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Abstract

The challenges of climate change and global warming necessitates a move towards
a renewable energy powered society. Certain critical technical challenges must
be overcome for a successful transition to a renewable energy powered society.

The renewable energy is intermittent and largely depends on the climate, weather,
day, season and the energy demand also varies with time. This requires a need for an
energy storage and management system to match the supply and demand. Different
technologies and conversion techniques exist for electrical energy storage such as ther-
mal, chemical, electrochemical and mechanical. Chemical energy storage is attractive
due to its higher energy storage capacity and storage duration. Additionally, in moving
towards a renewable energy powered society, electrical energy becomes the prime mover.
Hence, alternate synthesis routes have to be established for industrial chemicals and
fuels that are currently produced from fossil fuels. Therefore, by converting electrical
energy to chemical form in large scale, solves the issue of energy storage and provides
a synthesis route for chemical production. Such systems facilitate coupling electricity
storage industry and chemical process industry.

Electrochemical reactor systems can address the above challenges. Particularly note-
worthy here are reversible solid oxide cells (rSOC) systems, which can be operated
at temperatures above 600 °C in a highly efficient manner in electrolysis or fuel cell
mode. The reversible Solid Oxide Cell (rSOC) reactor systems can efficiently operate as
an electrolysis system to convert electrical energy to chemical energy during storage
mode. This process is known as the Power to Chemicals mode. When electrical energy
is required, rSOC systems can operate as a fuel cell system to convert chemical energy
back to electrical energy. This operation mode is referred to as Chemicals to Power mode.
Within this thesis, it is shown that roundtrip electricity storage efficiencies of 60 % can
be reached with currently available reactor technology. Hence, an rSOC reactor system

i



can form an efficient energy conversion system for energy storage and sector coupling.
In this thesis, a process engineering study of an rSOC system for energy storage and
sector coupling using a commercially available reactor was performed. The thesis aims
to provide a roadmap for attaining a highly efficient rSOC system that is feasible with
commercial reactors in the near future. A scientific approach for process system engi-
neering of rSOC system or electrochemical reactor system was developed. The proposed
approach was applied for investigating different configurations of rSOC systems for
selected applications. The scientific utilises theoretical, experimental and modelling tools
in three steps.

In the first step, the fundamentals of thermodynamics and electrochemical reac-
tors were used to identify the target efficiencies and key thermodynamic parameters
affecting system performance. The ideal performance was evaluated by assuming an
ideal reactor with no electrochemical losses. This represents the theoretical maximum
value that can be achieved by an ideal system. Limits to ideal system performance and
possible opportunities to increase the theoretical limit such as thermal management
were identified. The theoretical limits were determined for H-O (hydrogen-oxygen) and
H-C-O (hydrogen-carbon-oxygen) reaction chemistries. It is shown that ideal roundtrip
efficiencies are limited to 70 % for both H-O and H-C-O systems at 1 bar. This is in-
creased to around 80 % and 90 % for H-O and H-C-O systems respectively at 30 bar. This
limit is due to their reaction thermodynamics. The ideal roundtrip efficiencies can be
increased to almost 100 % by storing the heat produced by the reactor during the fuel
cell operation to utilise it for the heat required by the reactor during the electrolysis
operation. Therefore, thermal management is one of the key requirements to achieve
a high system performance and a heat storage based thermal management system is
proposed. Next, a commercially available rSOC reactor based on electrolyte supported
cell design was experimentally characterised and its performance is mapped in both
operation modes. The reactor performance was incorporated to the ideal system. The
target efficiencies in the vicinity of 55 % and 60 % at 1 bar and 30 bar respectively,
at current density of 2500 A/m2 were determined for an rSOC system with a thermal
management concept using heat storage. This represents the system performance target
for a detailed process system which also includes the balance of plant (BoP) components
such as pumps, blowers and heat exchangers.

In a second step, based on experimental results, mathematical models for the simula-
tion of the commercially available reactor were developed for detailed process system
engineering simulations. A zero dimensional model and a one dimensional model were
developed. The zero dimensional is required for detailed process system simulations.
Different system architectures are developed and their performance were computed con-
sidering the requirements of the rSOC reactor and BoP components. The experimentally
validated one dimensional model was used to obtain characteristic reactor temperature
and effective losses required for the black box model as well as ensuring the operability
of the system. A hydrogen based rSOC system and a methane based rSOC system were
developed. The hydrogen based rSOC system was developed purely as electrical energy
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storage system. The methane (or hydrocarbon) based system was developed for electrical
energy storage and sector coupling purposes. In the final step, system operability was
verified using the one dimensional model. For the different system operation points,
the detailed reactor model was used to identify critical operation of the reactor which
could lead to eventual failure of the reactor. The system operation points were then
systematically determined in order to attain feasible operation of the reactor. The second
and third steps are an iterative process.

