the 
technology were primarily propelled by the energy crises. When the effects of the crises ceased, the 
deployment of CSP stagnated [2]. Since 2007, the market share of CSP power plants has increased in  
few countries [6]. Yet, mostly the lack of political incentives, in combination with high costs due to a 
still rather low state of development, led to a deficiency in the progress of the sector [7].  

With increased investments in CSP technology in high DNI countries (up to 2500 kWh/m² annually), 
the costs of the technology are expected to be reduced significantly through technology learning and 
increase of the competitiveness of CSP globally. This paper aims to evaluate the potential for initiating 
investments in CSP technology in the MENA region with Egypt as a case study. Both concentrated solar 
power and solar process heat generation are considered as business cases. The electricity and the heating 
sector of Egypt are assessed, the potentials and barriers are identified and SWOT analysis is conducted 
for both business cases.   

 

 
Figure 1: Electricity generation from concentrated solar power (CSP) plants (historical data and 

forecast [8]) 
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2 Methodology  

In this study, a preliminary market analysis was conducted to identify the technology learning potential 
of CSP, and to review the CSP potential in the MENA region. After the hypothesis of potential cost 
reduction led by investments in high DNI countries was confirmed in the preliminary analysis, a more 
thorough market assessment was conducted for the Egyptian electricity and heating sector.  The market 
structure, regulatory framework, and policies were assessed, and the demand and potential revenues 
evaluated. Under consideration of the local context and competing technologies, the potential strengths, 
weaknesses, opportunities, and threats were identified and discussed for both business cases.  

3 Results and Discussion 

3.1 Preliminary assessment of the technology 

3.1.1 CSP investment cost and learning rate 

In the majority of developed countries, there is a low resource availability for CSP; this may explain the 
low number of existing CSP plants [2, 9, 10]. Hence, the expected reduction of the relatively high 
investment costs through technology learning was not realized in the recent growth phase [4]. The 
implementation of financial and regulatory frameworks in regions with reasonable DNI [2] as well as 
the realization of CSP being complementary to PV but not in direct competition [11] would incentivize 
investments in the technology and drive its learning curve.  

Despite rather low growth in installed capacity [2, 9], CSP costs were shown to continuously fall [10]. 
Recent studies showed, that the specific investment cost of CSP technology was reduced in the past 
years, while the average capacity factor increased. This led to a significant reduction in the LCOE by 
46 % (2012-18) and is expected to reduce it further by 35 % until 2030, reaching 0.086 $/kWh [12]. 
Moreover, the recent Power Purchase Agreement (PPA) and auction results suggest that CSP technology 
may become competitive soon [10]. 

When analyzing the cost development of CSP projects using identical technology, the technology 
reaches an average learning rate of 8.5 % (5-12 %, Spain, and the USA) [9, 13]. Thus, the expected 
learning rate of 10 % [2] is evaluated more realistic than the initial rate of 20 % [3].  

Market growth e.g., through large-scale projects and rising project experience, amplified mass 
production, and levels of automation, combined with the use of technology development (improved 
components and materials) are drivers for the cost regression of CSP technology, which is expected to 
occur in the upcoming years [6]. In other words, for CSP costs to be reduced significantly to reach 
competitive values, the continuous addition of CSP capacity is necessary to achieve the necessary 
growth to allow technology learning [4]. 

The Center for Mediterranean Integration (CMI) recently drew attention to the most current bids for 
CSP projects suggesting that the technology’s LCOE may range between 0.05-0.07 $/kWh by 2022 in 
high DNI countries including most of the MENA region and firstly become cost-competitive towards 
fossil fuel-based electricity generation [4].  

3.1.2 CSP Potential in the MENA region and Egypt 

Increasing energy demand in combination with short reserves of fossil fuels and high energy costs are 
common topics amongst countries in the Middle East and North African (MENA) region. In contrast to 
the excellent direct normal irradiance in the MENA countries, only a few CSP plants exist and no 
practical experience is available (e.g., operation schemes, capital investment, operation and maintenance 
costs, conceptual design, impact on the grid) [15]. The concept of CSP may play a significant role in 
power generation in high DNI countries such as in the MENA region. Hence, political decision-makers 
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in the MENA region are recently pursuing the concept more intensely in particular due to the potential 
local value-added, apart from the possibility for integration with thermal storage [6]. 

In 2012, the international competitiveness of different MENA countries to develop a local solar industry 
was assessed by the World Bank Group. The study confirmed that both Egypt and Morocco offer the 
highest manufacturing attractiveness for CSP components [11, 16]. Several materials used for the 
production of solar components are excessively available in Egypt, such as steel, stainless steel, and 
glass [14]. Moreover, these countries have low cost of labor and low-cost energy for industrial usage, 
as well as a relevant manufacturing ability [16]. Egypt additionally receives solar radiation of 2,000-
3,200 kWh/m² per annum, one of the highest levels in the world [14]. The Egyptian minister of 
electricity and renewable energy announced in the renewable energy outlook for Egypt, that by 2020, 
CSP plants should reach a share of local content of 50 % in Egypt [17]. Initiatives such as “the Middle 
East and North Africa Concentrated Solar Power Knowledge and Innovation Program” by the World 
Bank Group and Clean Technology Fund indicate that funds for investments in CSP technologies are 
available. 

In 2022, Egypt intends renewable energy generators to reach a 20 % share in the state's electricity 
supply. This should be doubled (42 %) by 2035. According to the 2035 strategy, out of the 61 GW of 
planned cumulative renewable energy capacity, initially, 12 GW was planned to be provided by CSP 
plants [18]. Thus far, the integrated combined cycle power plant (ISCC) in Kuraymat with a capacity of 
140 MW has a solar share of 20 MW. Additionally, there is one planned 100 MW CSP project in the 
West Nile area [19, 20, 17]. In the most recent report by the International Renewable Energy 
Agency(IRENA), the capacity increase is on track with the planned 100 MW in 2022, 4.1 GW in 2030, 
and 8.1 GW in 2035 [17]. Other sources revealed 700 MW as a benchmark to be achieved in 2027 but 
no concrete CSP projects were announced or tenders have been released [18].  

3.2 Market analysis 

3.2.1 Business Case 1: Egypt’s electricity market structure and policies 

Egypt initiated the unbundling process of the electricity market towards a legal separation by 
undertaking the Egypt Reform Law 164 in 2000. The Egyptian Electricity Authority (EEA) was 
subsequently reorganized into the Egyptian Electricity Holding Company (EEHC) [21, 22]. The 
unbundling was recommenced in 2001 [23], separating the core functions into five generating, one 
transmission, and seven distribution companies. Moreover, private investment was permitted to 
contribute to up to 49 % of the shareholding of the separate corporate entities (within generation and 
distribution) [22]. 

In 2002, the previous dispatch processes were replaced by an internal wholesale power pool [21]. The 
horizontal unbundling continued in 2002 and 2004 with the repeated division of the distribution 
companies. The reforms occurred without an independent regulatory agency. The Egyptian Electric 
Utility and Consumer Protection Regulatory Agency (EgyptERA) was established in May 2001 and 
commence work in early 2002 [8].  

The Egyptian electricity supply chain is vertically integrated. In the first step towards unbundling the 
market, the power generation and supply were opened for competition. Transmission and distribution 
are not subject to market forces and remain natural monopolies [24]. The market is composed of 16 
government-owned utilities: 6 electricity generation companies (EGCs), one electricity transmission 
company (EETC), and 9 electricity distribution companies (EDCs) [21, 22]. 

Owning the vast majority of the distribution assets alongside the entire transmission system, the EEHC 
is the core player [25]. Apart from the EEHC, the New and Renewable Energy Authority (NREA), a 
number of independent power producer (IPPs), and about a dozen small independent service providers 
(either generation or distribution) operate under the umbrella of the Ministry of Electricity and 
Renewable Energy (MOEE) [21, 26]. 
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Today, the Egyptian electricity market mainly operates according to the single-buyer market model [24, 
25]. The Electricity Transmission Company (EETC), a state-owned company that was previously an 
EEHC subsidiary [25], purchases electricity from all generators and sells it to the distribution companies 
as well as customers connected to transmission grid (extra-) high-voltage networks [21]. 

The New and Renewable Energy Authority (NREA) devotes efforts particularly to the development of 
wind and solar power alongside the implementation of energy conservation programs [27, 25]. Other 
energy carriers are supported by other institutions (e.g. Hydro Power Plants Authority, Nuclear Power 
Plants Authority [26]) under the supervision of the EEHC [27]. 

The Egyptian Electric Utility and Consumer Protection Regulatory Agency (EgyptERA), is an 
independent legal entity (regulatory agency) that was founded in 2000 and became independent in 2015. 
EgyptERA oversees that the rules and regulations are met by all electricity sector participants as well as 
grants licenses for the producers, transmission operators, and distribution companies [25, 28]. Since the 
new Electricity Law was implemented, the EgyptERA is mandated to review and adjust the electricity 
prices in accordance with both producer and consumer interests [29].  

The Electricity Law No. 87/2015 establishes a broad framework to deregulate the current single-buyer 
market model and to gradually introduce a competitive market [24, 25], as the law separated the state-
owned and operated EETC into an autonomous transmission system operator (TSO) and for the first 
time allowed third party access to the transmission and distribution grid [30]. 

3.2.2 Business Case 2: Egypt’s heating sector, policies, and regulatory framework 

A market for heat as such does not exist in Egypt. Thus far, heat demands are widely met by fossil fuels. 
The gradual phase-out of fuel subsidies leads to rising costs of fossil fuels [31]. Increasing fuel prices 
alongside exemptions from customs duties on renewable equipment [32], and other introduced 
renewable energy policies and regulations [20] imply a strong business case for Concentrating Solar 
Heating (CSH) in industrial processes [14].  

The NREA started the development of solar thermal technologies for industrial processes and domestic 
application alongside solar thermal electricity generation, in the 1980s to reduce the energy demand. 
Several pilot plants were developed to substitute fossil fuels for process heat generation in the textile, 
food, and pharmaceutical industry [33]. The majority of plants stopped operation in 2005, despite 
significant fuel and CO2 savings alongside the gathered experience on operation and maintenance. The 
largest solar process heat project in Egypt that resulted from the efforts, is a 1.4 MW  Solar Industrial 
Processes Heat and waste heat recovery system at the El Nasr Pharmaceutical factory (1.3 ton/h of 
saturated steam) [34].  

In December 2014, an ongoing project on “Utilizing Solar Energy for Industrial Process Heat in 
Egyptian Industry” implemented by the United Nations Industrial Development Organization (UNIDO) 
was approved for financing by the Global Environment Facility (GEF). The goal of the project is the 
development of a market environment for industrial process heat with the focus on three industrial 
sectors with the highest solar heating potential in Egypt [35]. Industrial Solar named Egypt as the biggest 
market for CSH in the MENA region [14]. 

3.3 Demand, potential revenues, and competing technologies 

In 2019, Egypt's economy was forecasted to grow at a rate of 6.8% per year for 10 years. Hence, Egypt 
was placed amongst the top of the list of the fastest-growing economies globally (until 2027). Whereas 
industrial production is a dominant contributor to development in Egypt’s economy, contributing by 
nearly one-third of the gross domestic product (GDP) (2017 [14]). The positive development of Egypt's 
economy would favor investments in both the electricity and heating sectors as the majority of demand 
is associated with the industry. The developments of the annual electricity consumption, the population, 
and GDP for Egypt are shown in Figure 2. 
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3.3.1 Business Case 1: RE capacity plans in Egypt, electricity demand and price development 

As of 2018, the total installed electricity generation capacity in Egypt was 55.9 GW to meet the 
electricity peak demand of 30.8 GW. The average growth rate of the installed capacities was 14.5% per 
year during the period 2013/2014 till 2017/2018. In February 2020, the capacity reached approx. 60 
GW, while the demand is anticipated to grow at an annual rate of 6.2 %. The reserve margin is expected 
to remain high, 65 % to 87 % by 2035 [36]. 

The operation policy of the existing thermal power plants is based on considering natural gas as the 
primary fuel due to its evident economic and environmental advantages. The use of natural gas at power 
plants reached 85.5% in 2017/2018, representing 84.4% of the total fuel consumption [19]. The Ministry 
of Electricity and Renewable Energy (MOEE) has adopted its diversification strategy of the electricity 
sector, decreasing the dependency on fossil fuels, increasing the share of RE generators. The country 
wants to encourage local and international investors for investing in RE projects and to induce the local 
industrial sector for manufacturing the different components of RE technologies [19]. In 2017, Egypt 
adopted a favorable policy through investment law no. 72/2017, which provided tax incentives to boost 
renewable energy [37]. 

Until June 2018 the share of RE in the country’s total installed capacity was only 2.1% [19]. However, 
the year 2019 has witnessed the addition of a large number of new state-owned and private-sector RE 
projects, increasing the RE share in the installed generation capacity significantly. A 1.5 GW from 
Benban PV park out of the 1.8 GW has been already commissioned under the Feed-in Tariff (FiT) 
scheme, the project will be the world’s largest solar park when completed [38]. Also, Ras Ghareb 262.5 
MW wind farm under the build own operate (BOO) scheme through the private sector [39] and the 580 
MW Gabal El Zayt wind farm that is owned by the New and Renewable Energy Authority (NREA) [40] 
were commissioned. 

 

Figure 2: The developments of annual electricity consumption in TWh and MWh/capita, the 
population and gross domestic product (GDP) for Egypt from 1990 to 2020 (2017) 

The transition of Egypt’s electricity market has paved the way for the first RE investments. The 
government's plans are supporting the development of RE technologies with particular emphasis on 
local content (50%), and manufacturing; in particular, the Benban project showed the willingness of 
Egypt’s government to lead the solar energy sector. Yet, thus far, there is only one 100 MW CSP project 
(West Nile area) in the planning phase despite previous plans of larger CSP installations. The largest 
competitor to CSP technology for electricity generation in Egypt are PV installations, apart from gas-
fired power plants. Decision-makers are either not aware of the benefits offered by CSP with thermal 
storage and its potential benefits for the local economy, or costs and technological risks are believed to 
still outweigh the benefits. 

The energy subsidies are gradually being phased out [31]. Electricity prices were increased by up to 
30 % this year alone. Over a further three years, the remaining electricity subsidy shall be phased out. 
Yet, the energy-intense industrial sector is still being heavily subsidized, despite the rise of the natural 
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gas prices from 3 to 25.3 $/MtU. For electricity production, the natural gas price is still fixed to 3 $/MtU 
by governmental subsidies. Therefore, for gas-powered thermal power plants, the Egyptian government 
subsidizes the electricity prices twice. 

3.3.2 Business Case 2: Fuel subsidies, Egypt’s process heating demand and potential 

Egypt’s industry utilizes electricity or fossil fuels such as gas, diesel, and heavy oils. Process heat is 
most commonly provided by simple gas boilers [14]. The subsidies for fuels do not apply to the heating 
sector but similar to electricity prices, fuel prices may also be subsidized for the industry. Rising fuel 
prices should create a more favorable environment for the deployment of concentrated solar heating 
technology in Egypt. Yet, despite previous efforts, and Egypt being considered as the biggest market for 
CSH in the MENA region, no company could be identified, that currently uses concentrated solar heat 
for its industrial processes. Nearly 30 % of the total final energy demand in Egypt is associated with 
industrial thermal energy demand, including both heating and cooling [41]. Approximately 60 % of the 
energy consumption in the industrial sector is used to supply industrial process heating in Egypt (106.6 
TWh/a in 2017) [33]. The total final consumptions (TFC) by sectors in Egypt for the years 1990-2017 
are given in Figure 3.  

 

 

Figure 3: The Total final consumption (TFC) by sectors in Egypt for the years1990-2017. 

The food, chemical, and textile industries in Egypt were identified by the GEF to have the highest solar 
heating potential. Industrial Process Heat is estimated to account for 7 %, 23 %, and 33 % of the energy 
consumption in the chemical, textile, and food industry in Egypt [41]. The greatest potential for 
concentrated solar heating was discovered to be within high-temperature distillation, steam production, 
and drying [42]. 

Despite the tax exemptions for RE equipment [37], solar components are pricy due to the inflationary 
and currency pressures through the free fluctuation of the Egyptian pound. Moreover, the solar energy 
branch is still associated with imported or locally assembled PV panels. Apart from the lack of 
awareness, CSH requires additional land use, which at the locations where process heat is required is 
not necessarily given and is associated with additional costs. With respect to land cost in addition to the 
high upfront investment, CSH costs are hindering its deployment in Egypt, despite the fuel savings.  

Hence significant political incentives would be necessary to use the apparent CSH potential in Egypt. 
Moreover, the complexity associated with the integration of CSH as a new heat source introduces 
potential risks that the large industries commonly try to avoid and, thus, a lack of familiarity with CSH 
technology exists [43].  
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4 Conclusion 

This study showed that increased investments in CSP technology in high DNI countries could lead to a 
significant reduction in the technology’s costs through technology learning and to an increase of its 
competitiveness on the global RE market. In the preliminary market analysis, the technology learning 
potential of CSP was quantified and the CSP potential in the MENA region was reviewed. Many benefits 
for the region and in particular the case study in Egypt were identified. The Egyptian electricity and 
heating sectors, respective market structures, policies, and regulatory frameworks were presented and 
their effects on two business cases: concentrated solar power (1) and concentrated solar heat (2), were 
assessed. Under consideration of the local context and competing technologies, the potential strengths, 
weaknesses, opportunities, and threats were identified and discussed for both business cases.  

Egypt was shown to be the most suitable market for both CSP and CSH in the region, being one of the 
fastest-growing economies, receiving one of the highest levels of solar radiation worldwide and allowing 
a great manufacturing potential in the region. Reviewed studies and initiatives showed that investment 
potential for concentrated solar power and heating projects exist. Local incentives are rather low, such 
as the tax exemptions for RE equipment.  

The Egyptian electricity market has started its unbundling process, is open for private sector financing 
and operation and RE are receiving great attention concerning the diversification plans of the country 
until 2035. Yet, solar energy is still mostly solely associated with PV panels. Financial incentives for 
CSP, in particular, are missing. The feed-in-tariffs for PV and wind energy were stopped, CSP was never 
considered. A market for heat as such does not exist in Egypt. The potential for concentrated solar 
heating for industrial processes is very large. Yet, potential risks associated with retrofitting existing 
plants as well as costs associated with the installation area alongside the decentralized and diverse 
application area are major barriers to the technology’s deployment.  

The subsidies for fuels (for electricity generation) and electricity (for large consumers) are still rather 
high, which makes it hard for concentrated solar power or heat to compete with fossil-fuel-based 
generation technologies. The high-upfront investment alongside currency volatility and missing long 
term financial incentives make revenues hard to estimate. 

Finally, the deployment of both technologies and in particular the increase of local manufacturing for 
either technology would provide great benefits to Egypt and the MENA region. This necessitates the 
implementation of financial and regulatory frameworks. For CSH in particular, the barrier is higher. 
This would require more awareness building and financial incentives for individual industries. 
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Abstract 

Around 94% of the energy demand in Cyprus is covered burning fossil fuels. Transportation and 

industrial sectors are the biggest oil consumers, corresponding to 57% and 20% respectively. Apart from 

the environmental impact resulting from the use of fossil fuels, fuel cost has a direct impact on the 

country’s economy as well. Based on these facts and having as a goal to reach the EU 2030 energy 

efficiency targets, an effective way to reduce the use of fossil fuels and energy consumption, is the use 

of renewable energy systems. From the various types of renewable energy sources, the mostly used one 

is solar energy. Knowing that the ratio of direct to diffuse solar radiation in Cyprus is 70:30, a parabolic 

trough collector system (PTC) would be the perfect system for thermal energy production in higher 

temperatures than the ones that can be achieved from the already widely used flat plate collectors in the 

island. This paper presents the first industrial PTC system in Cyprus, installed at the biggest soft drinks 

factory in Cyprus, called KEAN. It consists of two series of four PTC collectors with a total area of 288 

m2, a steam generator (SG) and concrete thermal energy storage (CTES). The purpose of the CTES is 

to keep the system dispatchable and satisfy the required thermal needs even during the winter period. 

The system is operating in different operation modes and is controlled automatically by the main 

processor. The performance of the system is monitored and analysed with real-time weather data 

collected from the on-site weather station. Additionally, a simulation model has been built in TRNSYS 

software, incorporating all the parameters of the PTC system’s components installed in KEAN factory. 

The model is validated with the real measurement data. The results show a great fitting between the 

operating parameters and the power output of the solar field (SF), CTES, and SG. The average 

percentage relative error of the system’s contribution to the process is less than 6.32% for a steam 

production day and during a week did not exceed 6.45%.  
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1 Introduction 

The 20th century, many countries have focused on renewable sources for thermal and electricity 

production. The overall scope is to restrict the environmental impact due to the increased use of fossil 

fuels. The global dominated renewable source is solar energy with many technologies applied to exploit 

solar energy such as thermal and photovoltaic (PV) plants.  

Cyprus island has a small and isolated energy system that is not connected with other energy networks, 

and there are no fossil fuel resources [1]. Thus Cyprus is very dependent on imported fuels, and 94% of 

the country’s energy needs is covered by imported oil [2]. The fact that in the last years, there is a shift 

to Renewable Energy Systems (RES), but there is still a large space of improvement in order to have a 

significant production from RES. Cyprus is well known as an island with solar abundance throughout 

the year. The average sunshine duration per day during the summer period is 11.5 hours, the cloud period 

over a year does not exceed three consecutive days in total, and the ratio of direct to diffuse solar 

radiation is 70:30. In fact, the average global radiation exceeds the value of 2000 kWh/m2 on the 

horizontal surface [3]. The high solar potential and the fact that Cyprus is the worldwide leader in the 

use of the thermosyphon solar water heating systems for domestic hot water production, proves that it 

has a great potential to use solar energy systems to cover a large amount of energy that is now satisfied 

using fossil fuels. From 2010 – 2013, the interest in PV-system has been increased by 75% [4]. 

Although 93% of the residential buildings cover their hot water needs with flat plate solar collectors, 

there are also many industries such as chemical, food and beverage, fabrics, textiles, laundries, that have 

a high demand for steam or hot water and their production is fully dependent on fossil fuels burning. 

However, their needs correspond to different temperature ranges mainly between the middle and high 

temperatures of 120-250°C for different operation processes, so they cannot be covered by the flat plate 

collectors, but Parabolic Trough Collector (PTC) systems would be the most appropriate. PTC systems 

can work at elevated temperatures in excellent efficiency, and they can be a sustainable, profitable, and 

dispatchable technology.  

In this paper a novel PTC system which has been installed at the biggest soft drinks factory in Limassol, 

Cyprus as part of the Solar ERA-NET project, named ‘Evaluation of the Dispatchability of a Parabolic 

Trough Collector System with Concrete Storage’ with acronym “EDITOR” is considered. The scope of 

this paper is to present a validated dynamic model built in TRNSYS software tool which can simulate 

the operation strategies and modes of the real system. The PTC system is working under two operation 

strategies according to the production shifts of the industry. Strategy 1 is enabled when there is a steam 

demand from the industry and Strategy 2 when the PTC system will operate for charging the thermal 

energy storage (TES) unit. The presented simulation model is autonomous and can decide the operation 

strategy and mode that is actually followed by the real system. It has the capability of recording several 

parameters of each component in order to evaluate the performance and compare it with the real PTC 

system output. The parameters and the performance of the system agree with the real monitoring data 

of the PTC system with a small Mean Percentage Relative Error (MPRE) between them.  

2 Literature review 

According to the literature, there are many simulation models that have been developed to predict, 

evaluate, and optimize PTC system΄s operation. Simulation models are useful to examine the effect of 

several parameters on the system’s performance and operation. Kalogirou [5] investigated the viability 

of using a PTC system for industrial heat generation in Cyprus. The system is investigated thermally 

and economically in TRNSYS for a typical meteorological year (TMY) data for Nicosia, Cyprus. 

Another study has also done by Kalogirou [6] considering the same location, but in this study, more 

focus is given on real factories as case studies for the feasibility analysis. It is worth mentioning that the 

opportunities for the application of PTC solar energy systems for industrial process heat (IPH) are 

enormous in Cyprus. However, many years later, there is still no implementation of these systems in 

Cyprus, although there is excellent potential for their utilization.  

Cotrado et al. [7] presented a dynamic simulation model in TRNSYS and monitoring data of a large-

scale solar plant for IPH for a meat factory in Austria. The 26.9% of the total oil required by the factory 
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covered by the solar system and the cost savings were approximately €507,000. The heat from the solar 

system is employed for air conditioning systems (21%) and feed water preheating of the SG. Another 

simulation model in TRNSYS software is carried out by Biencinto et al. [8] who presented a simulation 

model for direct steam generation in the PTC system validated with real experimental data obtained 

from the DIrect Solar Steam (DISS) solar test loop in Spain. The simulation results are compared with 

experimental data measured over more than 20 days from 2000 to 2003.  

Cundapi et al. [9] carried out a thermo-hydraulic study of the water-steam flow for a small size PTC for 

IPH applications and performed an analysis to investigate the effects of inlet temperature and pressure. 

The model was validated with experimental data data from the DISS PTC system [10]. Ghazzani et al. 

[11] carried out a dynamic simulation of a small size PTC plant also by using TRNSYS. The PTC plant 

generates heated air for an industrial food factory, which requires heated air at 150 °C from 8.30 am to 

midnight daily throughout the year. The environmental impact analysis determined that up to 57% of 

CO2 emissions can be avoided annually with the use of the solar plant.  

He et al. [12] investigated a typical PTC system with Organic Rankine Cycle (ORC) using TRNSYS 

simulation tool as well. The authors concluded that at the beginning, the heat losses are increased rapidly 

as the pressure between the absorber tube and the glass increased and then remained stable. The same 

behaviour is also presented for the heat collecting efficiency, which rises sharply as the mass flow rate 

increases. The effect of the solar intensity compared with the optimum storage volume is also examined, 

and it is concluded that for spring equinox the optimum quantity is 100 m3, for summer solstice 150 m3, 

for autumn equinox 50 m3 and winter solstice 0 m3 (no storage).  

Powell et al. [13] developed a dynamic model to simulate the two-tank-direct method of TES in a 

Concentrated Solar Power (CSP) plant with a total collector area of 3000 m2. The HTF is stored in the 

cold tank at a lower temperature, circulated and heated through the Solar Field (SF), and stored in a hot 

tank. The TES could achieve feeding constant power and adapting the production according to the 

consumer’s demand curves. The authors concluded that adding a TES system in a CSP plant could 

increase the production to 47% and reduce the fuel requirements by 43%, at a constant load of 1 MW. 

Silva et al. [14] presented a simulation model of a PTC system developed in Modelica coupled with 

TRNSYS. The model is based at the Plataforma Solar de Almeria PTC system in Spain and the 

comparison of the experimental with real data shows an error of 1.2%. Based on the model developed, 

the optimum mass flow rate was calculated to be 0.22 kg/s.m2. The effect of the absorber emittance to 

the thermal performance also investigated and showed a reduction of 60% from the reference scenario, 

which increases the thermal efficiency by 2% (at 200 oC HTF temperature).  

Additionally, technical and economic analyses have been carried out in TRNSYS for a PTC system 

installed in a factory by Castro et al. [15]. The system preheats the feed water supplied to SG which 

converts it to steam for an expanded cork agglomerate production process. The design without a buffer 

tank consists of 6 rows of 6 collectors on each series. According to the analysis carried out using a TMY, 

the preheating cost could be 8.92 €/kWh to cover a fraction of 36.9% of the total energy consumed for 

this process (757 MWh). Guerrero-Quijano  et al. [16] presented a TRNSYS simulation model of a small 

size PTC system with pressurized water as a HTF, supplying heat to a cork factory in Spain. The heat 

demand of the factory is hot water at 98 oC and it was the first time to use this type of system in a cork 

industry. They have concluded that the annual system efficiency was 50%, and the system could satisfy 

a fraction of 65% of the industry load. Moreover, Halvorsen et al. [17] developed a simulation model to 

examine the annual performance of the PTC system installed in the Frito Lay factory. The model 

simulates 16 rows of 24 PTC modules, piping, SG, and the hot water heat exchanger. The simulation 

results have shown an average steam production of 4044 MWh/year. Finally, Odeh et al. [18] 

investigated the problems that occurred because of unsteady-state radiation conditions, which causes 

various thermal and operation issues. A simulation model is developed, and the results showed that TES 

required size should be bigger than 14.5 L/m2 of collector area. The orientation of the PTCs is also 

investigated and concluded that for NORTH-SOUTH the annual contribution is higher (53% efficiency) 

comparing the EAST-WEST orientation (48% efficiency).  

As previously mentioned, this study investigates the first PTC system installed in Cyprus as part of the 

“EDITOR” project. A PTC system is installed in the biggest soft and drinks industry named KEAN 

which consists of 8 PTCs connected in two parallel rows of four and a concrete based TES. The PTC 

system is suppling steam at 188 oC, 10 Barg from Monday to Friday following the production shifts of 
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the industry. To achieve the dispatchability of the system, different operation modes and strategies have 

been developed, which are explained in this study. A simulation model has been built in TRNSYS 

software, implementing all the operation modes and strategies of the real system. This model is validated 

with real measurement data under different operation strategies, and also it can used for a long period 

operation analysis.  

3 The PTC plant installed in Cyprus industry 

A photo of the system installed is shown in Figure 1a. The system comprises three components: (i) the 

SF, (ii) the Concrete Thermal Energy Storage (CTES), and (iii) the Steam Generator (SG) (Figure 1b). 

The way that these components interact is determined by the operation modes covering all the possible 

strategies of an operating day. The overall scope is to exploit the input solar energy at maximum to 

produce steam when is needed, but also to collect the available solar energy and store it in the CTES 

when there is no steam demand.  

 

Figure 1: (a) PTC system installed and operating (b) System configuration 

The SF consists of 8 CF100 PTCs constructed by Protarget [19]. Each collector has 12 m length and 3 

m aperture with high reflectance up to 94% and high absorbance by the receiver tube up to 95%. A 

vacuum is maintained between the receiver tube and the glass envelope to avoid thermal losses and 

make the collector operating at high efficiency. The PTCs are tracking the sun from East to West with 

the implementation of two hydraulic systems between one for each series. The new TES is designed and 

constructed by CADE Engineered Solutions [20], which stores heat in a new based concrete mixture. 

The pipes where the HTF circulates are running through four concrete modules. The four modules are 

enclosed in two containers, two blocks in each container and they have a thermal capacity of 640 kWth,. 

To avoid thermal losses, pipes on the outside were insulated. Measurements shown that when the HTF 

temperature inside the pipe was 320 oC, the outer surface temperature of that pipe was 38.5 oC.   

The third part is the SG, which is constructed by Protarget to produce steam at 10 Barg, 188 oC. In the 

SG, freshwater is entering at ambient conditions from a water tank installed at the roof of the container. 

The SG is filling with fresh water up to a predefined level, leaving space for the steam. The HTF is 

circulated through the pipes inside the SG, and thus transferring heat from the HTF to the freshwater 

and saturated steam at 188 oC is produced. To investigate the performance of the system, in addition 

to the various sensors that are installed on the various parts of the system, a weather station is also 

provided by Solar-Institut Julich [21]. The weather station provides record of the solar radiation 

(global, direct, diffuse), ambient temperature and relative humidity, wind direction and velocity, 

and rainfall, every minute. 

3.1 System operation strategies 

The PTC system should be dispatchable and able to follow the demand of the industry to supply steam 

at the required temperature and pressure from 7 am to 3 pm. Thus, two operation strategies have been 

developed. The first strategy is enabled from Monday to Friday, and the second strategy during the 

weekend when all the input solar energy is collected and stored in the CTES. The operation plan of 

Strategies 1 and 2 is described below. 

(a) (b) 
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Strategy 1: Initially, at 4 am, the TES Cold-Start Mode is enabled where energy is transferred from the 

CTES to the SG to preheat the system before the steam production. This mode is ended when the 

temperature difference between the HTF temperature and the CTES average temperature is less than 60 
oC. In this mode, the mass flow rate is controlled by valve 5 (shown in Figure 1b) to ramp up slowly 

without damaging the concrete structure (cracking). When the HTF temperature is equal with the target 

temperature the TES Discharge Mode is enabled unless the time is 5 am and the required HTF 

temperature is not reached and the TES Cold-Start Mode takes longer. In the TES Discharge Mode, 

steam is produced in the SG solely from the CTES. As the solar radiation increases more than 250 W/m2 

the system turns to the TES Discharge Mode and SF Recirculation Mode. In this mode, the energy is 

transferred from the CTES to the SG to produce steam and the HTF circulates through the SF to increase 

its temperature. When the HTF temperature becomes equal throughout the whole system, the TES 

Discharge and Generation Mode is enabled and steam is produced from the CTES and the SF. 

Furthermore, as the temperature is above the CTES average temperature, the system turns to Generation 

Mode, and steam is produced only by the SF up to 3 pm. If there is sufficient solar radiation, the system 

turns to TES Charge Mode, and all the input energy is transfer directly to the CTES. This operation 

keeps up to the time the Direct Normal Irradiation (DNI) gets close to zero. In that case, the PTC system 

is turned to off (Plant off Mode) up to the next day in the morning. 

Strategy 2: This strategy is enabled during the weekend when there is no steam demand from the 

industry. Thus, on Saturday and Sunday at 10 am, if the solar radiation is high, the system turns to SF 

Preheating Mode, and the variable speed pump starts to circulate the HTF through the SF to increase its 

temperature to reach the average CTES temperature. Then the Charging Mode is enabled and all the 

input energy is transferred to the CTES. The PTC system set to Plant off mode when the solar radiation 

is close to zero. 

4 Simulation Model 

A dynamic simulation model (Figure 2) has been built in TRNSYS environment to simulate the real 

system operation which was later on validated with real monitored data collected from the PTC system. 

For the development of the dynamic model, several parameters and inputs were set and used for the 

solution of the various predefined equations in TRNSYS [22]. The model can run continuously and 

alternate from Strategy 1 to 2 automatically, depending on the operation day. This is achieved with 

equations and load profiles that control the variable speed pump and the corresponding valves of the 

system. The load profiles introduced to the model are: 

Charging Profile: The HTF charging the CTES from Monday to Friday from 3 pm to 7 pm and during 

the weekend from 11 am to 7 pm.  

System Profile: The variable speed pump is on from 4 am up to 7 pm from Monday to Friday and during 

the weekend from 10 am to 7 pm.   

Steam Generator Profile: The SG profile is on from 4 am up to 4 pm and during the weekend from 10 

am to 12 am. 

For the weather data to be considered in the simulation model, a weather data file is used as input file 

with values of the DNI and the ambient temperature (Tamb) which are taken from the weather station 

installed next to the SF. The Incidence Angle Modifier (IAM) is calculated according to the incidence 

angle (θ) by using the following equation: 

𝐾IAM
𝑡 = 1 − 2 ∙ 10−6 ∙ (𝜃𝑡)3 + 6 ∙ 10−5 ∙ (𝜃𝑡)2 − 0.0007 ∙ 𝜃𝑡 (1) 

 

1331



 

Figure 2: Simulation model in TRNSYS. 

4.1 Results and Model Validation 

The dynamic simulation model is tested under operation Strategies 1 and 2 and during a week when 

both strategies are applied. The scope is to present a validated simulation model complete with the real 

monitored data of the SF during the examined periods. The MPRE between the real and simulated data 

for steam produced at the end of the day should be low in order to have a reliable simulation model. 

Each real parameter is the average value of one hour monitored data.  

4.1.1 Experimental Data 

The PTC system records data with time interval of 5 seconds, and the CTES has 23 thermocouples in 

different elevations. Subsequently, a huge amount of data were stored and they were available for 

analysis. In order to be able to compare the real to the simulated data and test the validation of the model 

during Strategies 1 and 2, the hourly average measured values were analysed in order to be easy to be 

plotted and compared. The CTES and PTC power in real conditions are calculated using Eqs. 2 and 3 

respectively. The TCTES,o and TPTC,o corresponds to the HTF temperature exiting of the CTES and the SF 

and the TCTES,in and the TPTC,in the temperature of the HTF entering to the CTES and to the SF. 

𝐶𝑇𝐸𝑆𝑝𝑜𝑤𝑒𝑟 = �̇�𝐻𝑇𝐹𝑐𝑝,𝐻𝑇𝐹(𝑇𝐶𝑇𝐸𝑆,𝑜 − 𝑇𝐶𝑇𝐸𝑆,𝑖𝑛) (2) 

𝑃𝑇𝐶𝑝𝑜𝑤𝑒𝑟 = �̇�𝐻𝑇𝐹𝑐𝑝,𝐻𝑇𝐹(𝑇𝑃𝑇𝐶,𝑜 − 𝑇𝑃𝑇𝐶,𝑖𝑛) (3) 

4.1.2 Model Validation with Measured Experimental Data 

4.1.2.1 Strategy 1  

The first test has been done for Strategy 1 during a clear day. The real and simulation data are shown in 

Figure 3. As can be observe, from 4 am to 8 am, the CTES power is negative. This is because the stored 

thermal energy is used to preheat the system and produce steam for the industry (Figure 3b). At 4 am 

the initial CTES average temperature of the system was 285 oC, and it is decreasing due to the TES Cold 

Start mode and TES discharge mode (Figure 3a). At 5 am, steam is produced solely from CTES with 

TES discharge mode with the real CTES power being -47 kWhth and the simulated -49.6 kWhth 

(PRE=5.2%). At around 7 am, the DNI exceeded the 250 W/m2 (Figure 3c), so the PTCs is set on 

tracking mode, and thus the T-PTC,o started to increase (Figure 3a) and the TES discharge and SF 

recirculation mode is enabled. The average discharging thermal energy monitored is -37 kWhth and the 

simulated -38.85 kWhth (PRE=4.76%). At around 8 am the T-PTC,o gets equal with the T-CTES,average 

(253 oC at real and 250oC at the simulation data), so steam is produced from the CTES and the SF as 
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shown in Figure 3b while the system runs with the TES discharge and Generation mode. Finally, after 

8 am the charging valves shut off, and the energy collected from the SF is transferred directly to the SG 

for steam production (CTESpower,real=0 kWhth). At 3 pm, when the charging profile is enabled and the 

T-PTC,o is higher than the T-CTES,average the model turns its strategy from Generation mode to 

Charging mode and the T-CTES,average starts to increase its temperature (Figure 3a). At the end of the 

charging mode, the T-CTES,avg_real was 284 oC, and the T-CTES,avg,sim was 281 oC. The MPRE of 

the T-CTES,average during the charging mode was 0.71%. 

The PTC efficiency for the real measured data is estimated by using the following equation and the 

results are shown in Figure 3d. 

𝑃𝑇𝐶𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑦 =
𝑃𝑇𝐶𝑝𝑜𝑤𝑒𝑟

𝐷𝑁𝐼 ∗ 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟𝑠 ∗ 𝐴𝑎𝑝𝑒𝑟𝑡𝑢𝑟𝑒
 (4) 

As can be seen from Figure 3d, the PTC efficiency in real condition varied from 36% to 52%, and in the 

simulation from 33% to 52%. A significant difference between the values is observed at 9 am (real: 46% 

and simulated: 33%), and that occurs due to the PTC power, which was lower during this period. The 

MPRE for the PTC efficiency through the day is 9.84%. Excluding the morning and late in the afternoon 

hours and considering only the period where the system is stable (when DNI was stable), the PRE is 

lower (2% from 11 am to 3 pm). 

The energy of steam produced based on the measured data is 601 MJ which is calculated using Eq. 5, 

where the complement water (mwater) from the feed water tank to the SG was 940 L (at the end of the 

day). According to the simulation results, the calculated steam produced in a saturated temperature of 

188 oC was 563 MJ and thus the PRE between the values is 6.32%. 

𝐷𝑎𝑖𝑙𝑦 𝑒𝑛𝑒𝑟𝑔𝑦 𝑜𝑓 𝑠𝑡𝑒𝑎𝑚 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = 𝑚𝑤𝑎𝑡𝑒𝑟𝑐𝑝,𝑤𝑎𝑡𝑒𝑟(𝑇𝑠𝑡𝑒𝑎𝑚,𝑜𝑢𝑡𝑙𝑒𝑡 − 𝑇𝑤𝑎𝑡𝑒𝑟,𝑖𝑛𝑙𝑒𝑡) (5) 
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Figure 3: (a) The measured data of PTC outlet and CTES average temperature compared with the 

simulation output data, (b) The PTC, and CTES power from the measured data and simulation output 

(c) The DNI measured on site and the DNI used in the simulation model (d) The PTC efficiency 

estimated from the real measured data with the PTC efficiency estimated from the simulation data. 
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4.1.2.2 Strategy 2  

The second test (Figure 4) has been done during a clear day when there was no steam demand from the 

industry, and the PTC power was supporting the CTES for Charging under Strategy 2. From 10 am to 

11 am, the SF preheating mode was enabled and the HTF was circulating to increase its temperature 

(Figure 4c). At 11 am the T-PTC,o was already higher than the T-CTES,average (Figure 4b), so the 

Charging mode was enabled.  

The CTESpower is calculated by using the following equation:  

𝐶𝑇𝐸𝑆𝑝𝑜𝑤𝑒𝑟 = �̇�𝐻𝑇𝐹𝑐𝑝,𝐻𝑇𝐹(𝑇𝐶𝑇𝐸𝑆,𝑜𝑢𝑡𝑙𝑒𝑡 − 𝑇𝐶𝑇𝐸𝑆,𝑖𝑛𝑙𝑒𝑡) (6) 

The MPRE between the simulated and measured values of the CTESpower (Figure 4a) is 20.5%. 

Although the MPRE is higher than the previous compared data, it is acceptable as is related to the PTC 

power which is lower than in real monitored values. However, the increment of the T-CTESavg is very 

close (MPRE:1.03%). The initial simulated T-CTESavg is 299 oC and at the end of the day is increased 

to 345 oC while the initial real T-CTESavg is 296 oC and is increased to 348 oC. The plant is set to off 

mode at 6 pm as the PTC power is low (Figure 4d). 
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Figure 4: (a) The CTES power from the measured data and simulation output,(b) The PTC efficiency 

estimated from the real measured data with the PTC efficiency estimated from the simulation data (c) 

The measured data of PTC outlet and CTES average temperature compared with the simulation output 

data, (d) The PTC power from the measured data and simulation output 

4.1.2.3 Strategies 1 and 2 over a week test 

The last comparison is made between the real and measured data while the system was autonomous and 

switching from Strategy 1 to Strategy 2 during one week, from Thursday up to Wednesday. The 

comparison between the real and simulated data is shown in Figure 5. As can be observed, there is a 

good agreement between the measured and simulation data. All strategies and operation modes 

introduced to the model are functional, and this makes the PTC system dispatchable as it can supply 

heat from the early morning hours when the PTC power is zero for the whole week. This is achieved 

due to the CTES, which supplies heat to the SG in the early morning hours, and it is charging during the 

afternoons when there is solar radiation availability (Figure 5a).  
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The PTC power results shown a MPRE of 10.14%. The efficiency of the PTCs varied from 40% to 57% 

(Figure 5b). The overall efficiency through the week from the measured data is 42%, and from the 

simulation data 39% which corresponds to a MPRE of 7.6%, which is within the acceptable limits.  

The simulated and measured CTES average temperature is shown in Figure 5c with a MPRE of 3.53% 

(Figure 5c). The total steam produced during this week according to the dynamic simulation model, was 

2.61 GJ and based on the real data was 2.79 GJ which corresponds to 4.37 tons of steam (PRE:6.45%).  
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Figure 5: The PTC and CTES power from the measured data and simulation output (top graph), the 

PTC efficiency estimated from the real measured data with the PTC efficiency estimated from the 

simulation data (middle graph), the measured data of PTC outlet and CTES average temperature 

compared with the simulation output data (bottom graph). 

5 Conclusions 

In this study, the performance of the first PTC system installed in one of the biggest industrial factories 

in Cyprus island under the EDITOR project is investigated. Additionally a validated model which can 

be used to test various parameters that affect the performance of the system and help us optimize this 

particular system and other systems is presented herein as well. 

In order to make the system follow the production shifts of the industry and supply steam when is needed 

even with low or zero solar radiation, various operation modes and strategies have been developed. 

Hence to the operation modes and strategies the PTC system is autonomous and can switch between the 

operation modes and strategies to contribute to the steam production for the industry from 7 am to 3 pm 

from Monday to Friday.  

Various parameters are being monitored on site and part of them are shown in this study. Those data 

were then compared with the data obtained from a dynamic simulation model that can run and simulate 
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the real operating conditions. The model is developed in TRNSYS environment and it is validated with 

the use of the measured data.   

The conclusions drawn from this work are: 

1. During a steam production day (Strategy 1), all the operation modes are alternate, and the 

simulation model has a great fitting with real data from the early morning hours to late in the 

afternoon. The MPRE at 5 am, 6 am, and 7 am when steam is produced due to the CTES is 11% 

with the T-CTESavg decreased from 285 oC to 258 oC in the simulation and to 260 oC in the 

measured data.  

2. The steam produced through the day was 563 MJ in simulation and 601 MJ in real data with a 

PRE of 6.32%.  

3. The CTES temperature during a charging day (Strategy 2) it is increased 46 oC based on the 

measured values (from 299 oC to 345 oC) and to 52 oC based on the estimations from the model 

(296 oC to 348 oC).  

4. For a long-term operation, the MPRE for the steam production was 6.45% with the MPRE of 

the overall efficiency being 7.6%.  

As the simulation model is validated and it can respond perfectly at all the examined cases, it can be 

used for further evaluation of the most significant parameters that affect the performance of the PTC 

system in order to examine the optimum contribution to the overall production of the industry. It can 

also be used to test different PTC systems with different HTF fluids and evaluate their performance.  

Nomenclature 

CSP Concentrated Solar Power PV Photovoltaic 

DISS DIrect Solar Steam PTC Parabolic Trough Collector 

DLR German Aerospace Center MPRE Mean Percentage Relative Error 

DNI Direct Normal Irradiation RES Renewable Energy Systems 

HTF Heat Transfer Fluid SF Solar Field 

IPH Industrial Process Heat T Temperature 

IAM Incidence Angle Modifier TES Thermal Energy Storage 

ORC Organic Rankine Cycle TMY Typical Meteorological Year 
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Abstract 

Dye-sensitized solar cells (DSSCs) provide a promising alternative to conventional p–n junction 
photovoltaic devices due to their simple manufacturing process, low cost of materials, light weight, 
flexibility, good photovoltaic properties, specifically under low-light conditions, short energy payback 
time, and low environmental impact. This device is a sandwich type solar cell consisting of a working 
electrode, a counter electrode and an electrolyte. In this study, TiO2 blocking layers with different 
thickness (determined by the number of ALD cycles) were deposited between the transparent conductive 
oxide and the mesoporous TiO₂ layer using atomic layer deposition (ALD). The topography, absorption 
spectra of the electrodes were studied using scanning electron microscope (SEM), atomic force 
microscope (AFM) and UV-Vis spectrophotometer. Electrical properties of manufactured DSSCs were 
characterized by I-V illuminated characteristics under standard AM 1.5 radiation. Introduction of TiO2 
blocking layer to the structure of DSSCs resulted in the higher electrical properties. The best 
performance have been obtained for solar cells with ALD-TiO2 thin film after 600 cycles of deposition. 