Using second and third step, a hydrogen based rSOC system for electrical storage and
methane based rSOC system for electrical storage and sector coupling were investigated.
For the hydrogen based rSOC system, a system roundtrip efficiency of 52 % and 53 %
at 1 bar and 25 bar respectively can be achieved. System performance at 1 bar is close
to the target efficiency defined in step 1 whereas the system efficiency at 25 bar is far
from the target efficiency at 25 bar defined in step 1. This deviation for the pressurised
system was due to parasitic effect of BoP components. Examination of the methane-based
rSOC system showed the same effect of operating pressure on the achievable efficiency.
Since electrolysis operation at elevated pressure favours the formation of methane, the
pressure operation for use in the sector coupling should still be considered. Hence, for
the methane based rSOC system for sector coupling application, a pressurised operation
is considered. The methane based rSOC system for sector coupling application achieves
a roundtrip efficiency of 53 % at 25 bar. Increased pressure generally allows higher
target efficiencies, hence, solutions to minimise the difference between ideal system and
detailed process system are demonstrated in this work. This requires an increase in
system complexity, for example using gas storage under pressure or large number of
heat exchangers, in order to achieve roundtrip efficiency close to target efficiency. For
all the systems, the heat storage thermal management is shown to play a crucial role in
achieving high system performance using the commercially available and future rSOC
reactor.
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Zusammenfassung

D ie Herausforderungen des Klimawandels und der Erderwärmung zeigen die
Notwendigkeit einer Wende hin zu einer mit Erneuerbaren Energien versorgten
Gesellschaft auf. Für einen erfolgreichen Übergang müssen konkrete technische

Herausforderungen bewältigt werden. Die Verfügbarkeit von erneuerbar bereitgestellter
Energie hängt weitgehend von Klima, Wetter, Tages- und Jahreszeit ab. Da auch der
Energiebedarf mit der Zeit variiert, entsteht die Notwendigkeit für Energiespeicher-
und -managementsysteme, die Angebot und Nachfrage aufeinander abstimmen. Es
existiert eine Vielzahl verschiedener Wandlungstechnologien mit denen elektrische En-
ergie thermisch, chemisch, elektrochemisch und mechanisch gespeichert werden kann.
Energiespeicherung in chemischer Form ist aufgrund der hohen Energiespeicherkapaz-
ität und -daueräußerst attraktiv. Darüber hinaus wird elektrische Energie in einer mit
Erneuerbarer Energie versorgten Welt eine zentrale Rolle einnehmen. Es steht eine
mögliche Elektrifizierung der Chemischen Industrie an, die alternative Syntheserouten
für Chemikalien und Brennstoffe, die derzeit auf fossilem Weg bereitgestellt werden,
erfordert. Großskalige Wandlung von elektrischer in chemische Energie löst die Frage
der Energiespeicherung und bietet mit der Sektorkopplung neue Synthesewege für die
Produktion von Chemikalien und Brennstoffen.