1 Introduction 

The increasing energy demand to support economic growth and reduce the greenhouse effect caused by 
the fossil fuel combustion, has led to the search for development of clean energy. Solar power is an 
important resource because of its inexhaustibility and pollution-free character [1, 2]. Moreover, solar 
energy is the cleanest and most abundant renewable energy source available in the world. New 
technologies are being explored and refined to enable solar power to become a reliable, stable power 
source for the future. Photovoltaics PV is a simple method of harnessing the sun's energy [3, 4]. 

Dye-sensitized solar cells (DSSCs) have been recognized as the promising candidates for next-
generation solar cells due to their simple manufacturing process, low cost of materials, light weight, 
flexibility, good photovoltaic properties, specifically under low-light conditions, large flexibility in 
shape, color, transparency, short energy payback time, and low environmental impact [5, 6]. The 
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working mechanism of DSSC differs much from other types of solar cells. In their typical conception, 
the DSSC is composed of [5-7]: 

 a working electrode (photoanode) - dye-adsorbed nanoporous semiconductor deposited on 
fluorine-doped tin oxide (SnO2:F, FTO) coated glass substrate, 

 a redox electrolyte,  

 a catalytic counter electrode (usually a Pt layer deposited on glass substrate with a thin FTO 
layer).  

The working mechanism of DSSC differs much from other types of solar cells. The working electrode 
is responsible for the absorption of incident light. The photons are absorbed by a dye molecule (anchored 
to the surface of the semiconductor particles by a chemical bond) and electrons get promoted the from 
ground state to the excited state of the photosensitizer. Due to the difference in energy levels of the 
electronic states, electrons from the exited state are injected to the conduction band of nanoporous 
semiconductor (usually TiO2) which lies below the excited state of the dye. A redox mediator in the 
electrolyte regenerates the resulting oxidized dye molecules restoring them to the initial state. The 
injected electrons in working electrode are transported between semiconductor nanoparticles network 
by diffusion to the current collector (FTO), subsequently move through an external circuit to the counter 
electrode, where they reduce the oxidized redox mediator, thus completing the cycle [8-11]. 

To further improve the power conversion efficiency of DSSCs, it is important to reduce the 
recombination loss before the photoinjected electrons reach the external circuit. After the electron has 
been injected into the conduction band of metal oxide, electrons in TiO2 can recombine with oxidized 
species in the redox electrolyte or oxidized dye molecules [11, 12]. Additionally, electrons that reach 
the FTO coated glass substrate may still undergo interfacial reaction with the electron-accepting species 
in the electrolyte [5, 11]. The most significant of these are recombination at the FTO/electrolyte and 
TiO2/electrolyte interfaces. Charge recombination at FTO/electrolyte interface occurs due to the 
physical contact between the transparent conductive oxide and the electrolyte which permeates the TiO2 
nanoporous structure To solve the problem with the recombination at the interface, the concept of the 
blocking layer BL was developed [13, 14]. The role of this layer is to block electrons from being injected 
back into the electrolyte by providing more preferable transport to the FTO via an appropriate band 
structure. There are several requirements for the ideal blocking layer. The BL should be continuous and 
compact to prevent FTO contact with the electrolyte and thin enough to avoid high ohmic resistance. 
[15]. One of the key decisions in the development of every product is the selection of proper the material  
[16-22]. Many metal oxides like ZnO [23], Nb2O5 [24], Al2O3 and HfO2 [25], BaCO3 [26], MoO3 [27], 
SnO2 [28] and SiO2 [29] have been used as an energy barrier for inhibiting the charge recombination 
owing to their insulating properties. The blocking layer can be deposited directly on the conductive 
substrate by spin-coating [30], spray pyrolysis method [31], chemical vapour deposition [32] and 
sputtering methods [15, 27].  

Low-cost deposition techniques are generally considered to be the most promising. However, they do 
not provide a process that is highly repeatable with controllable thickness, stoichiometry and purity. 
Among the many potential techniques, the atomic layer deposition ALD seems to be the best choice 
because of its excellent uniformity, conformability, composition control and repeatability [33-35]. In 
this study, TiO2 blocking layers with different thickness (determined by the number of ALD cycles) 
were deposited between the transparent conductive oxide and the mesoporous TiO₂ layer using atomic 
layer deposition method. The influence of TiO2 blocking layer thickness on photovoltaic properties of 
dye-sensitized cells was discussed.  

2 Materials and Methods 

2.1 Atomic layer deposition of TiO2 blocking layer  

The TiO2 blocking layer was prepared on the FTO coated glass substrate (surface resistivity 7 Ω/sq, 
thickness 2,3 mm, Sigma Aldrich). The substrates were ultrasonicated in acetone, detergent, and ethanol 
for 10 min each, and then dried with nitrogen gas. The TiO2 blocking layer was deposited by a R-200 
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system from Picosun company. As a precursor of TiO2 was used titanium tetrachloride (TiCl4), as a 
reagent – water and nitrogen as an inert gas. The number of cycles and the temperature of substrate were 
controlled during the deposition process. The ALD process conditions are shown in Table 1. A part of 
the FTO coated glass was protected with special tape against deposition (Figure 1). 

 

Table 1: The ALD process conditions  

Precursor TiCl4 H2O 
Pules time 0.1 0.1 
Purge time 4 s 5 s 
Flow rate of N2 200 sccm 200 sccm 
Process temperature 300C 
Number of cycles 300÷1200 

 
a) 

 

b) 

 

 
Figure 1: The PICOSUN R-200 production ALD system with loaded samples (a) the FTO coated glass 

substrate with protected part against deposition 

2.2 Technology of dye-sensitized solar cells  

The cleaned FTO coated glass substrate was used to produce the working and counter electrodes. To 
prepare working electrode double-nanoporous TiO2 layer was deposited on FTO coated glass with and 
without blocking layer using the screen printing SP method from titania paste (18 NR-T, Greatcell 
Solar). The polyester screen (43 T) was used to deposit photoelectrode with the active surface area of 
0.4 cm2. Then the TiO2 paste was dried at 105C and heated an airflow at 500C. At 80C in the cooling, 
the TiO2 electrode was immersed into ruthenium-based N719 dye (Sigma Aldrich) solution and kept at 
room temperature for 24 h. To prepare the counter electrode the Pt paste (Sigma Aldrich) was screen 
printed (polyester screen - 100 T) on the FTO glass and heated at 450C. The working and counter 
electrodes were assembled into a sandwich type cell and and the space between them was filled with 
iodine-based redox electrolyte (EL-HSE, Sigma Aldrich). Figure 2 shows the prepared working 
electrode and fabricated dye-sensitized solar cell. 
 

a) 

 

b) 

 
Figure 2: Prepared working electrode (a) and fabricated dye-sensitized solar cell (b) 
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2.3 Characterization methods 

Scanning Electron Microscope (SEM, Zeiss Supra 35) and Atomic Force Microscope (AFM, XE-100 
Park System) were employed to characterize the topography of TiO2 working electrodes. Scanning 
Electron Microscopic (SEM) images were taken with the accelerating voltage 5-7 kV. Qualitative 
studies of chemical composition were also performed using the Energy Dispersive Spectrometer (EDS). 
The 2D and 3D topographic images 4×4µm and 1x1µm images were performed with atomic force 
microscope (AFM). The microscope was set to non-contact mode. The RMS and Ra coefficient values 
were determined with XEI software. RMS was defined as rough mean square parameter and Ra was 
defined as the arithmetic mean deviation of the profile from the mean line. UV-Vis spectrophotometer 
(Evolution 220, Thermo Scientific) was used for recording the optical properties in the wavelength range 
of 320 - 800 nm. The electrical performance of the DSSC devices with and without BL was investigated 
by PV Test Solutions Tadeusz Zdanowicz Solar Cell I-V Tracer System and 2401 Keithley digital source 
meter under standard AM 1.5 illumination with light intensity of 100 mW/cm2. The power of the 
simulated light was calibrated to 100 mW/cm2 by using a reference Si photodiode equipped with an IR-
cut off filter KG-3. 

3 Results and Discussion 

Figure 3 shows SEM images of the FTO coated glass substrate before and after deposition TiO2 thin 
film by ALD method. The surface topography of TiO2 blocking layer is similar to that of the bare FTO 
because the thin film maps its shape very well. Moreover deposition of TiO2 thin film does not 
significantly affect the surface roughness and topography (see AFM results). The presence of titanium 
and oxygen atoms in the investigated samples was confirmed by energy dispersive analysis. The signal 
from the tin came from the FTO layer. Peak corresponding to oxygen, originating simultaneously from 
glass, FTO and TiO2 thin film, is also observed in the EDS spectrum. In previous work of the authors 
[14], the crystalline nature of the deposited TiO2 BL using Raman spectrometer was confirmed. In the 
obtain Raman spectrum of ALD titanium dioxide thin film typical bands associated to anatase phase are 
observed. 

Figure 4 presents SEM images of the surface topography on the boundary between bare FTO and TiO2 
BL deposited by ALD on the FTO coated glass and corresponding the titanium distribution. The 
topography of TiO2 BL is homogenous an uniform without any discontinuities, cracks, pores and 
defects. The distribution of Ti is uniform along the coated part of sample. 
Screen printing has been applied for the deposition of the TiO2 photoanode material. The mesoporous 
TiO2 layer plays an important role in collecting photo-excited electrons from dye molecules and 
transferring them to the conductive substrate and subsequently to the external circuit. As shown in 
Figure 5, the screen-printed TiO2 layer is porous without cracks. The pore distribution is homogeneous. 
The large internal surface area of the TiO2 layer insures the adsorption of sufficiently large number of 
dye molecules for efficient harvesting of radiant energy. 

The 2D and 3D topographic images of FTO glass, deposited ALD-TiO2 BL and mesoporous SP-TiO2 
layer are shown in Figures 6. The values of RMS and Ra coefficients are included in Table 2. The 
deposited layers are continuous and uniform. Not registered any impurities, precipitates, or 
delamination. It has been found out in the images, that repetitive aggregations of atoms have a similar 
geometrical features. The presence of ALD thin film on the FTO glass does not affect its topography. 
The RMS and Ra parameters were respectively: for the FTO 26.588 and 21.375nm, for FTO/ALD-TiO2 
BL 26.497 and 20.954nm (Table 2). Printing of the TiO2 nanoparticle microlayer reduced the roughness 
of the finished photoanode. 
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a) b) 

  
c) 

 
Figure 3: SEM images of a) the surface topography of the FTO coated glass b) the surface topography 

TiO2 blocking layer deposited on the FTO coated glass by ALD method c) EDS spectrum of BL 

 

a) b) 

 
 

Figure 4: SEM images of a) the surface topography on the boundary between bare FTO and TiO2 BL 
deposited by ALD on the FTO coated glass b) map of the titanium distribution on the bonduary (Ti 

highlighted in blue) 
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Figure 5: SEM images of the screen-printed TiO2 layer 

 
a) 

 

b) 

 
c) 

 

d) 

 
e) 

 

f) 

 
Figure 6: AFM 2D and 3D images of the surface topography of: FTO (a, b); FTO/ ALD-TiO2 BL 

(c, d); FTO/ ALD-TiO2 BL/ SP-TiO2 porous layer (e, f) 
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Table 2: Summary of roughness parameters for FTO glass and deposited TiO2 thin films 

Sample 
Surface area 

[µm2] 
RMS 
[nm] 

Ra 

[nm] 

max. 
irregularity 

[nm] 
FTO 16.00 26.588 21.375 98.516 
FTO/ ALD TiO2-ALD-600 cycles 16.00 26.497 20.954 103.610 
FTO/ALD- TiO2- 600cycles/SP-TiO2 1.00 10.442 8.186 41.641 

 
Figure 7 shows the transmittance of FTO coated glass with and without of blocking layer. The bare FTO 
had transmittance over 80% for wavelength above than 390 nm. For comparison, the transmittance 
decrease slightly with the introduction of the ALD TiO2 thin films, in direct dependence with the number 
of ALD cycles. All the samples obtained after deposition of BL exhibit a transmittance higher than 71% 
in the visible region (400÷700 nm). This high transparency is one of the properties that explain the 
interest of TiO2 thin films in solar cells applications. 

 

 
Figure 7: Transmittance of ALD TiO2 BL deposited on FTO coated glass substrates with different 

number of cycles 

 

The performance of DSSCs based on various thicknesses of TiO2 blocking layers determined by the 
different number of ALD cycles is shown in Figure 8 and Table 3. Introduction of TiO2 blocking layer 
to the structure of DSSCs resulted in the higher electrical properties. The highest values of Jsc, Uoc, FF 
and consequently efficiency were obtained for solar cells with ALD-TiO2 thin film after 600 cycles of 
deposition. The improved performance can be result of better adherence deposited TiO2 thin film to the 
FTO coated glass substrate and increased electron pathways. Moreover, the existance of BL can prevent 
the electron recomination  process occuring at the interface FTO/electrolyte.  

The conversion efficiency decrease slightly for BL with the number of ALD cycles more than 
600 cycles. The thicker TiO2 compact layer can tend to increase the electrical resistance and finally to 
lower the open circuit voltage and short circiut current. Furthermore, the thicker TiO2 BL lowers optical 
transmittance, thereby reducing electrical properties of DSSCs. 
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Figure 8: Electrical properties of DSSCs with the ALD TiO2 BL deposited with different number of 
cycles; where ISC - short circuit current, VOC - open-circuit voltage, FF - fill factor; Eff - Efficiency 

 

Table 3: Electrical properties of DSSCs with the ALD TiO2 BL deposited with different number of 
cycles; where Pm – maximum power 

Electrical 
properties 

without BL 300 cycles 600 cycles 900 cycles 1200 cycles 

Isc [mA] 5,39 5,88 5,92 5,83 5,85 

Uoc [mV] 685,43 718,40 719,81 719,12 718,88 

FF  0,55 0,57 0,58 0,57 0,56 
Pm [mW] 2,04 2,42 2,47 2,37 2,35 

Eff  5,02 6,03 6,18 5,94 5,82 

4 Conclusions 

Electron recombination in dye-sensitized solar cells (DSSCs) results in significant electron loss and 
performance degradation. Prevention of this occurence can be achieved through appropriate design of 
the device and incorporation of a thin film that blocks the back-transfer reaction of the photoelectrons. 
In this study, TiO2 blocking layers with different thickness (controlling by the different number of ALD 
cycles) were deposited between the transparent conductive oxide and the mesoporous TiO₂ layer using 
atomic layer deposition method.  

Introduction of blocking layer enhanced the photo-conversion efficiency of the DSSCs. This compact 
layer deposited by atomic layer deposition is much denser than the mesoporous TiO2 layer. Therefore, 
it reduces the contact surface area between FTO/electrolyte and increased electron pathways. The best 
electrical properties have been obtained for DSSCs with ALD-TiO2 thin film after 600 cycles of 
deposition.  
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Currently, photovoltaic technology is regarded as  solution to the growing energy challenge and as a key 
component of future global energy production and dye-sensitized solar cells are promising candidates 
for next-generation solar cells. 
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Abstract 
The renewable power industry makes it possible to raise local energy and ecological safety and reduce 
a transfer loss. The integration of photovoltaic systems with a building allows to reduce installation 
costs and to optimize the used space. Building Integrated Photovoltaics is the idea of introducing 
solutions from the field of photovoltaics in buildings by replacing traditional building materials 
(roofing, facade glass, windows) with photovoltaic elements. The most common solution are solar 
cells mounted on tiles or partially replacing tiles. Most often they are matched to ready roof solutions. 
This article presents the results of research on the manufacture of an innovative dye sensitized solar 
cells (DSSCs) on the surface of a ceramic tile. The screen printing method was used to deposit layer 
by layer of the solar cell. It does not require the use of high temperatures, complicated devices and 
high costs. Only the transparent conductive oxide layer was deposited by magnetron sputtering. 
Scanning electron microscope, and Raman spectroscopy were used to evaluate the influence of the 
transparent conductive oxide layer on the photovoltaic properties of counter electrode tile. Electrical 
parameters of manufactured DSSCs with and without counter electrode tile were characterized by 
measurements of current-voltage characteristics under standard AM 1.5 radiation. A dye sensitized 
solar cell integrated with ceramic tiles was produced successfully. The solar cell obtained efficiency 
over 4%. 

1 Introduction 

The history of photovoltaic (PV modules installed on buildings began in the 1970s. Initially, solar 
modules were connected or installed on buildings under construction where there was no access to 
traditional electricity [1-2]. It wasn't until the 1980s that the first modules mounted on the roofs of 
single-family buildings were presented. Building Integrated Photovoltaics (BIPV) is a concept based 
on the application of PV modules in buildings as elements that are an alternative to traditional building 
elements such as roofing, glass facade and roof systems, facade cladding elements [1-4]. There are 
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several products in the field of integrated photovoltaics. One of them are thin film solar cells in the 
form of a roll of foil. The advantage of the above solution is low specific weight, while the 
disadvantage is the low resistance to external atmospheric factors [5-6]. The solar cells mounted on 
tiles or partially replacing tiles based on silicon are another solution. In this type of solutions, an 
additional Peltier cell is also used, which results in the release of cold, which increases the efficiency 
of the silicon solar cell. There are also ready for use on the roof  photovoltaic modules, which differ 
from the classic ones using additional elements to protect against weather. Most often they are tailored 
to ready roof solutions[5-8]. A review of the literature indicates that examples of the use of 
photovoltaic roofing tiles and various attempts to integrate them with the roof are known, however, so 
far no attempts have been made in publications to create a structure of a dyes sensitized solar cell 
directly on a ceramic tile in the configuration presented in the article [1-8]. For a long time, there was 
a belief that effectively the photovoltaic phenomenon can only be used in solar cells containing a p-n 
junction. A breakthrough came in 1991, when Michael Gratzel proved that the photovoltaic 
phenomenon can also be used in photoelectrochemical solar cells, i.e. solar cells in the structure of 
which there is no typical p-n junction. These solar cells are the equivalent of natural photosynthetic 
systems [9-10]. The difference is that the donor-acceptor systems they use convert light energy into 
electrical current, not chemical energy, as is the case with photosynthesis. As a result of absorption of 
light by the chemisorbed monolayer of the dye, an electron is excited from the valence band to the 
conductivity band. The excited electrons are "injected" into the conductivity band of the inorganic 
semiconductor with a wide energy gap, and then discharged into the electrode. The flow of electrons 
between the electrodes (photoelectrode and counter electrode) is provided by an external electrical 
circuit. The dye, as a result of photo-excitation, is oxidized. Its ions are regenerated on the surface of 
the counter electrode thanks to electrons coming from the electrolyte containing redox pairs. The 
electrolyte filling the surface between the semiconductor layer and the anode is usually a solution 
containing the redox I- / I3- system. The task of the electrolyte is to transfer the electron to the oxidized 
dye so that it returns to its basic state [8-12]. In a standard process of creating dye-sensitized solar 
cells, they are built on a glass substrate with a layer of transparent conductive oxides [13]. Despite the 
fact that the highest noted efficiency of energy conversion has been achieved for these substrates, glass 
has disadvantages connected especially with an industrial process on a large scale. Replacing glass 
with other materials such as: light and flexible plastics films, metals, steel, paper may cause cost 
decrease because glass substrate constitutes 15-20% of the price of a whole photovoltaic cell [11-14]. 
What is more, the price of PET/ITO substrate has increased at 250% in the last 10 years, which makes 
it an expensive material in solar cells production [12-15]. This article presents the results of research 
on the manufacture of an innovative dye sensitized solar cells on the surface of a low  cost ceramic 
tile. 

2 Material descriptions and research methodology 

Two types of counter electrodes were produced. In the classical ones Fluorine doped tin oxide coated 
glass slide (FTO) with surface resistivity 7 Ω/sq and thickness 2.3 mm were used (purchased from 
Sigma Aldrich company). In the modified version, FTO glass was replaced with ceramic tiles (Figure 
1). 
 

 

Figure 1: View of ceramic tiles 
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The solar tile according to the invention consists of three elements: the first element is a photoanode, 
the second element is a liquid electrolyte and the third is a counter electrode. In the first stage, in order 
to produce a counter electrode, a layer of transparent conductive oxide in the form of indium tin oxide 
(ITO) was deposited by magnetron sputtering using a magnetron reactor. Strong magnetic field is 
created in chamber to control behaviour and velocity of charger particles. Due to that, plasma is kept 
in front of the target material and intensifies the whole deposition process. The ITO (In2O3/SnO2 90/10 
wt %) sputtering target was used (purchased from Kurt Lesker company).  During the magnetron 
deposition process, few settings of magnetron sputter was used. The power supply was equal 250 W, 
pressure in the device chamber was equal 3 mTorr, process temperature was equal 200 °C and time of 
deposition it varied within 1-4 hours. Then nanocolloidal platinum paste (Sigma Aldrich) was used as 
a catalytic counter electrode. Platinum paste was applied on ITO glass with screen-printing method. 
Screen-printing is one of the versatile, simple, fast, cost-effective coating deposition methods, which 
doesn`t require expensive vacuum technology and can be applied to flat, round, oval and square 
elements. Screen-printing method has been successfully used in dye-sensitized solar cells fabrication 
to deposition of thin films greater than 0.5 m thickness. In this article Screen-printing machine 
MS300FRO was used. The stainless steel cloth screen (90 mesh/cm) was used for the platinum film 
preparation. The stainless steel cloth consists of stainless steel wires of the diameter of 0.09 mm. The 
screen mesh has an opening of 25 × 25 mm. A rubber squeegee was used in the screening printing 
process. Squeegee printing angle was 60°. The gap between the substrate and the screen was set as 0 
mm. After printing, the wet film was dried in 125°C for 10 minutes and two more layers were applied. 
After that, three layers of platinum paste were sintered in an oven. The oven was heated from room 
temperature to 500°C with heating rate of 15°C/min and maintained at 500°C for 30 minutes. In the 
next stage, in order to produce a photoanode, on the glass plate with a layer of transparent conductive 
oxide in the form of tin oxide doped with fluorine FTO, a titanium oxide nanolayer was deposited by 
atomic layer method. Then a layer of porous nanocrystalline titanium oxide was applied by screen 
printing method using a semi-automatic screen printer (18 NR-T, Greatcell Solar). The dye (N719, 
Sigma Aldrich) was then applied by dipping the glass plates with embedded layers in an ethyl alcohol 
dye solution to obtain the final form of photoanode. In the last stage, in order to obtain photovoltaic 
roof tile, the counter electrode and photoanode were joined together with layers directed inwards, and 
liquid electrolyte (EL-HSE, Sigma Aldrich) containing a I-/I3- redox couple was placed between them 
by spotting. The scheme of produced DSSCs was shown in Figure 2. 
 

Glass plate 
FTO thin film 
ALD TiO2 blocking layer 
TiO2 porous nanocrystalline screen printed layer 
Dye 
Platinum screen printed layer 
ITO thin film 
Ceramic tile 

Figure 2: The scheme of a prepared dye sensitized solar cells 

 
Scanning electron microscopic (SEM) images were taken with a Zeiss Supra 35. The accelerating 
voltage was 5 kV. To obtain images of the surface topography, the detection of secondary electrons 
(by the detector In Lens) was used. Qualitative studies of chemical composition were also performed 
using the energy-dispersive spectrometer (EDS). Further structural testing of deposited thin films were 
made by using a Via Reflex Raman spectrometer equipped with an Arion laser with a 514.5 nm length 
for spectral range 150-3200 cm−1. The results were processed by the WiRE3.1 program. Electrical 
parameters of manufactured DSSCs were characterized by measurements of current-voltage (I-V) 
characteristics using PV Test Solutions Tadeusz Zdanowicz Solar Cell I-V Tracer System and 
Keithley 2400 source meter under standard AM 1.5 radiation. 
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3 Results and Discussion 

Secondary electrons (SE) detection using In Lens detector was used to obtain surface topography SEM 
images. The accelerating voltage was 3÷5 kV. SEM image of ITO film sputtered for 2h is shown in 
figure 3. A smooth surface without visible defects is observed. In the case of a layer deposited for 4 
hours, the occurrence of large ITO crystals on the surface was recorded (figure 4). Formed as a result 
of the long growth of the layer in magnetron An EDS analysis was performed, recording reflections 
characteristic of indium, tin and oxygen from layer and silicon and aluminum from the substrate 
(Figure 5). For indium at 3.487eV (spectrum line Lβ1) were registered. For tin at 3.444 eV (spectrum 
line Lα1) and at 3.663 eV (spectrum line Lβ1) were registered. Oxygen classically at 0.525 eV 
(spectrum line Kα1). Registered probably from the ground elements occur for aluminium at 1.557 eV 
(spectrum line Kβ1) and for silicon 1.837eV (spectrum line Kβ1). Reflections from indium and tin are 
higher for the layer deposited after 4 hours in relation to reflections from the layer deposited after 2 
hours. This is due to the increase in layer thickness.  
 

a) 

 
b) 

 
Figure 3: SEM surface topography images of the ITO 
magnetron sputtered thin film after 2h on the ceramic tile 

 
 

1352



a) 

 
b) 

 
Figure 4: SEM surface topography images of the ITO 
magnetron sputtered thin film after 4h on the ceramic 
tile 

 
a) 

 
b) 

 
Figure 5: EDS spectrum of the ITO magnetron 
sputtered thin film after 2h (a) and 4h (b) 
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Using the Raman spectrometer, the spectrum of ceramic tile and the spectrum of ceramic tile with 
deposited ITO layer were recorded (Figure 6). Products such as clay, quartz and dyes are used to make 
ceramic tiles. Clay is mainly silicon oxides (SiO2 approx. 50%), rare earth oxides (R2O3 approx. 25%), 
aluminum oxides (Al2O3 approx. 15%), and oxides of: iron, titanium, magnesium, calcium and 
potassium (approx. 10%). Therefore, ceramic tile is a product that consists of many different 
molecules, as shown in the Raman spectrum. The bands derived from the vibrations of the SiO2 
molecule were recorded at 321, 335, 354, 393 and 454 cm-1 wavelengths. Rare earth molecules, 
depending on their composition, give bands in the range of 95-660 cm-1. The vibrations of the 
aluminum oxide molecules give bands at 360, 400, 460, 610, 620 cm-1. Bands originating from 
vibrations of iron oxide molecules were recorded at 220, 300, 410, 500 and 620 cm-1. At 150, 400, 520 
and 645 cm-1, bands from vibrations of titanium dioxide molecules were also recorded. The vibrations 
of the MgO molecule give bands at 420, 476, 594 cm-1. Small bands from the vibrations of the CaO 
molecule at 464, 522 and 553 cm-1 were also recorded.  

 

 

Figure 6: Raman spectra of ceramic tile and ceramic tile with ITO 

Vibration bands from the SnO, SnO2 and In2O3 molecules were recorded in the spectrum of the ITO 
layer. Vibration bands from the SnO molecule were recorded at 115 and 220 cm-1, and vibration bands 
from the SnO2 molecule were recorded at 450, 518, 560, 680 cm-1. The vibrations of the In2O3 
molecule give a wide band between 200 and 300 cm-1 and between 600 and 700 cm-1. At 109, 133, 
231, 307, 366, 433, and 584 cm-1, small bands were also recorded from indium oxide vibrations. 

The crystalline structure of ITO and FTO was recorded at the magnification of 200 000. The grain size 
was generally for ITO was below 100nm and form FTO between 100-500nm (Figure 7). Grains are 
generally characterized by irregular shapes, but can also be observed grains with shape of a pyramid. 
Platinum tends to increase as the so-called "islands”. Figures 6a and 6b are documented structure of 
the ITO and FTO with deposited islands of platinum. However, the more densely packed was recorded 
on ITO. To confirm that the observed thin films are platinum were performed qualitative chemical 
composition study using Energy Dispersive Spectrometer - EDS In Figure 8 spectra with the 
reflections typical for platinum at 2.050 keV (spectrum line Mα1) were registered. 
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a) 

 
b) 

 

Figure 7: SEM surface topography images of the 
Pt on ITO/ceramic tile (a) and on FTO/glass (b) 

 

Figure 8: EDS spectrum of the Pt thin film on ITO/ceramic tile 

To prepared the photoanode of experimental DSSC the TiO2 nanolayer was first deposited on FTO 
glass by ALD method, followed by addition of a mesoporous TiO2 layer via screen printing method. 
Figure 9 show the morphology surface of boundary between the TiO2 deposited by screen printing (on 
the FTO-coated glass) and substrate (bare glass with a layer of FTO). In addition, an energy dispersive 
X-ray spectroscopy (EDS) linear profile was made to visualize the changes in elemental composition 
on this boundary. On the part of the FTO coated glass covered by titanium dioxide, an increase in the 
titanium (green line) and oxygen (yellow line) content on the surface was confirmed. 
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Figure 9: Surface morphology uncoated and coated by screen printed TiO2 FTO glass and EDS 
profile spectrum sample 

In Figure 10 it can be seen that the shape of the current-voltage characteristic of solar cell with 
ceramic tile counter electrode is less rectangular than the solar cell with glass counter electrode. It can 
be seen that the thickness of the sputtered ITO has a slightly influence on fill factor and short circuit 
current, consequently, on the efficiency of dye sensitized solar cells. The difference in efficiency of 
solar cells with ITO sputtered with different time is equal 0.16%. Basic electrical parameters of 
measured solar cells are presented in Table 1. Analyzing the measured electrical values can be 
observed that the highest efficiency has a solar cell with an ITO layer deposited after 2 hours from 
among the produced integrated solar cells with a ceramic counter electrode. 

 

Figure 10: Current-voltage characteristics of experimental DSSCs 
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Table 1: Electrical properties of experimental DSSCs 

DSSC 
sample 

Isc 
[mA] 

Voc 
[mV] 

Imax 
[mA] 

Vmax 
[mV] 

Pmax 
[mW] 

FF Eff 
[%] 

with ITO 
deposited 
after 1h 

5.073 689.568 3.946 399.056 1.575 0.45 4.35 

with ITO 
deposited 
after 2h 

5.039 689.919 3.975 409.170 1.625 0.47 4.51 

with ITO 
deposited 
after 4h 

5.012 689.719 3.914 412.468 1.614 0.47 4.49 

with FTO 
on glass 

5.059 686.501 4.089 438.904 1.795 0.52 5.04 

4 Conclusions 

Dye solar cells were manufactured based on ceramic tile. The advantage of this solution is full 
integration with construction with the simultaneous generation of electricity. To produce a counter 
electrode, a layer of transparent conductive oxide in the form of indium tin oxide (ITO) was deposited 
by magnetron sputtering. The crystalline structure of magnetron sputtered ITO was recorded. Then the 
platinum paste was applied on ITO glass with screen-printing method to form finally construction of 
counter electrode. The SEM studies have confirmed that a layer of ITO was deposited without major 
contamination and damage. The grain size was generally below 100nm and characterized by irregular 
shapes, but can also be observed grains with shape of a pyramid. The electrical properties of dye 
sensitized solar cells with ceramic tile as the counter electrode are lower but close to the efficiency of 
solar cell using conventional glass as the counter electrode. Such electrodes give a possibility of the 
future fabrication of stable, low-cost and effective building integrated dye sensitized solar cells. 
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Abstract 

In this paper, the possibility of replacing liquid electrolyte in a dye sensitized solar cells with a thin 
film of conductive polymer material was investigated. Liquid electrolyte in the construction of dye 
sensitized solar cells leaks and evaporates and leads to corrosion of the electrode, which lowers the 
conversion efficiency of solar radiation to electricity. The research focuses on the appropriate doping 
of the PVDF-HFP polymer by potassium iodide to improve its electrical conductivity and the 
development of thin film deposition technology for use in solar cells. Changes in PVDF-HFP surface 
morphology were researched through increasing of the potassium iodide content measured by 
scanning electron microscope. The increased content of potassium iodide also led to increased 
electrical conductivity measured by the Keithley meter. In order to test the suitability of developed 
materials for application in the construction of photovoltaic cells, a series of dye-sensitized solar cells 
ITO/TiO2/dye/active layer/Al were prepared. The active layer is made from pure PVDF-HFP and 
doped with potassium iodide. As a reference solar cell, a standard dye sensitized solar cell with a 
liquid electrolyte and a counter electrode was also made. 

1 Introduction 

Dye sensitized solar cells, driven by photosynthesis and converting solar energy into electricity  
it is a promising direction of development of photovoltaic technology. The principle work of dye 
sensitized solar cells is based on photon absorption of solar radiation and electron transfer to the 
conductivity band of transparent semiconductor [1-4]. The principal element of the dye sensitized 
solar cell is nanocrystalline titanium dioxide. Wide energy gap of TiO2 allows the absorption  
of ultraviolet radiation. The purpose of titanium dioxide is to transfer electrons to an external  
electric circuit. The TiO2 layer has a porous structure to expand its surface, allowing for increased 
photon absorption [5-9]. Titanium dioxide poorly electrically conductive, therefore it is used in 
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association with molecules of the organic dye by increasing the conductivity. The dye is called also  
a photosensitizer which absorbs photons of solar radiation in the range between 400 and 700 nm.  
The most commonly used dyes are ruthenium compounds in red or black [10-12]. An essential 
element of a dye sensitized solar cell, in addition to TiO2 sensitized by a dye, is a liquid electrolyte. 
The task of the electrolyte is to transfer the electron to the oxidized dye so that it returns to its basic 
state [13-14]. The disadvantage of using liquid electrolyte in the dye sensitized solar cell is its leakage, 
evaporation and corrosion of the electrode. This results in a significant reduction in the viability and 
efficiency of dye sensitized solar cells. Alternatives to liquid electrolyte are ionic liquids, gel 
electrolytes and conductive polymers [15-17]. Therefore, research on fully solid-state DSCs (S-DSCs) 
with solid hole-transport materials (HTMs) has been attracting significant attention [18-19].  
Many of the various polymeric materials are in the preliminary research phase, and the efficiency of 
solar cells with their use does not exceed 3%. The best results were obtained for cells containing in 
their structure a polymer 2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene 
called spiro-OMeTAD, whose efficiencies are up to 5%. The most in the literature is the study  
of a poly (3-hexylthiophene) electric conductive polymer called P3HT, where the efficiency of solar 
cells reaches 3.5%. Theoretical premises and market expectations indicate that it is desirable to 
develop polymeric materials that will enable greater efficiency of  solar cells than previously achieved. 
Further research on the solar cells spiro-OMeTAD and P3HT probably does not lead to an increase in 
the efficiency of the cells beyond what has already been achieved. Therefore, it is necessary to search 
for new materials and study their detailed properties. 

The research focuses on the appropriate doping of the PVDF-HFP polymer by potassium iodide  
to improve its electrical conductivity and the development of thin film deposition technology  
for use in solar cells. As part of the work, a standard dye sensitized solar cell with liquid electrolyte 
and a series of solar cells with the following structure: ITO/TiO2/dye/active layer/Al (in which  
the active layer was pure PVDF-HFP and with the addition of KI salt) were constructed and tested. 

2 Materials and methodology 

Poly (vinylidenefluoride-co-hexafluoropropylene) (PVDF-HFP), anhydrous potassium iodide (KI) 
(99,99% pure) and other chemicals were supplied by Sigma Aldrich. Polymer PVDF-HFP is one  
of the most used material as a matrix due to their unique characteristics. The presence of fluorine  
in the PVDF-HFP that has a relatively smallest ionic radius and high electro negativity is expected  
to improve the ionic transport and reduce the recombination rate at the semiconductor photoanode  
and polymer electrolyte interface. And also it is known to be photochemically stable even in the 
presence of TiO2 and Pt, which confirms the suitability in dye sensitized solar cells applications.  
N-methylpyrrolidine (NMP) (97%) was used to dissolve the polymer and salt, and the liquid solutions 
were spin-coated to form polyelectrolyte thin films. Scanning Electron Microscopic (SEM) images 
were taken with a Zeiss Supra 35. The accelerating voltage was 1.5-5 kV. In order to obtain images  
of the surface topography, a detection of secondary electrons by the detector In Lens was used. 
Qualitative studies of chemical composition were also performed using the Energy Dispersive 
Spectrometer (EDS). The resistance of the prepared samples was measured using a Keithley 
multimeter. The multimeter was connected to a specialized adapter for thin films testing. Silver 
contacts connected to external electrodes was applied on the edge of the layer to a better connection 
and more accurate measurement. Resistance measurements were made using a constant voltage 
measuring in real time the current running. In order to test the suitability of developed materials  
for application in the construction of photovoltaic cells, a series of dye-sensitized solar cells 
ITO/TiO2/dye/active layer/Al were prepared. The active layer is made from pure PVDF-HFP  
and doped with potassium iodide. As a reference solar cell, a standard dye sensitized solar cell  
with a liquid electrolyte and a counter electrode was also prepared. The ITO (fluorine-doped tin oxide) 
glass substrates (8-12Ω/□, Sigma Aldricht) were cut into pieces with size of 2.5×2.5 cm and 
ultrasonically cleaned in distilled water, acetone and ethanol for 10 min, respectively. Titanium paste 
(Solaronix) was screen-printed on ITO substrates, followed by being sintered at 400°C for 30 min. 
After cooling down to 80°C, the sintered photoanodes were immersed in an anhydrous ethanol 
solution of 0.5 mM N3 dye for 24 h without access to light. Once removed, the electrode was washed 
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with ethanol to remove excess dye and allowed to dry. After that the active layer made from pure 
PVDF-HFP and doped with potassium iodide was deposited by spin coating method. In the case  
of newly developed dye sensitized solar cells, by the PVD method aluminum contacts was deposited.  
In the case of solar cells with a liquid electrolyte, a counter electrode based on platinum was prepared 
by depositing a Pt paste onto the entire surface of conductive glass using a screen-printing method, 
followed by heat treatment at 400°C for 30 min. After that the internal space between photoanode  
and counter electrode was controlled to be 25 μm by Surlyn foil (Solaronix). The photoanode and 
counter electrode were sealed with 25 μm thick Surlyn frame at 100°C for 15s. After sealing the cells 
were filled with the electrolyte solution with redox couple I–/I3

–. The construction of prepared solar 
cells is shown in Figure 1. 

 

a) 

 

b) 

 

Figure 1: Comparison of introduced changes in the structure of the newly developed dye sensitized 
solar cell (a) against a standard dye sensitized solar cell with a liquid electrolyte (b) 

 

Current-voltage characteristics of dye-sensitized solar cells with polymer material were performed  
at Standard Test Conditions (irradiance intensity 1000 W/m2, temperature 25°C, spectrum AM1.5) 
using PV Test Solutions Tadeusz Żdanowicz Solar Cell I-V Tracer System with solar simulator and 
Keithley 2400 multimeter. The intensity of incident light was calibrated by National Renewable 
Energy Laboratory NREL-certified silicon reference cell equipped with KG5 filter. 

3 Results and Discussion 

Polymer structure is rough and porous arranged in a characteristic shape what is shown in Figure 2a. 
This characteristic porous structure is most probably the result of the method used to deposit the layers 
from the liquid phase and construction of the material. After evaporation of the solvent from the top 
layer and the formation of pores the more deeply into the material, the slower the solvent evaporates 
and smaller pores are formed. No discontinuities and impurities were observed on the surface of the 
layers, regardless of the deposition spin speed. Deposited layers are characterized by high 
homogeneity and are similar to each other. The influence of KI on the polymer structure was recorded. 
The pores partially filled with potassium iodide. The contribution and size of the pores are reduced 
(Figure 2b). Further doping (up to 10%) did not significantly affect on the surface morphology of the 
PVDF-HFP material (Figure 2c). There are growing salt crystals above 10% share of KI (Figure 2d). 
Due to the possibility of using a thin polymer layer as part of a photovoltaic cell, it is necessary to 
control the geometric features of the layer, including its roughness and thickness, to ensure good 
adhesion of the layer to the substrate and the required absorption of light radiation. The layer should 
be characterized by uniform thickness and continuity, without large inclusions in the structure, causing 
a decrease in absorption. Thanks to studies using a scanning electron microscope of the surface 
morphology of thin PVDF-HFP deposited by the sol-gel method, no discontinuities or contaminations 
on the surface of the layers were documented except for the layer containing 15% KI. 

Using energy dispersion spectrometry, thanks to the qualitative analysis of the chemical composition, 
spectra with reflections characteristic for the PVDF-HFP polymer layer deposited on the glass 
substrate were recorded, as well as potassium and iodine-specific reflexes from doping. For carbon 
(0.277 keV), oxygen (0.525 keV) and fluoride (0.677 keV), which are derived from the PVDF-HFP 
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polymer layer and sodium (1.067 keV), magnesium (1.36 keV), silicon (1.739 keV) and calcium 
(3.689 keV) originating from glass substrate (Figure 3a and 3b). This is also confirmed by maps  
of the distribution of identified elements in the studied area (Figure 4a-f), PVDF-HFP polymer layer 
dissolved in NMP solvent with 10% KI formed on a glass substrate, with evenly distributed iodine  
and potassium in the PVDF-HFP polymer structure. This confirmed the effectiveness of the 
technology used and the uniformity of the structure required due to its functional properties. 

The resistance of the prepared samples was measured using a Keithley multimeter. The multimeter 
was connected to a specialized adapter for testing thin films. Measurement of volume resistance  
of the PVDF-HFP polymer layer was measured on a glass substrate with ITO electrodes. Silver 
contacts connected to external electrodes was applied on the edge of the layer to a better connection 
and more accurate measurement. Resistance measurements were made using a constant voltage 
measuring in real time the current running. The mean value of the measured resistance was equal 
2.71∙109 Ω (Table 1). The conductivity of the undoped PVDF-HFP layer was equal 8.24∙10-14 S∙cm-1. 
The addition of 5% potassium iodide reduced the resistance to 1.56∙107 Ω. The conductivity of the 
doped polymer increased to 1.30∙10-11 S∙cm-1, which is three orders of magnitude. Layer with 10% KI 
was characterized by a mean value of measured resistance equal 3.45∙106 Ω. Conductivity increased  
to values of 7.10∙10-11 S∙cm-1. The addition of 15% potassium iodide resulted in a significant decrease 
in the measured resistance and its mean value was 1.41∙104 Ω. The conductivity of the thin layer  
of the polymer PVDF-HFP with the addition of 15% KI was 1.37∙10-8 S∙cm-1. The conductivity 
increases with the salt concentration. Conductivity increase is due to the increase of charge carriers  
or mobile ions when the salt content was increased. Such phenomenon has been reported in the 
literature [20-22] and was proven additionally through Fourier transform impedance spectroscopy. 

 

a) 

 

b) 

 

c) 

 

d) 

 

Figure 2: SEM image of PVDF-HFP polymer layer: a) without KI; b) with 5% KI;  
c) with 10% KI; d) with 15% KI 
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a) 

 

b) 

 

Figure 3: EDS spectrum of PVDF-HFP polymer layer a) without KI; b) with 10% KI 

 

a) b) 

 

c) 

 

d) e) 

 

f) 

 

Figure 4: Distribution maps of elements detected in the analysed area  
of the PVDF-HFP polymer with 10% KI 
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Table 1: Conductivity of PVDF-HFP thin film with different KI contents 

No Sample Average value of measured 
resistance [Ω] 

Conductivity [S∙cm-1] 

1 PVDF-HFP 2.71∙109 8.24∙10-14 

2 PVDF-HFP + 5% KI 1.56∙107 1.30∙10-11 

3 PVDF-HFP + 10% KI 3.45∙106 7.10∙10-11 

4 PVDF-HFP + 15% KI 1.41∙104 1.37∙10-8 

 

Current voltage characteristics were measured (Figure 5) from which the open circuit voltage,  
short circuit current, fill factor, maximum power and efficiency were calculated (Table 2).  
The software used to calculate the solar cell parameters takes into account the intensity of the intensity 
of solar radiation incident on the solar cell and solar cell surface. The following mathematical formula 
was used (1): 

𝐸 = 𝐹𝐹
𝑈 𝐼

𝑃
= 𝐹𝐹

𝑈 𝐼

𝑃 𝐴
 (1) 

𝑃  intensity of solar radiation incident on the solar cell  
𝐴  solar cell surface, mm2  

 

All values were recalculated and checked again. 

 

 
Figure 5: Light current-voltage characteristics of produced solar cells 

 

Table 2: Electrical properties of produced solar cells determined on the basis of the measured light 
current-voltage characteristics 

Solar cells UOC  
[mV] 

ISC  
[mA] 

Umax   

[mV] 
Imax  

[mA] 

Pmax  
[mW] 

FF η  
[%] 

PVDF-HFP 539.43 3.73 389.39 2.81 1.1 0.54 1.74 

PVDF-HFP+5% 608.36 4.99 386.49 4.27 1.6 0.54 2.62 

PVDF-HFP+10% 609.83 5.61 423.61 4.26 1.8 0.53 2.90 
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A solar cell containing a layer of undoped PVDF-HFP polymer in its structure is characterized by a 
maximum power of 1.1 mW and an efficiency of 1.74%. The addition of 5% potassium iodide 
influenced especially on the increase of open circuit voltage (by 68.93mV) and the short circuit current 
(by 1.26mA). Thanks to that, the maximum power of the solar cell is equal to 1.6 mW and the 
efficiency 2.62%. For a solar cell with a PVDF-HFP and an additive of 10% KI the maximum power 
was 1.8mW, while the efficiency 2.9%. It was not decided to make a solar cell with a PVDF-HFP 
layer containing 15% KI because large KI precipitation caused its instability, despite its conductivity 
increased with higher content of potassium iodide. The increase in the efficiency of solar cells with the 
increase of KI content results directly from the increase of the multiplication of Imax and Umax value. A 
lower fill factor for a solar cell with a content of 10% KI than with a 5% KI is due to the significant 
growth of the multiplication of ISC and UOC value. Still, it cannot determined why the fill factor is 
lower since it’s too many factors directly affect him, for example: 

- the series resistance of the solar cell, 

- the parallel resistance of the solar cell, 

- the recombination current in the space charge region of the cell. 

This requires further research. Of all newly developed solar cells, the highest efficiency equal  
to 2.9% is characterized by a cell with PVDF-HFP polymer doped with 10% potassium iodide, 
 and its properties are close to the reference cell. The results achieved are comparable to those 
presented in the literature for dye solar cells with conductive polymer [23-27]. The different 
concentration of KI was influenced on resistivity of the PVDF-HFP thin film and on efficiency of the 
prepared solar cell (Figure 6). 