Systeme mit elektrochemischen Reaktoren als Kernkomponente sind in der Lage
die genannten Herausforderungen zu bewältigen. Hier sind insbesondere reversible
Oxidkeramische Reaktoren (engl.: reversible Solid Oxide Cells, rSOC) zu nennen, die
bei Temperaturen über 600 °C hocheffizient im Elektrolyse- oder Brennstoffzellenmodus
betrieben werden können. Im Speichermodus wandeln rSOC-Systeme elektrische En-
ergie durch Elektrolyse in chemische Energie. Dieser Prozess wird auch "Power to Fuels"
genannt. Wird elektrische Energie benötigt, können rSOC-Systeme im Brennstoffzel-
lenmodus betrieben werden, um chemische zurück in elektrische Energie zu wandeln.
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Dieser Betriebsmodus wird auch "Chemicals-to-Power" genannt. In dieser Arbeit wird
aufgezeigt, dass schon mit derzeit verfügbarer Technologie eine Stromspeicherung mit
Wirkungsgraden von bis zu 60 % erreicht werden kann. Somit können rSOC-Systeme
einen signifikanten Beitrag zur Energiespeicherung und Sektorkopplung leisten. In
dieser Arbeit wurde eine verfahrenstechnische Untersuchung von rSOC-Systemen
zur Energiespeicherung und Sektorkopplung unter Verwendung von kommerziell er-
hältlichen rSOC-Reaktoren durchgeführt. Ziel der Arbeit ist es, eine Roadmap für hochef-
fiziente rSOC-Systeme zu entwickeln, die in naher Zukunft mit kommerziell verfüg-
baren Reaktoren realisierbar sind. Diese wissenschaftliche Aufgabenstellung wurde
mit einem systemverfahrenstechnischen Ansatz bearbeitet. Mit den Methoden der Sys-
temverfahrenstechnik werden verschiedene Konfigurationen von rSOC-Systemen für
ausgewählte Anwendungen untersucht. Der methodische Ansatz verwendet theoretische,
experimentelle und Modellierungswerkzeuge in drei Schritten.

Im ersten Schritt wurden die Grundlagen der Thermodynamik und der elektro-
chemischen Reaktoren genutzt, um die Zielwirkungsgrade zu bestimmen und die ther-
modynamischen Schlüsselparameter zu identifizieren, die jene beeinflussen. Ein ideales
System ohne elektrochemische Verluste wurde betrachtet. Damit wurden temperatur-,
druck- und umsatzabhängige theoretische Maximalwirkungsgrade für H-O- (Wasserstoff-
Sauerstoff) und H-C-O-Systeme (Wasserstoff-Kohlenstoff-Sauerstoff) Systeme bestimmt.
Möglichkeiten zur Erhöhung dieser theoretischen Grenzen, wie z. B. das Wärmemanage-
ment, wurden identifiziert. Es wurde gezeigt, dass ideale Speicherwirkungsgrade für
H-O- und H-C-O-Systeme bei 1 bar auf 70 % begrenzt sind. Eine Erhöhung des Drucks
auf 30 bar erhöht die idealen Speicherwirkungsgrade für H-O- bzw. H-C-O-Systeme
auf etwa 80 % bzw. 90 %. Diese Grenzen sind auf die Thermodynamik der beteiligten
Reaktionen zurückzuführen. Die idealen Wirkungsgrade können jedoch auch nahezu
100 % erreichen. Dazu muss die vom rSOC-Reaktor während des Brennstoffzellenbe-
triebs erzeugte thermische Energie zwischengespeichert und dem Reaktor im Elektrol-
ysebetrieb zur Verfügung gestellt werden. Wärmespeicherung und -management sind
daher Schlüsselvoraussetzungen für hohe Speicherwirkungsgrade. Wärmespeicherungs-
und -managementsysteme werden detailliert und dargelegt. Zur Überprüfung der mit
realen Komponenten erreichbaren Wirkungsgrade wurd ein kommerziell erhältlicher
rSOC-Reaktor mit elektrolytgestützten Zellen experimentell charakterisiert. Der ideale
Reaktor wurde mit den so gewonnenen Betriebscharakteristiken parametriert und die
mit einem solchen Reaktor erreichbaren Speicherwirkungsgrade berechnet. Es können
Wirkungsgrade von 55 % und 60 % bei 1 bar bzw. 30 bar bei einer Stromdichte von
2500 A/m2 für rSOC-Systeme mit Wärmespeicher erreicht werden. Mit diesen maxi-
malen Wirkungsgraden sind die Zielwirkungsgrade für den zweiten Schritt, detaillierte
verfahrenstechnische Prozesssimulationen bestimmt, die auch die Balance-of-Plant-
Komponenten (BoP) wie Pumpen, Gebläse und Wärmeübertrager umfassen.

Im zweiten Schritt wurden basierend auf experimentellen Ergebnissen mathematis-
che Modelle für die Simulation des kommerziell verfügbaren Reaktors in detaillierten
verfahrenstechnischen Prozesssimulationen entwickelt. Ein nulldimensionales Modell
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wurde für die detaillierte verfahrenstechnische Prozesssimulation benötigt. Damit kön-
nen unterschiedliche Systemarchitekturen entwickelt und unter Berücksichtigung der
Anforderungen des rSOC-Reaktors sowie der BoP-Komponenten untersucht werden.
Ein eindimensionales Reaktormodell wurde entwickelt und experimentell validiert, um
die charakteristische Reaktortemperatur und die effektiven Reaktorverluste für das
nulldimensionales Modell zu bestimmen. Konkret wurden nun ein wasserstoffbasiertes
rSOC-System und ein methanbasiertes rSOC-System für verschiedene Anwendungen
entwickelt. Das wasserstoffbasierte rSOC-System dient ausschließlich der Stromspe-
icherung. Das methanbasierte (bzw. kohlenwasserstoffbasierte) System wurde für die
Stromspeicherung und Sektorkopplung entwickelt. Im dritten und letzten Schritt wurde
zur Überprüfung der sicheren Betreibbarkeit des rSOC-Reaktors erneut das eindimen-
sionale Modell eingesetzt. Verschiedene Systembetriebspunkte und deren Betriebspa-
rameter wurden dem detaillierten Reaktormodell zugeführt. So konnten für den Reaktor
kritische Betriebsbereiche identifiziert werden, die zu einem eventuellen Ausfall führen
könnten. Die Systembetriebspunkte wurden dann gezielt geändert, um einen sicheren
Betrieb des Reaktors zu ermöglichen. Die Ausführung der Schritte zwei und drei ist
hierbei iterativ ausgelegt.

Mit den Schritten zwei und Schritt drei wurden ein wasserstoffbasiertes rSOC-
System für die Stromspeicherung und ein methanbasiertes rSOC-System Stromspe-
icherung und Sektorkopplung entwickelt und untersucht. Für das wasserstoffbasierte
rSOC-System können Speicherwirkungsgrade von 52 % bzw. 53 % bei 1 bar bzw. 25
bar erreicht werden. Der bei 1 bar erreichbare Wirkungsgrad liegt nahe am im er-
sten Schritt definierten Zielwirkungsgrad, während der bei 25 bar erreichbare weit
von dem im ersten Schritt definierten Zielwirkungsgrad entfernt ist. Diese Differenz
entsteht aufgrund des parasitären Verbrauchs der notwendigen BoP-Komponenten. Die
Untersuchung des methanbasierten rSOC-Systems zeigte denselben Effekt des Betriebs-
drucks auf den erreichbaren Wirkungsgrad. Da Elektrolysebetrieb bei erhöhtem Druck
die Methanentstehung begünstigt, sollte der Druckbetrieb zur Anwendung in der Sek-
torkopplung dennoch in Betracht gezogen werden. Das methanbasierte rSOC-System
kann bei 25 bar einen Wirkungsgrad von 53 % erreichen. Da erhöhter Druck generell
höhere Zielwirkungsgrade zulässt, werden Lösungen zur Minimierung der Differenz
zwischen idealem System und detailliertem verfahrenstechnischem System in der Arbeit
aufgezeigt. Dies beinhaltet eine Erhöhung der Systemkomplexität u.a. durch Gasspe-
icherung unter Betriebsdruck und eine größere Anzahl von Wärmeübertragern. Es wird
aufgezeigt, dass für alle Systeme, seien sie mit kommerziell oder zukünftig verfüg-
baren rSOC-Reaktoren ausgestattet, die systemintegrierte Speicherung von thermischer
Energie und eine entscheidende Rolle für hohe Speicherwirkungsgrade spielt.
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1 Introduction

In this chapter, a brief introduction to the research topic is provided. The societal

driving forces behind the research topic are addressed in section 1.1. A vision of

the future energy system landscape using the reversible Solid Oxide Cell (rSOC)

technology is rendered in section 1.2. An overview of the thesis structure is provided in

section 1.3.

1.1 Energy storage and sector coupling

Efficient and effective energy storage and management systems are required for a

successful transition to a renewable energy powered society. Higher penetration of

renewable energy sources in the energy mix raises new challenges. The renewable energy

sources such as wind and solar are intermittent in nature. Their production varies with

time and natural conditions. On the other hand, the energy demand for a society is also

time varying. Hence, energy management and storage systems are required to ensure a

stable electrical energy grid and continuous supply to meet the demand [1–4]. Electrical

energy can be stored in the form of mechanical energy, thermal energy and chemical

energy. Different technologies for storing electrical energy in one of these forms either

exist or are being developed. Examples of these concepts are pumped hydro storage