 

 
Figure 6: The influence of the different concentration of KI on resistivity of the PVDF-HFP thin film 

and on efficiency of the prepared solar cell 
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4 Conclusion 

Based on the obtained results, it was found that it is possible to efficiently use the PVDF-HFP polymer 
in the dye sensitized solar cell, and the addition of potassium iodide improves the electrical properties 
of that solar cells. On the basis of the surface morphology it was determined that the polyelectrolyte 
based on the PVDF-HFP may comprise a maximum of 10% potassium iodide. Above this content 
there are large salt crystals shows causing discontinuity of the thin layer. Of all the newly developed 
solar cells, the highest efficiency of 2.9% has a cell with a PVDF-HFP polymer doped with 10% 
potassium iodide. Developed dye sensitized solar cells, containing in their structure semi conductive 
polymer layers (PVDF-HFP doped with potassium iodide), provide an attractive alternative for a solar 
cell with liquid electrolyte eliminating the problems associated with leaking and evaporation of this 
liquid electrolyte, as well as reducing costs production by replacing an expensive platinum layer with 
an aluminum electrode while maintaining a similar efficiency with respect to a solar cell with a liquid 
electrolyte. 
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Abstract 

The main project’s objective is to investigate the use of battery storage applied to a real wind farm. It is 
known that the storage connected to a wind farm can provide several services to the electric grid, such 
as: power smoothing, frequency regulation, voltage stabilization, power factor regulation, time shift, 
black start and the like. They are important to improve the financial balance as each service lead to 
revenues. A Lidar (Light Detection and Ranging) was installed in the wind farm to measure the wind 
speed passing through the wind turbines, and thus determine the available energy, as well as its energy 
availability curve over time. The preliminary results shows that the sizing and designing the storage 
system is not directly related to the wind power installed. That proves that there is cancelation of peaks 
from each wind turbine in the total result, leading to an important point that a storage of 20MW would 
eliminate 100% of power fluctuations intra hour of a 100MW wind farm, a storage with 5MW would 
remove 98%. The Lidar also subsidize some results in determining the fluctuation in the wind conditions 
that has been showing a good behaviour even the wake effect was reduced in the park not showing the 
expected cone shape but a cylindrical shape reducing the effect on the near wind turbines. For this 
project, a lithium battery with 1% of the installed wind farm capacity has been installed. Further, for 
technical and economic analysis the adjustment will be done mathematically. Also, it will contribute to 
prove the best sizing of the energy storage system and contrast with the literature. The next steps are 
commissioning and testing the system. Within the scope of the project, there is an evaluation of the 
regulation. It makes possible to propose a fair valuation of the services provided by the batteries in order 
to bring financial balance to the use in wind farms. 
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1 Introduction 

The participation of renewable sources in the energy matrix is constantly increasing in countries around 
the world; the concern with the emission of gases responsible for the greenhouse effect is one of the 
main drivers of change. 

The constant increase in the share of renewable sources in the world, mainly influenced by the concern 
with the emission of greenhouse gases, has changed the mix of sources of energy generation. The main 
renewable sources considered unconventional, in which hydroelectric plants are not included, are solar 
and wind power plants. The type of generation of these sources is intermittent, that is, the generation 
varies according to the availability of the natural resource and, therefore, the National System Operator 
– ONS, considers them as non-dispatchable. 

This change in the energy matrix has brought new challenges in the scope of regulation, planning and 
operation of the electricity sector, which should prepare for great variation in generation in short periods. 
Traditionally, hydroelectric reservoirs have been used to provide the service of offsetting the variation 
in generation and demand. However, socio-environmental restrictions and political pressures, in 
addition to the concern about climate change, reduced the construction and planning of new plants with 
reservoirs. Thus, the development of other storage technologies, such as electrochemical and 
electromechanical, has gained prominence. 

From the planner's point of view, a new mix of renewable energy generation raises concerns related to 
security of supply, reliability and energy balance. From an operational point of view, a decentralized 
operation with large unpredictable and non-dispatchable amounts, in addition to the participation of 
consumers, represents challenges in terms of stability and quality in the supply of electricity. 

In this way, the entire production chain has been preparing for the dissemination of battery-based energy 
storage systems (the so-called Battery Energy Storage Systems, or BESS). There is a broad consensus 
that this type of system has a very significant potential and that it will be a key issue for the future of 
the electricity sector. The two main factors that contribute to this high expectation are (i) the downward 
trend in battery prices over the past few years, driven by incremental technological gains and increased 
demand for applications such as portable electronics and electric vehicles and (ii) expansion of the need 
for ancillary services that could be provided by BESS. 

2 ESS – Energy Storage System  

The possibility of easing technical problems with electricity storage is a promising topic for the 
operation of wind systems and, consequently, for the electrical system. In addition to allowing voltage 
support (resulting in a reduction in voltage level problems in a permanent, dynamic and transient 
regime), it is possible to implement ESS (Energy Storage System) to smooth the variability of wind 
production, as well as the ramp problem ( rate of change in the production of a large block of wind 
farms).  

ESS is understood as the entire system, including units for conversion and connection to the power grid 
(PCS), the energy accumulator itself, the monitoring and control systems, in addition to the entire safety 
chain to enable reliable operation. The architecture for large systems is generally concentrated and has 
a structure as shown in Figure 1. 
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Figure 1: Architecture of storage systems for application in wind installations. 

It is known that the storage connected to a wind farm can provide various services to the electric grid, 
such as energy smoothing, frequency regulation, voltage stabilization, power factor regulation, time 
change and black start and the like. They are important for improving financial performance as each 
service generates revenue. Although there is still no specific regulation to value these services 

2.1 BESS – Battery Energy Storage System 

Some ESS are capable of working in several application categories, such as lithium batteries, which are 
capable of meeting the infrastructure spectrum, supporting transmission and distribution to regulation / 
energy quality / reserve and response services ( services, is related to energy quality and regulation, 
ancillary service). The possibility of working in several service categories is interesting, as the 
investment in a single ESS technology limited to operating in only one particular application can present 
a not very attractive cost-benefit ratio, especially if the equipment in question works only as an 
application of type power or energy, as this limits the spectrum of use of the own. In fact, an ESS 
working across the spectrum of services / applications can become quite attractive economically. 
Therefore, the idea of using ESS in multiservice becomes quite striking. For this reason, the type of ESS 
that best applies to this project and what has been acquired is the electrochemical with Lithium 
technology. 

However, using ESS in multiservice is not so trivial. In order to achieve a satisfactory cost-benefit ratio, 
some considerations must be raised regarding operational, technical and market conflicts. 

The analysis of operational conflicts is the observation of the ability of the ESS to meet the power and 
energy needs of the multiservice. For example, an ESS providing power during a postponement service 
is unable to provide power for a congestion relief service at the same point in time 

By combining services, new financial benefits, such as new sources of income, can be achieved. The 
market analysis aims to verify how financially beneficial the combination of services in the ESS in 
question is. 

2.2 Energy storage system application in wind farms  

As previously mentioned, BESS applied to wind farms can provide different types of services in which 
these will be detailed below. 
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2.2.1 Energy time-shift 

The production of wind energy is not dispatchable; it depends on the climatic conditions of the region 
and follows a stochastic behaviour, not guaranteeing continuity and security in the energy supply [1]. 

Generally, the wind speed is higher during the night, where the demand is usually less and, consequently, 
the energy is cheaper. During peak hours, when energy costs more, wind generation is usually less. 

This application aims to store energy in periods when there is high production and low demand (off-
peak times) and to discharge when demand is high and production is lowest - peak hours [2]. For this 
function, it is worth noting that an ESS is needed that stores large amounts of energy for hours or even 
days [1]. In addition, the system must be efficient, so that the wind energy generated and stored is not 
wasted [3]. 

2.2.2 Frequency regulation  

The frequency balances the active power of the system, that is, the relationship between the load and the 
generation in order to keep the system in balance. As the system is subject to failures and disturbances, 
it is necessary to maintain an active power reserve to be dispatched quickly when requested. This reserve 
is known as dispatchable sources and can be hydroelectric or natural gas plants, for example [4]. 

Wind energy, due to its climatic dependence, is non-dispatchable, so the energy generated by wind 
power plants is injected directly into the electricity grid and is not controlled. 

In addition, due to its variability, this source must be compensated by dispatchable sources in order to 
maintain the frequency of the electrical system at 60 Hz [4]. 

With the increase in the number of wind farms in the electrical matrix, the variability of this generation 
can cause problems with the electrical frequency of the grid. A solution to this problem is the use of an 
ESS, which stores energy when produced in excess, preventing the frequency of the network from 
increasing and dispatching the energy when the network is demanding more than what is produced, 
preventing the frequency decreases [2]. 

2.2.3 Voltage control 

The voltage fluctuation caused by the variation of wind generation can also be resolved through the 
ESS, however, different from the frequency control that uses the active power, the voltage control is 
solved by the reactive power. 

This reactive power can be injected into the electrical system through the power converters present in 
the energy storage system. 

2.2.4 Low voltage ride through 

In order to prevent the system from collapsing when there is a voltage drop, the wind turbines must 
remain connected to the electrical network, providing reactive support in order to increase the voltage 
at the connection point [5]. 

The ESS can also be used to provide this support to the electric grid and, unlike the wind turbines that 
have a unidirectional power flow; the ESS is bidirectional, as shown in Figure 19. This expands the 
number of control strategies, since the control system control has to take into account whether the ESS 
is loading or unloading [5]. 

2.2.5 Power smoothing 

As previously mentioned the wind does not behave in a linear manner and, consequently, neither does 
the production of wind energy. The fluctuation in power generation can be short term or long term. This 
refers to periods of minutes or even hours, while the one lasts seconds or a few minutes [2]. 

The system in which wind generation is inserted has a strong influence in relation to the effects of its 
operational consequences. When the wind farm is connected to a well-diversified electrical network, the 
system is able to better supply these variations in power, which makes it more difficult as the 
participation of wind energy in the energy matrix grows. In addition, during the light load period, a small 
amount of dispatchable generation is available to smooth fluctuations in wind generation. [2]. 
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As a solution to these problems, an ESS can be used, smoothing this variation in power when injecting 
or absorbing it according to the needs of the electrical system. 

Figure 2 shows the loading and unloading behaviour of this ESS applied to smooth the output power, 
for that, there are frequent partial loads and discharges [6]. 

 

Figure 2: Output power of the BESS plus wind farm and each separately. Source: [6] 

2.2.6 Spinning reserve 

According to ANEEL, the spinning reserve is the difference between the total power of the generating 
plants, which are synchronized in the system and the total demand of the system at any given time. 

The spinning reserve allows supplying the system when the forecasts for renewable energy production 
do not match reality and when there is a loss in generation, that is, when a source is operating and is 
disconnected from the system. Therefore, the spinning reserve must be dimensioned to support the most 
critical case of generation loss in the system [7]. 

The energy storage system can also be used as a spinning reserve, allowing a better functioning of the 
wind farms and can be activated by the system operator when there is a shutdown or low production. 
This application makes this type of intermittent generation more reliable for the power grid [8]. 

2.2.7 Backup 

The ESS can be used as a backup, that is, to provide emergency support to the wind system when there 
is a deficit in wind generation due to the low production of the park, which is the main responsible for 
supplying a certain region, for example. In addition, it can also be used when it is necessary to maintain 
a wind turbine and if you want to keep the park operating as if you had all the machines in operation. 

2.3 LIDAR 

LIDAR (detection) is a device whose operating principle is based on the scattering of light where a laser 
pulse is sent to the atmosphere and spread by a target of molecules or particles (clouds, dust, soot 
particles, etc.). 

The backscatter light is collected by an optical system and its intensity is measured by a photodetector. 
The amount of collected optical radiation is converted into an electronic signal and stored on a computer. 
The time for the light pulse to travel to the target and diffuse back to the LIDAR is thus used to determine 
the interval for the target. Different types of results are evaluated from the measured level of electrical 
signal using specific algorithms. 
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Figure 3: Image of LIDAR model 100S installed in the wind farm. Source: Leosphere 

A LIDAR was installed in the wind farm to measure the speed of the wind reaching the wind turbines 
and thus determine the available energy, as well as its energy availability curve over time. 

Figure 4 shows, through a satellite image, the exact location of the LIDAR installation in order to have 
the best possible access to the entire wind farm, in order to obtain an accurate measurement of the wind 
speed in each of the wind turbines. 

 

Figure 4: Location of LIDAR and wind turbines in the wind farm via satellite image 

From some of the LIDAR information extractions obtained from measurements made, it is possible to 
build graphs and process data. Figure 5 shows three constructed images showing the radial wind speed 
in that of the wind turbine. In all of them it is possible to perceive different shades of colors identifying 
different values of measured radial wind speeds, as well as their “wake effects” at the output of each 
wind turbine. 

 
(a)                                                 (b)                                                (c) 

Figure 5: Graphic images of wind speed built from LIDAR measurements in different positions (a) 
2.25º elevation (b) 3.5º elevation (c) 4.4º elevation 
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2.4 Measurements 

Energy analyzers were installed to measure the energy production of the wind farm. Figure 6 presents 
its time series measured at the location. 

 

Figure 6: Time series of Campo dos Ventos wind power plant 

It is possible to observe through the graph that there is an interval of approximately 200 hours where 
there is no generation, which leads to believe in a possible maintenance period for the wind turbines. 

For the system, in the operated interval, an average of 40.41 MW of generated power was obtained with 
a standard deviation of 20.03 MW and peaks of 70.67 MW (93.4% of the Block's capacity). Then, a 
statistical analysis of the variations of its active power was carried out over a one-hour horizon. In Figure 
6, this evaluation is mapped in the form of a histogram for three clusters of wind turbines.  

 

Figure 7: Accumulated distribution of the real variation of active power in relation to the average 
hourly power of a circuit (C1), a central (CGE) and the entire Wind Field Block 

Still in Figure 7, it can be seen that the variations in power produced in the Campo dos Ventos Block 
are in the range of 10 MW. 

In order to better identify the magnitude of the variations as a function of the percentage of occurrence, 
the information is displayed in a graph of cumulative absolute distribution, therefore, in Figure 8 the 
cumulative distribution of the absolute power variation in relation to the hourly average for the Block is 
represented. 

Then, in Figure 9, the cumulative distribution for real values of the active power variation is shown. 
This graphical information is important for checking the charge status of the storage system. When 
dividing the curve symmetrically in relation to the coordinate axis, it can be seen that if the value of the 
integration of the power curve between 0 and 50% and between 50% and 100% of the time are equal, 
the power balance is maintained, if different, there is an imbalance, causing an accumulation or non-
accumulation of load in the storage system 
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Figure 8: Accumulated distribution of the absolute variation of active power in relation to the average 
hourly power of the entire Campo dos Ventos Block (period from June 1, 2016 to January 14, 2017) 

 

Figure 9: Accumulated distribution of the real variation of active power in relation to the average 
hourly power of the entire Campo dos Ventos Block (period from June 1, 2016 to January 14, 2017) 

For the Campo dos Ventos Block, during the analyzed period, the integration of the curve resulted in a 
negative balance of energy accumulation in the amount of - 16.21 MWh, indicating that a probable 
storage system would suffer a discharge of that order. 

3 Results 

The preliminary results and the analysis of these data show that the dimensioning and the design of the 
storage system are not directly related to the installed wind energy. This proves that there is a 
cancellation of peaks of each turbine in the total result, leading to an important point that a 20MW 
storage would eliminate 100% of the energy fluctuations per hour of a 100MW wind farm, a 5MW 
storage would remove 98%. Lidar also supports some results in determining fluctuation in wind 
conditions that have shown good behavior, even the wake effect has been reduced in the park, not 
showing the expected shape of the cone, but a cylindrical shape that reduces the effect on wind turbines. 
next. For this project, a lithium battery with 1% of the installed capacity of the wind farm was installed 
and it will be possible to test different modes of operation.  
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4 Conclusions 

The calculations made so far, using the current regulations, show that the use of lithium batteries, at the 
current cost, for the purposes of this project is not economically viable. Within the scope of the project, 
there is an evaluation of the regulation. It allows to propose a fair assessment of the services provided 
by the batteries, in order to bring financial balance to the use in wind farms. 
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Abstract 

In 2012, in the United States, 4.6 million small commercial buildings across the Nation consumed 47% 
of the overall primary energy and an additional average growth of 1.6%/year from 2012 to 2040 has 
been estimated by the Department of Energy. A fruitful way to reduce the energetic and environmental 
impact of these buildings might be by distributed generation with renewable energy technologies, such 
as photovoltaic panel arrays. As a matter of fact, due to unmatches between power demand and power 
production, photovoltaic panels have their greatest potential when coupled to a storage device. Also fuel 
cells are gaining interest at international level as a promising technology for distributed generation. 
Their main limitations, though, are production and distribution of hydrogen - the best candidate fuel for 
these devices - due to lack of adequate infrastructures. For the above-mentioned reasons, photovoltaic 
panels may be coupled to a unitized regenerative solid oxide fuel cell as storage/backup system and with 
an anaerobic digester for syngas on-site production. A battery pack is also included in the plant as 
secondary storage/backup system, together with a diesel engine which operates only in backup mode. 
The energetic effectiveness of the same power plant in different climate zones has then been assessed, 
including a sensitivity analysis on the biogas production. To the best of authors’ knowledge, this is the 
first time that such a power plant layout is considered for an energetic analysis for a commercial building 
application, with particular focus on on-site biogas production rates. The power plant has been sized 
according to the specific climate zone and it has been operated under two different scenarios of biogas 
production. In the reference one (30 stdm3/day of syngas production) a 100% renewable operation is 
achieved, since no diesel is consumed, while in the worst-case scenario (15 stdm3/day of syngas 
production) the Diesel engine is used, with subsequent fuel consumption and local pollutant emissions. 
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1 Introduction 

In the United States, 4.6 million small commercial buildings across the Nation consume approximately 
680 TWh of primary energy. It was estimated that a potential annual energy saving of around 50%, 
corresponding to $30 billion in cost savings per year, can be achieved by applying strategies which 
include distributed generation with high-efficiency renewable technologies [1]. Among them, 
photovoltaic panels (PV) seem the best suited for such applications, due to solar energy uniform 
distribution and cleanliness characteristics [2]. Therefore, the use of solar energy in building 
applications has clear environmental, economic, and aesthetical benefits [3]. However, it is known that 
their major problem is matching the intermittence of the supplied power with the load demand of the 
end-users, which changes time to time and asks for an energy storage system to be coupled to the PV 
array. Batteries are usually employed as backup systems for PV panels, but hydrogen storage is also 
promising thanks to the high mass energy density. Indeed, if batteries and hydrogen storage are coupled, 
one system can compensate the drawbacks of the other. In fact, batteries have faster dynamics with high 
round-trip efficiency, while hydrogen storage is not affected by degradation due to frequent cycling and 
deep discharge [3]. In the current panorama, for hydrogen storage and usage, separated electrolyzer and 
fuel cell are usually employed [4]; whereas the usage of a unitized regenerative fuel cell (URFC) 
represents an advancement which allows reducing costs and occupied space [6]. In recent past, several 
studies have been addressed to the analysis of hybrid PV/biogas-based off-grid power plants, pointing 
out pros and cons of such hybrid renewable energy systems [8]. Sarkar et al. [10] proposed a model for 
a smart hybrid microgrid consisting of a unique combination of solar PV, wind generator, biogas 
generator-engine, and Vanadium Redox Flow Battery storage. Cozzolino et al. [11] studied a biogas 
fuelled SOFC, integrated in a hybrid renewable power plant, for an off-grid application. Ho et al. [12] 
presented a new integrated biomass and solar town concept that can be used as a global model for smart 
eco-villages. Heydari et al. [13] modelled a hybrid PV/biogas engine generator/fuel cell power 
generation system for a stand-alone region in Iran. In addition, from literature, one can observe how 
high-efficiency energy storage systems - batteries [14] and/or hydrogen storage systems [15] - must be 
used to overcome the problem of renewable sources intermittence and avoid unmet electrical needs and 
excess energy production. Thus, the energetic analysis of such an off-grid hybrid power plant for aa 
commercial building application, with local syngas and hydrogen production and the integration of 
PV/URFC systems, aimed at 100% renewable operation mode, has not been analyzed in current 
literature yet. 

Hence, in this paper a self-made quasi-steady model of a hybrid power plant, built in Matlab/Simulink®, 
is proposed based on a past work [16]. The solar energy source is used as primary power supplier, while 
the URFC, together with the battery pack, are employed to fulfill the power demand – when the 
renewable power is not sufficient – or to absorb excess power, when available. In both cases, the URFC 
is used as primary backup system, followed by the battery if needed. 

In addition to that, to further reduce the plant environmental impact, an anaerobic digester has been 
added, which can be fed by food waste locally produced, avoiding the negative environmental impact 
of waste transportation to large processing facilities, so as to feed the URFC with the the produced 
biogas. For this reason, the choice of a SOFC has been made due to the possibility of directly operating 
with biogas from anaerobic digestion [17]. As a matter of fact, the rate of biogas production is not 
constant over the day and the use of the fuel cell in reverse mode can further increase the fuel availability, 
without the need of an additional component, i.e. electrolyzer. A unique pressurized tank is then used to 
store both the biogas produced by the digester and the hydrogen produced by the electrolyzer, affecting 
the composition of the mixture in the tank level. The use of a unique tank implies changes in the 
composition of the fuel cell inlet mixture, asking for a proper evaluation of the performance of the 
URFC, which required the development of accurate models of both reforming process and 
electrochemical reactions in the stack. A SOFC model built upon [18] has been thus further optimized 
to estimate the polarization curves, in both fuel cell and electrolyzer modes of operation. The solide 
oxide URFC model has been integrated with all the needed auxiliary components, for the necessary 
balance of power, and the results have been implemented in the power plant model to properly simulate 
power/hydrogen production and consumption at different loads. Finally, to show one possible 
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application of such a system, a strip mall has been considered to test the proposed plant over eight 
different climate conditions with varying the syngas daily production.  

2 Plant description 

The proposed power plant, shown in Figure 1, is composed by a photovoltaic panel array (PV), a battery 
pack (BAT), a unitized regenerative fuel cell (URFC) and a diesel back-up generator (ICE).  

 

 
Figure 1: Power plant schematic 

 

Referring to Figure 1, the energy balance can be expressed as follows: 

𝑃  = 𝑃  + 𝑃 − 𝑃 + 𝑃  + 𝑃  (1) 
  

where PL is the net load power demand, given by the end user power demand minus the power required 
by the biogas and hydrogen compressors (PCOMP) and power losses in rectifiers and converters (PCONV), 
PPV is the renewable power supplied by the PV array, PFC and PEL are the power supplied by the URFC 
in FC-mode and the power absorbed by the URFC in EL-mode, respectively, PBAT is the battery power, 
positive in discharge and negative in charge, PICE is the power provided by the engine.  

The Matlab/Simulink® simulator employs an energy-based quasi-static approach, which includes 
battery state of charge (SoC) dynamics and models the variations of level and composition of the 
biogas/hydrogen tank. The ICE has been modeled by means of stationary maps to evaluate the brake 
specific fuel consumption, while for the PV and battery, phenomenological or semi-empirical models 
have been implemented as explained in [16]. The anaerobic digester was only modeled as an input flow 
of biogas.  

2.1. The SOFC model 

The SOFC electrochemical model is based on a model already validated in [18] and is briefly presented 
here. The SOFC is ruled by the following reactions (2) occurring at cathode and anode side, respectively: 

 
𝑂 + 4𝑒 → 2𝑂

2𝐻 + 2𝑂 → 2𝐻 𝑂 + 4𝑒
 (2) 

Considering ohmic, activation and diffusion losses, 𝜉 , 𝜉  and 𝜉  the load voltage 𝑉  can be 
calculated from the Nerst potential, 𝑉 ,  based on the following Eq.(3): 

𝑉 = 𝑉 + k(𝜉 +  𝜉 + 𝜉 ) (3) 

with 

𝑘 =
1

−1
 

EL Mode 
FC Mode 
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Where EL is the electrolyzer mode and FC is the fuel cell mode. These losses are a function of the 
circulating current, which affects the inlet/outlet compositions and an in-depth explanation of all these 
terms is available in [17] and is here avoided for sake of fluency. 

The current density 𝑖 can be defined according to the number of hydrogen molecules flowing at anode 
side and effectively converted, as per Eq. (4): 

𝑛 =
𝑖

2𝐹 ⋅ 𝑈
 (4) 

 

In this paper, the choice is made to use a unique tank for both the biogas and the hydrogen produced by 
the electrolyzer. This is due mainly to space requirements, rather than investment costs. Therefore, the 
SOFC is considered to be fed by a mixture of pure hydrogen (100% 𝐻 ) and biogas (60% 𝐶𝐻  and 40% 
𝐶𝑂  in vol., as in [19]) at different ratios, varying based on the power plant operating conditions. The 
SOFC performance have been derived by varying the mass percentage of biogas with respect to the 
hydrogen one and the obtained polarization curves for a single cell, used in the power plant model, are 
reported in the next Figure 2: 

 

 
Figure 2: Influence of syngas concentration on SOFC performance. 

2.2. The control strategy 

As already mentioned, a rule-based approach has been implemented for the plant power management 
because of its reliability, simplicity and computational effectiveness.  

The available solar energy is always used as primary power supplier, while the URFC, together with the 
battery, are employed to fulfill the power demand - when the power provided by the solar power 
generator is not sufficient - or to absorb excess power when available. 

In “Power Supply” mode, when the power supplied by the PV panels is lower than the primary load to 
be served, the URFC is used in FC-mode until fuel is available in the tank (TL>TLMIN). If TLTLMIN or 
the power demand to the URFC is higher than its maximum power in FC-mode (PFC,MAX), the battery 
provides the extra power needed to meet the load (if SoC>SoCMIN). If the power demand to the battery 
is higher than the maximum power it can supply in discharging mode (PBAT,MAX,D),  or if both battery 
and tank are empty (TLTLMIN and SOCSOCMIN), the extra power is provided by a backup diesel 
generator, included in the power plant. Two different “Power Recovery” modes are instead activated by 
a relay: from SOC=SOCMAX and until the state of charge does not fall below SOCSUST (equal to 50%), 
the plant works in “Power Recovery” mode a), the URFC is used as primary energy recovery system, 
in EL-mode, to produce and store hydrogen, until the tank level is above a maximum threshold 
(TL<TLMAX). If the extra power available from the PV panels is higher than the maximum power of the 
URFC in EL-mode (PEL,MAX) the battery absorbs the surplus (if SoC<SoCmax). If the power demand to 
the battery is higher than the maximum power it can absorb in charging or if both battery and tank are 
full, the extra power is dumped; as soon as the state of charge falls below the value SOC=SOCSUST, the 
plant starts working in “Power Recovery” mode b), the battery is used as primary energy recovery 
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system, until the battery charge is completely restored (SoC=SoCmax). If the extra power available from 
the PV panels is higher than the maximum power of the battery in charging mode (PBAT,MAX,C), the URFC 
absorbs the surplus (if TL<TLMAX). If the power demand to the URFC is higher than the maximum 
power it can absorb or if both battery and tank are full (TL>TLMAX and SOC>SOCMAX), the extra power 
will be diverted to another dump load. 

The ICE is used to meet the primary load only in the event of lack of energy from the other sources, and 
both battery and hydrogen tank are charged only from renewable energy sources when possible. 

3 Case study and plant sizing 

The selected strip mall is one of the 16 commercial buildings available in a U.S. Department of Energy 
(DOE) database [20], which provides a complete description for the building energy analysis. The 
building structural and shape characteristics are assumed to be the same as those of a previous work 
[16]. 

For the load profiles, the Köppen's climate classification [21] has been used, in order to virtually locate 
the building in eight different climate zones. The Köppen-Geiger climate classification divides the 
climates into five main climatic groups, according to seasonal precipitation and temperature models. As 
reported in [7], the five main groups are: A (tropical), B (arid), C (temperate), D (continental) and E 
(polar). All the groups, except for group E, are associated with a seasonal sub-group of precipitation 
(represented by the second letter), and a sub-group of temperature, except for group A, indicated by the 
third letter for groups B, C and D, and the second letter for group E. In each climate zone a representative 
city was considered as listed in Table 1. 

 
Table 1. Geographic coordinates of the cities in different climatic zones. 

 Minneapolis Houston 
Las 

Vegas 
Los 

Angeles 
Miami 

New 
York 

Denver Seattle 

Latitude 
(N) 

44° 59' 
11.96'' 

29° 45' 
47.81" 

36° 6' 
52.72" 

34° 3' 
8.04'' 

25° 45' 
42.05'' 

40° 43' 
50.19'' 

39° 44' 
31.35'' 

47° 36' 
28.84'' 

Longitude 
(W) 

93° 15' 
29.27'' 

95° 21' 
47.77" 

115° 10' 
22.12'' 

118° 14' 
37.25'' 

80° 11' 
30.43'' 

73° 56' 
6.87'' 

104° 59' 
29.51'' 

122° 20' 
6.60'' 

Koppen 
climate 

Dfb Cfa BWh Csa Aw Dfa BSk Cfb 

 

The hourly solar radiation distribution, air temperature and electrical power demand profiles for each 
city location have been retrieved from a previous work [16]. 

The power plant sizing is the result of an optimization, where the optimal solution was the one which 
allows for the self-sustainment of the power plant. This means that, over the entire year, there should be 
no unmet power that implies the use of the engine and not excess energy which cannot be recovered in 
one of the storage systems. The optimization is a full factorial design-based optimization, carried out 
under the following assumptions: 

 
1. Each battery module is composed by 12 cells in series, with 3488 Ah @ 5C and 2 V of nominal 

voltage for each cell [23]. For all the locations 5 modules are connected in series in order to have a 
240 V pack; 

2. The diesel backup generator is sized so as to satisfy, in every location, the estimated maximum load 
in case of unavailability of the other backup systems for failure or lack of stored energy or hydrogen; 

3. The food waste has been estimated to be produced by five restaurants - two medium and three small 
sized - at an average rate of 290 kg/day [24], with a conversion factor of 0.104 m3 of biogas produced 
per kilogram of food waste [24]. Therefore, the biogas production considered is of 30 m3/day, on 
monthly average. In order to prevent methanogenesis from being inhibited, with consequent 
accumulation of volatile fatty acids in the digester, Sharma et. al [25] recommended that the organic 
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loading rate for standard-rate anaerobic digesters should be 1.0-3.5 kg of daily volatile solids (VS) 
per cubic meter of the digester. Assuming an organic loading rate equal to 3 kg of VS/m3 day, and a 
90 % of VS, the digester volume to process 290 kg/day of fresh food waste must be of 87 m3. 

4. 𝑆𝑜𝐶(0) = 95%, with 𝑆𝑜𝐶 = 20% and 𝑆𝑜𝐶 = 95%; 
5. 𝑇𝐿(0) = 0 m3, with 𝑇𝐿 = 0.1𝑇𝐿  and 𝑇𝐿  3 m3. The tank pressure has been set to 300 bar; 
6. The PV array rated power has thus been spanned between 120 and 180 kW; 
7. The URFC power has been varied between 100 kW and 150 kW. 
 

It is worth recalling that the choice has been made to use a unique tank for both the biogas produced by 
the digester and the hydrogen produced by the electrolyzer. Therefore, the tank size is provided in cubic 
meters and the amount of mixture available for the fuel cell, depends on the composition of the mixture 
itself. Moreover, the biogas production by the digester is subject to the space availability in the tank. 

The resulting components sizing are provided in Table 2. 
 

Table 2: Components sizes 

City 
PV  

[kW] 
URFC 
[kW] 

ICE 
 [kW] 

BAT  
[-] 

DIG  
[m3] 

TANK  
[m3] 

Houston 150 150 120 5S 1P 87 3 
Seattle 150 150 80 5S 1P 87 3 

New York 120 120 110 5S 1P 87 3 
Miami 150 150 110 5S 1P 87 3 

Las Vegas 120 150 110 5S 1P 87 3 
Denver 120 100 90 5S 1P 87 3 

Los Angeles 120 120 80 5S 1P 87 3 
Minneapolis 120 100 100 5S 1P 87 3 

 

4 Simulation Results 

In this section, the results obtained from the simulations are presented, for each of the eight locations. 
In order to consider the effect of biogas produced via food waste, two different scenarios have been 
considered: Scenario 1 with 30 std m3/day of biogas average production and Scenario 2 with 15 std m3 
/day of production. The former has been used for the power plant sizing procedure and adopted as 
reference.  

The digester size reduction is also useful to analyze its utilization factor. In fact, halving the digester 
size allows having a digester utilization factor around 100% for all the locations, unlike the reference 
case, where the total syngas production all over the year never reaches the maximum digester capability 
(i.e. 10800 std m3 of produced biogas), for none of the locations.  

As shown in Table 3, the reference configuration allows avoiding the internal combustion engine usage, 
while preventing the waste of excess energy through dump loads. Indeed, all the locations at Scenario 2 
are characterized by almost zero excess energy, while this is not true for the diesel fuel usage. 

Table 3: Fossil fuel yearly consumption in the two scenarios for each location 

 
 

No. of 
the  

Scenario 

Diesel Average Consumption [kg] 
Houston Seattle New 

York 
Miami Las 

Vegas 
Denver Los 

Angeles 
Minneapolis 

1 0 0 0 0 0 0 0 0 
2 10779 5655 12731 14771 6764 3752 869 10467 
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(a) (b) 
 
Figure 3: (a) Total syngas produced by the digester (yearly basis) in each location – Scenario 1; (b) 

Syngas produced by the digester (daily average on monthly basis) in each location – 
Scenario 1 

 
Figure 3 (b) portrays the total syngas production over one entire year for each location in the first 
Scenario. As a first comment, it is worth noting that the particular behavior in January, confirmed in 
Scenario 2 as well, is mainly driven by the initial condition of an empty tank. Therefore, the digester 
utilization factor is always 100% during this month. 

As one can observe from Figure 3 (a), Miami and New York (tropical and humid continental climates) 
are the locations with the highest syngas production, which means the highest digester utilization factor. 
This is especially true, as noticeable from Figure 3 (b), from June to August and then again from 
November to March and January for New York and from June to February for Miami.  

Figure 4 shows that New York has a PV output/load ratio comparable to Miami, but Miami, having a 
tropical climate, has a higher amount of extra energy to be stored during winter, while New York having 
a humid continental climate, has a higher amount of extra energy to be stored during summer. This 
results in the behavior of Figure 5 (a) and (b) and Figure 6 (a) and (b). For New York, the power in EL 
mode is lower than in Miami during winter, for the lower amount of energy to be recovered, while the 
power in FC mode is lower than in Miami during summer, for the higher amount of energy available 
from the PV panels. In Figure 4 it is also interesting to note that, at around time 5000 h, the ratio PV 
Output/Load Energy is much lower than one (PV Output lower than Load). From Figure 5 (a) and (b) it 
can be seen that, for New York, being the maximum power of the URFC lower than in Miami, this asks 
for the usage of the battery to meet the load power demand. The battery is therefore discharged below 
SOCsust equal to 50% and the Power Recovery b) mode is activated, until the battery charge is completely 
restored. Figure 4 shows that, also for Miami, at around time 5000 h, the ratio PV Output/Load Energy 
is much lower than one. Nonetheless, the URFC has a higher rated power and the URFC alone is able 
to meet the load power demand. The tank level is lower than in New York, mainly because of the higher 
mass flow rate consumption of the URFC in FC and the lower extra power to be absorbed in EL mode. 

 
Figure 4: PV Output Energy to Load Energy ratio for New York and Miami – Scenario 1 
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(a) (b) 

Figure 5: (a) Mass flow rate (MFR) and Power of the URFC in EL and FC modes for New York - 
Scenario 1; (b) Storage levels and syngas concentration for New York - Scenario 1 

 

 
(a) (b) 

Figure 6: (a) Mass flow rate (MFR) and Power of the URFC in EL and FC modes for Miami - 
Scenario 1; (b) Storage levels and syngas concentration for Miami - Scenario 1 

 

At the same time Los Angeles (Mediterranean climate) has the lowest syngas production, which means 
the lowest digester utilization factor. This is related to the low loads compared to the available daily 
radiation, which results in a very high PV output/load ratio, that implies a large use of the backup 
systems, see Figure 7 (a) and (b). This way the tank is often replenished by the URFC in EL mode and 
the digester must be switched off. This in turns results also in a mixture, contained in the storage tank, 
with lower syngas concentration and thus higher FC efficiencies. 
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(a) (b) 

Figure 7: (a) Mass flow rate (MFR) and Power of the URFC in EL and FC modes for Los Angeles - 
Scenario 1; (b) Storage levels and syngas concentration for Los Angeles - Scenario 1 

 

The digester utilization factor increases if the amount of biogas produced on daily basis is halved, see 
Figure 8 (b), since the biogas production is not enough to replenish the tank and the digester is never (or 
very seldom, i.e. June, July and August, only for Seattle) switched off. Nonetheless, the total amount of 
biogas produced at the end of the year is significantly reduced, reaching a maximum of 5475 m3, see 
Figure 8 (a). 

 

(a) (b) 
 
Figure 8: (a) Total syngas produced by the digester (yearly basis) in each location – Scenario 2; (b) 

Syngas produced by the digester (daily average on monthly basis) in each location – 
Scenario 2 

 

At the same time, the biogas production reduction has a negative effect on the URFC utilization time 
share factor, reducing dramatically the EL mode usage in some cases. 

Overall, all the locations, apart from Seattle and Los Angeles, are negatively affected by the halving of 
the biogas production. The URFC runs in EL mode no more than 5% of the total working time, on yearly 
basis, in locations like New York, Miami and Minneapolis, no more justifying its employment.  
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(a) (b) 

Figure 9: (a) Mass flow rate (MFR) and Power of the URFC in EL and FC modes for New York - 
Scenario 2; (b) Storage levels and syngas concentration for New York - Scenario 2 

 

In New York, besides May and June, for the rest of the year the solar radiation is not enough to supply 
power to the load and recharge both the battery and use the URFC is EL mode. Moreover, the tank level 
shows that the PV output/load ratio is such that all the produced syngas is directly fed to the fuel cell, 
almost without buffering. Similar considerations apply to Miami and Minneapolis, not reported for sake 
of fluency. This behavior is also reflected in the highest diesel fuel usage (see Table 3).  

 

 
(a) (b) 

Figure 10: (a) Mass flow rate (MFR) and Power of the URFC in EL and FC modes for Seattle - 
Scenario 2; (b) Storage levels and syngas concentration for Seattle - Scenario 2 

 

Seattle has a low solar radiation during winter, resulting in a small PV output /load ratio. On the contrary, 
this ratio increases significantly during summer months, thanks to the increase of the daily radiation 
while the load stays almost unvaried. This results in a big amount of energy to be stored during summer 
(i.e. June to August) and a full replenishment of the tank, which imposes to switch off the digester. 

Finally, Los Angeles is the only location not particularly affected by the biogas production reduction. 
In fact, comparing Figure 3 (a) and Figure 8 (a) one can note that the total biogas production all over 
the year is almost the same. The PV output/load ratio of Los Angeles has the same behavior of Seattle: 
small PV output /load ratio in winter and very high ratio in summer, but with higher values which allow 
recharging battery and tank sooner, in winter, and avoid their complete discharging at the end of the 
year. This clearly reflects on the diesel fuel usage, which is the lowest and on the URFC utilization time 
share in EL mode, which is the highest (23%). 
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(a) (b) 

Figure 11: (a) Mass flow rate (MFR) and Power of the URFC in EL and FC modes for Los Angeles - 
Scenario 2; (b) Storage levels and syngas concentration for Los Angeles - Scenario 2 

5 Conclusions 

In this paper, an off-grid hybrid solar-based power plant with multiple storage systems has been 
designed and the effectiveness of the sizing and power management has been investigated under eight 
different climate conditions in the US.  

The use of biogas, composed by CH4/CO2 (60/40 vol.), to feed a reversible solid oxide fuel cell has been 
also assessed, reproducing a detailed electrochemical model of the URFC both in electrolyzer and fuel 
cell modes, which estimates the system performance taking into account the balance of power of all the 
needed auxiliary systems.  

In the proposed power plant, a photovoltaic panel array is used as main energy source, while the URFC, 
together with a battery and a diesel generator, are employed as backup system to cope with the intrinsic 
intermittency of main power source. Among the energy storage devices, a URFC has been chosen for 
its promising characteristics, such as possibility of reducing costs and occupied space, with respect to a 
fuel cell/electrolyzer system.  

Two different scenarios, based on different amounts of biogas produced by a food-waste digester have 
been simulated and analyzed for the eight locations, demonstrating that the power plant is able to achieve 
100% renewable operation, only provided that the digester produces from 6000 stdm3/y up to 9500 
stdm3/y, depending on the climate zone, and that the battery is completely charged at the beginning of 
the year. Reducing the biogas availability or starting with a low state of charge, the use of the diesel 
generator backup system cannot be avoided.  

Future studies will consider the implementation, in the control strategy, of a constraint on the state of 
charge at the end of the year, able to minimized or nullify the diesel fuel usage. Moreover, an economical 
assessment of the proposed system will be carried out in order to estimate the COE and the initial 
investment for this kind of solutions. 
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Abstract 

Digestate is a nutrient-rich substance produced by anaerobic digestion that contains organic and 
inorganic compounds as well as micro-organisms. The European Nitrates Directive (91/676/EEC) 
gives the regulations concerning the wider implementation of digestate. Due to a significant amount of 
organic matter in the digestate, it can be utilised as a solid biofuel, a soil amendment or a substrate for 
activated carbon production. However, these utilisation routes are currently not available for solid by-
products of anaerobic digestion of the wet fraction of municipal solid waste, due to the fact that it is 
still considered a waste. In this study the hydrothermal carbonisation (HTC) was investigated as a pre-
treatment process of digestate from anaerobic digestion of wet fraction of municipal solid waste. HTC 
was performed under following operating conditions: temperature of 200 and 230 C, residence time 
60 and 120 min, and pressure resulted from water temperature and partial pressure of gaseous by-
products. HTC process had led to significant changes in physical and chemical properties of obtained 
hydrochars comparing to raw material. The HTC conditions of 200 C temperature and 60 min 
residence time seems to be the most adequate for studied material taking into account the energy 
consumption. This hydrochar had the best combustion parameters and good physical properties (the 
specific surface area increased two times).  

1 Introduction 

Anaerobic digestion is one of the most popular biomass-to-energy solutions, and Europe is the leader 
regarding electricity production, using biogas [1]. In 2015 Europe already had 17 400 biogas plants, 
with an installed power of 10 GW, producing 61 TWh of electricity and 127 TJ of heat [1]. Digestate 
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is a by-product, with an estimated value ranging between 6 and 15 €, due to the significant content of 
nutrients, such as nitrogen and potassium [2]. Thus, it is justified to find application for development 
of the digestate from the anaerobic digestion of some types of feedstocks, that pose environmental 
concerns, such as the wet fraction of municipal solid waste (MSW) [3,4]. Due to this reason, other 
utilisation routes need to be explored for this material. Currently, this type of digestate is landfilled, 
which can be performed in a safe manner after stabilisation [5]. Nonetheless, landfilling is not a 
preferable option due to current interest in the application of the principles of circular economy as well 
as the cost of land dedicated to such practice.  

Digestates can be considered as biomass, due to the origin of respective feedstocks for anaerobic 
digestion. There are several methods of thermochemical conversion of biomass (Table 1) which allows 
improving the fuel properties of the feedstock. Each of this method has advantages as well as some 
limitations. Based on the type of material and expected split of products mass yield, it needs to make a 
proper decision which process should be selected. In the case of feedstock with high moisture content, 
the most suitable method is hydrothermal carbonisation (HTC) [6]. 

 

Table 1: Main thermochemical conversion of biomass [7] 

Products mass yield, % Process 
temperature, C Solid Liquid Gas 

Pyrolysis 25-35 20-30 25-35 300-650 
Gasification <10 <5 >85 600-900 
Hydrothermal carbonization 45-70 5-25 5-25 180-300 

 

Hydrothermal carbonisation takes place in a wide range of temperature from 180 up to 350 °C under 
pressure range from 2 to 6 MPa, the typical residence time range is 5-240 min [7]. This 
thermochemical process involves a series of reactions, e.g. as dehydration, decarboxylation, hydrolysis 
and condensation [8]. Naming the major advantages of HTC, it is worth to mention that it does not 
require prior drying, which proves that it is a suitable method for wet materials conversion. Moreover, 
it is characterised by high process stability which leads to obtaining products with high energy density. 
The main products of this process are solid (hydrochars), which account for 45 up to 70% of the mass 
of the products. The gas phase mainly consists of CO2 (over 90% of the gaseous products), with small 
amounts of CH4, H2 and CO. Liquid fraction (HTC process water) oscillates between 5-25 % of 
products’ mass, it can contain initial carbon present in the raw material on level up to 15%. 

Some studies indicate significant synergy potential between anaerobic digestion and HTC [9,10]. 
Firstly, HTC is capable of enhancing the mechanical dewatering [11,12], which is much less energy-
intensive in comparison to thermal drying. HTC effluent contains a significant amount of organic 
compounds [13,14], which could be digested with the main feedstock, thus increasing the biogas 
production [15–17]. Moreover, the addition of hydrochars to the anaerobic digestion reactors could 
further enhance the biogas production process [18,19]. Overall, HTC can exhibit a significant 
influence on the structure of hydrochars [20,21]. In order to assess the potential for such synergetic 
effects for HTC of the wet fraction of MSW, the influence of HTC parameters on the structure and 
fuel properties of the hydrochars should be investigated, which is the aim of this paper. 

2 Materials and Methods  

The sample of the digestate was taken from the installation (located in Poland) for anaerobic digestion 
of wet fraction of municipal solid waste (MSW). This installation is a part of the municipal solid waste 
sorting and recycling facility. Dewatered digestate of the wet fraction of municipal solid waste sample 
was additionally pre-sorted and any visible, bulk size pieces, such as fragments of broken glass, whole 
objects made out of plastic were removed. and subsequently homogenised, using Retsch GM 200 knife 
mill. The homogenised sample was further mixed with effluent (sample taken at the same time, from 
the same installation, after mechanical dewatering stage) in a proportion 1 to 1. 
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Hydrothermal carbonisation tests (wet torrefaction) was performed in a bespoke stainless steel vessel 
with a working capacity of 100 ml, with the maximum operating temperature of 230 °C and maximum 
working pressure of 35 bar (Fig. 1). After sealing of the vessel assembly, the vessel was heated up by 
immersion in hot fluidised bubbling bed. K type thermocouple, connected to a data logger, was used in 
order to measure the process temperature. The temperature inside the reactor was controlled manually 
by the level of the reactor immersion inside the bed. The pressure was measured by the pressure 
sensor, which was a result of the saturation pressure of water at a specific temperature and partial 
pressure of the gaseous by-products. HTC experiments were carried out under temperature of 200 and 
230 C and residence time 60 and 120 min, and the obtained hydrochar samples were named 
HTC_200_60, HTC_200_120, HTC_230_60, and HTC_230_60, respectively. 