(mechanical), compressed air energy storage (mechanical), batteries (electrochemical),

pump heat storage (thermal) etc. An overview of these concepts highlighting their
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CHAPTER 1. INTRODUCTION

advantages and disadvantages can be found in the literature [5–8]. Storing electrical

energy in form of chemical energy is very attractive and beneficial due to high storage

capacity [8–10]. In this concept, during energy storage mode, the electrical energy is

converted to chemical energy form. This is commonly referred to as Power to Gas (PtG)

or Power to Liquid (PtL) process or also batteries (batteries are chemical energy in

solid form). When required the chemical fuel can then be converted back to electrical

energy and is referred to as the Chemical/Fuel to Power (XtP) process. The Power to

Chemicals (PtX) process is enabled by technologies such as electrolysis. The XtP process

can be achieved using fuel cells, gas turbines, conventional power plants etc. Additionally,

by moving towards a decarbonised society driven by renewable energy where electrical

energy becomes a prime mover, new pathways are needed to produce essential chemical

energy and important industrial chemicals [10, 11]. Hydrogen, methane, syngas (CO, H2),

methanol and ammonia are proposed as possible candidates. These chemicals are of

high industrial value. Hydrogen, methane and reformed syngas are major commodity

chemicals for various chemical synthesis. Hence, this provides an opportunity to couple

energy storage industry with chemical synthesis industry sector.

1.2 Vision

An rSOC electrochemical reactor system can address the challenges raised in section 1.1.

Fuel cell systems and electrolysis systems in combination can form an effective energy

storage system [12–14]. A Solid Oxide Cell (SOC) reactor can operate as both fuel cell

and electrolysis cell. This bidirectional functionality of an SOC reactor enables us to

have a unitised reactor and system for energy storage and sector coupling. A schematic

of a future energy network based on rSOC reactors is rendered in the Figure 1.1.

During the energy storage mode electricity is converted to fuel such as hydrogen or

hydrocarbons (PtX) through electrolysis and during discharge mode the fuel can be used

to produce power (XtP) via fuel cell operation. An SOC reactor can efficiently operate in

PtX mode as an electrolysis cell and in XtP mode as a fuel cell. They have the potential

to show significantly lower electrochemical losses than any other fuel cell/electrolysis

technology [15–18]. When the electrical energy supply from the renewable energy sources

is higher than the demand, the system operates as a PtX system. The rSOC reactor

operates in the Solid Oxide Electrolyis Cell (SOEC) mode. Water (and carbon dioxide)

is reduced to hydrogen (and carbon monoxide). The electrical energy is supplied to the

2



1.2. VISION

FIGURE 1.1. Future energy network based on rSOC electrochemical reactor.

rSOC reactor in SOEC mode to promote the electrolysis reaction. Thereby the electrical

energy is stored as chemical energy in hydrogen and carbon monoxide. The hydrogen or

syngas produced during the SOEC process can be processed to higher hydrocarbons by

appropriate downstream processes. When the energy demand is greater than renewable

energy production, the system shifts to XtP mode. The rSOC reactor operates in the

Solid Oxide Fuel Cell (SOFC) mode. Hydrogen, hydrocarbons (methane, methanol etc.)

and syngas are supplied to the system as fuels. Electrical energy is produced by the

reactor which is fed to the electrical energy grid.

Two broad system architectures can be established depending on its interactions

with other industries. The rSOC system can be a closed boundary system or an open
boundary system. In a closed boundary system, the rSOC system does not interact with

other industries and acts purely as an energy storage system. The chemical energy is

not transferred across its boundaries. The fuel produced during the SOEC process is

stored in fuel tanks. Likewise, the product gases from the SOFC, which are the reactants

for the SOEC process is stored in exhaust gas tanks. The closed boundary rSOC system

3
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can be based on the reaction chemistry of either H – O elements or H – C – O elements.

In an open boundary system, the chemical energy is exchanged across its boundaries.

The fuel or chemical produced during the SOEC process is not necessarily stored within

the system boundaries but also supplied to other process industries. The rSOC system

interacts with other chemical industries, hydrogen refuelling infrastructure etc. The

hydrogen or syngas produced during the SOEC operation can be supplied to chemical

industries as feedstocks or converted to industrial chemicals such as ethylene and am-

monia in appropriate downstream process. During the SOFC process, the fuel can be

obtained from external sources such as natural gas grid, hydrocarbons from chemical

industries, ammonia etc. Therefore an open boundary system acts as an energy storage

system and couples energy storage industry with other process industries.

To summarise, the following points act as societal drivers for research and develop-

ment of an rSOC process system for energy storage and sector coupling.

1. Higher energy storage capacity in form of chemical energy.

2. Ability to integrate energy storage industry with other process industries.

3. Reduced capital cost of having one system for both PtX and XtP process.

1.3 Thesis structure

The thesis is divided into 7 major chapters followed by an appendix section. The con-

tents are divided in a structured manner for easy understanding. Each chapter briefly

introduces the scientific concepts pertaining to the chapter followed by the results and

discussion section. A brief overview of the chapters is given below.

Chapter 1 A brief introduction and societal drivers behind the research topic are pro-

vided in this section.

Chapter 2 The state of the art of the technology is described. The scientific gap is

addressed and accordingly the scientific motivation for the thesis is ascertained.

Research questions that are answered by the thesis are listed. The scientific

approach undertaken to answer the questions is highlighted.

Chapter 3 The thermodynamic fundamentals and theory of electrochemical reactors

is reviewed. Thermodynamic limits to roundtrip efficiencies for different rSOC

concepts are discussed.

4
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Chapter 4 A commercial rSOC reactor is analysed. Target system performance of an

rSOC system based on a commercial reactor are evaluated.

Chapter 5 Development of a one dimensional and zero dimensional rSOC reactor is ad-

dressed. The reactor models are used for process system development and analysis.

Chapter 6 Process analyses of different rSOC system architectures are performed.

Closed boundary and open boundary rSOC systems are analysed and performance

quantified.

Chapter 7 The final conclusions of the thesis is presented here. The key results of the

research are summarised. The chapter is concluded with a list of follow up research

activities to continue the research presented in this thesis.

5





2 Scientific motivation

The scientific motivation behind the thesis is discussed in this chapter. The current

state of the art of the rSOC technology is listed in the section 2.1. A brief overview

of the scientific research in the field of SOC reactors and the gap in scientific

research is addressed in section 2.2. The section on scientific gap lays the foundation for

the scientific motivation behind the thesis which is presented in the section 2.3. In this

section, the research questions that would be answered by the thesis are raised. Finally,

the scientific approach undertaken to answer the research questions is detailed in the

section 2.4.

2.1 Current state of the art

SOC are a type of electrochemical reactors which can convert chemical energy directly to

electrical energy and vice versa. They consist of a solid ceramic electrolyte membrane,

an anode and cathode electrodes. The electrode-electrolyte-electrode assembly separates

two chambers commonly referred to as the fuel chamber and air chamber. In the fuel

chamber, fuel is supplied and air/oxygen is supplied to the air chamber. The electrolyte

allows transport of oxygen ions only and electrons are transported via external circuit. By

this transport mechanism, electrochemical reactions are made possible. When chemical

energy is converted to electrical energy, the process is called as the fuel cell process.

For an SOC electrochemical reactor producing electrical energy is called as the SOFC.

7
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When electrical energy is converted to chemical energy form, the process is referred to as

electrolysis process and the reactor is referred to as SOEC.

The commercial development of SOC reactor has been taking place since the early

1990s. Initially, SOC reactors were predominantly developed for SOFC operation. They

are optimised for either SOFC or SOEC operation mode. SOC reactors based on the

Electrolyte Supported Cell (ESC) and Fuel Electrode Supported cells commonly referred

to as Anode Supported Cell (ASC) designs have been developed for both the SOFC and

the SOEC operation. The SOC reactors are designed to be modular. It is composed of

many singular units commonly referred to as SOC single cells or a Single Repeating

Unit (SRU). The SOC single cells are used in the laboratory for research and develop-

ment purposes for the optimisation of the cell materials, manufacturing, design etc. One

SRU does not have sufficient power capacity to meet the commercial demands. Hence,

they are stacked together to form a SOC reactor for the required power capacity. SOC

reactors can further be combined together to form a SOC reactor module. The SOC reac-

tor modules are generally in the power range of 25 kW electric to 250 kW electric. The

SOC reactors or the SOC reactor modules, based on the applications, are combined with

the necessary Balance of Plant (BoP) components to build either a SOFC or SOEC system.