 

Figure 1: Hydrothermal carbonisation of the digestate test rig: 1 – reactor vessel; 2 – pressure-tight 
fittings; 3 – type K thermocouple; 4 – pressure sensor; 5 – pressure relief valve; 6 – type K 

thermocouple connected to a PLC; 7 – hot fluidised bed; 8 – band heaters with ceramic refractory 
lining; 9 – rotameter; 10 – control valve; 11 – laboratory-scale; 12 – mechanical dewatering press; 

13 – drying oven 

The proximate analysis of raw material and hydrochars was performed according to the following 
standards EN15934:2012 (moisture, M), EN 15403:2011 (ash, A) and EN 15402:2011 (volatile matter, 
VM). Determination of carbon (C), hydrogen (H) and nitrogen (N) contents in raw and hydrochars 
was performed using the Truspec CHN628 Leco analyser. The determination of elements is based on 
the Dumas method, where the studied sample is combusted in pure oxygen at 950 °C temperature.  
The structural investigation was carried using scanning electron microscopy (SEM) by the FEI Inspect 
S50 microscope. The imaging of the structure was carried out using a secondary electron detector, in a 
very high vacuum mode, at a voltage of 1 kV. 
The porosimetry was performed using ASAP 2010, produced by Micromeritics (USA). Firstly, the 
samples were degassed at 150 °C, for approx. 24 hours. Porosimetry was performed, using samples of 
approx. 1 g for each of the materials. Full adsorption/desorption isotherms of nitrogen were recorded 
for each experiment, for p/p0 ranging between 0.005 and 0.989 at the temperature of 77.35 K. Specific 
surface area and average pore diameter was determined for each sample, using BET method, based on 
adsorption isotherms for p/p0 ranging between 0.06 and 0.20. The total volume of pores was 
determined by applying the BJH method to the desorption curves. Furthermore, desorption curves 
were also used to determine pore size distribution for mesopores and lower size range of macropores, 
i.e. pores with the diameter ranging between 2 nm and 100 nm, by applying the BJH method. 
Thermogravimetric analysis was performed using Mettler Toledo apparatus. The analysis parameters 
were as follows: alumina crucible (Al2O3) was used, 10 mg of sample mass, air atmosphere, 40 ml/min 
volume flow rate, 10 K/min heating rate, temperature range from ambient to 700 °C. During the linear 
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temperature increase, the weight change was recorded in the form of TG curves (thermogravimetry) 
and thermal effects in the form of the DSC curve. The DTG curve was created by calculation (it is the 
first derivative of TG results).   

3 Results  

3.1 Proximate and ultimate analyses 

Table 2 presents the proximate and ultimate analysis of wet fraction of municipal solid waste and 
hydrochar. It should be mention that before the analysis of char properties the samples were milled, 
thus it had allowed to obtain repeatable results. As it can be seen in Table 3, HTC chars resulted the 
slight increase of carbon content, in comparison to the raw digestate. It should be noticed that studied 
material was characterised by complexity and inhomogeneity. The most significant effect of carbon 
content increase (up to 25 %) was obtained in terms of carbonisation under 200 °C temperature with 
the residence time of 60 minutes. This trend was also confirmed by [22], but sometimes the opposite 
effect happened like in the study carried out by Parmer and Ross [9]. In this study the increase of 
process temperature did not influence on the carbon content increase confirming successful of HTC. 
Probably the part of carbon went to hydrothermal water under higher temperature. The impact of 
temperature and residence time (confirming successful of HTC) was observed based on increasing of 
ash and decreasing of volatile matter contents among hydrochar samples. There was not observed the 
increases of fixed carbon (FC) and fuel ratio (FC/VM) what is typical for sewage sludge sample [23].  

 

Table 2: Proximate and ultimate analyses, ash (A), volatile matter (VM), carbon (C), hydrogen (H)  
and nitrogen (N) contents, wt. % 

Sample A, % VM, % C, % H, % N, % 
Raw MSW 64.97 27.68 20.07 2.42 1.13 
HTC_200_60 58.57 33.51 25.41 3.03 1.51 
HTC_200_120 63.19 30.48 21.43 2.53 1.16 
HTC_230_60 61.92 31.73 22.51 2.64 1.75 
HTC_230_120 63.60 30.29 22.75 2.64 1.63 

 

3.2 Structure and morphology  

Figures 2-4 present images of raw material and selected hydrochar samples. Based on structural and 
morphological investigations (under wide range of magnifications) it can be stated that the 
carbonization process caused evident fragmentation of samples. The raw sample was characterized by 
large elements of various shapes and morphology. The most significant destruction of material was 
observed for hydrochar obtained under 230 C.   

   
 

Figure 2: Macro- and microstuctural images of raw material (digestate), MSW  
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Figure 3: Macro- and microstuctural images of hydrochar (200 oC temperature, 60 min residence 
time), HTC_200_60 

 

   
 
 

Figure 4: Macro- and microstuctural images of hydrochar (200o C temperature, 120 min residence 
time), HTC_200_120 

3.3 Porosity  

Results of the porosimetry are given in Table 3. In general, the use of HTC as a pre-treatment resulted 
in an increase of the specific surface area of the digestate. However, that change seems to be 
controlled mostly by the residence time, rather than by the temperature of the reaction. Moreover, for 
the longer residence time (120 min) obtained BET surface is significantly smaller, in comparison to 
the experiments performed with shorter residence times (60 min). This can be clearly observed for 
both temperatures of HTC (Table 3). At first look, the results presented in this study seem to be in 
contradiction to the results reported by Pawlak-Kruczek et al. [20], where HTC of wet MSW digestate 
at 200°C for 270 minutes caused an overall decrease of the specific surface area of approx. 75%, with 
respect to the feedstock. However, two things should not be overlooked. Firstly, digestate from the wet 
fraction of municipal solid waste is highly heterogeneous, and its properties can vary to some extent. 
Secondly, the HTC residence time used by Pawlak-Kruczek et al. (270 min) [20] was more than twice 
as long as the longest HTC residence time used in this study (120 min). It seems plausible to 
hypothesise that the change of the specific surface area, observed in this study for HTC residence time 
of 60 and 120 min, was caused by repolymerisation of complex hydrocarbons in the liquid phase, 
which subsequently filled a part of new porous surface, initially created by HTC treatment. Moreover, 
it seems sensible to suspect, that with longer residence time, more area of the porous surface would be 
gradually filled with particles of these compounds, which would subsequently lead to further decrease 
of the specific surface area, to the point that the surface area after HTC would be lower than the 
surface area of the feedstock. This hypothesis seems to be confirmed by the results of the total pore 
volume (table 3). In this case, total pore volume was also a subject of increase, for both HTC 
temperatures, and subsequently decreased for longer residence times. Overall, if the goal of HTC was 
to produce highly porous sorbent, then lower residence time would be advised. Alternatively, another 
activation step, e.g. plasma activation, would be required in order to open up the closed pores. Finally, 
it should not be overlooked that good agreement was obtained, regarding the determination of mean 
pore diameter, using BET and BJH methods (Table 3). 
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Table 3: Microstructural parameters of studied materials determined on the adsorption methods 

Sample 
Specific 

surface area 
(BET), m2/g 

Total 
pore 

volume, 
cm3/g 

Mean pore 
diameter 

(BET), µm 

Mean pore 
diameter 

(BJH), µm 

Raw MSW digestate 3.01 0.0198 24.4 21.5 
HTC_200_60 6.62 0.0313 19.7 19.4 
HTC_200_120 4.98 0.0304 20.9 21.2 
HTC_230_60 6.76 0.0380 19.5 19.2 
HTC_230_120 4.52 0.0262 20.3 19.6 

3.4 Thermal properties 

The thermal behaviour of raw materials and hydrochar samples under combustion conditions was 
investigated using thermogavimetric analysis. Figure 5 presents the comparison between studied 
samples in the form of TG, DSC and DTG curves. As it can be seen the TG curves are nearly in the 
same shape and range of temperature, only slight differences were appeared in wt. % of solid residue. 
The significant differences were observed between HTC_200_60 and HTC_230_60 confirming the 
process temperature influence on obtained hydrochar. The raw and hydrochar samples combustion 
process can be divided into three stages. The first stage, corresponding the moisture release, went up 
to c.a. 150 C. The moisture content was very low, because the samples were after dewatering process. 
The second stage took place in the temperature range 200 to 400 C with significant exothermic peak 
at c.a. 290 C and reflected DTG peak. This stage confirmed the volatile matter release and 
additionally it attributed to the initial combustion connected with structural degradation of organic part 
of the samples. The third stage was from 400 to 700 C for all samples with main DSC peak at c.a. 
500 C. However some small differences appeared, especially for HTC_200_120 sample in the form 
of additional peak at 530 C. Analysing TG curves it can be noticed slight mass lost above 600 C to 
nearly stable.   

 

Figure 5: Thermal behaviour during the combustion process of studied samples – TG, DTG, DSC 

 

Based on thermal analysis and obtained TG (thermogravimetric) and DTG (derivative 
thermogravimetric) data, the ignition (Di), combustion (S and Hf) and burnout (Df) indexes were 
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calculated. Di indicates how fast the fuel gets ignited, while S gives the fuel overall characteristics. 
The formulas of these indexes are as follow Eqs. (1-3) [24,25]: 

𝐷 =
𝐷𝑇𝐺

∆𝑡 / ∙  𝑡 ∙  𝑡
 (1) 

S =
𝐷𝑇𝐺  ∙ 𝐷𝑇𝐺

𝑇 ∙  𝑇
 (2) 

𝐻 = 𝑇 ln 
∆𝑡

𝐷𝑇𝐺
 (3) 

where: 
𝐷𝑇𝐺   maximum combustion rate, wt% /min; 
𝐷𝑇𝐺  mean combustion rate, wt% /min;  
𝑡   time at which the largest peak occurs (based on DTG curve, DTGmax), min; 
𝑡   time at which the end of the peak takes place, min; 
∆𝑡 /   time in the first half of the DTG for the particular stage, since the half of the maximum 

DTG value is reached until achieve this DTGmax value, min;  
𝑇   ignition temperature, °C; 
𝑇   burnout temperature, °C; 
𝑇   corresponding temperature of DTGmax, °C. 
 
The Table 4 presents the calculated indexes based on Eq. 1-3 which allowed to predict and estimate 
combustion properties of the studied samples. Index Hf describes the intensity and rate of the 
combustion process. The most anticipated combustion properties are reflected in the smaller value of 
Hf index. Furthermore, fuel properties of ignition, combustion and burnout are specified by S index. 
The high value of S indicates a high content of VM in the fuel, which is additionally proved by a high 
rate of Di index. The high value of ignition index points to the fact that the combustion process of 
analysed fuel can occur easily in the early phase as more volatile matter can be separated [26]. The 
most desire indexes values were obtained for the sample HTC_200_60, which proves the best 
combustion properties; it can also be noted at TG and DTG curves (Figure 4). 

Table 4: Main combustion parameters of raw material and hydrochars 

Sample 
Di, wt. 
%/min3 

Df ,wt. 
%/min4 

S, min-2 ∙ °C-3 Hf, °C 

Raw material 0,0041 6,42E-05 3,28E-08 1041,8 
HTC_200_60 0,0042 6,17E-05 5,19E-08 945,9 
HTC_200_120 0,0036 5,30E-05 3,04E-08 1060,4 
HTC_230_60 0,0028 4,67E-05 2,02E-08 1138,4 
HTC_230_120 0,0031 5,30E-05 2,31E-08 1082,5 

4 Conclusions  

Overall, it seems that HTC treatment can be considered beneficial, both from the point of view of its 
fuel properties, its behaviour during combustion as well as from the standpoint of the structure and 
morphology. From the practical point of view, the possibility to reap all of the benefits of HTC at 
relatively low process temperature and residence time seems advantageous. For industrial-scale HTC, 
temperature determines pressure, which in turn is the key factor in terms of the HTC reactor cost. This 
is a direct consequence of the thickness of the reactor walls, necessary to withstand the desired 
pressure. This influences both the required amount of the material as well as the manufacturing time. 
Residence time does not have a direct influence on the reactor design. However, it is crucial in terms 
of the productivity of the reactor, of the specified size. Observed changes in the specific surface area 
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of pores indicate the possibility of deposition of the HTC products on the surface of hydrochars, thus 
blocking some of the pores. This behaviour was observed for long residence time, indicating that the 
reactions responsible for such deposition are relatively slow. Further research in this area will be done 
for a better understanding of this phenomenon. 
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Abstract 
Municipal solid wastes (MSW) are considered as a valuable energy source that can be applied as a 
secondary (co-combustion) or even primary fuel in a power plant. Torrefaction of MSW caused 
atmosphere (N2) and synthetic flue gas (mixture of CO2 –~11 v.%, O2 – ~4,35 v.%, and N2– as balance). 
The pelletization were carried out using a pelletizer with the rotating rollers that are in contact with the 
matrix. The pressurized co-combustion of hard coal and MSW (5% and 15% by weight) was carried out 
under total pressure of 3 bar and temperature bed of 850°C. The main component of the experimental 
setup was a fluidized bed combustor (bubbling regime). The reactor consisted of a stainless steel tube 
with a reactor diameter of 105 mm and height of 1500 mm. The increase of pressure in combustion 
chamber caused significant benefits in terms of gaseous pollutants emission. A lower emission of NO 
(by ~56%) and SO2 (by ~35%) was observed for pressurized combustion.significant benefits related to 
material stabilization, and reduced chlorine and mercury content. The aim of this paper is to investigate 
co-combustion of torrefied municipal solid waste and coal in bubbling fluidized bed combustor under 
atmospheric and elevated pressure. Torrefaction of pelletized (diameter of 6 mm) of MSW were carried 
out using a rotary kiln reactor under inert  

1 Introduction 

Municipal solid wastes (MSW) are considered as a valuable energy source that can be applied as a 
secondary (co-combustion) or even primary fuel in a power plant. Nevertheless, according to the Waste 
Incineration Directive (WID 2000/76/EC, so-called WID) this power plants must achieve the status of 
waste co-incineration plant after meeting a number of requirements like (inter alia) the necessity to meet 
emission standards and the need to adapt the infrastructure allowing both for a thorough control of the 
amount of waste combusted, and for an intermediate stop of the waste stream directed to the combustion 
chamber in case of exceeding the emission standards. WID makes a distinction between the following 
types of plant: (a) incineration plants, which are dedicated to the thermal treatment of waste, and may 
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(or may not) recover generated heat; and (b) co-incineration plants, such as cement or lime kilns, steel 
plants, or power plants [1]. 

Torrefaction is the process of low-temperature pyrolysis (thermal conversion without oxidants), which 
is carried out within a temperature range of 200–300 °C and a residence time of 15–30 min. Typically, 
this process is dedicate to the valorization of biomass to obtain number of benefits like biological 
stabilization, easier milling, increase of heating value, lower cost of transportation, and storage [2-5]. 
According to the traditional approach, torrefaction is carried out using inert atmosphere (mainly N2). 
Nevertheless, the idea of the application of flue gas as energy carrier during torrefaction process 
enhanced the investigations of the torrefaction in the presence of oxidative compounds (O2, CO2, H2O) 
[6-11]. 

Torrefaction has recently been recognized as an efficient method of different waste processing (i.e. 
municipal solid waste, bio-waste, industrial waste, food waste) [12-20]. Torrefaction is a proper process 
for preparing waste before gasification [12]. Recently, Kuo and co-workers [14] noticed that significant 
decrease of chlorine (up to 69.9%, dry basis) and mercury content (up to 87%) in MSW after torrefaction 
process was obtained. Moreover, they concluded that the reduced content of Cl and Hg could be a desired 
characteristic if the aim is to feed the torrefied material to plants different from a new WtE as cement 
kilns or coal power plants. The chlorine removal can inhibit undesired processes in a boiler like slagging, 
fouling, agglomeration and corrosion of boiler surfaces. Chlorine mitigation from fermentation residue 
from food waster (FRFW) has been recently analyzed by Wang and co-workers [15] and Xu and co-
workers [20]. Wang and co-workers [20] noticed that the total Cl content  in torrefied solid products 
was decreased by ~25% [15]. Xu and co-workers investigated the impact of torrefaction on chlorine 
removal efficiency. They reported that the chlorine removal efficiency from solid waste blends 
(including PVC) reached an asymptotic value of ~80%. 

Application of torrefied waste as available energy source needs to investigate the combustion 
performance of this material. Especially, the crucial question is what is the impact of pressure inside 
combustion chamber on the emission of NOx and SO2. It is known, that the increase of combustion 
pressure in stationary combustion chambers caused decrease of NOx emission. Moreover, pressurized 
combustion has potential to inhibit SO2 emission [21, 22]. Duan and co-workers [22] reported that the 
concentration of NO and SO2 showed decreasing trends with the increase of pressure. The effect of 
pressure on the emission of NO and SO2 in the lower pressure (≤0.3 MPa) was more pronounced than 
that in the higher pressure.  

In this paper torrefaction of municipal solid waste as well as the combustion performance and emission 
of gaseous pollutants during co-combustion of coal with raw and torrefied municipal solid fuels are 
investigated.  

2 Experimental 

2.1 Lab-scale test 

Physical and chemical analyses were performed at the Institute for Chemical Processing of Coal 
(IChPW) in Zabrze, Poland in an analytical laboratory in accordance with the European Standards and 
Procedures of IChPW. The raw samples were delivered by industrial partner (MPGK Katowice). They 
were part of MSW called the over-sieve fraction (OSF). This fraction, which accounts for 30%–40% of 
MSW, is a by-product from the mechanical separation of MSW (the hole diameter of the sieving drum 
>80 mm). Next, OSF was fragmented (by the MPGK Katowice)  into parts below 40 mm. All samples 
were investigated in at least of doubled series of measurements. According to the used standards two 
independent single tests are enough if the results do not exceed repeatability limit. Specific information 
about number of measurements in presented in Table 1. Proximate analysis involves the determination 
of the following parameters for the collected samples (by the standard method): moisture (CEN/TS 
15414-1:2010; PN-EN 15414-3:2011), ash (PN-EN 15403:2011), volatile matter (PN-EN 15402:2011), 
and fixed carbon (by difference). The volatile matter content (VM) was determined by weighing an 
closed crucible without air at 850 ± 15 °C for 7 min. Then, the difference between the total weight loss 
and weight loss due to the evaporation of water was calculated. The ash content was determined by 
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incinerating the samples in a muffle furnace, which consisted of heating the samples in air at a specific 
rate to a temperature of 815 ± 10 °C and maintaining this temperature until a constant weight was 
reached. Determination of moisture content in the as-received (CEN/TS 15414-1:2010) basis prepared 
in accordance with European standard. Analysis is conducted by drying the sample in an oven in the 
temperature of 105±2 °C, under air atmosphere. The percentage of moisture is calculated from loss in 
mass of the test sample. The combustion heating values (dry) were determined using Formula (1) and 
(2), as suggested by Channiwala and Parikh [23] as well as Uemura and co-workers [24] 

 

Higher heating value (HHV) = 0.3491C + 1.1783H + 0.1005S – 0.1034O – 0.0151N – 0.0211 A  (1) 

 

Lower heating value (LHV) = HHV – (21.987×H + 2.44×M)   (2) 

 

The elemental composition, such as carbon (PN-EN 15407:2011), hydrogen (PN-EN 15407:2011), 
nitrogen (PN-EN 15407:2011), sulfur (PN-EN 15408:2011), and oxygen, of the fuels were determined 
using elemental analyzers: a LECO TrueSpec (LECO, United States of America), and aLECO SC 632 
(LECO, USA). The amount of oxygen was obtained by the following formula: 

 

Oa = 100 − (Cad + Had + Nad + Sad) − Aad − Mad    (3) 

Determination of chlorine content (Q/LP/24/B:2016 procedure) was carried out by the combustion of a 
fuel sample in a mixture Eschki in a bomb calorimeter in an oxygen atmosphere and then denote the 
chlorine content of the solution containing the products of combustion potentiometric titration method.  

For determination of the mercury content (Q/LP/54/B:2016), the MA-2000 analyzer manufactured by 
Nippon Instrument Corporation, designed for determination of mercury in solid, liquid and gaseous 
samples, was used. 

2.2 Pelletization and torrefaction 

Pelletization was carried out using a commercial pelletizer unit (P-100) provided by Protechnika 
(Łuków, Poland). The pellets were obtained using a matrix (sieve) with hole diameter of 6 mm. The raw 
milled waste was forced through by the rotating rollers that are in contact with the matrix. 

Torrefied waste samples were achieved using a rotary kiln reactor. This reactor was used in our previous 
study [14]. The rotation speed was ~4 rpm and the kiln slope was 2.5°. The raw waste pellets (6 mm 
diameter) were continuously fed into the reactor. Subsequently, the raw material was placed in a rotary 
kiln reactor and heated under inert atmosphere (N2) at 240 °C and a residence time of approximately 28 
min . Torrefaction of MSW were also carried out using synthetic flue gas (mixture of CO2 –~11 v.%, 
O2 – ~4,35 v.%, and N2– as balance). In this case a residence time was approximately 28 min. The solid 
product (torrefied material) was collected in a metal container and then cooled in air to room 
temperature, with a yield ~0.350 kg/h. The mean residence time was estimated by the formula, M/�̇� 
where M is the mass residued in the reactor, and �̇� is mass flow rate of samples by the reactor. 

2.3 Combustion 

The investigations were carried out using a laboratory-scale fluidized bed combustion facility located in 
the Institute for Chemical Processing of Coal (IChPW). The main component of the experimental setup 
was a fluidized bed combustor (bubbling regime). The reactor consisted of a stainless steel tube with a 
reactor diameter of 105 mm and height of 1500 mm. In the bottom part of the reactor, the diameter was 
reduced to 75 mm and electric heating elements were installed to heat the reactor to 900 °C. The 
temperatures inside the combustion chamber were measured using K-type thermocouples (diameter of 
2 mm with shells) at three points: 30 (control), 130 (bed), 680 (above bed), and 1080 (top zone) mm 
from the grid. The measurement uncertainty was below 5 K. The combustion was carried out at a 
temperature typical for fluidized-bed boilers (~850 °C). During the experiments, selected process 
parameters were continuously monitored and registered (such as temperatures inside the reactor, 
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pressure drop and airflow rate). Flue gas was continuously analysed using a Fourier transform infrared 
(FTIR) analyser (GASMET DX4000), including NOx, SO2, N2O, CO, HCl, and HF, and flue-O2 was 
measured using a zirconium sensor analyser (AMS Analysen). During the experiments the air flow was 
divided into primary and secondary streams. The primary air was mixed with nitrogen, thus air-lean 
atmosphere was obtained where air volumetric fraction was in range of 11.6 – 12.8 %. The aim of this 
procedure was to obtain modelling of flue gas recirculation. The secondary air was not mixed with N2.  

3 Results and discussion 

The properties of raw and torrefied MSW is presented in Table 1. It should be noted that torrefaction 
did not significant increase of calorific value. It is consistent with our previous investigations [14]. 
Nevertheless, the most beneficial achievement of waste torrefaction is the removal of chlorine and 
mercury content. It is known that chlorine and mercury content are recognised as the most crucial 
parameters of SRF (solid recovered fuel). SRF is defined as the solid fuel obtained from non-hazardous 
waste through specific treatments (i.e. processed, homogenized and upgraded to a quality that can be 
traded amongst producers and users) in order to be employed as a fuel in combustion and co-combustion 
(including-waste to-energy) plants. Basing on the SRF classification into five class, lower content of 
chlorine and mercury classifies SRF as more valuable fuel. The highest-ranked SRF (i.e. 1st class) 
contains Cl ⩽0.2 v% and Hg⩽0.02 mg/MJ ar (median) [14, 25]. It can be noticed that torrefaction in the 
presence of synthetic flue gas significantly decreased chlorine content to the level of 2nd class of SRF 
(⩽0.6 v%). 

 

Table 1: Proximate and ultimate analysis of raw and torrefied waste 

  Raw pellets, data 
from [14],  
 

Torrefied pellets in N2, residence time 
of t=28 min, data from [14],  
 

Torrefied pellets in 
synthetic flue gas, 
residence time of t=28 
min 
 

 OSF TOR(N2)OSF TOR(FG)OSF 

Mr 6 2.4 1.0 

Ma 4.6 2.3 1.2 

Aa 20.3 23.9 31.4 

Va 64.76 62.74 59.64 

Vdaf 86.23 85.01 88.49 

Sa(total) 0.39 0.42 0.76 

Sa(in ash) 0.37 0.38 0.69 

Sa(comb) 0.02 0.04 0.07 

Ca 47 47.1 47.8 

Ha 5.58 4.72 5.27 

Na  0.86 1.12 0.52 

O 21.64 20.82 13.74 

Cla 1.38 1.129 0.319 

HHV, 
MJ/kg 

20.31 19.33 20.9 

Hg 0.267 0.047 0.068 

r: as received state, d: dry state, a: air-dry state, daf: dry-ash-free state, OSF- made of the over-sieve 
fraction (OSF) as a specific part of MSW 
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The main process parameters during combustion tests are presented in Table 2. Temperature in bed was 
kept at level typical for fluidized bed combustors (i.e. ~850°C). Basing on the presented values of fuel 
feed in Table 2, the ratio of fuel feed at pressurized combustion to fuel feed at atmospheric pressure 
combustion can be determined. It can be noticed that the ratio of fuel feed at pressurized combustion to 
fuel feed at atmospheric pressure combustion is in range of 1.42–1.64. It proves the potential increase 
of unit power density due to increase of combustion pressure. Namely, the same volume of combustion 
chamber generate higher power input. In this case, the increase of pressure at level of 2.1 bar caused the 
increase of power input by 42–64%.  

 

Table 2: Main process parameters during combustion of mixture of coal, raw and torrefied waste 
using bubbling fluidized bed reactor  

Fuel Overpressur
e 

T 
contro
l 

T bed T above 
bed 

T top 
zone 

Pressure 
drop 

Fuel feed 

Unit bar °C °C °C °C mbar kg/h 

        

Base, 0 bar 0 856 858 803 626 2.15 0.56 

Base, 3.1 bar 2.15 853 864 822 683 2.52 0.92 

OSF_5%; 0 bar 0 851 855 830 644 2.51 0.54 

OSF 5%; 3.1 
bar 

2.1 853 866 838 690 2.91 0.81 

TOR(N2)OSF 
5%; 0 bar 

0 851 856 811 633 2.20 0.53 

TOR(N2)OSF 
5%; 3.1 bar 

2.14 854 870 850 690 2.63 0.77 

TOR(FG)OSF 
5%; 0 bar 

0 852 859 825 648 2.32 0.55 

TOR(FG)OSF 
5%; 3.1 bar 

2.2 852 866 839 687 2.50 0.78 

TOR(FG)OSF 
15%; 0 bar 

0 854 853 837 639 2.31 0.55 

TOR(FG)OSF 
15%; 3.1 bar 

2.13 855 856 834 684 2.66 0.8 

Base- combustion of coal, OSF- co-combustion of coal and OSF, TOR(N2)OSF- co-combustion of 
coal and torrefied (in nitrogen atmosphere) OSF, TOR(FG)OSF- co-combustion of coal and 
torrefied (in flue gas atmosphere) OSF; % means waste share (by weight); 0 bar- combustion under 
atmospheric pressure, 3.1 bar- combustion under elevated pressure 

 

Figures 1–6 show the comparison of averaged values of gaseous compounds concentration in flue gas. 
It is worth to note that increase of pressure caused significant decrease of NOx and SO2 emission. Table 
2 presents the efficiency of NOx and SO2 removal due to increase of pressure inside combustion 
chamber. The removal efficiency was calculated from the equations Eff(NOx removal)=(1– NOx 
concentration at pressurized combustion/ NOx concentration at atmospheric pressured combustion) 
×100% and Eff(SO2 removal)=(1– SO2 concentration at pressurized combustion/ SO2 concentration at 
atmospheric pressured combustion); concentration in mg/mn

3 (6% O2, dry). It is known that increase of 
pressure caused decrease of NOx emission. It was explained by the creation of preferential conditions 
for NO reduction on a char surface due to pressure impact [26, 27]. Duan and co-workers noticed [22, 
28] simultaneous decrease of NOx and SO2 emission due to the increase of pressure in combustion 
chamber. The increase of SO2 removal was explained by the authors as the increase of sulfur self-
retention efficiency. Decrease of SO2 emission at pressurized combustion was also observed by Liang 
and co-workers [29]. It can be noticed from Figure 4 that the increase of pressure caused decrease of 
CO emission. This effect was observed by Gu and co-workers [30] as well as Duan and co-workers [22] 
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who investigated pressurized combustion of lignite and bituminous coal under oxy-fuel atmosphere (21 
v% O2 and 79 v% CO2). The impact of pressure in combustion chamber on N2O is still discussed. For 
example, Svoboda and Pohořelý [31] noticed the increase of N2O emission at pressurized combustion. 
Duan and co-workers [22] observed the significant decrease of N2O emission when pressure in 
combustion chamber was increased. In their investigations, the N2O concentration in flue gas was ~250 
mg/mn

3 under pressure of 0.1 MPa whereas the N2O concentration in flue gas was ~140 mg/mn
3 under 

pressure of 0.2 MPa during oxy-fuel combustion (21 v% O2 and 79 v% CO2) of bituminous coal at bed 
temperature of 850°C. Nevertheless, conversion of N2O is also depended by temperature [21]. The 
monitoring of HCl and HF concentration is especially important when co-combustion of fuel and waste 
is considered. It is known that there is the possibility to co-incinerate of waste in power engineering 
units, which can achieve the status of waste co-incineration plant after meeting a number of 
requirements. One of the requirement is the emissions control of such pollutants as HCl, HF and others 
[32]. It can be noticed from Figure 5 that pressurized combustion led to lower concentration of HCl in 
flue gas.  

 

 

Figure 1: Concentration of NOx, mg/mn3 (6% O2, dry) in flue gas after combustion of coal and 
mixture of coal and waste  

 

 

Figure 2: Concentration of SO2, mg/mn
3 (6% O2, dry) in flue gas after combustion of coal and mixture 

of coal and waste 
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Figure 3: Concentration of N2O, mg/mn
3 (6% O2, dry) in flue gas after combustion of coal and mixture 

of coal and waste 

 

 

Figure 4: Concentration of CO, mg/mn
3 (6% O2, dry) in flue gas after combustion of coal and mixture 

of coal and waste 

 

 

Figure 5: Concentration of HCl, mg/mn
3 (6% O2, dry) in flue gas after combustion of coal and mixture 

of coal and waste 
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Figure 6: Concentration of HF, mg/mn
3 (6% O2, dry) in flue gas after combustion of coal and mixture 

of coal and waste 

 

Table 3: The impact of pressure inside combustion chamber (overpressure of 3.1 bar) on the efficiency 
of NOx and SO2 removal.  

 Base OSF_5% TOR(N2)OSF 5% TOR(FG)OSF 5% TOR(FG)OSF 15% 

NOx  47.3 57.4 55.0 57.5 55.4 

SO2  32.8 34.6 36.7 33.9 35.5 

4 Conclusions 

Co-combustion of torrefied municipal solid waste (MSW) and coal in bubbling fluidized bed combustor 
under atmospheric and elevated pressure were carried out. The torrefaction of pellets made of MSW 
was carried out in a rotary kiln reactor under inert atmosphere (N2) and synthetic flue gas (mixture of 
CO2 –~11 v.%, O2 – ~4,35 v.%, and N2– as balance) at 240 °C and a residence time of approximately 
28 min. It was found that torrefaction of MSW significantly reduce chlorine (i.e. more than 77%, 
calculated for dry state) and mercury content (i.e. more than 74%, calculated for dry state) was obtained 
when MSW was torrefied at flue gas atmosphere. It is crucial if MSW is considered as a feedstock to 
produce high-class solid recovered fuel (SRF). The increase of pressure in combustion chamber caused 
significant benefits in terms of gaseous pollutants emission. A lower emission of NO (by ~56%) and 
SO2 (by ~35%) was observed for pressurized combustion. The optimal combustion profile was obtained 
in the case of pressurized co-combustion of coal and torrefied waste at flue gas atmosphere. Moreover, 
the pressurized combustion caused the increase of power input by 42–64%. 
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Abstract 

Two types of biomass: pine bark (PB) and wheat straw (WS) were co-pyrolysed with tetra pak waste 
(TPW) in fixed bed reactor. The blend ratios of 75 %wt PB to 25 %wt TPW and 75 %wt WS to 
25 %wt TPW were analyzed. The investigations were performed using the reactor equipped with an 
innovative system where the sample is heated very fast from ambient to process temperatures. Co-
pyrolysis products were collected as: liquid phase, wax and tarry compounds, condensed gases, solid 
residue (char and aluminum foil), and gaseous products. The multifaceted analysis included: products 
yields and mass balances for each studied samples, proximate and ultimate analysis of chars, the 
determination of char ignition and burnout temperature using thermal gravimetric analysis (TGA), 
chemical composition of pyro-gas by flue gas analyzers. The lower the burnout temperature were 
noticed for 75PB-25TPW and 75WS-25TPW chars than for TPW char. The effects of TPW addition to 
PB and WS were: i) reduction of char mass, as well as carbon, hydrogen and nitrogen contents in char; 
ii) lower mass of the resulting liquid phase; iii) increasing the yields of wax and tars retained in the 
water cooler; iv) increasing the yields of pyro-gas. Curves reflecting CO2 concentration in pyro-gas as 
a function of time had two local maximum. 

 

1 Introduction 

International organizations and many researchers around the world show that over the last decades 
primary energy demand have been increasing in an every nation [1, 2]. The highest consumption is in 
rapidly developing countries which based their economy on industry and manufacturing. The 
International Energy Agency (IEA) have reported that over ten years (from 2007 to 2017) primary 
energy demand increased around 17 % [3]. The same agency informs that in 2017, 81.3 % of primary 
energy came from fossil fuels and only 18.7 % was determined by alternative energy sources as a solar 
energy, wind energy or biomass. It is a huge disproportion especially in a context that fossil fuels 
sources are limited and in the next decades are going to be exploited by man-made processes. 
Additionally, many nations use low efficiency technologies which lead to waste a lot of chemical 
energy contain in fossil fuels. The situation is improved by a certain agreements as an European 

1411



Commission regulation which is forcing European countries to increase alternative energy content in 
primary energy production to 20 % [4]. 

From several alternative energy source, biomass is the most popular due to wide availability and well 
know technologies of biomass treatment [5]. Biomass is an alternative energy source which can be 
directly combusted in a furnace and can be also thermally pre-treatment towards enhancement its 
energy properties. Raw biomass, animal waste, paper waste and sewage sludge are materials 
(feedstock) which contain an organic matter and can be converted in valuable products. 

Other important materials which can be used to produce alternative fuels are municipal solid wastes 
(MSW). Every year a huge amount of trash are produced by human’s activities and it is a crucial 
problem to proper management of this waste. From this group it is worth to consider a tetra pak. A 
tetra pak consists of: 70 % paperboard, 25 % low density polyethylene (LDPE) and 5 % aluminum foil 
[6]. The source of tetra pak waste are juice, milk and wine packaging. Tetra pak is widely used as a 
six-layer packaging, as shown in Figure 1. 

 

 

Figure 1: The layers of materials in a tetra pak 

 

Tetra pak, like the biomass mentioned earlier seems to be very attractive energy sources due to a lot of 
organic matter content which could be converted into valuable products in biochemical and 
thermochemical conversion processes. Organism and some catalysts can be used to produce high 
caloric products in biochemical reactions. In thermochemical conversion processes heat and catalysts 
are used to get these products, which they are often named as bio-fuels [7]. Recent investigations are 
focusing on thermochemical methods which include processes as a pyrolysis and gasification. In these 
processes large molecules of solid feedstock are broken into smaller molecules thanks to heat supply. 

The pyrolysis is one of the most promising and effective technique to produce bio-fuels from organic 
feedstocks. In pyrolysis, a thermal degradation of chemical compounds of the biomass or other solid 
feedstock occurs in absence of oxygen atmosphere. The most important parameters influence on 
pyrolysis are residence time, and heating rate. Furthermore, some catalysts can be added to decrease 
an activation energy of reaction. Generally, the pyrolysis goes under the temperature range from 300 
to 1000 °C (see Table 1). A products yield is depended on various parameters of pyrolysis process. 
The same parameters decide on a type of pyrolysis. Especially a vapour residence time allows to 
categorized pyrolysis into different subclasses: slow, intermediate, fast and flash. Table 1 shows type 
of pyrolysis with the operating conditions. 

Table 1: The main operating parameters for pyrolysis processes [8-11] 

Operating parameter 
Pyrolysis 
Slow Intermediate Fast Flash 

Temperature (ºC) 300 – 700 450 – 700 450 – 1000 800 – 1000 
Heating rate (ºC/s) 0.1 – 1 1 – 70 10 – 200 > 1000 
Vapour residence time (s) > 10 10 – 30 0.5 – 20 < 0.5 

Depending on the reaction temperature and vapour residence time, pyrolysis can be divided into: slow, 
intermediate, fast, and flash (Table 1). Char, liquid and pyro-gas are always produced during pyrolysis 
process. Slow pyrolysis uses low reaction temperatures and longer vapour residence times, which 
promotes charcoal production [8, 9]. In turn, moderate temperatures and short vapour residence times 
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favours the production of liquid in fast pyrolysis. The organic liquid yield of the fast pyrolysis process 
is more than double the yield of intermediate pyrolysis, when uses biomass with low ash content [12]. 

In recent publications there were observed a lot of experiments of tetra pak pyrolysis [13-16]. Not only 
the pyrolysis temperature as well as the storage time of tetra pak, and fineness of the feedstock plays a 
major influence on the product yields [13]. The lowest yield of char was obtained at 700 °C for the 
pellets with a 12x23 mm. Haydary et al [14] investigated a catalysed tetra pak pyrolysis towards 
reducing tars. The use of dolomite as a catalyst allowed the best reduction of tar at 850 °C. During 
tetra pak pyrolysis process, the wax always was formed, besides char, liquid phase, tars, pyro-gas, and 
aluminium [15]. Depending on the process temperature, the wax content in the products may exceed 
even 20 wt%. It has also been reported that carbon monoxide was the dominant component of pyro-
gas, which arises primarily from degradation of cardboard. The formation of aldehydes, ketones, 
carboxylic acids and levoglucosan is attributed to cellulose decomposition, while thermal cracking of 
polyethylene is responsible for the presence of aliphatic hydrocarbons [16]. 

Co-pyrolysis of biomass and other feedstock has a positive effect on product quality and process 
efficiency, which has been confirmed, among others [17-19]. The more pine bark percentage in the 
mixture with waste tire, the better the quality of pyro-gas yield. Additionally, the peak flow rate of H2, 
CO in total pyro-gas has increased [17]. As reported by Faroq et al. [18] waste tire addition on wheat 
straw pyrolysis caused increased of aqueous phase yield. Oxygen content and viscosity of an oil 
decreased as compared to that of the wheat straw pyrolysis. During co-pyrolysis process, thermal 
degradation of biomass and synthetic polymers (polyethylene, polypropylene and polystyrene) are 
overlaps and may lead to interactions between vapour products [19]. 

The purpose of this work is experimental research on intermediate co-pyrolysis of biomass (bark and 
straw) with tetra pak packaging. It should be clearly emphasized that intermediate pyrolysis is a 
relatively new thermal technology, and therefore little research has been published. The authors of the 
work set themselves the goal of seeking an answer to the question: What effect does the addition of 
tetra pak to pine bark and wheat straw have on: i) product yields; ii) carbon and hydrogen content in 
co-pyrolysis products; iii) pyro-gas composition; iv) the ignition and the burnout temperature of chars? 

2 Material and methods  

2.1 Feedstocks 

Two types of biomass were used in the experiment as a feedstock: pine bark (PB) and wheat straw 
(WS). Each of studied biomass samples were blended with tetra pak wastes (TPW) in an appropriate 
proportion. All delivered materials pass through several pre-treatments. The raw biomass had been 
dried at the ambient conditions. In the next step, the supplied biomass was grinded and sieved. Fine-
grinded PB and WS particles from range 0.2–0.3 mm were selected to the further investigation. Tetra 
pak waste had been cut into small pieces of varied shape (square or rectangle), but not exceeding the 
dimension 1x2 mm. An example of prepared samples for pyrolysis experiments is shown in Figure 2. 

 

 

Figure 2: Feedstocks used for pyrolysis: a) PB, b) WS, c) TPW 
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Mixtures containing 75 wt% biomass and 25 wt% TPW were prepared for the co-pyrolysis process. 
Ultimate and proximate analyses of investigated feedstocks were summarized in Table 2. The content 
of carbon (C), hydrogen (H), nitrogen (N) and combustible sulphur (S) elements was determined using 
the Truspec CHNS 628 Leco analyzer. The proximate analysis was conducted in accordance with 
standards: EN ISO 18134–2:2017 (Moisture, M), EN ISO 18122:2015 (Volatile Matter, VM), and EN 
ISO 18122:2015 (Ash, A). 

 

Table 2: Ultimate and proximate analyses of PB, WS, and TPW on the air-dried basis 

Sample 
Ultimate analysis (wt%) bHHV Proximate analysis (wt%) 
C H N S aO (MJ kg-1) M VM A cFC 

PB 48.50 5.90 0.17 0.029 45.40 17.62 10.10 61.05 0.89 27.97 
WS 43.70 6.11 0.52 0.098 49.57 15.61 7.53 70.59 6.06 15.82 
TPW 49.43 7.46 0 0.055 43.06 20.54 3.28 78.73 12.27 5.72 
aO: by difference, ash free, Al foil free 
bHHV (Higher Heating Value) = (33.5C + 142.3H – 15.4O – 14.5N)/100 [20] 
cFC (Fixed Carbon) = 100 – M – VM – A 

2.2 Experimental method 

2.2.1 Experimental stand with fixed bed reactor 

The main goal of this work was to investigate the intermediate co-pyrolysis process in a horizontal 
fixed bed reactor with an electric heater. The experimental facility is shown in Figure 3.  

 

 

Figure 3: Experimental setup for intermediate co-pyrolysis process 

The setup has consisted of 3 zones (cooling I – heating – cooling II). In the first cooling zone I inert 
gas (N2) was supplied and after pyrolysis process solid residue was cooled. Then in the heating zone 
sample was placed and the pyrolysis process was conducted. Tar vapours flow along a heated 
horizontal tube of reactor to approach final stage. Third area (cooling zone II), which is placed on the 
left side of Figure 3, provides two-stage gases cooling. First, through a water cooler to 18 °C, and then 
the gas was cooled in an ice container to around 4 °C. Under these conditions, heavy hydrocarbons 
were condensed and liquid phase was formed. 

The process temperature had been set at 620 °C on a reactor wall in the heating region. The 
temperature was saved in every 0.1 second of pyrolysis by fully automatic measurements. The 
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thermocouple (type K) was inserted horizontally in the centre of sample to the temperature 
monitoring. Temperature was displayed on PC screen and it was simple to control them. A flow rate of 
high purity nitrogen (99.9999 %N2) was 100 mL/min and it was constant during the experiment. A 
volume flow rate was measured by rotameter. An uniqueness of this study was a inserting of a cold 
sample into preheated reactor. Proposed method allowed to quickly heat supply to the sample from an 
ambient temperature to the pyrolysis temperature. For these cases 1 g samples were inserted into the 
hot zone. Every single sample was kept 300 seconds in the reactor. Sample was able to gain 600 °C in 
this time. The residence time of vapours was around 20 seconds. They were cooled in two stages. In 
first order, the temperature of vapours was decreased by a water heat exchanger. Heavy hydrocarbons 
condensed and they were collected to further analysis. In the second order, vapours of tars had flowed 
to an ice tank. It allowed to liquefied hydrocarbons which are characterized by a lower temperature of 
condensation. The concentration of pyro-gas components was measured with a Land Lancom 4 
analyzer. Before the pyro-gas components were analyzed, it was diluted by adding 1600 mL/min of 
pure nitrogen. The pyro-gas dilution was aimed at preventing the analyzer from exceeding the CO, 
CO2 and CxHy measuring range, and ensuring rapid response of the device to changes in concentration 
over time. At high concentrations, the saturated CO electrochemical sensor has a relatively long 
response time. Solid residues were rapidly brought out from heating zone to cooling zone I after 
pyrolysis. 

2.2.2 Thermogravimetric analysis 

The weight loss of feedstocks and chars under air atmosphere conditions was carried out by using a 
thermal analyzer (Mettler Toledo TGA/SDTA 851). Air was delivered at a constant flow rate of 
40 mL/min. In each experiment, approximately 6 mg of sample was placed in the corundum crucible, 
and the heating rate was fixed at 10 °C/min from ambient to 700 °C temperatures. The weight loss, 
time and temperature were recorded simultaneously, which were used to produce combustion profile. 
The thermal parameters, including ignition temperature (Ti) and burnout temperature (Tb) were 
determined by the TG-DTG graphical method [21], as shown in Figure 4. The temperatures are 
defined as follows: Ti - the minimum temperature at which fuel ignites spontaneously in an 
environment without an external source of ignition, and Tb - the temperature at which the fuel 
conversion reaches 99 %. 

 

 

Figure 4: Graphical depiction of the TG-DTG method used for the determination of ignition and 
burnout temperatures 

2.3 Char, liquid phase, wax and tars, and pyro-gas analysis 

The resulting masses: char, liquid phase, wax and tars were weighed. Each time (for the implemented 
variant) the measurement results were averaged on the basis of tests carried out for twenty samples. 
The elemental analysis (C, H, N) was determined using the Truspec CHNS 628 Leco analyzer. 
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The liquid phase was collected in the first condenser shown in Figure 3. Rapid cooling of intermediate 
pyrolysis products led to wax and tar retention on the inner surface of the water cooler pipe. After the 
end of pyrolysis process (for each variant), with the nitrogen flow maintained, the water cooler was 
feed warm water at temperature of about 50 °C and wax and tar were removed (by melting them). 
Wax and tars had plastic consistency at ambient temperature. In the second condenser (2nd condenser 
in Figure 3), only condensed pyro-gases were collected at temperatures of 4 ≤T< 18 °C. 

The composition of pyro-gas was measured online, using the Lancom 4 analyzer. The following 
sensors are installed in this gas measuring device: electrochemical - CO, infrared - CO2, and pelistor - 
CxHy. To ensure that the concentration of the measured pyro-gas components did not exceed the 
measuring range of the device, dilution of the pyro-gas leaving the pyrolysis reactor with nitrogen was 
used. Nitrogen dilution also improved the analyzer response time to changes in pyro-gas 
concentrations. 