The development of SOC reactors optimised for SOFC operation is further ahead in

comparison to SOC reactors for SOEC operation. The SOFC reactors are commercially

available with suppliers available in the US (Bloom Energy [19], FuelCell Energy [20]),

Europe (SolidPower [21], sunfire [22], Convion [23], elcogen [24] etc.) and in Asia (Kyocera

[25], Aisin [26], Mitsubishi [27, 28] etc). Now, the SOFC reactor modules in power ranges

of 30 kW - 250 kW are available commercially. The commercial availability of the SOC

reactors for SOEC operation is lower than for SOFC operation. The SOC cells, SOC

reactors and SOC systems are at different stages of Technology Readiness Level (TRL).

The TRL of SOC cells, SOC reactors and systems are given in the Table 2.1

The development of rSOC reactors for bidirectional operation in both SOFC and

SOEC is in the early stages. Research and development activities are being performed

to optimise the materials for bidirectional operation of the rSOC reactor [29, 30]. At

the time of writing this PhD thesis, there is only one commercially available rSOC

reactor available in the market. The commercial rSOC reactor is based on the planar

ESC stack design [22]. A prototype rSOC system based on H2/H2O reaction was built

8
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TABLE 2.1. Technology readiness level of SOC cells, reactors and systems in
2017

Technology TRL Description

SOC cells 2-8 Research and development of next generation
cells to commercially available cells

SOFC reactors 8-9 Commercially available
SOEC reactors 6-8 Prototype demonstration to commercial viabil-

ity.
rSOC reactors 3-6 Research phase and early demonstration stage
SOFC systems 4-9 Demonstration of large systems and commer-

cially available combined heat and power units
SOEC systems 4-6 Demonstration and prototype stage
rSOC systems 2-4 Research and early demonstration stage.

and demonstrated by Boeing and sunfire. The system achieved a roundtrip efficiency of

30 % [31].

2.2 Scientific gap

The scientific work performed in the field of SOC electrochemical reactor systems is

by far dominated by SOFC systems. Tremendous knowledge has been produced in the

field of SOFC systems ranging from dynamic operation [32–43], system optimisation

[44–52] and SOFC hybrid and integrated systems [53–64]. Process engineering research

is also proceeding at a rapid pace for SOEC systems. The quantity of scientific content

produced is still lower when compared to SOFC systems. Steady state process system

analysis for SOEC systems have been reported in literature. The studies were performed

in the context of PtX where ’X’ can be either a gas (such as hydrogen, methane etc.) or

liquid (such as methanol, dimethyl ether, Fischer-Tropsch liquid etc.) [65–73]. Few of

the studies focussed on developing SOEC systems with endothermic operation of the

SOEC reactor with nuclear or solar thermal as high temperature heat source [73–76]. In

the reported literature, the process systems were developed and optimised for either an

SOEC or an SOFC process.

The SOC reactor can operate in both SOEC and SOFC mode. The rSOC systems are

still in early research phase. Research activities are largely focussed on materials, cells

and optimisation of rSOC reactor for bidirectional operation. theoretical studies have

9
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been performed on rSOC system. The integration of the rSOC model to the AC power

network was initially investigated by Roscoe et al. [77]. A hydrogen based storage system

for varying renewable energy supply pattern was studied by Kasai et al. [78]. More

recently, Wendel et al. [79] and Monti et al. [80] presented a conceptual rSOC system

based on carbonaceous reactions. In the reported literatures, the rSOC systems were

considered mainly as energy storage systems but not for sector coupling.

Analysing over 200 SOC system journal publications, close to 80 % of the publications

were related to the SOFC systems. Around 15 % of the publications dealt with SOEC

systems. Finally, close to 5 % were related to rSOC system studies. To achieve the

industrialisation of rSOC system for energy storage and sector coupling, a significant

scientific gap should be filled .