3 Results and discussion 

3.1 Char 

3.1.1 Elemental composition 

Elemental composition for analysed samples is shown in Figures 5 a-b). Char from PB contained 
81.0 %C, while WS char only 64.2 %C. The carbon contents of PB char and WS char were 
comparable to other works [17, 22]. Pyrolysis of PB, WS, and co-pyrolysis of 75PB-25TPW, and 75% 
WS-25TPW allowed to obtain the highest class chars according to the International Biochar Initiative 
classification (class 1 when C ≥ 60 %) [23]. From an energy point of view, 75PB-25TPW char was 
more attractive than 75WS-25TPW char. Carbon percentage increased in chars comparing to 
feedstocks: PB, WS and TPW was 67, 47, and 16 % respectively. As expected, hydrogen content in 
char from PB, WS and TPW had reduced, in relation to feedstocks (see Table 3). Hydrogen evaporated 
and went into liquid phase, wax, and pyro-gas. The TPW sample lost the most hydrogen as much as 
67 % compared to the initial value, despite the fact that TPW was the least fragmented among the 
tested feedstocks. PB feedstock contained less nitrogen than WS, while in TPW it was not found at all. 
As a result, the addition of TPW to biomass has led to decrease nitrogen content in the mixtures of PB-
TPW and WS-TPW. The reduction of nitrogen in chars from PB-TPW mixture was not linear, which 
could result from both the measurement uncertainty and inhomogeneity of the sample. 

 

 

Figure 5: Elemental composition of chars (without Al foil): a) PB-TPW, b) WS-TPW 
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3.1.2 Combustion characteristic temperatures from TG-DTG 

The TG and DTG curves of investigated feedstocks and chars under the air conditions are shown in 
Figures 6a-d). TGA analysis was not performed for the 75PB-25TPW and 75WS-25TPW samples, 
because of its heterogeneity. Feedstocks combustion (see Figures 6a-c)) had gone in three stages. An 
initial weight loss existed to c.a. 200 °C mainly due to moisture evaporation. The second stage was 
reflected volatile matter release associated with the decomposition of hemicellulose, cellulose, and 
lignin. Analysing DTG results, the first peak of the combustion was attributed to hemicellulose 
decomposition (150–310 °C), cellulose decomposition, and lignin degradation (310–400 °C) [24]. The 
second peak of DTG curves corresponded to lignin decomposition (> 450 °C) [24]. It was definitely 
higher for PB, which can be explained by the content of lignin (WS > lignin >> PB) [18, 25]. The last 
stage had begun at the burnout temperature (Tb). In addition, in the case of TPW, two small peaks were 
noticeable: 395 °C and 651 °C. First peak could reflect LDPE degradation, while second - the thermal 
decomposition of remaining paper on aluminum foil [26]. The chars combustion profiles were quite 
different from feedstock profiles. The DTG curves of chars for PB (see Figure 6a)), WS (see Figure 
6b)) and TPW (see Figure 6c)) had one peak at 464.2 °C, 390.5 °C and 437.5 °C, respectively. 
Concluding, the degradation of hemicellulose and release of lower volatile matter during pyrolysis 
process of studied biomass feedstocks has been confirmed. 

 

 

Figure 6: TG and DTG curves for feedstocks and chars from: a) PB, b) WS, c) TPW, and d) chars 
from co-pyrolysis 75PB-25TPW and 75WS-25TPW 

 

Table 3 shows Ti and Tb temperatures determined by the graphic method presented earlier in section 
2.2.2. The lowest Ti and Tb were obtained for WS. It was noticed the tendency, that the more volatile 
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matter content in biomass reflects the better the fuel reactivity and lower Ti, what correlates with the 
literature [27, 28]. In turn, the lower Tb indicates the better combustion for shorter residence time in a 
furnace. Chars from PB, WS, and TPW had higher Ti and Tb than raw feedstocks. Only TPW char did 
not burn completely after reaching 700 °C, so for this sample Tb was higher than 700 °C as indicated 
in Table 3. The lower Tb values were obtained for 75PB-25TPW and 75WS-25TPW chars than for 
TPW char. This confirmed the positive effect of co-pyrolysis of biomass and TPW on combustion 
reactivity. 

Table 3: The ignition temperature (Ti) and the burnout temperature (Tb) for investigated samples 

Sample 
Feedstock Char 

PB WS TPW PB WS TPW 
75PB-
25TPW 

75WS-
25TPW 

Ti (°C) 264.1 257.6 304.7 392.3 337.7 399.5 398.2 343.1 
Tb (°C) 519.1 469.9 617.3 532.9 594.6 > 700 608.1 634.3 

3.2 Liquid phase 

Figures 7a-b) show the content of carbon, hydrogen and nitrogen in liquid phases forming from the 
pyrolysis and co-pyrolysis of studied samples. The content of elements C, H and N in liquid phase 
(also called aqueous condensate, or aqueous phase) were not determined in references [6,12,15,18,19]. 
Due to the carbon content, the TPW sample (22.43 %C) was the most favourable, before WS 
(19.25 %C) and PB (11.93 %C). Interestingly, in liquid phases with 75PB-25TPW and 75WS-25TPW 
the percentage of carbon practically did not change compared to samples without TPW. Moreover, the 
trend of hydrogen reduction with the addition of TPW to PB and WS has been observed. It should be 
emphasized, however, that in both cases (see Figure 7a-b)) the reduction was small from about 10 %H 
to 8.6 %H. A small amount of nitrogen (0.15 %, and 0.13 %) was determined only in liquid phase 
from the pyrolysis of WS and 75WS-25TPW respectively. 

 

 

Figure 7: Elemental composition of liquid phase: a) PB-TPW, b) WS-TPW 

3.3 Wax and tars 

As explained earlier in section 2.3 wax and tars were collected as one phase. The elemental analysis of 
wax and tars are presented in Figures 8a-b). Wax and tarry compounds from WS contain 47.22 %C, up 
8.42 % more than PB. When 25 %TPW was added to PB, and then to WS, the carbon content 
increased to 49.61 % and 54.61 %, respectively. A positive correlation of hydrogen content related to 
the addition of TPW to biomass was noted. TPW wax and tars had maximum C and H contents and no 
nitrogen. 
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Figure 8: Elemental composition of wax and tars: a) PB-TPW, b) WS-TPW 

3.4 Pyro-gas 

The evolution of the concentration of the main gaseous components during experiments is presented in 
Figures 9a-b). The residence time of the sample heated to 600 °C in the reactor was exactly 300 s.  

 

 

Figure 9: Evolution of CO2, CO and CxHy concentrations during experiments: a) PB-TPW, and b) WS-
TPW 
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It should be mentioned, that after the sample was moved to the cooling zone, gases still evolved from 
it for about 80 s. At the sample temperature of approx. 280 °C, the evolution of gas disappeared. 
Figures 9a-b) presents the concentrations of CO2, CO and CxHy when the pyro-gas was diluted with 
nitrogen, as described in the experimental procedure. The CO2 concentration curves for all samples 
had two local maximum. For PB, WS and 75PB-25TPW and 75WS-25TPW the first maximum was 
clearly higher than the second. Moreover, the instantaneous CO2 concentrations from WS and 75WS-
25TPW were higher compared to PB and 75PB-25TPW. Both local CO2 maximum were disclosed for 
similar pyrolysis times. It is also worth noting that the concentration of CO2, CO, and CxHy in pyro-gas 
from TPW disappeared the fastest (reached zero) - which was especially visible at CxHy. This signals 
that the TPW pyrolysis process ended earlier than other studied samples. As can be seen in Figures 9a-
b), the curves representing CO concentrations during pyrolysis have one maximum. After calculating 
the area under the curves, it was found that the most CO was produced from TPW pyrolysis, and was 
slightly less for 75WS-25TPW. Only the CxHy concentration increased practically linearly, reaching 
the maximum peak at the earliest (after 42 s for pyro-gas from TPW, 70 s for pyro-gas from PB and 
WS). At the same time, TPW pyro-gas had the highest CxHy peak. 

3.5 Product yields 

To determine the yield of pyrolysis, carbon mass balance in products was made. The carbon balance 
deficit ranged from 8.49% (WS) to 21.34% (TPW). Co-pyrolysis of 75PB-25TPW (see Figure 10a)) 
and 75WS-25TPW (see Figure 10b)) had contributed to: i) the reduction the weight percentage of char 
and liquid phase; ii) increasing the weight percentage of pyro-gas, wax and tars, in comparison with 
PB and WS samples. No changes showed only for condensed pyro-gas (from the second condenser in 
Figure 3). Cooling of pyro-gas from 18 to 4 °C allowed (average of all variants) to condense 1.22 
wt%. The basic differences between the yields 75PB-25TPW and 75WS-25TPW were more liquid 
phase (+7.1 wt%), wax and tars (+5.49 wt%) and pyro-gas (+3.71 wt%), while less chars (–6.86 wt%) 
when WS was the biomass. TPW addition to biomass promoted wax and tars formation, mainly due to 
LDPE degradation [15]. 

 

 

Figure 10: Pyrolysis product yield: a) PB-TPW, b) WS-TPW 

4 Conclusions 

This paper had presented the experimental investigation of intermediate co-pyrolysis of PB and WS 
with 25 %wt TPW. Elemental analysis of pyrolysis products showed that 25 wt% TPW addition 
reduced carbon and hydrogen contents of char, and increased them in wax and tars. On-line 
measurements of pyro-gas allowed to state that: i) curves showing CO2 concentration as a function of 
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time had two local maximum, regardless of the type of sample; ii) CO vol% >  CO2 vol% - only for 
75PB-25TPW, and TPW); iii) the CxHy concentration increased practically linearly, reaching the 
maximum peak after 40 - 70 s depending on the type of sample. 

Additionally, thermogravimetric analysis of raw samples and chars were carried out. Chars from PB, 
WS, and TPW had higher ignition and burnout temperature than raw feedstocks. 

Finally, yields of pyrolysis products were presented, based on the carbon balance. The carbon balance 
deficit was less than 22 wt%, which indicated a satisfactory result. The effect of TPW addition to 
biomass had resulted in the percentage loss of chars, and liquid phase, and simultaneously an increase 
in wax and tars, and pyro-gas. 

The presented results in this paper are part of extensive research. In subsequent stages of the work, the 
authors planned analyzes of PB-TPW and WS-TPW samples with an increased mass share of TPW. In 
addition, a detailed analysis of gaseous products (using gas chromatography method) and other 
products, i.e. liquid phase, wax and tars (using Py-GS-MS) will be done.  
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Abstract 

The development of a new sustainable approach for the conversion of problematic waste residuals 
generated by agriculture as well as industry is among the global most challenging issues. Herein, we 
proposed a two-stage processing route for the conversion of cherry pomace being an exemplary high-
moisture-containing material. Firstly, we transformed the feedstock into biochar via hydrothermal 
processing. The aim of this stage was to analyze the effect of processing temperature (200-350 °C) on 
the distribution of the yield of various groups of products. Among the gas-phase products, the 
dominant constituent was CO2. The residual solid called biochar was obtained with the highest yield 
(33-57 wt.%). The upgrading of the biochar was the subsequent step we aimed. For this purpose, we 
made an attempt to evaluate the feasibility of gasification of the biochar with CO2 using Rubotherm 
DynTHERM thermobalance (TG). The tests were carried out under elevated pressure (10 bar) with a 
constant flow rate of CO2 (100 cm3/min) and constant heating rate (3 °C/min) from ambient 
temperature to 1000 °C. Herein, the main aim was to study the influence of the processing temperature 
at which biochar was produced on the gasification kinetics. We tested the composition of the biochars 
by means of ultimate analysis. The chemistry of the hydrochar surface was examined by infrared 
spectroscopy (FT- IR) within the spectral range of 600-4000 cm-1. It was found that the gasification 
process consists of two stages: pyrolysis (at ca. 300-600 °C) and main gasification reactions (at ca. 
850-1000 °C). Based on TG analysis, the kinetic parameters i.e. activation energy and pre-exponential 
factor were calculated. The activation energy ranged between 668 kJ·mol-1 to 732 kJ·mol-1, while the 
pre-exponential factor varied between 4.19∙1028 s-1 and 3.25∙1031s-1 for the gasification of the HTT 
biochar prepared at 275 and 200 °C, respectively. It was found that the carbon content of resultant 
biochars increases with rising processing temperature from 56.5 wt.% to 74.4 wt.% for 200 °C and 
300 °C, respectively. The biochars produced at different conditions exhibit various properties as a 
result of a gradual degradation of the original components of the raw material occurring with the 
increase in the processing temperature. 
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1 Introduction 

The global development results in the appearing of new trends in society. One among them is the 
popularity of healthy lifestyle which drives the increasing consumption of different kind of fruits, 
vegetables and juices. It has to be mentioned that Poland is among the European Union main producer 
of many kinds of fruits, e.g. cherries [1]. The natural consequence of this trend is the increasing 
amount of waste organics generated by the food industry. These waste exhibit high content of water 
(the so-called wet-residues). Examples of such residuals are fruit and vegetable pomaces generated as 
a by-product in juice and jams factories. It is worth noting that this tendency finds reflection in the 
statistics depicting the production of various kinds of juices and nectars in Poland between 2007-2015 
when it systematically increased and annually ranged from 1386.5 mln litres to 1585.0 mln litres [2]. 

On the other side, according to new Renewable Energy Directive (RED II) in forthcoming years, the 
share of biocomponents produced from non-edible raw materials, e.g. waste biomass and industrial 
residues should be progressively increasing [3]. One of the most perspective group of methods for 
waste and biomass transformation into a useful group of value-added automotive fuel’s components is 
the thermochemical route. Among them, pyrolysis and gasification have been widely investigated for a 
few recent decades [4–7]. However, it has to be mentioned that prior to both processes the feedstock 
should be dried and contain no more than a dozen percentage of moisture, what in case of residues 
from the food industry is problematic. Thus, it is reasonable to apply proper pretreatment before the 
main conversion. In case of wet residues (like pomaces, algae, sewage sludge) which often contain 
abundant amounts of water, direct conversion via pyrolysis or gasification could not be economically 
justified because of the high value of latent heat of evaporation for water. For such a kind of raw 
materials particularly perspective is conversion occurring in near-critical conditions of water called 
hydrothermal treatment (HTT) which allows omitting the drying step. HTT is a process of chemical 
transformation of biomass, carried out in the presence of water at elevated temperature and under high 
pressure. Water, as an environmental friendly reaction medium which exhibits unique properties, 
poses an excellent environment for biomass conversion. In the subcritical region of water (critical 
point: Tcr.=374 °C; pcr.=22.115 MPa), its dissociation constant rises drastically, causing water to act as 
acid or base catalyst for numerous reactions and empowering the chemical conversion of almost all 
types of organic compounds via hydrolysis and ionic reactions [8–10]. As a result on those 
transformations, four groups of products are obtained: (I) solid-fuel called biochar, (II) gas products 
(III) non-polar liquid organics called biocrude and (IV) polar organics dissolved in water. 
Interestingly, the biochar obtained after hydrothermal pretreatment exhibits more hydrophobic surface 
what in turn facilitates the mechanical dewatering (if necessary) [11,12] and the possibility for further 
conversion via conventional thermochemical methods (pyrolysis, gasification). 

Currently, wet-residual matter from food industry does not find perspective application route, and the 
most common utilization method is usage as a feed or fertilizer. However, the big scale of production 
and processing of fruit and vegetables in Poland enforces seeking a new sustainable approach for the 
conversion of those problematic waste residuals. Thus, herein we proposed a two-stage processing 
route for the conversion of cherry pomace as an exemplary high-moisture-containing material (Figure 
1). The first stage is based on hydrothermal treatment of raw material to obtain high quality and yield 
biochar as the desired product. Subsequently, in the second stage of the proposed concept, the resultant 
biochar is subjected to gasification. The latter one is a thermochemical conversion in which occurs the 
partial oxidation of solid biomass into a gaseous high-energetic product at a temperature range 
between 800-1000 °C. The main product of gasification is the gas mixture called synthetic gas (or 
syngas) which is rich in CO and H2. It is worth emphasizing that the resultant syngas offers better 
flexibility in finding the most beneficial application route (liquid fuels, chemicals, power generation) 
compared to pyrolysis. The gaseous fraction of hydrothermal treatment is composed mainly of CO2 so 
to ensure the sustainability of the whole technology we consider subsequently the gasification of 
resultant biochar under the atmosphere of carbon dioxide as a gasification medium. The biocrude in 
the whole technology is designed as a source of heat carrier within the technology. 
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Figure 1: An approach for sustainable two-stage processing of waste cherry pomace towards syngas. 

The present paper brings new insights into the valorization of cherry pomace as industrial waste. The 
untapped cherry pomace was chosen as a promising feedstock for cheap and environmentally friendly 
manufacturing of bioproducts via proposed two-stage thermochemical concept. The main aim of the 
present research was to investigate the effect of hydrothermal treatment temperature (tested within the 
range 200–350 °C) on the yield and quality of the resultant biochar and its possibility for further 
conversion into synthetic gas via gasification with CO2. The studied bio-char was obtained by carrying 
out a series of tests in subcritical conditions of water. The quality of biochar was analyzed by means of 
elemental analysis (EA), thermogravimetric analysis (TG), and diffuse reflectance infrared Fourier 
transform spectroscopy (DRIFT). The final stage was the investigation of the gasification kinetics of 
HTT biochars obtained at various conditions. 

2 Materials and methods 

2.1 Raw material 

The cherry pomace used in this research is the leftover from the industrial juice production facility – it 
has been supplied from Tymbark MWS company, Poland. The as-received feedstock was a mixture of 
residual seeds, leafs, stalks, cherry peels, so before subjecting to thermochemical conversion it was 
homogenized. For this purpose the raw material was ground using Fritsch Pulverisette 15 mill to the 
mesh fraction of ca. <2 mm. 

The moisture and ash content in raw material were 52.21 wt.% and 0.74 wt.%, respectively. It is worth 
mention that this kind of residual matter with relatively high moisture and low mineral matter contents 
is a perspective source for transformation via hydrothermal treatment. In the case of conventional 
conversion (pyrolysis, gasification) the energy input necessary for drying makes the technology not 
economically viable. The elemental composition of raw cherry pomace was presented in Table 4. 

2.2 Hydrothermal treatment procedure 

The hydrothermal treatment tests were conducted in a 500 cm3 Parr 4575A (USA) batch reactor 
equipped with Parr 4848 controller (USA). Prior to each experiment, a gas-tightness test was carried 
out by filling the reactor with nitrogen (grade 5.0, p=10 bar). Typically, approximately 100 g of the 
cherry pomace prepared before as water slurry was placed in the reactor under a nitrogen atmosphere 
(p0=5 bar). The concentration of the dry biomass in the slurry was kept constant at 10 wt.%. The 
proper concentration was set by dilution of the as-received slurry with distilled water. The processing 
temperature was set in the range of 200-350 °C. The reaction was carried out under an autogenous 
pressure, so it corresponded to the real operational pressure between ca. 40-150 bar. Depending on the 
set process temperature, the time to reach the desired temperature varied between 30-40 minutes. The 
reaction time, defined as a period between reaching the set temperature and starting cooling down, was 
30 minutes. After the reactor reached back the ambient temperature, the gas pressure was recorded, 
and sample was taken for analysis. Then, the autoclave was opened and the products were transferred 
into the collector. 
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In order to isolate and recover the bioproducts from as-received reaction mixture, the typical procedure 
of the extraction with dichloromethane (DCM; Sigma Aldrich 99.9%) was employed, according to the 
method reported elsewhere [13]. As a result, four groups of products were obtained: (I) biocrude as a 
mixture of DCM-soluble organics; (II) water phase containing dissolved polar organics; (III) gas 
products; and (IV) biochar. The yield of gas products was calculated according to the ideal gas law, 
based on the temperature and pressure measured inside the reactor. Each phase of HTT product was 
recovered quantitatively and analyzed separately in order to estimate the yield and analyze the 
properties and chemical composition of each fraction experimentally. 

2.3 Biochar gasification procedure 

The TG measurements have been carried out using DynTHERM Thermogravimetric Analyzer by 
Rubotherm (Germany). The fully automated instrument is a combination of the two basic systems: (I) 
the system of the Sartorius Magnetic Suspension Balance coupled to the reactor, where the essential 
measurement takes place, and (II) the reacting-gas dosing system, supplying gases at given flow and 
pressure to the reaction zone. During the thermogravimetric measurements, carbon dioxide (grade 4.8) 
has been used. The measurements were performed at the operational pressure of 10 bar. In each 
measurement biochar’s sample of 50 mg and particle size below 0.1 mm was placed in the crucible 
made of alumina, transferred to the reactor, and subjected to the experimental procedure consisting of 
the three stages as summarized in Table 1. 

Table 1: The procedure of the TG kinetic measurements 

Step 1 - Stabilization Step 2 – Measurement Step 3 - Ending 
Initial conditions were 
stabilized, i.e. pressure at 10 
bar, carbon dioxide flow at 200 
cm3/min 

Temperature was ramped from 
ambient up to 1000 °C at a 
heating rate 3 °C /min and the 
constant flow of CO2 set at 200 
cm3/min 

Heating was turned off, the 
CO2 flow was kept at 100 
cm3/min to purge and cool 
down the reactor zone 

2.4 Methodology of kinetic analysis 

Based on the data recorded during the TG measurement, the order of the gasification reaction n was 
determined. Then, the kinetic parameters i.e. activation energy (Ea) and pre-exponential factor (A) 
were calculated using the approximation proposed by Coats and Redfern [14]. The reaction order was 
determined by employing the rate law written as follows: 

dα

dt
= k ∙ (1−∝)  

α = 1 −
m

m
 

(1) 

 

(2) 

α   the advancement of reaction, 
m   the current mass of the sample, mg, 
mo   the initial mass of the sample, mg. 

The rate constant k appearing in equation 1 can be expressed by the Arrhenius equation: 

k = A ∙ exp −
𝐸

RT
 

(3) 

 

A  pre-exponential factor, 1/min 
Ea  activation energy, kJ/mol, 
R  universal gas constant, J/(mol∙K), 
T  temperature, K. 

In the case of non-isothermal experiments, temperature is changing with time, and the relationship 
between them is governed by the heating rate 𝛽 = dT/dt which remains constant throughout the 
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experiment. Combining equations (1) and (3) and introducing 𝛽 allows to define the nth order non-
isothermal reaction model: 

𝑑𝛼

(1 − 𝛼)
=
𝐴

β
∙ exp −

𝐸

𝑅𝑇
𝑑𝑇 (4) 

The left-hand side of equation (4) may be integrated, while the right-hand side cannot be integrated 
directly. The solution is to give an approximation as a series and then truncate it after a small number 
of the terms. Under such assumptions, the results for n≠1 can be expressed as follows: 

ln
1 − (1 − α)

(1 − n)𝑇
= ln

𝐴𝑅

𝛽𝐸
1 −

2𝑅𝑇

𝐸
−
𝐸

RT
 (5) 

For most of the reactions Ea>>RT and the term ln 1 −  in equation (5) can be considered to 

be constant. Therefore, the equation (5) was put in the linear form and the value of reaction order n 
giving the best fit to the experimental data was determined. In the next step, the kinetic parameters i.e. 
activation energy Ea and pre-exponential factor A were calculated. 

2.5 Analytical procedures 

2.5.1 Elemental analysis (EA) 

Elemental analysis (C, H, N) of the studied feedstock and produced biochars was carried out using a 
Thermo Scientific Flash 2000 apparatus. The oxygen content was determined by difference. Each run 
was repeated thrice, and the present result is the average value. 

2.5.2 Diffuse reflectance infrared Fourier transform spectroscopy (DRIFT) 

The composition of the prepared bio-oils was investigated by means of mid-infrared Fourier-transform 
spectroscopy. The spectra were collected on a Nicolet iS5 (Thermo Scientific) spectrometer equipped 
with a DRIFT device (EasiDiffTM-Pike Technologies). For each spectrum sixteen scans were recorded 
at a wavenumber region of 400–4000 cm−1 at a resolution of 4 cm-1. Prior to the measurements the 
samples were prepared as 1 wt.% mixtures with KBr. 

2.5.3 Gas chromatography (GC) 

The composition of the HTT gas phase was analyzed using a gas chromatograph (GC-SRI, model 302, 
SRI-Instruments) equipped with FID and TCD detectors. The separation of constituents was done 
using HayeSep D packed column. 

3 Results & Discussion 

3.1 Effect of hydrothermal treatment on products yield 

The yield distribution of products obtained through the hydrothermal treatment of cherry pomace in 
the tested range of processing temperature (200-350 °C) is shown in Figure 2. It can be seen that 
processing temperature is a meaningful variable affecting the decomposition of the processed 
pomaces. More specifically, the change of this parameter in subcritical conditions of water causes 
noticeable changes in resultant products yield distribution. At lower processing temperatures, the 
dominant bioproduct is solid residue called biochar. It could mean that those conditions are too mild to 
decompose the macromolecules contained in the original biomass matter, and the majority of the 
biochar could be just unreacted matter of raw material. It can be seen that further gradual increase in 
processing temperature results in a decrease of the yield of solid biochar from ca. 57 to ca. 34 wt.%, 
for 200 and 350 °C, respectively. It is worth noting that above 275 °C, a further decrease in solid 
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residue production is less dynamic so up to this temperature majority of macromolecules undergoes 
the transformation. The biocrude yield varied in the range of 10-20 wt.% for the tested range of 
conditions. The highest share of biocrude was noticed at moderate temperatures (275-300 °C). These 
findings are in line with values previously reported for lignocellulosic biomass [15–17]. The yield of 
water-soluble organics was equal approximately 7-11 wt.%. The change of process conditions into 
more severe regions caused a gradual increase in the gaseous phase, probably due to partial secondary 
decomposition of another group of products i.e. bio-oil and water-soluble organics. The yield of gas 
products increased from 2 wt.% to 18 wt.% along with the change of temperature from 200 to 350 °C, 
respectively. 

 

Figure 2: Hydrothermal treatment products yield distribution as a function of the processing 
temperature. 

3.2 Composition of HTT gas product  

Generally, the dominant component of the gas phase was carbon dioxide. This observation might 
confirm that decomposition of cherries pomace in the subcritical water occurs via intensive 
decarboxylation. At lower concentrations, there were also detected certain amounts of flammable 
components like methane, propane, n-butane, iso-propane and n-propane. In Table 2 the exemplary 
composition of the gas phase obtained at 200 °C was presented. These findings were similar to 
research conducted with other types of biomass in subcritical water [18]. 

Table 2: Composition of HTT gaseous phase at 200 °C 

Compound Concentration [vol. %] 
Methane 3.7 

Carbon dioxide 91.2 
Propane 1.7 
n-butane 1.6 
i-pentane 1.4 
n-pentane 0.4 

1428



3.3 HTT biochar properties 

3.3.1 Elemental analysis 

The resultant biochars were dark grey solid carbonaceous materials. The carbon content in the 
biochars is higher than for the feedstock and varies from 56.52 to 74.22 wt.% for the samples obtained 
at 200 and 350 °C, respectively. For comparison, the carbon content in dried cherry pomace was 49.22 
wt.%. Additionally, the oxygen content in HTT biochars is much lower than in the original cherry 
pomace. Thus it can be seen that during transformation in subcritical water, intensive deoxygenation 
reactions take place. The sample obtained at 200 °C has only slightly lower H content. However, the 
increase in processing temperature led to a reduction of its content to 4.27 wt.%. Thus dehydration 
reaction takes place but more easily in more severe conditions. In Table 3 the results of the elemental 
compositions of raw material and biochars obtained at 200 and 350°C were collected. Additionally, 
comparison of obtained biochars with produced from other biomasses – e.g. Virginia mallow 
(dedicated energy crop) [19] in similar conditions show very close elemental composition.  

Table 3: Comparison of elemental composition of raw material and HTT biochars obtained from 
cherry pomace and Virginia mallow [19] 

Element Raw cherry 
pomace 

HTT – biochar 
200 °C 

HTT – biochar 
350 °C 

HTC - biochar from 
Virginia mallow [19] 

C 49.22 56.52 74.22 58.3 
H 6,44 6.16 4.27 5.67 
N 1.19 0.96 2.46 0.38 
O 43.27 36.36 19.05 35.09 

 

3.3.2 DRIFT 

DRIFT spectra collected for chosen HTT biochars are depicted in Figure 3. As seen, the chemical 
character of the product does not change significantly with increase in the HTT processing 
temperature, however, some differences are obvious at a glance. The characteristic broad band at 
3000–3700 cm-1 is assigned to phenolic –OH vibrations. Higher relative intensity of this band noticed 
for the sample produced at 350 °C may suggest its chemical character more similar to polyphenolic 
compounds than HTT char obtained at 200 °C. The complex of four overlapping bands at 2800–3000 
cm-1 is assigned to the symmetric and asymmetric stretching vibrations of aliphatic methyl and 
methylene groups. This region features higher intensity for the biochar manufactured at 200 °C. 
Taking into account the lower degree of transformation of the original organic matter in this case, such 
observation is not surprising. The third region of high absorbance is seen for both samples within 
1500–1650 cm-1 and corresponds to the vibrations of aromatic ring in the biochar structures [20,21]. 
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Figure 3: DRIFT spectra of HTT biochars obtained at different processing temperatures 

3.4 HTT biochar gasification 

As a result of heating up to 1000 °C in carbon dioxide, the biochars underwent a set of reactions of 
pyrolysis and gasification characteristic for the thermal decomposition of organic materials. The mass 
losses resulting from these reactions are illustrated in Figure 4. The pyrolysis step, i.e. thermal 
decomposition of the samples, started at a temperature of about 300 °C and lasted until about 840 °C. 
The slopes of the curves in this temperature range were not uniform (at about 500 °C, the inflection of 
the curve is observed), indicating the change in the kinetics of the occurring reactions. The first step of 
pyrolysis is called primary pyrolysis, while the second one refers to the secondary pyrolysis. At those 
steps, clear differences between tested biochars can be distinguished. The slopes of the curves of the 
biochars are different indicating different reactivity of the materials at this step. The highest reactivity 
is observed for the biochar obtained at 200 °C, whereas the other two samples (i.e. HTT275 and 
HTT350) demonstrate much lower reactivity. 

 

Figure 4: TG curves of the tested biochars 

The remaining part of the biochars changing from 32 wt.% for HTT200 biochar to 54 wt.% for 
HTT350 biochar undergoes gasification reaction with carbon dioxide which starts at about 840 °C. At 
this step differences in curves, slopes are also observed which indicates differences in reactivity of the 
chars. The information presented above is summarized in Table 4. 

The differences observed can be explained by different “thermal history” of the biochars. Namely, the 
most reactive at the pyrolysis step and resulting in the smallest mass of char at the gasification step is 
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the biochar resulting from the HTT process conducted at the lowest temperature i.e. 200 °C. 
Contrarily, the least reactive at the pyrolysis step, resulting in the highest mass of char at the 
gasification step is the biochar produced by the HTT process performed at the highest temperature i.e. 
350 °C. Generally, it can be stated that the temperature of HTT process determines the reactivity of the 
biochar for further thermochemical processing, wherein the higher the temperature of HTT process the 
lower reactivity of the resulting biochar. Moreover, the increase in HTT process temperature causes a 
reduction in the pyrolysis proportion in favor of the gasification. 

Table 4: Comparison of the TG measurements stages 

Step 
HTT biochar 

200 °C 275 °C 350 °C 

Primary pyrolysis 

tb,  °C 300 300 300 

tf,  °C 500 500 500 

Δm, % 52 28 25 

Secondary pyrolysis 

tb,  °C 500 500 500 

tf,  °C 840 840 840 

Δm, % 13 27 18 

Gasification 

tb,  °C 840 840 840 

tf,  °C 990 990 990 

Δm, % 32 42 54 
tb – starting temperature, tf – final temperature, ∆m – mass loss 

In the next step, the kinetic parameters of the gasification process were calculated in order to 
quantitatively describe the examined process. The selection of the Coats-Redferm method is justified 
by the fact that this method, just after the Senum & Young method, provides the lowest uncertainty 
resulting from the approximation of the p(x) integral solution for a wide range of x=E/(RT) values and 
is much easier to implement than Senum & Young approach. The values of kinetic parameters and 
reaction order are summarized in Table 5, whereas the fit of the model to experimental data is 
illustrated in Figure 5. The values of reaction order providing the best fit of the model to experimental 
data are equal 1.8 for all biochars tested. This value is close to 2 which is considered as one of the 
values having a chemical basis [14]. Both values the activation energies and the pre-exponential 
factors are relatively high when compared with the values typically reported for coal [22] and biomass 
[23]. It is worth emphasizing that the use of the nth reaction order was to better match model data with 
experimental ones, not to determine the reaction order sensu stricto. The parameter n should be treated 
here as a constant of the equation, rather than the reaction order. It can be stated that the compensation 
effect [24] is observed, which means that the high values of activation energies are compensated by 
the very high values of pre-exponential factors. 

Table 5: Kinetic parameters calculated from nth order (Coats-Redfern approximation) 

Parameter 
HTT biochar 

200 °C 275 °C 350 °C 

Reaction order (n) - 1.8 1.8 1.8 

Activation energy (Ea) kJ/mol 732 668 691 

Pre-exponential factor (A) 1/s 3.25∙1031 4.19∙1028 4.51∙1029 
 

The match factor between the model data calculated based on kinetic parameters and the experimental 
data is satisfactory. The largest deviations (however, not exceeding 10%) are observed for low 
conversion rates (Figure 5). 
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Figure 5: A compliance of the kinetic model with the experimental data  

4 Conclusion 

Nowadays, the wet-residual matter generated by food industry like fruit and vegetable pomaces do not 
find efficient disposal route. The direct utilization of this kind of residues through conventional 
technologies like pyrolysis and gasification could be problematic and expensive. Thus we proposed a 
two-stage processing route consisted on hydrothermal treatment and gasification for the conversion of 
high-moisture-containing organic matter towards synthetic gas. At the first stage, we have investigated 
the effect of hydrothermal treatment processing temperature on the yield and the quality of biochar as 
the main bioproduct. The biochars produced from cherry pomace exhibit a noticeable increase in 
carbon content compared to raw material. Moreover, the quality of biochars seems to be comparable to 
biochars obtained from dedicated energy crops. Raising the processing temperature to 350 °C resulted 
in changes in the structure of resultant solid product as was proven by means of DRIFT and TG 
analysis. Subsequently, we have investigated the kinetics of gasification under CO2 of biochars 
obtained at various conditions. We have found that the reactivity of the biochar depends on 
hydrothermal treatment temperature. The higher the temperature of HTT process, the lesser reactivity 
of the resulting biochar. The presented research allowed us to recognize the proposed two-stage 
concept as a promising approach for wet-organic matter utilization. It seems that low-temperature 
hydrothermal treatment followed by biochar gasification under CO2 could be a promising route for the 
transformation of wet residuals generated e.g. by the food industry. Additionally, it was proven that 
HTT biochar from cherry pomace could be valuable intermediate, which could be further upgraded to 
value-added final products. 
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Abstract 

In this paper, we studied the treatment and evaluation of phosphate wastes resulting from phosphate 
production by using thermal plasma technology. We analyzed the wastes through X-Ray fluorescence, 
a scanning electron microscope, an energy-dispersive X-ray spectroscope, and inductively coupled 
plasma. Analysis of phosphate waste showed various elements, which were toxic elements, heavy 
metals, fluorine, chlorine, sulfur, and phosphorus. We used a plasma reactor to separate toxic elements 
from metals such as silicon, aluminum, and magnesium by a thermal plasma system. The study 
showed that high temperature with air gas caused a reduction in the concentration of elements and 
reduced the amount of phosphate waste. In addition, we found that the forms of waste size are very 
irregular and have different particle sizes ranging from 20 to 50 μm. 
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1 Introduction 

Waste management is one of the biggest environmental pollution problems in the world. Conventional 
methods for solid waste treatment, such as landfills, incineration, and recycling, are no longer feasible 
because of increased population growth, and the economy therefore directly affects waste increases 
throughout the world [1]. The environment is affected by the phosphate industry, which produces 
phosphoric acid and generates a large amount of phosphogypsum (phosphate waste) as a waste 
product. Phosphorus is chemically processed to produce phosphoric acid.  

Phosphate produces a large amount of phosphate waste (about 5 tons per ton of phosphoric acid) and 
many contaminants such as heavy metals, toxic elements, fluorine, and phosphorus. Even 
radionuclides that generate radiation activity such as arsenic (As), chromium (Cr), lead (Pb), mercury 
(Hg), nickel (Ni), vanadium (V), and cadmium (Cd) are often associated with phosphate rock [2, 3]. 
Phosphate waste increases and accumulates around the world, amounting to approximately 280 
million tons. Phosphate waste as a by product consists mainly of gypsum (CaSO4 • 2H2O) and 
contains a high percentage of impurities such as P2O5, Fluorine, organic matter, potential toxic 
metals, and radioactive elements. The main reason for pollution is that most of the waste is discharged 
without initial treatment [4-6]. 

Plasma is defined as the fourth state of matter and represents almost 99% of the universe in which the 
molecules of ions and electrons are free to move. Plasma is present either in nature (natural plasma), as 
in the sun, or in the laboratory (industrial plasma), where it is generally produced by electric discharge. 
Industrial plasma can be divided into 2 types: cold plasma, in temperatures from room temperature to 
1000 °C, or thermal plasma, in temperatures from 1000 °C to millions of degrees Celsius. Mainly 
electrical arcs and radio frequencies can produce thermal plasma. The thermal effect leads to collisions 
between particles and results in ionization of the particles as it increases. In addition, 2 electrodes 
(anode and cathode) form the plasma torch, and there are 2 types of arc torches: a transferred and a 
nontransferred arc [7-9]. Plasma waste management technology is one of the most promising 
techniques for solving waste problems, whereby waste is converted into energy or a product. Mining 
and conversion of waste into a product or energy are carried out through new technologies that 
overcome traditional methods and preserve the environment against any source of pollution [10]. 

Reducing pollution and preserving the environment also offer advantages in waste treatment 
processes. Through transfer of high temperature and high energy density, thermal plasma can help 
separate, dissolve materials and reduce the size of the composition, which reduces the total volume of 
waste. Plasma waste treatment techniques can be divided into 2 types: plasma pyrolysis and plasma 
gasification. Plasma waste treatment prevents or reduces toxic emissions and controls product 
composition. Inorganic wastes can also be treated with plasma to recover the value of their ingredients, 
or their volume can be reduced through the melting process [11]. Comprehensive scientific studies on 
waste pyrolysis plasma processes were carried out in detail in the References [12-14].  

Plasma gasification is characterized by high temperature of solid waste treatment, which leads to the 
decomposition of organic compounds in their primary components (converted into dense, vitrified, and 
inert slag) and the production of a high-energy synthetic gas component (carbon dioxide [CO2], 
carbon monoxide [CO], hydrogen [H2], and methane [CH4]). Synthetic gas can be used in the 
production of electricity, heat, or liquid fuel or of inert vitrification slag for washing processes and can 
be applied in an additive for building materials. In conventional methods, tar, char, and dioxins are 
hazardous to the environment, so the solution of synthetic gas production is cleaner and better than 
conventional methods [15-18]. Plasma technologies have become more attractive, and the driving 
force is to prioritize quality and environmental indicators to reduce from pollution, waste disposal, and 
treatment, thus contributing to sustainable development. Nowadays plasma systems and technologies 
have become more acceptable, which means there is a possibility to expand them in waste 
management [19]. Costs associated with landfill avoidance and the benefits of marketable products are 
the main economic advantages of plasma gasification and waste vetrification. From an environmental 
point of view, plasma systems could provide a viable alternative to conventional landfills and 
incinerators while minimizing air pollution [20]. 
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Some important applications of solid waste treatment contribute to decontamination, volume 
reduction, and immobilization of inorganic contaminants. Westinghouse (Madison, USA) and 
Europlasma (Morcenx, France) pursue a different approach; their designs include a nontransferred 
plasma torch to provide part of the heat required for waste processing. Thus, the remaining energy 
from the process is provided by the calorific value of the waste and/or the addition of coke. The 
Westinghouse plasma reactor is a plasma-fired furnace containing waste and coke (coke being about 
4% of the total load). To obtain high-temperature generation in the furnace, one must heat the plasma 
to a portion of the air to reduce the amount of coke and air required. One may then determine the 
amount of air by the composition of the waste that must be heated by plasma. More detailed 
information on the Westinghouse process and its implementation can be found elsewhere [21, 22]. 

 Europlasma applies plasma technology to waste, using plasma reactors with nontransferred arc 
torches to compress the incinerator residue. This technology heats the waste directly with plasma jets. 
The direct plasma-melting reactor installed in Cenon (France) processes up to 10 tons of fly ash per 
day; a larger installation in Shimonoseki (Japan) can process 42 tons of fly ash and bottom ash daily. 
Europlasma is currently building a 12 MW gasification plant for solid waste treatment in Morcenx 
(France) [23]. The design includes 2 plasma torches: one to refine the raw synthesis gas produced 
during gasification and one to vitrify metals and minerals. It is not clear, however, to what extent the 
plasma treatment (patented as Turbo Plasma) replaces the different synthesis-gas-cleaning stages. A 
fundamentally different design of plasma arc waste conversion uses plasma to refine gases produced 
during waste conversion (2-stage or twin-stage process) rather than destroy waste by brute force, as 
happens in the abovementioned plasma systems (single stage). The Plasco Energy Group has 
completed a plasma technology plant to use plasma arc torches for municipal solid waste treatment. 
Eighty-five tons per day are treated in Ottawa (Canada). Plasco uses the plasma in an oxygen-starved 
conversion chamber to purify the gases emitted from the gasification of waste; afterwards, the torches 
interact only with the gas, which contributes to reducing the demand for electricity. The process 
converts waste into a syngas that is used to run internal combustion gas engines [24]. 

This paper gives information on the treatment of phosphate waste by use of a thermal plasma system 
that depends on plasma arc technology. In addition, the study characterizes and analyzes phosphate 
wastes before and after treatment using various techniques (scanning electron microscope, energy-
dispersive X-ray spectroscope, X-ray fluorescence, and inductively coupled plasma). 

2 Materials and Methods  

2.1 Experimental setup 

The experiments conducted to treat the phosphate waste are represented in figure 1. The plasma 
system processing contained the plasma torch, furnace, heat exchanger, filter bag, and scrubber. A 
power supply was designed to supply the torch with the required powered. The system contained a 
remote control that was connected to a computer to manage the insulation, monitor the operating 
parameters, and engage a dispenser that controlled the supply of phosphate waste in the furnace, 
thereby treating the phosphate waste in the reaction chamber that was inside the furnace. In the 
plasma-reaction chamber, the working gas–air was injected vertically into the plasma torch at a flow 
rate of 45 m3/h. The current intensity and voltage for the furnace plasma torch ranged from 100 A at 
220 V to 160 A at 220 V, respectively. A filter bag was used to purify the exhaust flow from the 
mechanical and gas impurities, sprays, and vapors. The feeder was filled with phosphate waste and 
mechanically provided by loading of 25 kg/h into the plasma reaction chamber. Figure 2 shows the 
thermal plasma DC torch 100 kW “nontransferred arc,” and how it is integrated in the system. This 
torch was powered by a DC source to heat the plasma that was forming gas (air), (working voltage 480 
V/current of plasma torch 100-200 A/50 Hz) while connected to a high voltage unit. This torch 
produced a high temperature/velocity plasma flame (≈ 3000 K). This DC current between the 
electrodes created an ionized gas plasma current, which was bound by the end of the torch. Table 1 
shows the parameters of the arc-plasma torch. The power generator was used to convert the 
mechanical energy into electrical energy as its output. The power source (120 kW) is usually intended 
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for experimental investigations of low-power plasmatrons (up to 100 kW) and for working out the 
processes of vacuum deposition, surfacing, and cutting. The electric power supply (100 kW of power) 
with the control unit and power generator (500 KVA) are shown in figure 3. Figure 4 shows the 
system that included a cooling tower used to ensure the supply of chilled desalinated water to the 
closed looping (19 to 21ºC). 

 

 

Figure 1: Plasma system for phosphate waste processing: 1. plasma torch, 2. furnace, 3. heat 
exchanger, 4. filter bag and 5. Scrubber 

 

 

Figure 2: Plasma torch: 1. water-jacketed, 2. electric arc, 3. cathode, 4. anode, 5. high voltage, 6. 
swirl ring, 7. insulator toward a. and b. water-cooling, and c. working gas 
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Table 1: Parameters of arc-plasma torch 

Parameter  Value  

Power (max)  100 kW  

Voltage (max)  400 V  

Current (max)  400 A  

Type of plasma gas  Air  

Air consumption  5 –  15 g/s  

Arc stabilizing method  Vertical gas  

Temperature of plasma jet  2000 – 4000 C  

Electrode cooling type  Water  

Water consumption (max)  700 g/s  

Arc lighting type  High-voltage oscillator  

Air supply  4.2 g/s  

 

 

 

 

 

 

 

              

                          Figure 3: Power generator                          Figure 4: Cooling tower 

3 Results and discussion 

3.1 Characterization of phosphate waste  

The collected samples of the phosphate waste were randomly tested. Part of the sample was dried in a 
furnace at 60 °C for 48 hours, and then pulverized, as shown in figures 5 and 6. The dried phosphate 
waste was characterized by 4 different techniques; i.  a scanning electron microscope is an electron 
microscope that produces images of a sample by scanning its surface with a focused beam of 
electrons; ii. the energy-dispersive X-ray spectroscope is an analytical technique used for the 
elemental analysis of a sample; iii. The X-ray fluorescence is an X-ray instrument used for routine and 
relatively nondestructive chemical analyzes of rocks, minerals, sediments, and fluids; and iv. the 
inductively coupled plasma is an analytical technique used for detecting trace metals. 

A thermal plasma torch was used to treat the phosphate wastes. First, we placed 750 g of waste in a 
crucible, as shown in figure 7. Then, we inserted a crucible inside the plasma oven, as shown in figure 
8. The plasma torch was fired within 30 min, using air as a carrier gas. After that, we installed the 
plasma current at 100 A. Figure 9 is an image of the plasma torch during treatment. Figure 10 
represents an image of the phosphate waste after treatment. The treatment results in figure 11 show a 
change in the colour and shape of the outer surface after treatment, as compared to the initial case. 
Figure 12 shows that the phosphate waste at the bottom of the crucible is insoluble because it was not 
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affected by the plasma torch at 100 A within 30 min. The experiment was repeated but the time was 
adjusted to 40 min at 100 A, resulting in the complete dissolution of phosphate waste. In addition, one 
of the results is a measure of the weight of waste after treatment. After treatment, the weight of the 
phosphate waste was reduced to 414 g, and 336 g of waste evaporated during treatment. Figure 13 
shows the results of the experiments for the weight of the phosphate wastes with a change in current 
within 30 and 40 min. The amount of waste decreased when the current increased in ranges 100 to 160 
A. 

 

    

 

             Figure 5: Waste of phosphate pre-drying          Figure 6: Waste of phosphate post-drying 

 

       

 

 

                        Figure 7: Feed           Figure 8: Feed in furnace      Figure 9: During the treatment                 

                 

                     Figure 10: Product       Figure 11: Product in furnace    Figure 12: Down the sample 
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Figure 13: Experiment results of the plasma reactor 

3.2 Scanning electron microscope 

To analyze the results of the phosphate waste samples before and after treatment, we used a scanning 
electron microscope to determine the shape and size of the sample. A sample of phosphate waste was 
analyzed prior to any treatment. The result illustrates that phosphate waste had random morphology, 
different sizes and was irregular, as shown in figures 14. A phosphate waste treatment experiment was 
carried out using thermal plasma at 100 A for 30 min, as shown in figures 15. Then, the operating time 
was changed to 40 min at 100 A, as shown in figures 16. After treatment at 100 A during 30 and 40 
min, the morphology and size of the phosphate waste sample were random, different, irregular, and 
completely changed as compared to the pre-treatment sample analysis. In addition, the sample was 
analyzed at 130 A, with the results showing that the morphology and sizes were different and 
irregular, though their size was smaller than it was after treatment at 100 A as well as the original 
sample before processing, as shown in figure 17.  

Finally, the analysis of the sample after treatment at 160 A, as shown in figure 18, was that their 
morphology and size were different, random, irregular, and smaller compared with all previous 
experiments with the current change both before and after treatment. 
 

 

 

 
Figure 14: Scanning electron microscope analysis of different feed sizes 
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Figure 16: Scanning electron microscope analysis of different product size (I=100 A at 40 min) 

 

 

 

 

 

 

 

Figure 17: Scanning electron microscope analysis of different product size (I=130 A at 40 min 

 

 

 

 

 

 

Figure 18: Scanning electron microscope analysis of different product size (I=160 A at 40 min) 

3.3 Energy dispersive x-ray spectroscope 

We analyzed the phosphate waste sample both before and after treatment on an energy-dispersive X-
ray spectroscope, thereby knowing the initial results of the chemical elements of waste. The results 
indicate that in a pre-treatment analysis of the waste in a spectrum, as shown in figure 19, the waste 
consists of O, Ca, and S, and that these elements are essential components of gypsum formation. In 
addition, the analysis shows the presence of other elements such as C, F, Na, Mg, Si, P, Al, Fe, Cu, 
and Cl, which can be constructed in the phosphate waste structure.  

The phosphate waste sample was then analyzed after thermal plasma treatment at 100 A and 30 A for 
40 min, as shown in the spectrum of figures 20 and 21. The analysis of the sample showed it was the 
same as the main chemical elements found in the formation of phosphate waste before treatment, but 

Figure 15: Scanning electron microscope analysis of different product size (I=100 A at 30 min) 
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the concentrations of the chemical elements were relatively reduced. The analysis of phosphate waste 
after treatment at 130 A and 160 A for 40 min are shown in the spectrum of figures 22 and 23. The 
chemical elements are the same as the main components after treatment at 100 A, but the 
concentration of the chemical elements is significantly reduced. Figure 24 represents a comparison of 
the composition of phosphate wastes before and after treatment with the thermal plasma at different 
currents.  

When the current was increased, this resulted in the concentrations of the elements decreasing and 
some other elements appearing in the sample. 

 

 

Figure 19: Energy dispersive x-ray spectroscope analysis of feed 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20: EDS analysis of product 
(I=100 A at 30 min)   

Figure 21: EDS analysis of product 
(I=100 A at 40 min) 

Figure 23: EDS analysis of product 
(I=160 A at 40 min)   

Figure 22: EDS analysis of product 

(I=130 A at 40 min)    
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Figure 24: Comparison of waste composition in the different experiments using an energy-dispersive 
X-ray spectroscope 

3.4 X-ray fluorescence 

X-ray fluorescence was used to diagnose and analyze the phosphate waste to find the basic 
components of the waste. The results in figures 25 show that pre-treatment phosphate waste analyzes 
consist of high concentrations of Ca, S, Sr, Sc, Mg, Si, Fe, Ni, Cu, and Zn. Furthermore, the results of 
the phosphate waste after plasma treatment were analyzed at 100 A within 30 min (figure 26), 100 A 
(figure 27), 130 A (figure 28) and 160 A (figure 29) for 40 min.  

The analysis of phosphate wastes after treatment showed there were the same chemical elements 
before treatment, but the concentration decreases gradually as the current increases, thereby causing an 
increase in temperature. 

 

Figure 25: X-ray fluorescence analysis of feed 
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3.5 Inductively coupled plasma 

Among the techniques for diagnosing phosphate waste samples before and after treatment, we used an 
inductively coupled plasma to identify the chemical elements and heavy metals. There were steps 
completed before analyzing the phosphate waste sample using the inductively coupled plasma, so we 
had to convert the waste from a solid to liquid state, which is when we analyzed it. After converting 
the waste into liquid and analyzing it with the double-plasma inductive technology, as shown in figure 
30, we observed that the phosphate waste before treatment showed the main components of the waste, 
which consisted mainly of iron and aluminum. These wastes are also toxic because they contain 
arsenic and heavy metals such as lead, chromium, vanadium, zinc, and cadmium. This poses a risk to 
the environment. Therefore, it must be processed by thermal plasma. 

Analyzing the phosphate waste after treatment at 100 A for a period of 30 min showed a relatively low 
concentration of the chemical elements and that the toxic arsenic, chromium, and lead were 
eliminated. We then increased the time to 40 min with the current of 100 A. From this, the results 
show that the dissolution of the whole material decreased the concentrations of the elements compared 
with after the treatment for 30 min. In addition, when the current increased to 130 A and 160 A, the 
results of the analysis showed that the decrease in concentrations was significant with the increase in 
the plasma current, which led to increased vaporization of waste due to the high temperature of the 
plasma. 
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Figure 26: XRF analysis of 
product (I=100 A at 30 min)    

Figure 27: XRF analysis of 
product (I=100 A at 40 min)    

Figure 28: XRF analysis of 
product (I=130 A at 40 min)   

Figure 29: XRF analysis of 
product (I=160 A at 40 min)    
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Figure 30: Component composition of phosphate waste feed and product using inductively coupled 
plasma 

4 Conclusions 

In this paper, a treatment of phosphate waste was created using plasma technology. 

 The wastes are mainly composed of carbon, calcium, and sulfate. In addition, the analysis 
shows the presence of other elements such as C, F, Na, Mg, Si, P, Al, Fe, Cu, and Cl. 

  These wastes are toxic because they contain arsenic and heavy metals such as lead, 
chromium, vanadium, zinc, and cadmium. 

  The wastes have very irregular shapes and various particle sizes (20 to 50 μm).  

  The obtained results show that increasing the plasma current causes an increase in the 
vaporized quantity.  

  The results show that the concentrations of toxic elements in the wastes were decreased.  

  Plasma technology is a promising technology to separate the toxic elements from wastes. 

Nomenclature 

µ𝑚             micrometre. 
𝑡𝑜𝑛             tonne.  
𝐴𝑠              arsenic. 
𝐶𝑟              chromium.  
𝑃𝑏              lead. 
𝐻𝑔             mercury.  
𝑁𝑖              nickel. 
𝑡𝑜𝑛            tonne. 
𝑉               vanadium. 
𝐶𝑑             cadmium.  
𝐶𝑎𝑆𝑂        calcium sulfate. 
2𝐻 𝑂        dihydrate.  
𝑃 𝑂          phosphorus pentoxide. 
℃              celsius.  
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𝐶𝑂            carbon dioxide. 
𝐶𝑂             carbon monoxide.  
𝐻               hydrogen. 
𝐶𝐻            methane.  
𝑀𝑊           megawatt 
𝑚 ℎ⁄          cubic meter/hour . 
𝐴                ampere 
𝑉                voltage.  
𝐾𝑔 ℎ⁄          kilogram/hour 
𝐷𝐶             direct current.  
𝑘𝑊             kilowatt. 
𝑉 𝐴⁄            voltage/current.  
𝐻𝑧              hertz. 
𝐾                kelvin. 
𝐾𝑉𝐴           kilovolt-ampere. 
𝑔                gram.  
𝑚𝑖𝑛           minute. 
𝐶               carbon.  
𝐹               fluorine. 
𝑁𝑎            sodium. 
𝑀𝑔           magnesium. 
𝑆𝑖              silicon.  
𝑃               phosphorus. 
𝐴𝑙              aluminium. 
𝐹𝑒             iron . 
𝐶𝑢             copper. 
𝐶𝑙              chlorine. 
𝐶𝑎             calcium.  
𝑆               silicon. 
𝑆𝑟             strontium. 
𝑆𝑐             scandium. 
𝑍𝑛             zinc. 
𝐾               potassium. 
𝑂               oxygen.  
𝐵𝑟             bromine. 
𝑁𝑖              nickel.  
𝐵𝑒              beryllium. 
𝑔 𝑠⁄             gram/second. 
𝑚𝑔 𝑘𝑔⁄       milligram/kilogram. 
𝐸𝐷𝑆           energy dispersive x-ray spectroscope. 
𝑋𝑅𝐹           x-ray fluorescence.  

Acknowledgement 

The authors acknowledge the financial support from the Energy and Water Research Institute, King 
Abdulaziz City of Science and Technology. Project No. 31-461. “Treatment of waste from 
desalination plants using plasma.” 

 

1447



References 

[1] Jones PT, Geysen D, Tielemans Y, Van Passel S, Pontikes Y, Blanpain B, Quaghebeur M, 
Hoekstra N.: Enhanced landfill mining in view of multiple resource recovery: a critical review. J 
of Clean Pro. 55 Issue 2013, pp. 45‒55.  

[2] Pérez-López R, Alvarez-Valero AM, Nieto JM.: Changes in mobility of toxic elements during 
the production of phosphoric acid in the fertilizer industry of Huelva (SW Spain) and 
environmental impact of phosphogypsum wastes. J of Haz Mat. 148(3) Issue 2007, pp. 45‒750. 

[3] Reta G, Dong X, Zhonghua Li, et al.: Environmental impact of phosphate mining and 
beneficiation: review. Int J Hydro. 2(4) Issue 2018, pp. 424‒431. DOI: 
10.15406/ijh.2018.02.00106 . 

[4] Rutherford PM, Dudas MJ, Samek RA.: Environmental impacts of phosphogypsum. Sci of Total 
Environ. 149(1-2) Issue 1994, pp. 1‒38. 

[5] El Afifi EM, Hilal MA, Attallah MF, El-Reefy SA.: Characterization of phosphogypsum wastes 
associated with phosphoric acid and fertilizers production. J of Environ Radioactivity. 100(5) 
Issue 2009, pp. 407‒412. 

[6] El Kateb A, Stalder C, Rüggeberg A, Neururer C, Spangenberg JE, Spezzaferri, S.: Impact of 
industrial phosphate waste discharge on the marine environment in the Gulf of Gabes (Tunisia). 
PloS one. 13(5) Issue 2018, e0197731. 

[7] Huang H, Tang L.: Treatment of organic waste using thermal plasma pyrolysis technology. 
Energy Conversion and Management. 48(4) Issue 2007, pp. 1331‒1337. 

[8] Tendero C, Tixier C, Tristant P, Desmaison J, Leprince P.: Atmospheric pressure plasmas: a 
review. Spectrochimica Acta Part B: Atomic Spectroscopy. 61(1) Issue 2006, pp. 2‒30. 

[9] Samal S.: Thermal plasma technology: the prospective future in material processing. J of Cleaner 
Production. 142 Issue 2017, pp. 3131‒3150.   

[10] Hazra A, Das S, Majumdar G, Murmu NC, Banerjee P.: Plasma Arc driven solid waste 
management: energy generation and greenhouse gases (GHGs). Mitigation. Issue 2018, 

[11] Heberlein J, Murphy AB.: Thermal plasma waste treatment. J of Physics D: Applied Physics. 
41(5) Issue 2008, 053001.  

[12] Murphy AB, Kovitya P.: Mathematical model and laser scattering temperature measurements of 
a direct-current plasma torch discharging into air. J of Applied Physics. 73(10) Issue 1993, 
47594769. 

[13] Murphy AB, McAllister T.: Destruction of ozone-depleting substances in a thermal plasma 
reactor. Applied Physics Letters. 73(4) Issue 1998, pp. 459‒461. 

[14] Murphy AB, McAllister T. Modeling of the physics and chemistry of thermal plasma waste 
destruction. Physics of Plasmas. 8(5) Issue 2001, pp. 2565‒2571. 

[15] Mallow T.: Novel and innovative pyrolysis and gasification technologies for energy efficient and 
environmentally sound MSW disposal. Waste Management. 24(1) Issue 2004, pp. 53‒79. 

[16] Lapa N, Santos Oliveira JF, Camacho SL, Circeo LJ.: An ecotoxic risk assessment of residue 
materials produced by the plasma pyrolysis/vitrification (PP/V) process. Waste Management. 
22(3) Issue 2002, pp. 335‒342. 

[17] Lemmens B, Elslander H, Vanderreydt I, Peys K, Diels L, Oosterlinck M, Joos M.: Assessment 
of plasma gasification of high caloric waste streams. Waste Management. 27(11) Issue 2007, pp. 
1562‒1569.  

[18] Carpinlioglu MO, Sanlisoy A.: Performance assessment of plasma gasification for waste to 
energy conversion: a methodology for thermodynamic analysis. Int J of Hydrogen 
Energy. 43(25) Issue 2018, pp.  11493‒11504.   

[19] Van Oost G, Hrabovsky M, Kopecky V, Konrad M, Hlina M, Kavka T, Chumak A, Beeckman 
E, Verstraeten J. Pyrolysis of waste using a hybrid argon-water stabilized torch. Vacuum. 80(11-
12) Issue 2006, pp. 1132‒1137. 

[20] Gagnon J, Carabin P.: A torch to light the way: plasma gasification technology in waste 
treatment. Waste Management World. 1 Issue 2006, pp. 65-68.  

[21] Ducharme, C., & Themelis, N.: Analysis of thermal plasma-assisted waste-to-energy processes. 
In 18th Annual North American Waste-to-Energy Conference. American Society of Mechanical 

1448



Engineers Digital Collection. Issue May.2010, pp. 101-106. 
[22] WPC. Westinghouse Plasma Corporation. Available at: <http://www.Westinghouse-

plasma.com/.2010> [accessed 2010]. 
[23] Europlasma.: CHO-Power - Electricity from Waste and Biomass. Available at: < 

http://www.cho-power.com/> [accessed April. 2012]. 
[24] Kunegel.: Study of technical, environmental and economic assessment of the process of waste 

gasification by plasma torch of PlascoEnergy Group-Report. Issue 2009. 

1449



1450



6th International Conference on Contemporary Problems of Thermal Engineering 
CPOTE 2020, 21-24 September 2020, Poland 

The effects of hydrothermal carbonization operating 
parameters on the high-value hydrochar derived 

from beet pulp 

Małgorzata Wilk1*, Maciej Śliz2, Marcin Gajek3 

1,2AGH University of Science and Technology, Faculty of Metals Engineering and Industrial 
Computer Science 

e-mail: mwilk@agh.edu.pl; msliz@agh.edu.pl 
 

3AGH University of Science and Technology, Faculty of Materials Science and Ceramics 
e-mail: mgajek@agh.edu.pl 

Keywords: Hydrothermal carbonization, Organic waste, Thermal analysis, Hydrochar, Biomass 

Abstract 

Beet pulp is a very wet organic waste derived from sugar production. It can be utilized for energy 
purposes, e.g. biogas production or as very valuable fodder for animals, mainly horses. The high 
moisture content (c.a. 80%) in beet pulp makes it an adequate feedstock for the hydrothermal 
carbonization process (HTC). Therefore, this study is focused on the hydrothermal carbonization of 
beet pulp. The following parameters were studied: temperatures of 180, 200, and 220C through 1, 2, 
3, and 4 h of residence time. The optimal conditions of the HTC process were determined (220C and 
1h) based on the physical and chemical properties of solid product hydrochar. The ultimate and 
proximate analyses, high heating value, energy and mass yields, and energy densification ratio were 
investigated. The obtained hydrochars are of a coal-like solid biofuel, and their high heating values are 
much higher than raw feedstock (c.a. 150% higher). The combustion performance of hydrochar based 
on TGA, were determined. Moreover, the fibre analysis of hydrochar using the van Soest method of 
hydrochars were applied. Concluding, the preliminary studies suggest that organic waste, beet pulp, 
respectively, are of great potential as an energy source using hydrothermal pretreatment. 

1 Introduction 

The definition of biomass is very wide. It includes lignocellulosic and animal materials` sources as 
well as biodegradable waste from agro- and food industries, for instance, the sugar industry [1]. 
Industrial waste from sugar is produced periodically. This is because the seasonal sugar production 
cycle is mainly in autumn, and it takes approximately 3 months after first buying the harvested sugar 
beet. The waste generated during sugar production is beet pulp (20-40%) and sludge from the cleaning 
and washing of sugar beet (50%). The beet pulp is usually returned to farmers instead of sugar beet 
feedstock or resold to them. It can be utilized as a high energy feed for animals or as fertilizer [2]. 
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Despite this possibility the sugar industry is left to deal with the utilization problem because farmers 
are not often interested in taking it back. That is why some part of the beet pulp is used as feedstock in 
biogas production, or deposited on landfill or is used as compost [3,4]. The other way of utilizing wet 
beet pulp (80% moisture content) can be through pre-drying and combustion or co-combustion, but the 
drying process is not very energy- and cost-effective. A much less energy-consuming alternative is the 
hydrothermal carbonization process (HTC) [5]. This is a pretreatment method which occurs in an 
aqueous environment without water vaporizing. The HTC process is usually carried out within a 
temperature range of 180–290 °C and the pressure is maintained above saturation pressure to ensure 
the liquid state of water. The residence time can be maintained between one and several hours. Under 
those rigid conditions, chemical destruction of the dry mass of feedstock occurs and this results in 
three types of products: gases, mainly CO2, water and some simple organic compounds dissolved in 
water. A solid product, hydrochar (30-40% moisture content), can be easily filtered from the reaction 
solution, and has upgraded carbon-like physical and chemical properties (e.g. hydrophobic, non-
biodegradable). The main advantage of this pretreatment method is the dewatering (drying) of 
feedstock, which is five times less energy-consuming than in the case of drying. The process is 
specific to biomass with a high amount of moisture, mainly: municipal waste, e.g. sewage sludge 
[6,7], different kinds of food factory waste, e.g. beetroot, citrus, orange, herbal tea, pulp mill waste, 
olive mill, wine industry or tobacco stalks [8-10], agricultural waste e.g. straw, lignocellulosic or algae 
biomass [11-13], and also digestate from biogas plant [14]. The physical and chemical properties of 
the hydrochar depends on the properties of the feedstock and conditions of the process (temperature 
and residence time), and that is why research on their impact is required for every studied feedstock 
[15]. 

The presented study concerns the hydrothermal carbonization process of beet pulp. The main aim of 
the research was to discover the optimal conditions of the HTC process and to describe in detail the 
physical and chemical properties of the solid HTC product - hydrochar. The hydrochars were studied 
by using advanced instrumental techniques, namely thermal analysis, combined with mass 
spectrometry (to determine the combustion performance of hydrochar), the van Soest method (fibre 
analysis), and scanning electron microscope (morphological structure). Additionally, the post-
processing water pH values were measured. The research will make an impact on the scientific 
development of the discipline by expanding the range of hydrothermal carbonization conditions at 
which solid biofuel can be produced from food factory waste, especially wet waste. 

2 Material and Methods 

2.1 Material 

The feedstock for this study was wet beet pulp collected from the biogas plant in "Cukrownia Strzelin" 
Sugar Plant Sudzucker Polska. When received, the fresh wet beet pulp had just been obtained as a by-
product from the sugar production. It was in the form of long flakes, c.a. 10-15 cm in length and 0.5 
cm in width. Part of the material was prepared for proximate and ultimate analyses and dried at 105C. 
Most of the materials were put in plastic containers at 4C for further investigation. Moisture content 
was a 80%. 

2.2 HTC experimental procedures 

The hydrothermal treatment was carried out in a Zipperclave Stirred Reactor with a volume of 1000 
ml. The following parameters were studied with the temperature set at: 180, 200, and 220C through 1, 
2, 3, and 4 h of residence time. The optimal biomass to water ratio for providing easy stirring was 
found to be 1:20 based on a few different tests. At the beginning, 20 g of wet beet pulp was dispersed 
in 320 g of deionised water and placed into the reactor. Then it was sealed, isolated, and heated to the 
desired temperature. At the moment the temperature was reached, the reaction started and was 
maintained by the desired residence time, before the heater was stopped, the isolation was removed 
and the reactor was cooled down. When the reactor was opened, the remaining solution was evacuated 
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and the solid product was separated from the liquid product by filtration. Next, the ground solid 
product was heated at room temperature. Additionally, the pH of the liquid phase was measured. 

2.3 Feedstock and hydrochar  

Raw material and hydrochars derived during the hydrothermal carbonization process were studied, 
taking into account their physical and chemical properties using the methods presented below. 

Ultimate analysis (carbon, hydrogen, nitrogen and sulphur) was determined by using the Elemental 
Analyser Truespec CHN and S 628 Leco. The oxygen content was calculated as a difference in 
percentage rate and the latter mentioned elements measured in % wt. 

Proximate analysis was performed in a muffle furnace according to the following standards: EN ISO 
18134-2:2017 (moisture content), EN ISO 18122:2015 (ash content), EN ISO 18123:2016 (volatile 
content). The fixed carbon was calculated as a difference percentage rate to moisture, ash and volatile 
matter, respectively. In addition, the X-ray fluorescence (XRF) method, using a Riau ZSX Primus II, 
identified the main chemical composition of beet pulp ash. 

The energy factors of the HTC process were determined. Firstly, high heating values based on ultimate 
and proximate analyses were calculated using Parikh and Channiwala [16] Eq.(1). 

 

HHV = 0,3491 ∙ C + 1,1783 ∙ H + 0,1005 ∙ S − 0,1034 ∙ O − 0,015 ∙ N − 0,0211 ∙ Ash   (1) 

 

C, H, S, O, N carbon, hydrogen, sulphur, oxygen, nitrogen contents, % wt., 
Ash ash content, % wt. 

 

Then, mass and energy yields of hydrochar were determined. In addition, the energy densification was 
recorded. Moreover, the HTC products` distribution was also calculated. 

Using the van Soest method modified by Chylinska et al. (2016) [17], the presence of fibre fractions 
were determined. This method allowed for the selective separation of various fractions depending on 
the solubility of individual fibre components in the solvent used under specific conditions. Fractions 
were as follows: neutral detergent fraction  (NDF), acid detergent fraction (ADF), acid detergent 
lignins (ADL), and substances soluble in natural detergents (NDS). NDF fibre mainly consisted of 
hemicelluloses, cellulose, lignin, whereas ADF consisted of cellulose and lignin. NDS are substances 
soluble in natural detergents such as soluble hydrocarbons, pectins, proteins, monosaccharides, and 
fats, which were removed from the sample during extraction. 

In order to study the morphological structure of the raw beet pulp and hydrochars, a the scanning 
electron microscope (SEM) using an FESEM Nova NanoSEM 450 was applied, where the particles 
were mounted on metal stubs by double sided carbon adhesive discs. Then the samples were observed 
in a high vacuum mode by secondary electrons (SEM) using an accelerating voltage - 1 kV. 

The combustion performance of hydrochars derived from organic waste versus raw feedstock was 
performed by thermal analysis using a Netzsch STA 449 F3 Jupiter. The results were obtained in the 
form of TG/DSC-MS curves which presented the mass change of the sample and thermal effects 
supported by mass spectroscopy results indicating that some gases evolved during the combustion 
process. The samples were heated in alumina crucibles from an ambient temperature up to 700C at a 
constant of three rates: 10 at a 40 ml/min flow of air. The mass of the sample was 15 mg. 
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3 Results 

3.1 Feedstock and hydrochar characterization 

The raw feedstock and hydrochar characteristics were investigated in order to compare the changes 
between raw and pretreated materials. Therefore, the results of the proximate and ultimate analysis, 
energy factors, fibre and SEM analyses, and thermal analysis are presented below. 

3.1.1 Proximate and ultimate analysis 

The proximate and ultimate analysis are shown in Table 1. The raw beet pulp is characterized by high 
content of volatile matter (VM=81.24%) and a low ash content (0.97%) resulting in 15.65% of fixed 
carbon (FC). The hydrothermal carbonization effect on proximate analysis is well observed as the 
volatile matter decreased and fixed carbon increased in the studied range of HTC parameters. 

The raw material ultimate analysis was as follows: carbon 43.4%, hydrogen 5.91%, nitrogen 1.50%, 
sulphur 0.11 and oxygen 45.97%. Comparing the results for raw beet pulp and hydrochars it can be 
seen that the carbonization process significantly influenced the elemental composition of the 
pretreated material. 

Taking into account the discussion around proximate analysis of hydrochars, observations are as 
expected; the volatile matter generally decreased with a rising temperature and residence time as a 
result of the carbonization process. The highest VM content (77.78%) was found at 180C and 1 h and 
the lowest at 220C and 4 h (66.71%). Thus, the fixed carbon content increased as the temperature 
rose with each residence time. Whereas, the rising residence time increased FC values up to 2 h at 180 
and 200C, 22.76 and 27.35%, respectively, and then FC gradually declined with an increasing time 
(c.a. 12% at 4h). In the case of 220C, a different tendency was observed: FC rose slightly up to 3 h, 
where the highest FC content, 29.46%,  was found and decreased at 4h. The ash content was low, c.a. 
1% in all cases. The moisture content for hydrochars was also low, c.a. 1% at 180, 200 and 220C and 
1 to 3h residence times, but for 4h it was found to be c.a. 4 times higher, probably due to the drying 
process at room temperature. 

The carbon content of hydrochar increased, while the hydrogen content slightly decreased and the 
oxygen content gradually decreased with rising temperature and residence time. For each increment in 
time, the carbon content increased (about 15 to 12%) with a rising temperature. The highest value, 
C=60.8%, was found at 220C and 4h. Whereas, the hydrogen content oscillated at c.a. 6.0%, the 
oxygen content consequently declined with rising operating parameters of the HTC process due to the 
removal of O and H substances during the HTC process. The chemical transformation of raw material 
under hydrothermal process conditions is depicted in the van Krevelen diagram (Figure 1). The plot 
relays information about the conversion of raw waste biomass into carbonaceous material by 
presenting H/C and O/C atomic ratios. Thus, low H/C and O/C ratios of hydrochars moved those 
properties towards coke and coal, when temperature and time increased. The results indicated that 
demethanation, dehydration and decarboxylation took place during the hydrothermal carbonization 
process [18-20]. 
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Table 1: Proximate and ultimate analysis of beet pulp and hydrochars, db. 

Material Proximate analysis, % Ultimate analysis, % 
 M VM Ash FC C H N S Oa 

Beet pulp 2.14 81.24 0.97 15.65 43.4 5.91 1.50 0.11 45.97 
HTC_180 C_1h 0.90 77.78 0.92 20.40 48.0 6.15 2.03 0 38.62 
HTC_200 C_1h 0.59 72.51 0.93 25.97 53.1 6.11 1.92 0 37.35 
HTC_220 C_1h 0.09 70.47 0.88 28.56 55.1 5.67 1.59 0,1 36.67 
HTC_180 C_2h 0.29 76.02 0.94 22.75 50.7 5.98 1.76 0 40.33 
HTC_200 C_2h 0.08 71.65 0.92 27.35 53.7 6.12 1.76 0 37.42 
HTC_220 C_2h 0.70 69.52 0.92 28.86 56.8 6.00 1.67 0 33.91 
HTC_180 C_3h 1.23 76.23 0.93 21.61 51.7 6.07 1.69 0 38.38 
HTC_200 C_3h 1.23 72.28 0.98 25.51 55.2 5.97 1.61 0 35.01 
HTC_220 C_3h 1.22 68.35 0.97 29.46 57.9 5.87 1.85 0 32.19 
HTC_180 C_4h 4.32 74.57 1.00 20.11 53.7 5.95 1.59 0 33.44 
HTC_200 C_4h 3.64 71.23 1.00 24.13 56.5 5.85 1.63 0 31.38 
HTC_220 C_4h 3.95 66.71 1.00 28.34 60.8 5.86 2.09 0 26.3 

M - moisture, VM - volatile matter, FC - fixed carbon, C - carbon, H - hydrogen, N - nitrogen, S - sulphur, Oa - oxygen by difference 

 

Figure 1: Van Kreleven diagram 

The ash composition of beet pulp was assessed  in order to understand the operating problems arising 
from exploitation, which may occur during the thermal utilization of organic waste biomass. The 
agriculture residue is usually very rich in inorganic elements [21]. The results derived from XRF 
analysis organized the alkali oxides from the highest to the lowest amount in the following order: 
CaO>K2O>MgO>SiO2>P2O4>SO3>Al2O3>ZnO>Na2O>Cl>Fe2O3. The rigid condition of the HTC 
process and an aqueous environment may dissolve and leach out the inorganic elements from organic 
biomass waste and remain in the HTC liquid due to degradation of hemicellulose and cellulose, which, 
on the other hand, causes the porous structure of hydrochars. 
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3.1.2 Energy factors 

The energy parameters determined for beet pulp and hydrochars are summarized in Table 2. One 
parameter is the high heating value (HHV) - an important indicator describing the energy potential of 
fuel. The calculated HHV of beet pulp was 17.33 MJ/kg. The HHV values for hydrochars derived 
from beet pulp were higher than the raw material value. In all cases the values rose when operating 
HTC parameters, namely temperature and residence time, were increased. The results were consistent 
with an increase of carbon content in the material. The higher the temperature and residence time 
applied, the higher the HHVs achieved. Therefore, the highest value, 25.36 MJ/kg, was determined at 
220C and 4h. The same tendencies were observed with energy densification ratios, which 
corresponded with HHV and carbon content in the material. Those ranged from 1.13 (180C and 1h) 
to 1.47 (220C and 4h). 

Table 2: The HTC process main characteristics 

Material 

Energy parameters Distribution of HTC products 
pH 

HTC 
liquid 

HHV, 
MJ/kg 

MY,  
% 

EY,  
% 

EDR 
 

hydrochar, 
% 

HTC 
liquid,  

% 

Gas 
+Loss, 

% 
HTC_180 C_1h 19.61 48 54 1.13 2.27 89.78 7.95 3.94 
HTC_200 C_1h 21.83 56 71 1.26 2.67 95.31 2.02 3.99 
HTC_220 C_1h 22.10 44 57 1.28 2.12 94.63 3.25 4.28 
HTC_180 C_2h 20.53 43 51 1.19 2.05 92.87 5.09 4.00 
HTC_200 C_2h 22.04 42 54 1.27 2.01 95.13 2.86 4.04 
HTC_220 C_2h 23.35 43 58 1.35 2.03 91.85 6.12 4.29 
HTC_180 C_3h 21.19 41 50 1.22 1.94 92.54 5.52 4.06 
HTC_200 C_3h 22.64 43 56 1.31 2.04 90.15 7.81 4.21 
HTC_220 C_3h 23.75 40 55 1.37 1.90 91.31 6.78 4.30 
HTC_180 C_4h 22.25 47 61 1.29 2.25 94.47 3.28 4.09 
HTC_200 C_4h 23.33 44 55 1.35 1.93 92.97 5.10 4.30 
HTC_220 C_4h 25.36 37 55 1.47 1.78 92.26 5.96 4.45 

HHV- high heating value, MY - mass yield, EY - energy yield, EDR - energy densification ratio 

 

The mass and energy yields can be found in Figure 2. The mass and energy yields gradually decreased 
with a rising temperature at 4 h of residence time. Similar results were discussed by Paul et. al [22]  
and Minaret and Dutta [23]. It resulted from the increasing of the HTC operating parameters, namely 
temperature and residence time, which leads to a higher degree of material decomposition, 
fragmentation and solubilisation of organic waste resulting in decreasing mass yield. The highest 
decrease in hydrochar yield was observed when reaction temperature was 220°C, consistent with the 
temperature ranges effective for significantly decomposing hemicellulose and lignin content in raw 
material and probably a bit of cellulose as well [24]. In other cases the results were inconsistent. 
Energy yields varied and a clear tendency was difficult to determine, however there was a slight 
increase when the temperature was increased at 2 and 3 h of residence time. 

1456



 

Figure 2: Mass and energy yields 

The optimal condition of the process was chosen, taking into account the properties of hydrochar 
described by proximate and ultimate analyses, and energy parameters. However, the best coal-like 
properties were achieved for hydrochar derived at 220°C and 4h, as the mass yield for this condition 
reached the lowest percentage. That is why the average carbonaceous properties and mass and energy 
yield of the HTC process have to be taken into consideration when the optimal conditions are being 
selected. Hydrochar, described by adequate coal-like properties and a sufficient percentage of the mass 
and energy yields, was found at 220°C and 1h. Therefore, the hydrochar which performed under the 
above-mentioned conditions was chosen for further and more advanced analysis, including chemical 
composition and morphology of the sample and its combustion performance.  

3.1.3 Fibre analysis 

The result of fibre analysis determined by the van Soest method was presented as being composed of 
hemicelluloses, cellulose, ADL and NDS fractions for raw and pretreated material at 220°C and 1h, as 
shown in Figure 3. As can be seen, the carbonization process completely degraded the hemicellulose 
and probably slightly degraded the cellulose, thus the percentage of cellulose and lignin increased in 
the pretreated hydrochar. 

 

  

Figure 3: The hemicellulose (H), cellulose (C), acid-detergent lignin fraction (ADL) and neutral 
detergent soluble (NDS) for a) raw beet pulp and b)hydrochar derived at 220C and 1 h. 
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3.1.4 SEM analysis 

As was already mentioned, the degradation of hemicellulose and cellulose under the conditions of the 
HTC process caused the structure of the hydrochars to become porous. The comparison between the 
SEM images of raw and pretreated material at 220°C and 1h is presented in Figure 4. The regular 
longitudinal openings generated by evolved volatile matter are a consequence of the rigid condition of 
the process, mainly temperature, and the leaching out of disintegrated substances caused by the 
carbonization of organic waste in the liquid solution, which indicates the significant degradation of the 
surface. 

 

  

Figure 4: SEM images for a) raw beet pulp and b)hydrochar derived at 220C and 1 h. 

3.1.4 Thermal analysis 

The combustion process investigated by thermal analysis is depicted in the form of TG and DSC 
curves and additionally supported by the main gaseous products identified by mass spectroscopy for 
raw beet pulp (Figure 5) and its hydrochar (Figure 6). 

For raw beet pulp, the combustion process can be divided into following stages: the moisture release 
and the main combustion process, including volatile matter release, and char combustion [25]. The 
main combustion process took place at temperatures up to 545°C, where volatile matter was released 
in two stages corresponding to the exothermic peaks (at 326.1, 418.5) and the char combustion 
(506.5°C). This was due to energy release confirmed by the identification of two main gaseous 
compounds in the volatile matter, namely CO2 and H2O. The CO2 peaks corresponded to three 
exothermic peaks, whereas H2O were released in the first and third stages of the main combustion. The 
maximum rate was at 326.1°C resulting in 57.99% of maximum mass change. Mass and heat changes 
were not observed above 560°C and only a very small amount of solid residue was found. 

 

a) b) 
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Figure 5: TG and DSC curves and identified profiles of the main evolved gases determined at 
10C/min heating rate from ambient temperature to 700C in an air atmosphere for raw beet pulp 

In the case of hydrochar, the main combustion stage differed. This took place at temperature of up to 
560°C. Volatile matters were released in one stage confirmed by the exothermic peak obtained at 
higher temperatures than in the case of raw material. The char combustion was confirmed by the DSC 
peak. Energy was released at 343 and 448.2°C, respectively, corresponding to two mass changes: 
54.35% and 41.19%. Regarding the gaseous peaks, H2O was only observed at 343°C, whereas CO2 
was released twice, at both exothermic peaks.  Combustion was completed at c.a. 525°C resulting in a 
very small amount of solid residue. 

 

Figure 6: TG and DSC curves and identified profiles of the main evolved gases determined at 
10C/min heating rate from ambient temperature to 700C in an air atmosphere for hydrochar 

derived at 220C and 1 h of residence time. 
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3.2 Distribution of HTC products 

The distribution of HTC products was collected in Table 2. The solid products percentage ranged from 
1.90 to 2.67%, whereas liquid products ranged from 89.78 to 95.31%, and gas and loss ranged from 
2.02 to 7.95%. In addition, the pH value of the HTC liquid was measured and found to be acidic (from 
3.94 to 4.45) and dependent on temperature and residence time. It can be seen that the pH values 
slightly increased with a rising temperature and residence time. The possible disposal of post-
processing water is to use it to water the appropriate plants. 

4 Conclusion 

The hydrochar derived from beet pulp is a solid coal-like product, which can be successfully used in 
the energy sector. The proximate and ultimate analyses as well as energy factors confirmed the strong 
impact of operating parameters on the chemical and physical properties of pretreated material. The 
higher temperature and residence time, the highest carbon content in materials corresponding to high 
heating value and energy densification ratio were determined and resulted in less mass yield of solid 
product from the hydrothermal carbonization process. Thus, 220C and 1h were chosen as the optimal 
conditions for the process. Comparative analysis between raw beet pulp and hydrochar was studied by 
advanced instrumental techniques, which confirmed significant changes in the pretreated material. 
During the HTC reaction, lignocellulosic fibre disintegrated and hemicellulose was completely 
degraded. The longitudinal openings caused by evolved volatile matters were observed by scanning 
electron microscope in the pretreated material. The combustion performance of hydrochar was 
performed by TA-MS indicating that hydrochar combusted earlier and was more stable in comparison 
with dry beet pulp.  

Acknowledgements 

The research was funded by National Science Centre, Poland under project no 2018/02/X/ST8/02979 
[MINIATURA 2]. The work was realized as a part of fundamental research co-financed by AGH 
University of Science and Technology [grant no 16.16.110.663]. The authors would like to express 
their thanks to the proprietor of the experimental apparatus EKOPROD Ltd. in Bytom. 

References 

[1] Borysiuk P., Jenczyk-Tolloczko I., Auriga R., M.Kordzikowski M.: Sugar beet pulp as raw 
material for particleboard production. Industrial Crops & Products Vol. 141, Sept. 2019, 111829. 

[2] Fadel J.G., DePeters E.J., Arosemena A.: Composition and digestibility of beet pulp with and 
without molasses and dried using three methods. Animal Feed Science and Technology Vol. 85, 
March 2000, pp. 121–129. 

[3] Ziemiński K., Romanowska I., Kowalska-Wentel M., Cyran M.: Effects of hydrothermal 
pretreatment of sugar beet pulp for methane production. Bioresource Technology Vo. 166, May 
2014, pp. 187–193. 

[4] Zhang L., Sun X.: Influence of sugar beet pulp and paper waste as bulking agents on physical, 
chemical, and microbial properties during green waste composting. Bioresource Technology 
Vol. 267, July 2018, pp. 182–191. 

[5] Kumar M., Oyedun A.O., Kumar A.: A review on the current status of various hydrothermal 
technologies on biomass feedstock Renewable and Sustainable Energy Reviews Vol. 81, 2018, 
pp. 1742–1770. 

[6] Wilk M.: A novel method of sewage sludge pre-treatment - HTC. E3S Web of Conferences Vol. 
10, 2016, 00103. 

[7] Wilk M., Magdziarz A., Jayaraman K., Szymańska-Chargot M., Gökalp I.: Hydrothermal 
carbonization characteristics of sewage sludge and lignocellulosic biomass. A comparative 

1460



study. Biomass Bioenergy Vol. 120, Nov. 2019, pp.166–75. 
[8] Basso D., Patuzzi F., Castello D., Baratieri M., Rada E.C., Weiss-Hortala E., Fiori L.: Agro-

industrial waste to solid biofuel through hydrothermal carbonization. Waste Management Vol. 
47, Jan. 2016, pp. 114–21.  

[9] Pham T.P.T., Kaushik R., Parshetti G.K., Mahmood R., Balasubramanian R.: Food waste-to-
energy conversion technologies: Current status and future directions. Waste Management Vol. 
38, Dec. 2015, pp. 399–408.  

[10] Volpe M., Fiori L.: From olive waste to solid biofuel through hydrothermal carbonisation: The 
role of temperature and solid load on secondary char formation and hydrochar energy properties. 
Journal of Analytical and Applied Pyrolysis Vol. 124, 2017, pp. 63–72. 

[11] Wilk M., Magdziarz A., Kalemba-Rec I., Szymańska-Chargot M.: Upgrading of green waste into 
carbon-rich solid biofuel by hydrothermal carbonization: The effect of process parameters on 
hydrochar derived from acacia. Energy Vol. 202, 2020, 117717. 

[12] Śliz M., Wilk M.: A comprehensive investigation of hydrothermal carbonization: Energy 
potential of hydrochar derived from Virginia mallow. Renewable Energy Vo. 156, April 2020, 
pp. 942–950. 

[13] Yuan C., Wang S., Qian L., Barati B., Gong X., Abomohra A.E., Wang X., Esakkimuthu S., Hu 
Y., Liu L.: Effect of cosolvent and addition of catalyst (HZSM-5) on hydrothermal liquefaction 
of macroalgae. International Journal of Energy Resource Vol. 43, Issue 14, 2019, pp. 8841–51. 

[14] Pawlak-Kruczek H., Niedzwiecki Ł., Sieradzka M., Mlonka-Mędrala A., Baranowski M., 
Serafin-Tkaczuk M., Magdziarz A.: Hydrothermal carbonization of agricultural and municipal 
solid waste digestates – structure and energetic properties of the solid products. Fuel Vol. 275, 
Sept. 2020, 117837. 

[15] Sabio E., Álvarez-Murillo A., Román S., Ledesma B.: Conversion of tomato-peel waste into 
solid fuel by hydrothermal carbonization: Influence of the processing variables. Waste 
Management Vol. 47, April 2016, pp. 122–132. 

[16] Channiwala S.A., Parikh P.P.: A unified correlation for estimating HHV for solid, liquid and 
gaseous fuel. Fuel Vol. 81, 2002, pp. 1051–1063. 

[17] Chylińska M., Szymańska-Chargot M., Kruk B., Zdunek A.: Study on dietary fiber by Fourier 
transform-infrared spectroscopy and chemometric methods. Food Chem Vol. 196, April 2016, 
pp. 114–122. 

[18] Parshetti G.K., Hoekman S.K., Balasubramanian R.: Chemical, structural and combustion 
characteristics of carbonaceous products obtained by hydrothermal carbonization of palm empty 
fruit bunches. Bioresource Technology Vol. 135, 2013, pp. 683–689. 

[19] Chen, X., Ma, X., Peng, X., Lin, Y., Yao, Z.: Conversion of sweet potato waste to solid fuel via 
hydrothermal carbonization. Bioresource Technology Vol. 249, Feb. 2018, pp. 900–907. 

[20] Zheng C., Ma X., Yao Z., Chen X.: The properties and combustion behaviors of hydrochars 
derived from cohydrothermal carbonization of sewage sludge and food waste. Bioresource 
Technology Vol. 285, April 2019, 121347. 

[21] Kambo H.S., Dutta A.: Comparative evaluation of torrefaction and hydrothermal carbonization 
of lignocellulosic biomass for the production of solid biofuel. Energy Conversion and 
Management Vol. 105, August 2015, pp. 746–755. 

[22] Paul S., Dutta A., Defersha F.: Biocarbon, biomethane and biofertilizer from corn residue: A 
hybrid thermo-chemical and biochemical approach. Energy Vo. 165, August 2018, pp. 370–384. 

[23] Minaret J, Dutta A. Comparison of liquid and vapor hydrothermal carbonization of corn husk for 
the use as a solid fuel. Bioresource Technology Vol. 200, 2016, pp. 804–811. 

[24] Afolabi O.O.D., Sohaila M., Cheng Y-L.: Optimisation and characterisation of hydrochar 
production from spent coffee grounds by hydrothermal carbonisation. Renewable Energy Vol. 
147, March 2020, pp. 1380-1391. 

[25] Mlonka-Mędrala A., Magdziarz A., Dziok T., Sieradzka M., Nowak W.: Laboratory studies on 
the influence of biomass particle size on pyrolysis and combustion using TG GC/MS. Fuel Vol. 
252,  Sept. 2019, pp. 635–645. 
 

1461



1462



6th International Conference on Contemporary Problems of Thermal Engineering 
CPOTE 2020, 21-24 September 2020, Poland 

The role of hydrogen in microwave plasma 
valorization of producer gas  

Mateusz Wnukowski1*, Piotr Jamróz2, Łukasz Niedźwiecki1 

1Chair of Mechanics, Machines, Devices and Energy Processes, Wroclaw University of Science and 
Technology, 27 Wybrzeze St. Wyspianskiego, Wroclaw 50-370, Poland 

e-mail: mateusz.wnukowski@pwr.edu.pl 
 

2 Department of Analytical Chemistry and Chemical Metallurgy, Wroclaw University of Science and 
Technology, Wybrzeze St. Wyspianskiego 27, 50-370 Wroclaw, Poland 

Keywords: Hydrogen, Microwave plasma, Biomass gasification, Producer gas, Hydrogen production 

Abstract 
Plasma methods are given significant attention in the context of conditioning the producer gas derived 
from biomass gasification. These methods include warm plasmas, like gliding-arc or high-power 
microwave plasma, that provide both the high temperature and production of reactive species. While 
there are many studies considering applying these types of plasma for producer gas valorization, most 
of them focus on rather simple gaseous mixtures, rarely including hydrogen in their composition. At the 
same time, the microwave plasma has been investigated in the context of CO2 reduction and CH4 
conversion with the addition of H2, showing that hydrogen may have a great impact on converting both 
of those compounds - which are also the main compounds in the producer gas. Therefore, the goal of 
this work is to present the impact of hydrogen on the other producer gas compounds during microwave 
plasma valorization. These compounds include main producer gas components (CO, CO2, CH4, N2) and 
minor impurities (tar compounds, H2S and NH3). The results proved a beneficial impact of hydrogen 
(ca. 20 % v/v) addition on organic compounds conversion. The conversion of CH4 (3.8 % v/v) increased 
from ca. 68% to 95% while the conversion of toluene (10 g/m3), as a tar surrogate, increased from ca. 
97% to 100%, when compared to pure nitrogen plasma. Additionally, the addition of hydrogen changed 
the distribution of the products, inhibiting soot and aromatics production and promoting C2 compounds 
creation. In the case of CO2 (ca. 18 % v/v), hydrogen addition resulted in conversion increase as well, 
from ca. 18% to 63%, when compared to nitrogen plasma, with CO being the resulting product. The 
presence of hydrogen inhibited H2S (ca. 660 ppm) conversion from 96% (in nitrogen) to 27%. The 
addition of H2 did not affect CO and NH3. In addition to gas analyses, the optical emission spectroscopy 
was applied to investigate the plasma. It was proved that with the H2 addition, the H radicals, which are 
crucial for organic compounds conversion, were present. Moreover, the gas (rotational) temperature 
within the plasma core zone was estimated at the level of 5600 K, which allows concluding that the 
processes within the plasma reactor are mostly thermally driven. 
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1 Introduction 
 
Biomass gasification for the purpose of hydrogen production and its further processing is considered as 
a promising and sustainable alternative to the processes involving depleting fossil fuels [1]. However, 
despite many years of research, a full-scale technology of biomass gasification is still hard to implement 
[2]. One of the main problems that restrain the development of this technology is the presence of tars in 
the raw producer gas [3]. Tars can be considered as a mixture of heavy aromatic compounds that have 
a tendency to condense and cause technical problems [3]. Many technologies and approaches have been 
investigated to overcome this problematic issue [4], including plasma techniques. Among theme, warm 
plasmas show very high efficiency in tar compounds conversion [5]. A warm plasma is defined as a 
plasma that can be attributed with both, relatively high temperature and some degree of non-equilibrity 
(meaning that the reactive species and electrons in the plasma can be characterized with different 
temperatures) [5]. Microwave (MW) plasma and gliding-arc plasma are two examples of warm plasmas 
that have been intensively studied in the context of tars conversion [5–11]. The characteristic of warm 
plasmas provides perfect conditions – high temperature and population of reactive species – for tars 
processing [5]. However, these conditions can also affect other components of producer gas. Despite 
that, most of the laboratory research in plasma conversion of tars applies rather simple gaseous mixtures 
[12], usually using nitrogen with the possible addition of steam or carbon dioxide. What is significant, 
there is a serious lack of research on the impact of hydrogen – one of the dominant components of 
producer gas and the one most desired – on other co-components. On the other hand, research in the 
field of other plasma application, like CO2 conversion [13], methane coupling [14] or aromatics 
reforming [15] shows that hydrogen may have tremendous influence. Therefore, the goal of this research 
is to investigate the interactions between hydrogen and other components of the producer gas during 
MW plasma treatment, i.e. permanent gases (CO2, CO, N2, and CH4), tar surrogate (toluene) and minor 
impurities (NH3 and H2S).          
 

2 Material and methods 
 

2.1 Experimental setup 
 
A schematic diagram of the experimental set-up is presented in Fig. 1.The heart of the setup is the 600 
mm length microwave plasma reactor with the fixed microwave power of c.a. 1800 W. During the 
experiments, the plasma agent gas was the processed gas at the same time. The volumetric gas flow rate 
was set to 30 standard liters per minute (SLM) in all the experiments. The gases used in the experiments 
to simulate biomass-derived producer gas were provided from cylinders. Table 1 shows details on the 
gaseous mixtures applied in the experiments. The flow rate of the gases was controlled with mass flow 
controllers (MFC) (Aalbborg XFM47 for N2 and β-ERG 1000 for H2S, NH3 and Ar) or rotameters (for 
CO, CO2, CH4 and H2). In the case of the test with tar surrogate, toluene was introduced into the nitrogen 
stream with the use of syringe pump (NE-300, New Era Pump Systems) and the obtained mixture was 
passing through a heated hose (120 °C) connected to the MW plasma reactor. The concentration of CO, 
CO2 and H2 was measured online with the use of gas analyzer (GAS 3000, GEIT) that was connected to 
the outlet of the reactor. Additionally, gaseous samples were collected to Tedlar’s bag for the purpose 
of gas chromatography (GC) qualitative and quantitative analyses of methane and gaseous products of 
methane and toluene conversion. The heavier products of toluene were collected by passing 10 liters of 
the process gas through two Polezajev flasks filled with 20 ml of isopropanol. The obtained solution 
was analyzed with the use of GC techniques. A membrane pump (N3, M&C) was used to pass the gas 
through isopropanol or into Tedlar’s bag. To determine changes in the volumetric gas flow rate due to 
the gas processing, separate tests with the addition of argon (2% v/v), as an internal standard, were done. 
The changes in the argon concentration were determined with the use of GC techniques. A Shamrock 
SR500i spectrometer (Andor) with a CCD Newton DU-940UV camera (Andor) were applied to measure 
radiation in the range of 200-900 nm coming from the microwave plasma. An achromatic lens with UV 
non-solarizing optical fibers, placed at the height of the waveguide where the plasma was generated, 
was applied to the image and transport the emitted radiation of the plasma into the entrance slit of the 
monochromator. 
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Figure 1: Diagram of the experimental rig, along with the gas sampling train. 1- gas cylinders (X – 
CH4, CO2, CO, NH3, H2S or Ar depending on the experiment); 2 – MCF; 3 – rotameter; 4 – depending 
on the gas, rotameter/MCF; 5 – syringe pump; 6 – heated hose; 7 – plasma conversion reactor; 8 – 
optical fiber; 9 – spectrometer; 10 –gas analyzer; 11 – peristaltic pump; 12 – impinger bottles in a 
cooling bath; 13 – Tedlar bag;  F – flare; V – vent; GC – gas chromatography; MS – mass spectroscopy).  

 

Table 1: Experimental gaseous mixtures. In all the cases the mixture included N2 with or without H2 
and one possible additional component. 

Mixture 
of N2+: 

H2 CH4 CO CO2 C7H8 H2S NH3 
% % % % g/m3 ppm ppm 

H2 20.92±1.15 - - - - - - 
CH4 - 3.76±0.02 - - - - - 
CH4+H2 19.81±1.15 3.75±0.02 - - - - - 
CO - - 21.13±1.15 - - - - 
CO+H2 20.10±1.15  21.50±1.15     
CO2    17.73±0.58    
CO2+H2 21.20±1.15   17.95±0.58    
C7H8     10.00±0.46   
C7H8+H2 20.90±1.15    10.00±0.49   
H2S -     711±27 - 
H2S+H2 20.26±1.15     609±22 - 
NH3       9970 

±1216 
NH3+H2 20.53±1.15      9970 

±1218 
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2.2 GC analyses 
 
The GC analyses were done with the use of outlet gas samples collected in the Tedlar’s bags.  The 
samples were analyzed with the use of mass spectrometry (GC-MS) (7820 with MSD 5977, Agilent), 
flame-ionized detector (GC-FID) (6890, Hewlett-Packard) and thermal conductivity detector (TCD) 
working with Agilent 7820 GC. More information on the columns used and the GC conditions are given 
in Table 2. 

 
Table 2: GC methods applied in the experiments. 

Detector Column Temperature program Purpose 

MS HP-5 MS  

(Agilent J&W) 
40 °C (4min) 

 ℃/
⎯⎯⎯⎯⎯⎯  140 °C (2min) 

 

 
 ℃/

⎯⎯⎯⎯⎯⎯  230 °C 

Quantitative analyses of 
toluene and qualitative 
analyses of by-products 
from toluene conversion 

MS HP-PLOT/Q  

(Agilent J&W) 

70 °C (7 min) Quantitative analyses of 
H2S 

MS CP-Volamine  
(Agilent J&W)  

40 °C (4 min) Quantitative analyses of 
NH3 

FID RT-Alumina  

BOND/KCl (Restek) 

100 °C (5 min)  Quantitative analyses of 
CH4, C2H2 and C2H4 

TCD HP-Molesieve  

(Agilent J&W) 

30 °C (5 min) Quantitative analyses of 
Ar 

 
2.3 Optical emission spectroscopy 
 
The plasma rotational temperature in the core of the plasma was calculated through comparison between 
experimental and simulated spectra of N2

+ (B-X) (0-0) system with the band head at 391.4 nm. In the 
fitting procedure, the Lifbase computer program was used to simulate emission spectra of the N2

+ (B-X) 
(0-0) at various rotational temperatures. 
 
2.4 Assessment methods 

 
The conversion efficiency of toluene (XC7H8) was calculated as follows: 

𝑋 =
𝐶 − 𝐶

𝐶
× 100% (1) 

where: Cin – initial concentration of toluene, Cout – final concentration of toluene (g/Nm3). In the test 
with toluene conversion, the change in the volumetric gas flow rate was negligible. The analogical 
formula was used to calculate the conversion of hydrogen sulfide and ammonia since the changes in the 
volumetric gas flow rate were also negligible.  

The conversion efficiency of methane (XCH4) was calculated as follows: 

𝑋 =
𝐶𝐻4 × 𝑉 − 𝐶𝐻4 × 𝑉

𝐶𝐻4 × 𝑉
× 100% (2) 

where: CH4in – initial concentration of methane (%), CH4out – final concentration of methane (%), Vin 
– inlet volumetric gas flow rate (SLM), Vout – outlet volumetric gas flow rate (SLM).  
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3 Results and discussion 
 
3.1 Plasma characterization 
 
Figure 2 presents emission spectrum of nitrogen/hydrogen (ca. 9% v/v) microwave plasma. The 
spectrum includes multiple N2 (C3Πu-B3Πg) and N2

+ (B2Σ+
u-X2Σ+

g) bands within the range of 300-500 
nm. In the range of 550-900 nm numerous emission bands of N2 (B3Πg-A3Σ+

u) were observed. 
Additionally, few atomic lines of N (at 818.0; 821.8; 868.0 and 868.3 nm) as well as strong NH (A3 - 
X3-) (0-0) at 336.0 nm and (1-1) at 337.0 nm bands were identified. Most importantly, the emission 
spectrum included H atomic lines (at 486.13 nm and 656.6 nm) proving dissociation of molecular 
hydrogen and resulting presence of H radicals in the plasma zone.  

 

Figure 2: Emission spectrum of nitrogen/hydrogen MW plasma. 

The recorded spectrum was used to estimate the rotational (gas) temperature (Trot) in the plasma core 
zone. The result of the fitting procedure, along with the estimated temperature, is presented in Figure 3. 
As can be seen, the plasma is characterized by high rotational temperature exceeding 5000 K. In the 
given condition, the rotational temperature can be treated as a translational (gas) temperature [16]. It 
should be noted that, this range of temperature is high enough to result in hydrogen thermolysis [17], 
what was proved by OES analysis and the detection of H radicals. With such high bulk temperature, it 
might be concluded that the processes in the reactor are mainly thermally driven, and the effect of 
vibrational excitation or electron impact is rather negligible [16]. 

It should be noted that the OES analysis allowed estimating the temperature in the core of the plasma. 
The previous research on pure nitrogen plasma (for the same range of volumetric gas flow rate and input 
MW power) [18] revealed that the temperature in the region below the waveguide (from 10 cm to 50 
cm from the point of OES measurements) is decreasing from ca. 1900 K to 1100 K.  
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Figure 3: Comparison of the measured and simulated spectra of N2
+(0-0). Dotted red line – 

experimental results, solid blue line – simulation results. 
 
3.2 Hydrogen influence on producer gas components 
 
3.2.1 Permanent gases 
 
Carbon dioxide 
 
Figure 4 shows the changes in the gas composition in the MW plasma for N2+CO2 and N2+CO2+H2 
mixtures. As can be seen, the addition of hydrogen has a significant impact on CO2 conversion. While 
in the case without hydrogen, the CO2 is decomposed mainly through thermal dissociation that can be 
described by the following reactions (R1-R3): 

𝐶𝑂 → 𝐶𝑂 + 𝑂 (R1) 

𝐶𝑂 + 𝑂 → 𝐶𝑂 + 𝑂  (R2) 

𝑂 + 𝑂 → 𝑂  (R3) 

The presence of hydrogen opens a new pathway. The interaction between CO2 and H2 involves many 
sidesteps, but in general, the process can be described by the reaction R4 with the crucial role of reaction 
R5 [13]. 

𝐶𝑂 + 𝐻 → 𝐶𝑂 + 𝐻 𝑂 (R4) 

𝐶𝑂 + 𝐻 → 𝐶𝑂 + 𝑂𝐻 (R5) 

It should be noted that the presence of H radicals in the plasma zone was confirmed by the OES analysis 
(2.1 Plasma diagnosis).  

In the context of producer gas conditioning, especially if the syngas production is considered, this 
phenomenon is rather strongly undesired as it consumes the valuable hydrogen. However, the hydrogen 
can be retrieved through water-gas shift reaction (R6) that is a typical process step in syngas production.  

𝐶𝑂 + 𝐻 𝑂 → 𝐶𝑂 + 𝐻  (R6) 
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Figure 4: The impact of hydrogen on carbon dioxide conversion. 

 
Methane 
 
Methane decomposition is a stepwise process that can be described by the following reaction (R7) [19]: 

2𝐶𝐻 → 𝐶 𝐻 + 𝐻 → 𝐶 𝐻 + 2𝐻 → 𝐶 𝐻 + 3𝐻 → 2𝐶 + 4𝐻  (R7) 

However, regardless of the products that depend on temperature and reaction time, the initial, rate-
controlling reaction is the abstraction of a hydrogen atom from methane molecule (R8) [19]. 

𝐶𝐻 → 𝐶𝐻 + 𝐻 (R8) 

The released H radicals play an important and dominating role in the further decomposition of methane, 
accelerating this process due to reaction R9 [20]. 

𝐶𝐻 + 𝐻 → 𝐶𝐻 + 𝐻  (R9) 

The last reaction explains how the presence of hydrogen, or more specifically its radicals, can enhance 
the conversion of methane. This phenomenon was observed in the conducted experiment and is 
presented in Table 3.  

Table 3: The impact of hydrogen on methane conversion. 
Mixture Inlet/Outlet Vin/out CH4 H2 C2H2 C2H4 
  SLM % 

CH4+N2 
Inlet 30.0 3.76±0.02 n/a n/a n/a 
Outlet 30.5 1.15±0.02 4.04±1.15 0.54±0.01 0.01±0.00 

CH4+H2+N2 
Inlet 30.0 3.75±0.02 19.81±1.15 n/a n/a 
Outlet 30.9 0.17±0.02 23.93±1.15 0.81±0.07 0.07±0.00 

 
With the addition of hydrogen, the conversion of methane increase from 68.9±1.6% (for the tests without 
hydrogen addition) to 95.3±0.6%. While the reaction R9 is, in fact, a reversal one, recreating methane 
through the interaction between molecular hydrogen and methyl radicals is negligible in high 
temperatures [21]. However, the molecular hydrogen can affect the distribution of the products. One of 
the most undesired products of methane decomposition is a soot-like material. With the addition of 
hydrogen, its yield can be strongly limited. Figures 5a and 5b shows the quartz tube of the MW plasma 
reactor during the tests methane decomposition tests without (5a) and with hydrogen (5b). It is clearly 
shown that with the addition of hydrogen, no visible amount of soot-like material is produced. This can 
be explained by the fact that in the production of carbonous materials in high-temperature acetylene is 
a crucial compound in their formation [22]. This process might be expressed by reaction R10 that shows 
a recreation of acetylene from C2H radical, which is an important step in the creation of soot 
intermediates [22]: 

𝐶 𝐻 + 𝐻 → 𝐶 𝐻 + 𝐻 (R10) 
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Surpassing the formation of soot-like material should increase the selectivity of acetylene that can be 
observed as an increase in its concentration (Table 3). Similar explanation, expressed in reaction R11, 
can be attributed to the increase in the ethylene concentration (Table 3). 

𝐶 𝐻 + 𝐻 → 𝐶 𝐻 + 𝐻 (R11) 

Therefore, it may be concluded, that in the upper part of the reactor, high concentration of H radicals 
enhances methane conversion while in the lower part of the reactor, molecular hydrogen affects the 
distribution of the products.  
 
                    a)                     b) 

Figure 5: The quartz tube of the MW reactor during the test with a) N2 + CH4 mixture and  
b) N2 +CH4 + H2 mixture. 

 
The phenomenon of surpassing the formation of soot-like material might be important in the context of 
producer gas conditioning. The presence of solid particles might damage the electrodes (in typical arc 
plasma or gliding-arc plasma reactors) or absorbs the microwaves as the particles create a deposit on the 
walls of the quartz tube. This problematic issue was observed in the previous research, done with the 
use of producer gas derived from sewage sludge gasification [11]. In this research, the deposit was 
formed despite the presence of hydrogen. However, the ratio between H2 and hydrocarbons 
concentration was smaller than in the case of this work. In the work of Shen et al. [14] it was shown that 
the H2:CH4 ratio of at least 2 should be applied to influence the soot material creation. It should also be 
noted, that decomposition of methane is a source of hydrogen – the main goal of the gasification process.  
 
Carbon monoxide and nitrogen 
 
In the case of N2+H2 and N2+CO+H2 mixtures, no products were detected.  
 
3.2.2  Tar surrogate - toluene 
 
Warm plasma methods show a high conversion rate of aromatic tar compounds, usually exceeding 90% 
[5–10]. However, if the conversion is conducted in nitrogen, unwanted, problematic products may be 
created. These products include soot and aromatics that may have higher molecular mass, then the initial 
tar surrogate [18]. This issue may be overcome if carbon dioxide or stream is present in the mixture, as 
they oxidize the tar surrogate and its conversion products [6]. However, a similar outcome might be 
achieved due to the presence of hydrogen. Table 4 presents the results of toluene (as a tar surrogate) 
conversion for the cases with and without the addition of hydrogen. As can be seen, the presence of 
hydrogen resulted in a final concentration of toluene being ca. 100 times smaller than in the case of pure 
nitrogen plasma. This is a significant improvement since the application of producer gas usually requires 
the tar level to be below 100 mg/Nm3 [4].  
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Table 4: The impact of hydrogen on toluene conversion. 
 Cout XC7H8 C2H2 
 mg/m3 % % 
Toluene+N2 338±154 96.62±1.55 0.14±0.01 
Toluene+N2+H2 ~3* 99.97 0.31±0.01 
* - the value was extrapolated as it was below the minimum point of the calibration curve (9.8 
mg/m3) 

 
Moreover, the influence of hydrogen on soot production is similar as this discussed in the context of 
methane conversion (2.2.1 Permanent gases - Methane) – no soot deposit was spotted on the walls of 
the quartz tube. Finally, as shown in Figure 6, the addition of hydrogen significantly decreases the 
amount of aromatic by-products. The suppression of the heavier by-products results in a higher 
concentration of acetylene as the main product (Table 4). Besides, the addition of hydrogen also results 
in higher production of ethylene and methane. While their concentrations were too low to enable reliable 
quantitative analyses, Figure 7 shows the relative changes in their concentration due to the addition of 
hydrogen. 

Generally, the influence of hydrogen on tar surrogate is analogical to the case of methane conversion. 
The H abstraction mechanism (as in R9) that can be intensified by the presence of H radicals in the 
plasma core is one of the initial steps in hydrocarbons decomposition, including aromatic compounds 
[15,18]. The presence of molecular hydrogen in the lower part of the reactor, where the temperature still 
exceeds 1000 K, can impact products distribution shifting reactions towards lighter products (e.g. 
acetylene, ethylene) at the cost of heavier products (soot and aromatic by-products). 
 

 

Figure 6: Chromatograms of toluene conversion products. Red line – the case with pure nitrogen 
plasma. Black line – the case with N2/H2 mixture plasma.  1 – Benzene, 2 – unidentified, 3 – Hexa-1,3,4-
triyne, 4 – Toluene, 5 – Phenylethyne, 6 – Benzonitrile, 7 – Indene, 8 – Naphthalene, 9 – Acenaphthylene.  
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Figure 7: The influence of hydrogen on light hydrocarbons obtained during toluene conversion.  

 
3.2.3  Ammonia and hydrogen sulfide 
 
Both ammonia and hydrogen sulfide are strongly undesired products in terms of producer gas 
downstream application. They are toxic, can lead to the production of nitrogen and sulfur oxides, and 
most importantly, they can cause the deactivation of catalysts used in the producer gas processing 
[23,24].  

While the ammonia decomposition can be affected by the presence of hydrogen and nitrogen due to the 
shifting of chemical equilibrium, this process takes place only at relatively low temperatures, much 
below the temperature in the plasma reactor [23]. In fact, the tests for both cases, with and without 
hydrogen, show that the decomposition of ammonia is almost complete. With the initial ammonia 
concentration of ca. 10000 ppm, the final concentration is 76±15 and 80±18 ppm for the test with and 
without hydrogen, respectively. While the products were not analyzed, it is expected that they included 
only H2 and N2, accordingly to the reaction R12: 

2𝑁𝐻 → 𝑁 + 3𝐻  (R12) 

In the opposite to the ammonia decomposition, the dissociation of hydrogen sulfide is strongly affected 
by the presence of hydrogen. This is due to the fact, that hydrogen sulfide can be recreated from its 
decomposition products even at high temperatures [25]. Therefore, it is expected that while in the upper 
part of the reactor hydrogen sulfide is almost completely decomposed, in the lower part of the reactor, 
with the abundant of hydrogen and lower temperature, hydrogen sulfide is recreated due to reversal 
reaction, as in simplified reaction R13: 

𝐻 𝑆 ↔ 𝐻 + 𝑆 (R10) 

In the test with pure nitrogen plasma (ca. 711 ppm of H2S) the conversion rate was 96.2±1.1%. In the 
presence of hydrogen, the conversion rate dropped significantly to 27.5±4.0%. Of course, in the presence 
of other permanent gases (CO2, CO, CH4) sulfur can be transformed into COS, CS2 and SO2. However, 
based on the literature data [26,27], it is expected that the presence of hydrogen can also affect these 
compounds leading to the recreation of hydrogen sulfide.  
 

4 Conclusions 
 
In this work, the atmospheric MW plasma reactor was applied to investigate the influence of hydrogen 
on the other components of producer gas in the conditions of warm plasma. It was shown, that with the 
high temperature of the plasma hydrogen had a significant impact on CO2, CH4, toluene and H2S. In the 
case of CO2, the presence of hydrogen resulted in the enhanced conversion of carbon dioxide to carbon 
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monoxide with hydrogen being consumed. In the case of organic compounds, i.e. methane and toluene 
(as biomass tar surrogate), the addition of H2 increased their conversion rate and shifted the distribution 
of the products to lighter hydrocarbons (mainly C2 compounds) at the cost of heavier, more problematic 
products (soot and aromatics). Considering hydrogen sulfide, the presence of hydrogen resulted in the 
recreation of the former one with a significant drop in its conversion rate.  

In general, it was shown that in the warm plasma environment, hydrogen could interact with other 
producer gas components changing its composition. These interactions can be beneficial, as it was in 
the case of methane and toluene, or rather unwanted, as in the case of CO2 and H2S. Regardless of the 
nature of the outcome, it is clear that hydrogen impact should not be omitted when plasma treatment of 
producer gas or tars is considered.  
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Abstract 

The article presents methods of increasing the efficiency of liquid methanol production and 
purification installation. Three solutions were proposed: CO2 compression on the side of the CCS 
power plant, replacement of the throttle valve with an expander, and replacement of the heat 
exchanger with an ORC module. The calculation methodology was presented, each concept was 
thermodynamically analysed and compared with the reference case. In the case of analysing the 
integration of the system with the ORC module, the analysis covered the system's operation on R134a, 
Ammonia and Heptane. Each of the proposed concepts allowed to increase the efficiency of the 
system, and the use of all of them at once gives the possibility of increasing the efficiency by up to 
3.57 pp. 

1 Introduction 

The development of renewable energy sources (RES) is based on the adopted Directive 2009/28/EC, 
which shows that European Union (EU) member states should increase the share of electricity 
production from RES up to 20% by 2020. The directive contains mandatory targets for an individual 
member state until 2020 [1]. 

The production of "renewable" methanol is based on four basic sources: biomass, municipal waste, 
industrial waste and carbon dioxide. The first three variants mentioned are based on gasification 
technology and catalytic conversion. The last option uses carbon dioxide, water and surplus electricity 
from RES. Catalytic hydrogenation of carbon dioxide is currently the technology with the largest 
development perspective and a relatively high probability of being introduced as a large-scale 
commercial technology in the near future [2, 3]. 
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The production of liquid methanol is based on exothermic reactions of hydrogen synthesis with carbon 
dioxide or carbon monoxide according to reactions: 

CO(g) + 2H2(g) ↔ CH3OH(l)                           ΔH = -128 kJ/mol (298 K) (1) 

CO2(g) + 3H2(g) ↔ CH3OH(l) + H2O(g)            ΔH = -87 kJ/mol (298 K) (2) 

7.277 kg CO2(g)+1 kg H2(g)↔5.298 kg CH3OH(l)+2.979 H2O(g)  

The use of "renewable" methanol gives the opportunity to achieve the objectives set for reducing 
greenhouse gas emissions, popularizing RES and improving the functioning of the energy system 
through energy storage. 

The largest functioning commercial plant producing methanol from CO2 is George Olah (belonging to 
Carbon Recycling International) established in Svartsengi near a 76.5 MW geothermal power plant in 
Iceland [4]. This installation produces 5 million dm3/year using 5,500 tonnes of CO2 per year. This 
unit of methanol produced is sold on the fuel market under the trade name Vulcanol™. 

The CO2 used for the production of methanol may come not only from power plants, but also from 
industrial plants, ironworks, chemical plants, refineries and cement plants. Carbon Recycling 
International (CRI) oversees the FreSMe project aimed at building a plant to produce methanol from 
CO2 from steel mills. The installation is to be implemented at the Swerea MEFOS facility in Sweden. 
The methanol produced will be used in full by the Swedish ferry operator Stena, which operates a 
passenger ferry called Stena Germanica, which is powered by liquid methanol. 

A commercial methanol plant was also built at the Lünen coal power plant in Germany, which 
converts the captured carbon dioxide into methanol. The plant at the Lünen power plant belongs to 
Mitsubishi Hitachi Power Systems Europe and produces 1 tonne of methanol per day, using 1.4 tonnes 
of CO2 and 1 MW of electricity. The unit is the first ever attempt to integrate a commercial coal power 
plant operating at variable load with liquid methanol generation [5]. 

2 Methodology 

The efficiency of a methanol generator ηMG was determined as the product of the mass flux of 
produced methanol ṁMeOH and its heat of combustion HHVMeOH (increased by the possible produced 
electricity Nel = NEXP + Nel.ORC.n) related to the sum of the chemical energy of hydrogen Ėch.H2 and the 
auxiliary power ΔNMeOH (Ėch.MeOH - chemical energy of methanol): 

𝜂 =
�̇�

�̇� + ∆𝑁
=
�̇� ∙ 𝐻𝐻𝑉 + 𝑁

�̇� ∙ 𝐻𝐻𝑉 + ∆𝑁
 (3) 

The auxiliary power of individual installations ΔNMeOH is understood as the sum of the power needed 
to drive the NC.H2 hydrogen compressor, the NC.CO2 carbon dioxide compressor and two fans in the 
methanol purification installation (NF1 + NF2): 

∆𝑁 = 𝑁 . +𝑁 . +𝑁  (4) 

𝑁 = 𝑁 +𝑁  (5) 

The efficiency of the methanol generator ηMG.η can also be defined taking into account the efficiency of 
electricity transmission from the reference power plant to the methanol production plant ηtr and the 
efficiency of electricity generation in the reference plant ηel.REF according to the formula: 

 

𝜂 . =
�̇� ∙ 𝐻𝐻𝑉 + 𝑁

�̇� ∙ 𝐻𝐻𝑉 +
∆𝑁

𝜂 ∙ 𝜂 .

 (4) 

If the heat recovery from the installation and the energy contained in the so-called tail gases, the net 
efficiency of the methanol generator will be: 
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𝜂 . ̇ =
�̇� ∙ 𝐻𝐻𝑉 + ∑ �̇� + 𝑁

�̇� ∙ 𝐻𝐻𝑉 + ∆𝑁
 (6) 

𝜂 . ̇ . ̇ =
�̇� ∙ 𝐻𝐻𝑉 + ∑ (�̇� ) ∙ (𝐻𝐻𝑉 )̇ + ∑ �̇� + 𝑁

�̇� ∙ 𝐻𝐻𝑉 + ∆𝑁
 (7) 

3 Methanol production and purification system – reference case (A) 

3.1 H2 and CO2 compression installation  

It should be remembered that it is necessary to properly prepare both the H2 and CO2. The H2 pressure 
after the hydrogen generator is about 2.5 MPa. In the case of captured CO2 from a separation 
installation in a power plant, the gas pressure is about 0.1 MPa. Both gases should be compressed to a 
pressure of about 7.8 MPa. The authors conducted an analysis for a single-section H2 compressor and 
a single-section CO2 compressor. Assumptions for the gas compression are presented in Table 1. 

Table 1: Assumptions for CO2 and H2 compression installations 

Quantity Symbol      H2        CO2   Unit 
Gas mass flow �̇�  1 1 kg/h 
Gas inlet pressure pin 2.5 0.1 MPa 
Gas inlet temperature tin 25 25 °C 
Compressor isentropic efficiency ηi.S 0.88 0.88 - 
Compressor mechanical efficiency ηm.S 0.99 0.99 - 
Motor electrical efficiency ηel.motor 0.85 0.85 - 
Motor mechanical efficiency ηm.motor 0.998 0.998 - 
Gas outlet pressure pout 7.8 7.8 MPa 

3.2 Methanol synthesis installation 

Analysis of the methanol production and purification installation was carried out for 1 kg/h H2(g). This 
means that the installation is supplied with an amount of CO2 according to the stoichiometry of 
equation (2), which amounts to 7.277 kg/h. Fig. 1 shows a schematic diagram of the methanol 
synthesis installation with a reaction loop [19]. The H2 stream and the CO2 stream in Fig. 1 are the 
streams at the compression installation outlet. Both gases should be compressed to a pressure of about 
7.8 MPa. This pressure depends on the catalyst used in the methanol reactor. For Cu/ZrO2, 
Au/Zn/ZrO2, and Cu/Zn/ZrO2 catalysts, the reactor pressure should be in the range of 7.8 - 8 MPa [16]. 
Comparing the results in [6-9], it can be seen that the increase in temperature in the reactor causes a 
decrease in methanol selectivity, while this improves CO2 conversion. However, the most effective 
solution is to increase the working pressure of the reactor operation, resulting in an increase in CO2 
conversion of about 9 p.p. and methanol selectivity of 14.9 p.p. (for Cu/Zn/ZrO2), which is why the 
authors chose high pressure reactor for analysis. Table 2 shows a comparison of methanol synthesis 
reactors with their operating parameters.  

Table 3 presents the main assumptions for this installation. The higher heating value of methanol was 
assumed to be at a level of HHV = 22137.5 kJ/kg. The higher heating values of the residual gases were 
HHV14 = 3934.9 kJ/kg and HHV22 = 6715.8 kJ/kg, respectively to the Fig. 1. 
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Table 2: Parameters used in methanol reactors [6-17] 

Catalyst Reactor 
temperature °C 

Reactor 
pressure, MPa 

Methanol 
selectivity, % 

Cu/Zn/ZrO2 220 2 71.1 

Cu/Zn/ZrO2 240 2 56.2 

Cu/Zn/ZrO2 250 2 29.3 

Cu/Zn/ZrO2 220 8 86 

Cu/Zn/Al/ZrO2 240 2 47.2 

Pd/Zn/CNTs 250 2 99.6 

LaCr0.5Cu0.5O3 250 2 90.8 

Cu/Ga/ZrO2 250 2 75.5 

Cu/Zn/Ga/SiO2 270 2 99.5 

Cu/Ga/ZnO 270 2 88 

Cu/ZrO2 240 7.6 48.8 

Au/Zn/ZrO2 220 7.8 100 

Cu/ZnO/Al2O3 250 7.8 99.96 

Cu/ZnO/Al2O3 MeS 220 3.2 49 

Cu/ZnO/ZrO2/Al2O3/Ga2O3 250 5 > 99.8 

Cu/ZnO/ZrO2/Al2O3/SiO2 250 7 99.7 

 

 

Figure 1: Installation of methanol synthesis and its purification – reference case [19] 

The installation process begins with the mixing of H2 (from the water electrolysis system) and CO2 
(captured from the plant's exhaust gas). The H2 and CO2 mix is again mixed with the recycled gas 
stream. This stream is heated in a heat exchanger HX1 to 210°C and injected into an adiabatic reactor 
with a fixed bed RMeOH. The gases leaving the reactor are split into two streams in the separator S1: the 
first (representing 60% of the initial stream) is used to preheat the gas mixture in the heat exchanger 
HX1 at the reactor inlet, while the second is directed to the heat exchanger of the distillation column 
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DC (the reboiler - Re) and is also used for heating the feed stream to the distillation column (HX3). 
The two streams are mixed again in the mixer and are water-cooled to 35°C in the heat exchanger 
HX2. Water and methanol that have condensed in the heat exchanger HX2 (HX2, HX4 and HX5 are 
water coolers, so in base case heat is removed to the environment) are separated from the unreacted 
gases in the separation tank (S1). Some of the unreacted gases (e.g. 1%) are purified to minimize the 
accumulation of inert substances and by-products in the reaction loop. 

Table 3: Set of assumptions for methanol production and purification installation 

Quantity Symbol Value Unit 
Gas temperature at the outlet of HX1 (at the inlet 
to the methanol synthesis reactor) 

t5 210 °C 

Methanol synthesis reactor operating 
temperature 

t6 284 °C 

Separation of mass stream 6 into streams 7/8 m7/ m8 40/60 % 
Gas pressure at the throttle valve outlet (point 
8.2) 

p8.2 7.36 MPa 

Gas temperature at the reboiler outlet (point 7.1) t7.1 156 °C 
Gas temperature at the outlet of HX3 (at the inlet 
to the distillation column DC) 

t16 75 °C 

Gas temperature at the outlet of HX2 t10 35 °C 
Water temperature at the outlet of HX5 t17.1 40 °C 
Separator S1 operating temperature t11 = t12 35 °C 
The proportion of mass recirculation stream 
from the stream m11 

m11.2 1 % 

Gas pressure at the fan  F1 outlet p11.3 7.8 MPa 
Gas pressure at the fan F2 outlet p20 0.12 MPa 
Raw methanol pressure at the throttle valve 
outlet (point 13) 

p13 0.12 MPa 

Mass ratio of distillate to feed medium md/mz 0.99 - 
Methanol temperature at the outlet of HX4 t21 40 °C 

 

The liquid stream leaving the first separation tank (S1), called raw methanol, consists of methanol, 
water and other dissolved gases. Raw methanol is expanded to 1.2 bar in a throttle valve. The residual 
gases are then almost completely removed in another separation tank (S2). The remaining stream is 
heated to 80°C in the heat exchanger HX3 and then directed to the distillation column (DC). The water 
flowing out of the bottom of the column at 102°C contains 23 ppb methanol. Methanol is withdrawn 
from the top of the column at 1 bar pressure and 64°C in gaseous form containing 69 ppm water and 
unreacted gases. The methanol is then compressed (F2) and cooled in the heat exchanger HX4 to 40°C. 
In the separation column (S3), unreacted gases are collected from the top of the column, while "pure" 
methanol is obtained from the bottom of the column in liquid form. 

4 Concepts to increase efficiency 

4.1 CO2 from power plant in CCS technology – case (B) 

The new emission standards introduced by the European Union at the level of 250 kgCO2/MWh mean 
that even gas and steam power plants must cooperate with CCS technologies in order to meet the 
emission standards. Power plants with CCS have in their structure not only CO2 capture installations, 
but also CO2 preparation installations for its transport to the storage site. In order to prepare the gas for 
transport, it is usually compressed to about 13-15 MPa and cooled to about 20-25°C. 

The concept consists in taking CO2 from the compression installation within the power plant with the 
pressure required for the methanol reactor (approx. 7.8 MPa). This solution makes it possible to 
remove the need to take into account the energy consumption of the CO2 compressor in the balance of 
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the installation (NC.CO2 = 0). It is also worth noting that this solution is also beneficial for a power 
plant, which limits the energy consumption of the CO2 compression installation in the pressure range 
of 7.8 MPa - 13 MPa (15 MPa). The results are presented in Table 4. 

 

4.2 Replacement of throttle valve with expander – case (C) 

The concept is to use the chemical energy contained in the tail gases (point 14 in Fig. 1) and in the 
waste stream from separator S3 (point 22 in Fig. 1) to raise the temperature of the stream at the outlet 
of separator S1 (point 12 in Fig. 1) to replace the throttle valve with an expander. In order to limit 
changes in thermodynamic parameters in the rest of the methanol production and purification 
installation, it was assumed that downstream of the expander, the stream is cooled in an additional heat 
exchanger to the same temperature as in point 13 in the reference variant (A). The concept are 
presented in Fig. 2. 

 

Figure 2: Expander application – case (C) 

4.3 Replacement of heat exchanger HX2 with ORC module – case (D) 

In the installation shown in Figure 1, there are 3 potential locations for the ORC module. It is possible 
to replace the HX2, HX4 and HX5 heat exchangers with ORC modules. However, due to the fact that 
only the parameters at the inlet to HX2 (mass flow above 30 kg/h and temperature above 100°C) make 
it possible to effectively use the ORC module. In the case of other exchangers, the mass flows feeding 
the exchangers are only 2.62 kg/h for the HX5 exchanger (at a temperature of 99°C) and 4.69 kg/h for 
the HX4 exchanger (at a temperature of 78.9°C). Of course, it must be remembered that the size of 
mass streams results from the adopted assumption of unit counting of the methanol production and 
purification installation per 1 kg / h of hydrogen. The assumptions for the ORC module operation are 
summarized in Table 3 (input parameters in Fig. 3). The variant analysis was performed for three 
working agents: R134a, ammonia and heptane. The results are presented in Table 5. 

Table 4: Set of assumptions for ORC module 

Quantity Symbol Value Unit 
Approach point in economizer ∆Tap 5  K 
Pinch point in evaporator ∆Tpp 5 K 
Expander internal efficiency ηiEXP 0.8 - 
Expander mechanical efficiency ηmEXP 0.98 - 
Condensate pump internal efficiency ηiCP 0.8 - 
Condensate pump mechanical efficiency ηmCP 0.998 - 
Generator efficiency ηG 0.93 - 
Water cooling temperature in condenser tcool 15 °C 
Lower terminal temperaturę difference in condenser ∆TCND 10 K 
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Figure 3: ORC module application – case (D)[for R134a and expander inlet pressure 2.401 MPa] 

The variant analysis was performed for three working agents: R134a, ammonia and heptane. The 
results are presented in Table 5. For each analyzed factor, the pressure at the expander inlet was 
adjusted so that the net electric power of ORC was as high as possible. 

In this variant, also behind the ORC module, an additional heat exchanger was used, which cools the 
medium to the same temperature as in the reference variant (A). 

Table 5: Set of assumptions for ORC module 

Quantity R134a Ammonia Heptane 
Expander inlet pressure, kPa 2401 3411 61 
Expander outlet pressure, kPa 665.4 1002.7 7.9 
Heat recovery organic steam generator outlet temperature, 
°C 

57 66 67 

Expander outlet saturation, - 0.978 0.895 0.958 
ORC module net efficiency, - 0,1165 0,0946 0,1064 
ORC module net power, W 166.8 152.4 135.6 

 

In terms of thermodynamics, the best factor among the analyzed is R134a, which allowed to generate 
166.8 W. In the further comparison of the concept of increasing the efficiency of the methanol 
synthesis plant (Table 6), the ORC module with the R134a factor was taken into account. 

5 Results of the analysis 

Table 6 presents a comparison of the analyzed concepts of increasing the efficiency of methanol 
production and purification installations (B), (C) and (D) with the reference variant (A) and the variant 
in which all the considered concepts (B + C + D) were applied. 

In the case of the efficiency determined by the formula (3), the concept of CO2 compression on the 
block side in CCS technology increases the efficiency of the installation by 1.84 pp, replacing the 
throttle valve with an expander by using the chemical energy of residual gases of the waste stream 
increases the efficiency of the installation by 1.28 pp. The smallest efficiency gain obtained it is 
through the use of the ORC module, which is 0.41 pp. Applying all the concepts at the same time 
allows to increase the efficiency of the installation by 3.57 pp, reaching the value of 0.7261. 
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Taking into account the efficiency of electricity transmission and the unit efficiency (definition of 
efficiency defined by the formula (4)), the use of all analyzed solutions (variant (B + C + D)) gives an 
efficiency increase of 5.88 pp. to the value of 0.7064. 

Table 6: Result of concept comparison 

Quantity (A) (B) (C) (D) (B+C+D) 
Power of compressor H2, NC.H2, W 621.8 621.8 621.8 621.8 621.8 
Power of compressor CO2, NC.CO2, W 1071.7 0 1071.7 1071.7 0 
Power of fan F1, NF1, W 124.3 124.3 124.3 124.3 124.3 
Power of fan F2, NF2, W 27.6 27.6 27.6 27.6 27.6 
Power own needs ΔNMeOH, W 1845.4 773.7 1845.4 1845.4 773.7 
Power of expander, NEXP, W 0 0 530.2 0 530.2 
Net electric power of ORC, Nel.ORC.n, W 0 0 0 166.8 166.8 
Heat flux Q2, W 2915.7 2915.7 2915.7 0 0 
Heat flux Q4, W 79.8 79.8 79.8 79.8 79.8 
Heat flux Q5, W 401.9 401.9 401.9 401.9 401.9 
Additional heat exchangers, W 0 0 160 579 739 
Efficiency ηMG, - 0.6904 0.7088 0.7033 0.6945 0.7261 
Efficiency ηMG.η, - 0.6476 0.6896 0.6596 0.6514 0.7064 

6 Conclusions 

The paper presents three concepts for increasing the efficiency of methanol production and 
purification installations: 

 CO2 compression process realized in the CCS unit in power plant; 

 Replacing the throttle valve with an expander by using the chemical energy of residual gases 
and waste stream; 

 Implementation of ORC module in place of heat exchanger. 

A simple concept of the compression process within the power plant, from which CO2 is obtained for 
the reactor, allows for a synergy effect - a significant increase in the efficiency of the installation by 
approx. 1.84 pp, while reducing the investment costs of the installation, as well as an increase in the 
efficiency of the unit resulting from the reduction of energy consumption of the compression 
installation in pressure range 7.8 MPa - 13 MPa (15 MPa). 

The use of chemical energy in residual gases and the waste stream makes it possible to raise the 
temperature of the medium in front of the throttle valve and replace it with an expander to produce 
additional electricity. The use of an expander in place of the throttle valve increases the efficiency of 
the installation by another 1.28 pp. 

The use of ORC modules makes it possible to generate electricity from low-temperature sources. The 
analyzed ORC module makes it possible to generate an additional approx. 166.8 W using R134a as the 
working factor. 

Ultimately, the use of all 3 solutions results in achieving an efficiency of 72.61% with a total increase 
(compared to the reference variant) of 3.57 pp. 
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Abstract 

Biogas, landfill gas, associated petroleum gas, and other tail gases accompanying various industrial 
processes are potential sources of hydrogen and carbon monoxide for solid oxide fuel cells via the 
reforming process. As these gases contain heavy hydrocarbons, fine-tuning of steam and carbon dioxide 
additions and specific temperature control are necessary to avoid carbon deposition during the reforming 
process. Numerical simulation plays a crucial role in designing miniaturized steam reforming reactors 
and optimal working conditions. All simulations must account for carbon deposition. The method 
commonly used for thermodynamic analysis of carbon deposition includes free energy minimization or 
parametric equations. This paper utilizes Gaussian Process Regression (GPR) as a tool for making 
predictions, which reforming parameters are suitable for carrying out this process without danger of 
damaging catalyst due to a carbon formation. Unlike conventional methods, the GPR approach bypasses 
computation of equilibrium composition and therefore has the advantage of being computationally less 
expensive without significant loss of accuracy. This may prove to be useful, especially in large 
numerical models. 

1 Motivation 

As a by-product of various industrial processes, mixtures of gases containing a notable number of 
hydrocarbons — so-called tail gases — are generated. Some of the tail gases are used in place, and 
others are treated as unwanted and often burned. For example, Blast Furnace Gas (BFG) is produced 
during iron oxides reduction in steel manufacturing. It contains mostly nitrogen and carbon oxides, with 
several percents of hydrogen and methane [1], which is the reason for the low heating value of BFGs. 
BFG is utilized in steel mills to partially heat blast furnaces. Landfill gases are produced in landfills 
because of the metabolism of microorganisms. They are similar to the biogas, a product of organic matter 
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decomposition without oxygen [2]. Both biogases and landfill gases contain mostly methane and carbon 
dioxide [2]. On the other hand, there are several forms of natural gas, which associate deposits of natural 
resources. Among them, most important are Associated Petroleum Gas (APG), accompanying crude oil 
deposits, and Coalbed Methane (CBM), which is found in coal beds. 

Associated Petroleum Gas (APG) is a form of natural gas that contains hydrocarbons heavier than 
methane. Typically, APG contains 50-70% of methane (CH4), 5-10% of ethane (C2H6), 5-15% propane 
(C3H8), 1-10% butane (C4H10), 1-10% of carbon dioxide (CO2) and 1-10% of nitrogen (N2) [3]. Several 
technologies of APG utilization were proposed, such as reinjection in oil bearings or utilization in 
thermal power plants [4], however, according to the report elaborated under the auspices of the European 
Bank for Reconstruction and Development, vast of APG — 150 billion cubic meters — is flared [5]. 
This gives an economic loss of approximately 30.6 billion dollars [5]. The cost does not include 
environmental impacts, which might be significant since flaring is responsible for 400 million tons of 
CO2 emissions. This makes APG flaring a significant producer of greenhouse gases and make it 
responsible for about 2% of total global CO2 emission. 

Breakthrough in the high-temperature fuel cell technology can put tail gases to novel use. For example, 
these gases can be used at the spot to generate electricity for the refinery with efficiency higher than 
thermal power generation techniques and to obey the necessity to send gas via pipelines. High-
temperature fuel cells, such as Solid Oxide Fuel Cells (SOFCs), can oxidize as fuel not only hydrogen 
but also carbon monoxide [6]. The mixture of hydrogen and carbon monoxide — the syngas — can be 
obtained from a wide range of hydrocarbon-based fuels via steam reforming. Steam reforming process 
of a gas containing hydrocarbons in a presence of catalyst can be represented as follows [3], [7]: 

C H + 𝑛H O + 𝑄 → 𝑛CO + 𝑛 + H . 

Since the temperature during steam reforming typically exceeds 600℃, reforming reaction is followed 
by the water-gas shift reaction [8]: 

CO + H O ↔ CO + H . 

It was previously reported that ethane could be successfully reformed with steam [9], [10]. It was also 
shown that heavy hydrocarbons such as ethane, propane, and butane could be adopted as fuel for SOFC 
applications [11]. Auspicious results were obtained by the nonthermal plasma steam reforming [12]. 
The method allows for obtaining high purity hydrogen from heavy hydrocarbons and avoids CO and 
CO2 production. In the plasma process, likewise classical reforming, carbon deposit on the walls of the 
reactor and electrodes was a serious problem decreasing the overall system efficiency [12]. Other groups 
investigate the possibility of using alternative fuels for SOFC, such as ammonia [13] or methanol and 
ethanol [14]. 

Carbon deposition on a catalyst is a major problem occurring during heavier hydrocarbons reforming in 
miniaturized steam reforming reactors, which are required by fuel cell systems [15]. Different research 
groups have carried out studies to examine this undesirable process. Illustrative examples can be found 
in [16] for steam reforming, for methanol reforming in [17], for dry reforming in [18], [19], for reforming 
of biogas in [20], for gasoline reforming in [21], and for ethane reforming in [15]. Still, there has been 
little research on carbon formation during the reforming of gases that consist of various heavy 
hydrocarbons. 

The literature survey unraveled the great importance of heavy hydrocarbon reforming in the societies’ 
migration to zero net emissions of carbon dioxide. A reforming technology of heavy hydrocarbons, even 
though economically justified, is still an early stage. As arising from the review, the numerical 
simulations play an essential role in improving this technology. In this work, we proposed a 
methodology to investigate carbon deposition using a Gaussian Process Regression (GPR), the machine 
learning algorithm which performs regression with data obeying a multivariate Gaussian distribution. 
This is the first known to us attempt in the literature that utilizes the Gaussian process to quickly confirm 
if the carbon deposition is thermodynamically favored during the process. The study focuses on 
Associated Petroleum Gas because of the high economic and ecologic impact of APG flaring, but the 
proposed methodology can be applied to all gases containing heavy hydrocarbons since the challenges 
towards their usage in fuel cell systems are similar and their reforming is of crucial importance for blue 
hydrogen production. The method that we propose can be applied to any reforming process, at the 
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equilibrium or not, to justify a thermodynamic tendency towards carbon deposition — employing the 
machine learning technique bestowed an improvement over classical thermodynamic analysis with the 
time of response. It thereby can be integrated with computational fluid dynamic computations or serve 
as fault diagnosis. 

2 Mathematical description of the reforming process 

The carbon formation regime can be determined on the basis of the equilibrium gas composition [20]. 
Associated Petroleum Gas can contain carbohydrates ranging from methane to hexane [4]. In the current 
model reactions for methane, ethane, propane, and butane are considered. 

Two basic reactions considered in a reforming analysis are: steam reforming reaction of methane and 
water gas shift reaction, and they can be written as follows [8]: 

 CH + H O → 3H + CO, (1) 

 CO + H O ↔ H + CO . (2) 

Because CO2 and CH4 are present in the mixture, there is a need for the introduction of a complementary 
dry reforming reaction: 

 CH + CO  → 2CO + 2H . (3) 

Higher carbohydrates react with steam according to [3]: 

 C H + 2𝑛H O ↔ 𝑛CO + (3𝑛 + 1)H . (4) 

Combination of reaction (4) with a methanation reaction, formulated as follows: 

 4H + CO ↔ CH + 2H O, (5) 

gives so-called hydrocracking reactions: 

 C H + H → 2CH , (6) 

 C H + 2H → 3CH , (7) 

 C H + 3H → 4CH . (8) 

Please note that in the model hydrocarbons heavier than methane undergo only hydrocracking. 

Equilibrium of each reaction is described by its reaction constant. Reaction constant is linked to partial 
pressures of gas components as well as the Gibbs free energy and temperature. Therefore, the 
equilibrium constant of each reaction r can be written as: 

 
𝐾 =  

∏ 𝑝

∏ 𝑝
= exp −

Δ𝐺

𝑅𝑇
, (9) 

where i are products, j are reactants, p (Pa) stands for partial pressure i in equilibrium conditions, k is an 
appropriate stoichiometric coefficient and ΔGr

 0 (J mol-1) is the Gibbs free energy change of a reaction 
r in standard conditions. 

If the equilibrium condition is known, the tendency for carbon formation may be estimated. Therefore, 
carbon deposition is studied qualitatively rather than quantitatively. It is assumed that two reactions 
contribute to carbon formation, namely: 

 methane decomposition reaction: 

 CH  ↔ 2H + C, (10) 

 Boudouard reaction: 

 2CO ↔ CO + C. (11) 

Equilibrium of reactions (10) and (11) is also described by reaction constants: 
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𝐾 =

𝑝 𝛼

𝑝
= exp −

𝛥𝐺

𝑅𝑇
, (12) 

 
𝐾 =

𝑝 𝛼

𝑝
= exp −

𝛥𝐺

𝑅𝑇
, (13) 

where αi appears instead of partial pressure for a solid carbon and it is a parameter based on the activity 
of solid phase in each reaction. Equations (12) and (13) can be rearranged to: 

 
𝛼 =

𝐾 𝑝

𝑝
, (14) 

 
𝛼 =

𝐾 𝑝

𝑝
. (15) 

Using Equations (14) and (15), one can calculate activities based on the equilibrium conditions. Activity 
greater than 1 has no physical meaning, therefore in cases in which αi > 1, one can deduce that carbon 
deposition will occur. On the other hand, when αi < 1 carbon formation is thermodynamically 
impossible. It should be noted that the maximum of two calculated parameters αdec and αb is relevant for 
carbon formation, so the carbon formation model is a one-output model. 

3 Solution procedure 

3.1 Data acquisition 

Newton-Raphson algorithm combined with the Jacobian matrix calculation, conventionally used to 
resolve a system of non-linear equations resulting from the mathematical model presented in Section 2, 
tends to be computationally expensive and unstable [3], [20]. To overcome these issues, the method of 
parametric equations was proposed to determine the equilibrium composition [22]–[24]. The parametric 
equations formalism is based on an idea, that for isothermal and isobaric reactor change of gas phase 
composition is a straight line. The transition between the initial and equilibrium states can be described 
by a vector parallel to this line. The vector can be parameterized as follows: 

 𝑥 = 𝑥 + 𝜏 cos 𝜑 , (16) 

where xi is the unknown equilibrium concentration of i-th component, xi
0 is the initial concentration of 

i-th component, φi is the direction angle of a parametric line and τ is an unknown parameter. In this 
study, to acquire training and testing data, we use an implementation of the parametric equations 
procedure for steam and dry reforming of hydrocarbons, details are described elsewhere [3], [16], [19]. 

3.2 Gaussian process regression  

Parametric formulation suffers from slow runtime. This makes it unreasonable to implement when one 
wants to, for example, implement a real-time control, or diagnostic system, or to determine the carbon 
formation regime during computational fluid dynamics simulation of a reforming system [15]. However, 
as the parametric equations model of carbon formation is a one-output model, it can be viewed as a 
classic problem of regression. Given a sample of observations, one wishes to construct a function that 
calculates outputs for all possible inputs. It could be possible to speed up the carbon formation evaluation 
procedure with a machine learning algorithm. Two approaches that are widely used for such problems 
involve making a prior assumption about functions used for regression. The first approach imposes 
restrictions on a class of functions. For example, only linear functions (multiple linear regression) are 
considered. The second approach is based on assuming a prior distribution over every possible function 
such that functions that may better fit the data are taken with higher probabilities. Gaussian processes 
are a generalization of Gaussian probability distribution and describe properties of functions rather than 
scalars and vectors. Gaussian processes can be employed in the second approach, to form so-called 
Gaussian process regression (GPR). The key issue here is that one can infer information about the 
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distribution of functions describing the problem based on a finite set of observed data analogous to the 
situation that one infers information about random variable distribution based on observations [25]. 

The standard linear regression model can be written in the form of: 

 𝑦 = 𝒙 𝜷 + 𝜀, (17) 

where x is a vector of inputs, β is a vector of linear model parameters, estimated from the sample data. 
Observed value y differs from a true function value by the noise ε, modeled with Gaussian distribution. 
On the other hand, the Gaussian regression model can be written as: 

 𝑦 = 𝒉(𝒙) 𝜷 + 𝑓(𝒙). (18) 

In GPR, an explicit basis functions h is introduced to project inputs x ∈ ℝd into a feature vector h(x) in 
a new p-dimensional space. Furthermore, latent variable f(x) is introduced and it is assumed that  
f(x) ∝ GP(0,k(x, x’)), that is it is taken from a zero mean Gaussian process. Covariance function is 
parametrized by the hyperparameters θ, so it can be written as f(x) ∝ GP(0,k(x,  x’| θ)).  

As covariance functions play a significant role in many machine learning applications, they are referred 
to as kernel functions. When a prediction is made, it is expected that for two inputs that are close in 
predictor space (each coordinate of input vectors xi and xj is similar) response should also be similar. 
This feature of a model is encoded into kernel functions. Here, five standard kernels were compared. 
During regression training, it was established that kernels with separate length scales for each predictor 
are giving better results. Assuming that xi and xj are two different inputs vectors consisting of d elements, 
where d is a number of predictors, kernels can be written as follows: 

 squared exponential kernel: 

 
𝑘 𝒙 , 𝒙 𝜽 = 𝜎 exp −

1

2

𝑥 − 𝑥

𝜎
; (19) 

 exponential kernel: 

 𝑘 𝒙 , 𝒙 𝜽 = 𝜎 exp(−𝑟) ; (20) 

 Matern 3/2 kernel: 

 𝑘 𝒙 , 𝒙 𝜽 = 𝜎 (1 + √3𝑟) exp −√3𝑟 ; (21) 

 Matern 5/2 kernel: 

 
𝑘 𝒙 , 𝒙 𝜽 = 𝜎 (1 + √5𝑟 +

5

3
𝑟 ) exp −√5𝑟 ; (22) 

 rational quadratic kernel: 

 

𝑘 𝒙 , 𝒙 𝜽 = 𝜎 1 +
1

2𝛼

𝑥 − 𝑥

𝜎
. (23) 

In the above equations, 𝑟 = ∑ 𝑥 − 𝑥 / 𝜎
.

, σf  is the output variance, σm is the 

characteristic length scale for an m-th predictor that defines how far apart two inputs can be before they 
become uncorrelated, and α is a scale-mixture parameter. These parameters are the elements of vector 
θ.  

An instance of the response can be modeled as: 

 𝑃(𝑦 |𝑓(𝒙𝒊), 𝒙𝒊) ~ 𝛮(𝑦 |𝒉(𝒙𝒊) 𝜷 + 𝑓(𝒙 ), 𝜎 ), (24) 

therefore, to make predictions, there is a need to estimate coefficient vector β, covariance function 
hyperparameters θ, and noise variance σ2 that appears in probability density. In this study, the Matlab 
software was utilized for GPR. For a given training data (X, y) algorithm maximizes the logarithmic 
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likelihood of P(y | X) with respect to β, θ and σ2 to estimate those parameters. Details of the algorithm 
can be found elsewhere [26]. 

The expected value of a prediction ynew at a new point xnew with given X, y, β, θ, and σ2 is computed as:  

 𝐸(𝑦 |𝒚, 𝑿, 𝒙 , 𝜷, 𝜽, 𝜎 )

= 𝒉(𝒙 ) 𝜷 + 𝑲 𝒙 , 𝑿 𝜽 (𝑲(𝑿, 𝑿|𝜽) + 𝜎 𝑰𝒏) 𝟏(𝒚 − 𝑯𝜷), 
(25) 

where H is a matrix of explicit basis function vectors applied to the training data and K is the covariance 
matrix constructed using a kernel function. Four different explicit basis functions were investigated: no 
basis function, Constant, Linear, and Pure Quadratic. Defining [1] as n x 1 vector of ones, and X2 as a 
matrix of element-wise squares of matrix X, matrix H for investigated basis functions takes forms shown 
in Table 1. 

Table 1: Matrix H for different basis functions 

basis function no basis function Constant Linear Pure Quadratic 

matrix H empty matrix [1] [1 X] [1 X X2] 

3.3 Training procedure 

In hydrocarbons’ reforming analysis, it is useful to operate on gas mixture’s quantities relative to the 
methane content. These quantities are: steam-to-methane ratio SC, carbon dioxide-to-methane ratio CC, 
ethane-to-methane ratio EC, propane-to-methane ratio PC, and butane-to-methane ratio BC.  

To predict the carbon deposition regime with the GPR algorithm, training and testing data were 
generated using the parametric equations algorithm. As not all industrial gases contain heavy 
hydrocarbons, the problem was split into two model gases — biogas, that does not contain ethane, 
propane, and butane as well as APG that contains them. The detailed settings are shown in Table 2. The 
conditions were chosen to reflect biogas as well as APG reforming. 

Table 2: Conditions for training data generation 

 SC CC EC PC BC T (K) 

biogas 0.5–5.0 0.0–2.0 0 0 0 800–1200 

APG 0.5–5.0 0.0–2.0 0.0–0.1 0.0–0.1 0.0–0.1 800–1200 

All of the models were tested on the same testing set consisting of one million records. Trained models 
receive an input — the process temperature and initial gas composition — and output a solid carbon 
phase activity α. Based on the value of α decision whether carbon formation will occur can be made, as 
described in Section 2. 

The performance of the model was internally evaluated using mean average error, root mean square 
error, correlation coefficient, and correct decision rate. However, the objective of the current work is to 
develop a fast and reliable algorithm to evaluate the carbon deposition regime during the reforming 
process. Therefore, code runtimes were chosen as the most crucial evaluation method. 

4 Results 

4.1 Performance of parametric equations formalism  

Both biogas and APG regression models were tested on one million of samples generated for conditions 
mentioned in Table 2. For the same sample points, the parametric formalism runtime was less than 2800s 
for the biogas configuration and about 3950s for the APG configuration to evaluate the carbon 
formation. These computation times as well as calculated carbon deposition parameter values served as 
reference points for GPR models evaluation. The carbon formation regions for different gas 
compositions are shown in Figure 1. 
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a) EC = 0, PC = 0, BC = 0 

 

b) EC = 0.025, PC = 0.025, BC = 0.025 

 

c) EC = 0.05, PC = 0.05, BC = 0.05 

 

d) EC = 0.1, PC = 0.1, BC = 0.1 

 

Figure 1: Carbon formation regions in the temperature–SC–CC space with CC cross sections for 
different EC, PC and BC ratios. The carbon formation occurs under conditions marked with grey 

color 

4.2 Performance of GPR models for biogas and APG reforming 

In the case of biogas fuel, to choose the best GPR parameters all basis function and kernels mentioned 
in Section 3.2 were tested. Models with linear and pure quadratic basis functions showed poor 
performance, whereas the performance of the models with none and constant basis functions was 
satisfactory. The fastest kernel turned out to be squared exponential with 99.71% correct decisions 
whereas the most accurate both in terms of root mean square error and correct decision rate was  
Matern 5/2 with 99.96% correct decisions. Figure 2 presents a comparison of regression and parametric 
formalism models shown on carbon deposition plots. 

In the biogas model, regression predicts boundary separating carbon formation conditions from 
conditions under which such phenomenon does not occur almost perfectly. Taking into account the 
computational time mentioned in Section 4.1 regression results in a 97–98% reduction of the time. 

When analyzing biogas models, we found that there is no significant difference between the models with 
none and constant basis functions. For APG, only none basis function was utilized. Similarly, 
exponential and Matern 3/2 kernels did not show any advantages over other kernels, therefore we 
decided to exclude them from further analyses. In APG analysis, Matern 5/2 turned out again to be the 
most accurate with 99.84% correct decisions, and squared exponential kernel was the fastest, but with 
lower 99.74% correct decision rate. Figure 3 shows a comparison of regression and parametric 
formalism APG models on carbon deposition plots. 
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a) CC = 0 

 

b) CC = 0.5 

 

c) CC = 1 

 

d) CC = 2 

 

Figure 2: Carbon formation regions in the biogas reforming for different temperatures, SC and CC 
ratios, computed with the parametric equations algorithm and the Gaussian regression (Matern 5/2 

with none basis function) 

As can be observed in Figure 3, the fit for APG reforming is not as good as with biogas due to the higher 
number of predictors and a wider range of response change. Slight overprediction occurs mainly at 
higher temperatures, but overall accuracy is still satisfactory. Comparing computational time values 
from Section 4.1, the GPR models for APG reforming results in a reduction of time at a level of  
92–94%. 

5 Conclusion 

This study presents a novel approach to estimating if given compositions of gaseous reactants will results 
in deposition solid carbon during the reforming process of hydrocarbons, including higher ones on an 
example of APG reforming and biogas reforming. The drawback of classical methods includes 
instability and computational time, which is particularly important when heavy hydrocarbons are 
analyzed, and the system of equations is extensive. The presented machine learning approach led to over 
90% reduction of computational time with over 90% of prediction accuracy. The possible application 
of the method includes on the spot analysis of the carbon deposition possibility for a given condition, 
which can be incorporated as a part of CFD calculations. Moreover, the method may be useful for fault 
diagnostics of micro-reforming systems. 

a) EC = 0.025, PC = 0.025, BC = 0.025, CC = 0 b) EC = 0.025, PC = 0.025, BC = 0.025, CC = 1 
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c) EC = 0.1, PC = 0.1, BC = 0.1, CC = 1 

 

d) EC = 0.1, PC = 0.1, BC = 0.1, CC = 2 

 

Figure 3: Carbon formation regions in the APG reforming for different temperatures, SC, CC, EC, 
PC and BC ratios, computed with the parametric equations algorithm and the Gaussian regression 

(Matern 5/2 with none basis function) 
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Abstract 

The design of solid oxide fuel cells (SOFC) using biogas for distributed power generation is a 
promising alternative to reduce greenhouse gas emissions in the energy and waste management 
sectors. Furthermore, the high energy conversion efficiency of SOFCs in conjunction with the 
possibilities to co-generate hydrogen may provide the economic viability that conventional fuel cell 
systems lack. However, the influence of operational parameters as design variables in the optimization 
of revenues and efficiency has been seldom studied for these novel cogeneration systems. Thus, in 
order to fulfill this knowledge gap, a multi-objective optimization problem using the NSGA-II 
algorithm is proposed to evaluate optimal solutions for cogeneration systems producing hydrogen and 
electricity from biogas. Furthermore, a mixed-integer linear optimization routine is used to ensure an 
efficient heat recovery system with minimal number of heat exchanger units. The results indicate that 
SOFC systems with hydrogen production are able to achieve higher efficiencies (5-17%) and a drastic 
improvement in net present value (140-170%). Despite the additional equipment to hydrogen 
enrichment and purification, the investment costs are estimated to be quite similar (5% difference) for 
optimal NPV solutions. The differences between the proposed scenarios (hydrogen cogeneration x sole 
power conversion) and the effect of the design variables are investigated and discussed. In view of the 
advantages of hydrogen cogeneration, with financial incentives and the establishment of a hydrogen 
market, the transition of biogas plants to polygeneration systems is foreseen.  

1    Introduction 

In order to promote the decarbonization of energy and transportation sectors, the development and 
optimization of sustainable solutions is an ongoing research topic. A promising alternative is the use of 
wastes to produce electricity and biofuels, such as natural gas and hydrogen. This approach may 
reduce carbon dioxide emissions derived from waste management, energy production and fuel 
conversion, creating new economic opportunities based on a sustainable interaction with the 
environment [1]. In this context, the efficient conversion of biogas derived from the anaerobic 
digestion of organic wastes is a major opportunity for technological development. 
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In recent studies, the use of solid oxide fuel cells in biogas conversion systems has been stimulated as 
a highly efficient solution for renewable power generation. For instance, the research works of Van 
Herle et. al. [2,3] evaluated the fuel cell performance under different parameters and fuel processing 
designs. In recent years, Curletti et. al [4] demonstrated  several possibilities for biogas-SOFC systems 
including carbon capture; and determined optimal design parameters using a sophisticated 
optimization routine. Another remarkable example is an energy integration study by MosayebNezhad 
et. al. [5], in which the authors investigated the possible interactions between power generation and 
wastewater treatment. 

However, there seems to be a lack of studies focused on extending these system concepts to the 
cogeneration of power and biofuels [6]. Although this inclusion may increase the complexity and cost 
of these systems, the additional revenues and relatively lower competitiveness of renewable biofuels 
(e.g. biomethane and hydrogen) may overcome the aforementioned downsides. Moreover, since these 
cogeneration systems certainly will present different characteristics, optimal solutions for their design 
and operation may still to be determined. Thus, this research aims to provide a new insight by 
determining optimal solutions for a biogas conversion system using solid oxide fuel cells that can 
produce hydrogen and electricity. 

2    Methods 

In this study, a multi-objective optimization routine is used to evaluate the most efficient and rentable 
operational parameters for a hydrogen and power cogeneration system using biogas and a solid oxide 
fuel cell (SOFC). This biogas conversion system is based on a previous work described in Ref. [6] and 
it is illustrated in Fig. 1. 

  

Figure 1: Hydrogen and power cogeneration system using biogas and SOFC (Adapted from [6]) 

The system presented in Fig. 1 consists in a sequence of power conversion using a fuel cell, hydrogen 
enrichment of the anode outlet gas, hydrogen separation and the combustion of unconverted fuel. In 
order to have a reference scenario, a conventional power generation system is also optimized using the 
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same algorithm and design variables. The Fig. 2 illustrates this biogas conversion system, which is 
also based on the same reference for the system in Fig. 1 [6]. 

 

Figure 2: Power generation system using biogas and SOFC (Adapted from [6]) 

2.1    Thermodynamic model 

In order to provide an environment for fast and reliable computations, the thermodynamic model 
(mass, energy and entropy balances) was developed in Julia programming language. The 
thermodynamic properties for gaseous species were based on Nasa Glenn coefficients [7], while water 
properties were estimated with the CoolProp library [8] and Ref. [9]. In order to simplify the model, 
the gaseous mixtures were assumed as ideal and water was considered as a pure substance. The Solid 
Oxide Fuel Cell (SOFC) is modeled as a quasi-two dimensional reactor to properly account for 
concentration and temperature changes across the entire cell stack. The diffusion coefficients are 
estimated by Lennard-Jones parameters with Knudsen diffusion corrections [10] and applied in an 
extended Stefan-Maxwell diffusion model [11] to calculate the reactants concentration in the porous 
electrodes. The model also assumes a co-current flow pattern and an internal reforming process. The 
electrochemical model, responsible for estimating the local cell voltage, was calibrated with 
experimental results published by Ref. [12]. A brief description of the models developed for the SOFC 
and other processes is provided in Appendix A and Ref. [6]. A brief summary of the main technical 
parameters is provided in Table 1. 

Table 1: Main technical parameters assumed in the thermodynamic model 

Technical parameter Value 
Biogas flow rate (mols/s) [Nm³/day] 1 [1935] 
Biogas composition (molar basis) 60% CH4 & 40% CO2 

Steam to carbon (CH4+CO2) ratio  1.33 
Methane conversion at the pre-reformer 10% (molar) 
Isentropic efficiency of pump, fans and compressors 70 % 
Separation efficiency - PSA 80 % 
Minimal inlet concentration of H2 - PSA (molar) 0.7 
Air/fuel equivalence ratio - Catalytic burner ≤4 
Heat loss - SOFC and Catalytic burner 2 % of fuel LHV 

2.2    Optimization routine 

The optimization routine employed in this study consists in three subroutines: a linear optimization to 
determine the minimal energy requirements [13]; a mixed integer linear optimization to provide a heat 
exchanger network with the minimal number of units [13, 14]; and a multi-objective optimization 
(NSGA II) to search the operational parameters that maximize efficiency or net present value [15]. The 
operational parameters optimized in this analysis are shown in Table 2, while the relationship between 
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each of these optimization subroutines and the thermodynamic process is illustrated in Fig. 3. This 
procedure is fairly similar to previous methodologies proposed by Ref. [16] and [17], but it 
significantly differs in the approach to estimate the heat exchanger network cost.  

Table 2: Variables in the multi-objective optimization 

Design variable of fuel cell Value range 
Current density [A/cm²] 0.2 - 0.6 
Fuel use ratio 0.3 - 0.9 
Air ratio 3 - 6 
Inlet temperature [K] 700 - 800 
Optimization algorithm - Population 50 
Optimization algorithm - Number of generations 30 

 

 

Figure 3: Flowchart of the optimization routine 

In general, the heat exchanger area is roughly estimated based on the composite curves and the 
minimal number of units, derived from Euler General Network Theorem [18, 19]. This procedure can 
be improved using the heat rate and stream pairs for each heat exchanger unit, which could be 
determined by a mixed integer linear optimization. Although possible, this method is usually avoided 
due to the computational time necessary to solve the optimization problem. However, for systems with 
few number of streams (< 10) and modeled entirely in a fast programming language, the computational 
time necessary to perform this calculation is not a significant bottleneck (< 1 s). On the other hand, it 
is not a straightforward procedure to estimate the total heat exchanger area from the results of this 
optimization routine, since the inlet and outlet temperatures for each heat exchanger unit are still to be 
determined. Thus, a simple method to estimate the total heat exchanger area based on the results of a 
mixed integer linear optimization is proposed in the next subsection. 

2.3    Heat exchanger area 

The solution for the optimization problem of a heat exchanger network with the minimal number of 
units gives the heat rate exchanged by the stream pairs at certain temperature intervals. According to 
the definition of the heat cascade, the cold streams can only receive a fixed amount of heat at 
predetermined intervals, while the hot streams may provide heat from one temperature interval to 
another below it. As a consequence, the inlet and outlet temperatures for a cold stream are bounded by 
the temperature interval in which the heat exchange occurs or the stream target/source temperature, as 
shown in Eq. (1) and (2). 

 

𝑇 , , =
𝑇 ,  , 𝑖𝑓 𝑇 , > 𝑇 ,

𝑇 ,  , 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 (1) 

𝑇 , , =
𝑇 ,  , 𝑖𝑓 𝑇 , > 𝑇 ,

𝑇 ,  , 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 (2) 

 

On the other hand, the inlet and outlet temperature for each hot stream at each temperature interval 
may be determined by the stream heat capacity, as shown in Eq. (3) and (4). This approach implies a 
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certain configuration of heat exchanger network that may not lead to the minimal heat exchange area, 
but it is a general workable solution. Once the temperatures for each stream and temperature interval 
are determined, the heat exchanger area necessary can be determined by each heat rate, as 
demonstrated in Eq. (5). 

 

𝑇 , , =
𝑇 ,  , 𝑖𝑓 𝑘 = 1

𝑇 , ,  , 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 
 (3) 

𝑇 , , = 𝑇 , , −
1

𝐶
𝑄 , ,  (4) 

𝐴 , , =
𝑄 , ,

𝑈 , 𝛥𝑇 , , ,
 (5) 

 

In this study an average heat exchanger coefficient (𝑈 ,  = 40 W/m²) is used to simplify the 
determination of the total heat exchanger area. This could be further improved by estimating the heat 
exchanger coefficient based on the properties of the stream pair that exchanges heat. 

2.4    Net present value 

The economic parameter used to evaluate the economic viability of the proposed systems is the net 
present value (NPV). This approach aims to model the time influence in the costs and the expected 
return for each scenario and it can be summarized in Eq. (6). The economic parameters assumed in this 
analysis are shown in Table 3. As a major simplification, biogas was assumed to be provided free of 
contaminants (e.g. siloxanes and hydrogen sulfide) by another system at a certain specific cost, based 
on Ref. [20]. 

Table 3: Economic analysis assumptions 

Parameter Value 
Discount rate (i) 0.1 
Depreciation years (years) 15 years 
Biogas specific cost (𝑐 ) 0.02 $/kWh 
Electricity specific cost (𝑐 ) 0.10 $/kWh 
Hydrogen specific cost  (𝑐 ) 0.12 $/kWh 
Annual operational hours (𝑡 / ) 8000 h/year 
Operation and maintenance factor (𝑓 & ) 0.05 
Methane lower heating value (𝐿𝐻𝑉 ) 802.3 kJ/mol 
Hydrogen lower heating value (𝐿𝐻𝑉 ) 241.8 kJ/mol 

 

𝑁𝑃𝑉 =
(𝑅 − 𝐶 )

(1 + 𝑖)
 (6) 

In which, 

𝑅 = 𝑊 𝑐 + �̇�𝐿𝐻𝑉 𝑐 𝑡 /  (7) 

𝐶 =

⎩
⎪
⎨

⎪
⎧(1 + 𝑓 & ) 𝑐 , + �̇� 𝐿𝐻𝑉 𝑐 𝑡 /  , 𝑖𝑓 𝑦 = 0

𝑓 & 𝐶 , + �̇� 𝐿𝐻𝑉 𝑐 𝑡 /  , 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 (8) 
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𝐶 =
𝐶 + 𝐶 + 𝐶  , 𝑖𝑓 𝑦 = 3,6,9 𝑜𝑟 12

0 , 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 (9) 

 

The investment cost was estimated based on thermoeconomic correlations or in a reference value for a 
specific equipment size, which was scaled to the model size using a general proportional rule. The 
aforementioned equipment cost functions and assumed parameters are presented in the Appendix B of 
this study. In order to account for inflation and other time related changes in the equipment costs, 
corrections based on the CEPCI cost index were made estimate prices for 2019 [21]. The operation 
and maintenance costs were assumed to be proportional to the initial investment (5%) plus the cost to 
replace the fuel cell stacks and catalysts every 3 years (average lifetime).  

This research work does not aim to estimate the product’s cost within a certain confidence interval, but 
rather observe and discuss the trade-offs of certain parameters in the economic and technical 
perspectives. Thus, for this research purpose, this method can be considered adequate.  

2.5    Exergy efficiency 

The exergy efficiency was employed in this study to provide a technical parameter to compare the 
system response to different operational parameters. A simple rational definition, as shown in Eq. 9, is 
used to determine the exergy efficiency of the system. The specific chemical exergy assumed in this 
analysis is based on values reported by Szargut, et al. [22]. The physical exergy of compressed 
hydrogen was not considered as a product, since it may be destroyed in a downstream process. 

 

𝜂 =
�̇� + �̇�

�̇� + �̇�
 (10) 

3    Results 

The main results for the optimization problem proposed in this study are shown in Table 4 and Fig. 4. 
It can be observed that the system co-producing hydrogen and power presents  2.4-2.7 times higher net 
present value compared with the maximum for the sole power generation system (312.46 k$). 
Moreover, the maximum exergy efficiency is slightly higher for the co-generation of hydrogen and 
power (5-17%).  These results can be mainly attributed to the higher efficiency of hydrogen 
enrichment and purification compared with power generation at elevated fuel use ratios, in which there 
are huge losses provoked by the low concentration of fuel [6]. Furthermore, the specific cost of 
hydrogen is assumed to be higher than electricity (20%), which favors the expected revenues of 
hydrogen production. Thus, both exergy efficiency and net present value benefit from hydrogen 
production for most optimal solutions.  

Table 4: Selected optimal solutions for each optimization problem  

 Hydrogen & power Sole power 

Parameter Max. NPV Max. Eff. Max. NPV Max. Eff. 

Efficiency (%) 0.62 0.65 0.53 0.62 

Net present value (k$2019) 853.14 761.33 312.46 -81.25 

Current density (A/cm²) 0.31 0.25 0.40 0.20 

Fuel use ratio (-) 0.31 0.39 0.83 0.86 

Air ratio (-) 5.88 3.63 3.50 3.61 

Inlet temperature (K) 799.8 799.8 729.8 717.5 
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According to the results in Table 4, the current density is the main design change between the different 
objective functions. This parameter has a major influence in the cell voltage, which determines the 
conversion efficiency and power density. At high current densities, the fuel cell area required for a 
specific fuel use ratio is reduced, however the overpotential losses are increased and, consequently, the 
power generation is greatly reduced [23]. On the other hand, the sole power generation system tends to 
prioritize high fuel use ratios, since this option increases the amount of fuel converted in the fuel cell, 
reducing losses in the catalytic burner. However, since hydrogen production can be more efficient than 
the electrochemical conversion at certain conditions [6], the fuel use ratios for the cogeneration case 
are significantly lower. 

 

Figure 4: Pareto frontier for each optimization problem 

The multi-objective optimization results also show that the air ratio should be minimized in most 
scenarios, respecting the technical limitations. Air is necessary to complete the electrochemical 
reaction and to maintain a tolerable temperature difference in the fuel cell (< 200 K difference), 
however this also represents a significant consumption in fan power and heat exchanger area for 
preheating. On the other hand, for the particular case of maximizing the NPV, a high air ratio is 
necessary to maintain a high temperature in the fuel cell and increase the internal reforming rate. The 
Fig. 5 shows the temperature and methane flow rate across the fuel cell for two different air ratios. It 
can be observed that more methane is converted using a higher air ratio and, therefore, a higher 
hydrogen production is achieved. 

 

Figure 5: Temperature and methane flow rate for different air ratios. (Current density = 0.31 A/cm²; 
Fuel use ratio = 0.31 & Inlet temperature = 799.8) 
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At last, the optimal values for the fuel cell temperature are drastically different for each scenario. 
Although high temperatures can reduce overpotential losses and increase the reaction rates of internal 
reforming, elevated temperatures also impose more heat exchanger area. In view of the optimization 
results, the possible benefits of operating at high temperatures may not justify the elevated investment 
costs for the sole power generation case.  

The distribution of the investment cost for the solutions with maximum NPV in Table 4 is shown in 
Fig. 6. The results indicate a slightly higher capital cost for the hydrogen and power cogeneration 
system compared with the sole power conversion (5%). This difference is mainly driven by the 
reduced size of the SOFC module for hydrogen production, since the fuel use ratio is significantly 
lower (54-62%, Table 4). This cost reduction counterbalances the additional equipment cost for the 
conversion, compression and separation of hydrogen. Moreover, since less fuel is burned due to the 
hydrogen production, there is less heat available at high temperature compared with the sole power 
generation and, consequently; more heat transfer area is required to the process [6]. 

 

 

Figure 6: Investment cost distribution for cases with maximum NPV 

4    Conclusions 

In this study, a multi-objective optimization of a biogas conversion system co-producing hydrogen and 
power using a solid oxide fuel cell is proposed and analyzed in comparison with a sole power 
generation system. Furthermore, a procedure to estimate the heat exchanger area from the minimal 
number of heat exchanger units is proposed in this study to enhance the cost analysis. The results 
indicate that the cogeneration of hydrogen and power can drastically increase the net present value of 
the project (140-170%) and improve the exergy efficiency (5-17%) with a slightly higher investment 
cost (5%). Although the electrochemical conversion of fuel cells is quite efficient, the process 
efficiency is penalized at high fuel use ratios by the lower concentration of fuel.  Thus, the hydrogen 
enrichment and separation of the anode outlet gas can be an alternative to achieve high efficiencies 
(62-65%) and produce a product with competitive market value. Moreover, by reducing the fuel use 
ratio (54-62% reduction), the fuel cell size and cost can be greatly reduced (45% reduction). This 
allows the hydrogen cogeneration system to maintain an investment cost similar to power generation 
systems, since the additional equipment cost is counterbalanced by the reduction in fuel cell cost.  

Nomenclature 

𝑇 , ,  & 𝑇 , ,  
Inlet (i) and outlet (o) temperature of the cold stream (c) in a temperature 
interval (k), respectively. [K] 

𝑇 ,  & 𝑇 ,  Source and target temperature of the cold stream (c) [K] 
𝑇 ,  & 𝑇 ,  Low and high temperature of the temperature interval [K] 

𝑇 , ,  & 𝑇 , ,  
Inlet (i) and outlet (o) temperature of the cold stream (c) in a temperature 
interval (k), respectively. [K] 
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𝑇 ,  Source temperature of the hot stream (h). [K] 
𝐶  Heat capacity of the hot stream (h). [W/K] 

𝑄 , ,  & 𝑄 , ,  Heat transfer between the hot stream (h) and cold stream (c) in the 
temperature interval (j or k). [W] 

𝐴 , ,  
Heat exchanger area for the heat transfer between the hot stream (h) and 
cold stream (c) in the temperature interval (k). [m²] 

𝑈 ,  Heat exchanger coefficient for hot stream (h) and cold stream (c) [W/m²] 

Δ𝑇 , , ,  
Logarithm temperature difference for hot stream (h), cold stream (c) and 
temperature interval (k) 

𝑁𝑃𝑉 Net present value [$2019] 
𝑅  & 𝐶  Revenues and cost for year (y). [$2019] 
𝑖 Discount rate 
𝑊  Net power [W] 
�̇�  & �̇�  Molar flow rate of hydrogen and methane [mol/h], respectively. 
𝐿𝐻𝑉  & 𝐿𝐻𝑉  Hydrogen and methane lower heating value [kJ/mol], respectively. 
𝑐 , 𝑐 & 𝑐  Specific cost/value of electricity, hydrogen and methane [$/kWh]. 
𝐶  & 𝐶  Equipment and replacements costs, respectively [$2019] 
𝑡 /  Operational hours in a year (h/year) 
𝑓 &  Operation and maintenance factors 
𝐶 , 𝐶  & 𝐶  Fuel cell stack, water gas shift catalyst and pre-reformer catalysts costs. [$] 

𝜂 Exergy efficiency 

�̇� ,  �̇�  &  �̇�  Chemical exergy flow rate of hydrogen, water and biogas. [W] 
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Appendix A 

As mentioned previously in this paper, the model was developed using Julia programming language in 
order to solve differential equations in an easy and fast way. However, several tools for process 
modeling are not readily available for this programming language (e.g. properties, unit operations, 
equilibrium, etc.) and, therefore were adapted in this study. In order to clarify the methods used in this 
research, this appendix provides a brief explanation of the thermodynamic model. 

 
Thermodynamic and transport properties 

The thermodynamic properties for gaseous species were estimated based on correlations published by 
Ref. [7], which are exemplified in Eq. B1 and B2 for specific enthalpy and entropy, respectively. 

 

ℎ (𝑇)

𝑅𝑇
=  −𝑎 𝑇 +

𝑎 𝑙𝑛(𝑇)

𝑇
+ 𝑎 + 𝑎 𝑇 + 𝑎 𝑇 + 𝑎 𝑇 + 𝑎 𝑇  (B1) 

𝑠 (𝑇)

𝑅
= −𝑎

𝑇

2
− 𝑎 𝑇 + 𝑎 𝑙𝑛(𝑇) + 𝑎 𝑇 +

𝑎 𝑇

2
+

𝑎 𝑇

3
+

𝑎 𝑇

4
+ 𝑏  (B2) 

 

The gaseous mixtures were assumed as ideal, since the range of operational temperature and pressure 
for the model is far from the critical point. On the other hand, the thermodynamic properties for liquid 
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water were estimated using the CoolProp library [8]. The binary diffusivity for each pair of molecules 
were estimated based on the Chapman-Enskog kinetic theory using the Lennard-Jones potential, as 
shown in Eq. B3. Moreover, the Knudsen diffusivity was calculated using Eq. B4, in order to account 
for the influence of the electrode porous media. The experimental parameters provided in Ref. [10] 
were used in Eq. B3, B4 and B5. 

 

𝐷 = 0.0018583 𝑇
1

𝑀
+

1

𝑀

1

𝑃𝜎 𝛺 ,

 (B3) 

𝛺 , =
1.06036

𝑇 . +
0.19300

𝑒𝑥𝑝 (0.47635𝑇 )
+

1.03587

𝑒𝑥𝑝(1.52996𝑇 )
+

1.76474

𝑒𝑥𝑝 (3.89411𝑇 )
 (B4) 

 

Where, 𝑇 = 𝜅𝑇/𝜖  

 

𝐷 = −
8𝑎

3

𝑅𝑇

2𝜋𝑀
  (B5) 

 
Solid oxide fuel cell 

The solid oxide fuel cell model consists in three main parts: a quasi-2D transport model, a simplified 
energy balance and an electrochemical model. The transport model determines the composition of the 
reactants in the triple phase region for any relative length of the fuel cell stack. It consists of a 1D 
model for the convective transport of reactants across the relative length of the fuel cell, shown in Eq. 
B6 and B7, and another 1D model for the diffusion across the electrode thickness, shown in Eq. B8, 
based on the extended Stefan-Maxwell diffusion model [11]. In order to properly account for the 
internal reforming reactions, methane reforming was assumed as heterogeneous reaction on the anode 
surface and water gas shift reactions were assumed as homogeneous. The reaction rates and fuel cell 
dimensions were based on Ref. [6]. 

 

𝑑�̇�

𝑑𝑙
= (𝜈 �̇�) + (𝜈 �̇�) ℎ + (𝜈 �̇�) . 𝑤   (B6) 

 

In which, 𝑖 ∈ {𝐻 , 𝑂 , 𝐻 𝑂, 𝑁 , 𝐶𝑂 , 𝐶𝑂, 𝐶𝐻 } 

 

𝑑�̇�

𝑑𝑙
= (𝜈 �̇�) .𝑤      𝑗 ∈ {𝑂 , 𝑁 }  (B7) 

𝑑𝑥

𝑑ℎ
=

𝑅𝑇

𝑃

𝑥 𝑁 − 𝑥 𝑁

𝐷 ,
,

    𝑖, 𝑘 ∈ {𝐻 , 𝑂 , 𝐻 𝑂, 𝑁 , 𝐶𝑂 , 𝐶𝑂, 𝐶𝐻 } (B8) 

Where, 

𝐷 , =
𝜖

2𝜏

1

𝐷
+

1

𝐷
+

1

𝐷
+

1

𝐷
 (B9) 

The temperature in any relative length is estimated based on the energy balance, which assumes that 
temperature is equal for every component at a specific position. Moreover, the heat conduction across 
the fuel cell length is also neglected. These simplifications allow the energy balance to be expressed as 
a differential equation of temperature, as shown in Eq. B10. 
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𝑑𝑇

𝑑𝑙
=

(𝛥𝐻�̇�) + (𝛥𝐻�̇�) ℎ + (𝛥𝐻�̇�) . − 𝑗𝑉 −
𝐻
𝐴

�̇�𝑐 + �̇�𝑐
 𝑤  (B10) 

 

Lastly, the electrochemical model uses the composition and temperature calculated by the previous 
equations and estimates the local voltage for a specific current density. This model consists of the 
Nernst equation, considering the concentration losses, and the overpotential for activation and ohmic 
losses, as shown in Eq. B11. The activation losses are estimated using the Butler-Volmer equation, in 
Eq. B13, in which the exchange current density was calibrated using experimental data from Ref. [12]. 
On the other hand, ohmic losses were calculated based on the electrode/electrolyte materials 
resistance, as shown in Eq. B14.  

 

𝑉 = 𝑉 − 𝜂 . − 𝜂 − 𝜂 . (B11) 

𝜂 . = −
𝑅𝑇

2𝐹
𝑙𝑛

𝑥 𝑥

𝑥
 (B12) 

𝑗 = 𝑗 𝑒𝑥𝑝
𝛼𝐹𝜂

𝑅𝑇
− 𝑒𝑥𝑝 −

𝛼𝐹𝜂

𝑅𝑇
 (B13) 

𝜂 = 𝑗
ℎ

𝜎
+

ℎ

𝜎
+

ℎ

 𝜎
 (B14) 

 

In which, 𝑗 = 1190 ln 𝑥 + 3130 according to Ref. [6] 

 
Other processes 

The chemical reactors were modeled using the restricted equilibrium approach. The variation of the 
Gibbs free energy for each reaction was sequentially minimized using a Newton-Raphson algorithm. 
The water removal process was modeled as an ideal separation assuming liquid water as a pure 
substance. The recycle ratio for the pressure swing adsorption system was determined assuming a 
separation efficiency and pure hydrogen as product. 

Appendix B 

The equipment cost equations are shown in Table B1, while the assumed parameters are shown in 
Table B2. 

Table B1: Equipment costs equations 

Equation Reference 
𝐶  [$ ] = 16387�̇� .  [24] 
𝐶  [$ ] = exp 0.3826 ln (�̇�) + 9.8185  [24] 
𝐶 ,  [$ ] = 𝑐 𝑉 ,  [16] 

𝐶 , = 𝐶 , (
𝑓 𝑉 ,

𝑉 ,
) .  [16] 

𝐶 , = 𝑓 .𝑓 𝐶 ,  Adapted from [25-26] 

𝐶 , = 𝑐
𝐴

(1 − 𝑓 )
 Adapted from [25-26] 

𝐶 = 𝑐 𝑉  [16] 

𝐶 , = 𝐶 , (
𝑓 𝑉 ,

𝑉 ,
) .  [16] 
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𝐶  = 245410�̇� .  (*) [24] 
𝐶 = exp (0.9435 ln (𝑊 .) + 6.7769) [24] 
𝐶 = exp (0.0523 ln (𝐴) + 0.1169ln (𝐴)  + 7.695) [24] 

𝐶 = 38807 .
�̇�

165

.

+ 3335 .
�̇�

165
+ 49920 .  

�̇�

165

.

 [27] 

𝐶 = 11816.2(�̇� (1 + 𝑒( . . ))) [16] 
𝐶  = (𝑐 𝐴 )𝑓 /  [28] 
(*) Only for syngas, hydrogen compressor uses correlation 𝐶  
 

Table B2: Equipment cost assumptions 

Parameter Value Reference 
Catalyst specific cost - Pre-reformer (𝑐 , .) 100,000 $/m³ [2005] [16] 
Catalyst density - Pre-reformer (𝜌 ) 1200 kg/m³ [16] 
Reference cost - Pre-reformer volume (𝐶 , ) 21,936 $ [2005] [16] 
Reference size - Pre-reformer volume (𝑉 , ) 0.0167 m³ [16] 

Catalyst volume - Pre-reformer (𝑉 , ) 𝑉 , =
𝑑�̇�

𝜌 �̇�
 [16] 

Reaction rate - Pre-reformer (�̇� ) �̇� = 277.8 𝑒
,

 [16] 

Reactor volume factor - Pre-reformer (𝑓 ) 1.36 [16] 
Specific cost - SOFC (𝑐 ) 790 $/m² [2014] [25] 
Oversized factor - SOFC (𝑓 ) 0.2  
Module cost factor - SOFC (𝑓 ) 2.22 [25] 
Temperature factor - SOFC (𝑓 ) 1.4 [26] 
Catalyst specific cost - WGS (𝑐 ) 16,800,000 $/m³ [2005] [16] 
Catalyst density (𝜌 ) 1200 kg/m³ [16] 
Reference cost - WGS reactor volume (𝐶 , ) 5,774 $ [2005] [16] 
Reference size - WGS reactor volume (𝑉 , ) 0.104 m³ [16] 
Reactor volume factor - WGS reactor (𝑓 ) 1.17 [16] 

Catalyst volume - WGS reactor (𝑉 , ) 𝑉 =
𝑑�̇�

𝜌 �̇�
 [16] 

Reaction rate - WGS reactor (�̇� ) �̇� = 390 𝑒
, 𝑃 .

𝑃 .  [16] 

Specific cost - Heat exchanger (𝑐 ) 
540 EUR , if A≤5.8 m² 

805 EUR, otherwise [2012] 
[28] 

Area exponent - Heat exchanger (𝛼) 
0.80 EUR, if A≤5.8 m² 

0.74 EUR, otherwise [2012] 
[28] 

Euro to Dollar conversion (𝑓 / ) 1.2 [2012] [29] 
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