2.3 Motivation

The primary motivation for the current research is to bridge the scientific gap identified

in the section 2.2. In order to achieve an efficient system, several technical challenges

have to be met. An SOC reactor can efficiently operate in PtX mode as an electroly-

sis cell and in XtP mode as a fuel cell. Thermal management is essential for a highly

efficient rSOC system. In the fuel cell mode, the r-SOC reactor is highly exothermic

whereas in electrolysis mode it can range from highly endothermic over thermoneutral

to highly exothermic operation depending on current density. Endothermically operating

the rSOC reactor during the SOEC process can result in improved efficiency. Several

options for heat management have been proposed to fulfil the requirement of thermally

self-sustained operation including exothermic fuel cell mode and possible highly en-

dothermic electrolysis. Bierschenk et al. showed that by coupling an exothermic chemical

reaction such as methanation with endothermic electrolysis reaction within the SOC

reactor a thermal balance can be achieved [81]. By this method, a thermoneutral or even

exothermic operation of SOC reactor in electrolysis mode can be achieved at otherwise

same conditions. The same strategy for thermal management was adopted in literature

to achieve a self sustaining rSOC system [82–84]. The method proposed raises consider-

able engineering challenges. Thermodynamically, the exothermic methanation reaction

require a combination of lower reaction temperatures in range of 400 °C - 650 °C and/or

higher pressures up to 30 bar [85]. Hence, this requires development of SOC reactors

with low electrochemical losses at those reaction temperatures capable of operating at
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high pressures. Low and intermediate temperature rSOC reactors are in early stages

of research and development phase and far from commercialisation. Meanwhile, the

commercially available SOC reactors are based on ESC or ASC design and operate at

temperatures of 700 °C - 900 °C [26]. The research aims to develop an rSOC system with

a feasible thermal management system based on a commercially available rSOC reactor

for energy storage and sector coupling.

The secondary motivation of the research relates to the scientific method adopted

for process system analysis of SOC electrochemical reactor systems. Typically, a black

box approach is used for the SOC reactor model for the system analysis. This can lead

to erroneous results and unrealistic operation conditions which can be detrimental to

reactor lifetime. Additionally, reactor performances based on single cells experimental

results are utilised to predict the system behaviour. Unfortunately, the single cell reactor

performances cannot be translated to a SOC stack module performances. This leads to

overestimation of system performance. Hence, the secondary motivation of the research

is to propose a scientific approach for process system analysis of SOC reactor systems.

The approach is adopted for the development and analysis of the rSOC system.

Research question

The motivation can be summarised by the following scientific questions which would be

addressed within this thesis.

1. What are the feasible roundtrip efficiencies of an rSOC system based on a commer-

cially available reactor for energy storage and sector coupling?

2. How far is the achieved system performance from the theoretical performance

limit? What are the major factors limiting the system performance?

3. How significant is the thermal management system in realising an efficient rSOC

system?

4. How can a thermal management system be implemented for the rSOC system

using a commercial rSOC reactor?

5. What are the impacts of BoP components on the system performance and system

architecture?

11
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6. What is the promising architecture to achieve an efficient rSOC system for energy

storage and sector coupling?

7. How can the rSOC reactor model for process system analysis be improved while

maintaining the simplicity required for a process system analysis?

8. How can we ensure the system operation point is within the safe operation region

of the reactor?

2.4 Scientific approach

To answer the above research questions, a three step scientific approach was adopted.

The scientific approach encompasses the different aspects of process engineering in order

to arrive at a realisable rSOC system. Theoretical, experimental and modelling tools

were utilised with this study.

In the first step, the target efficiencies and key thermodynamic state parameters

affecting the system performance were identified. The target efficiencies were set out

considering the fundamentals of thermodynamics and electrochemical reactors. An

ideal performance was illustrated by assuming an ideal reactor with no electrochemical

losses. The ideal performances and efficiencies represent the theoretical maximum value

that can be achieved by an ideal system. The ideal performances and efficiencies were

evaluated for different reaction chemistries. Thermodynamic reasoning for a thermal

management system will be highlighted. A commercially available electrochemical reac-

tor was experimentally characterised and its performance was quantified. The reactor

performance was then fed to the ideal system model to determine the maximum efficiency

that can be achieved with the given reactor. This is purely dependent on the reactor

performance. It represents the system performance target that the process engineering

should aim for. The difference between the ideal performance, dictated purely by thermo-

dynamics, and the system performance target for the given reactor technology describes

the state of the art of the rSOC reactor.

In the second step, mathematical models of the rSOC reactor were developed. Two

reactor models were developed. A one dimensional reactor model for detailed analysis of

the reactor and a zero dimensional black box model for system analysis were developed.

The one dimensional reactor model was validated against experimental results. The
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zero dimensional black box model was used for system simulations. Different system

architectures were established considering the boundary conditions of the rSOC reactor

and the other BoP components. The one dimensional model was used to obtain the input

parameters such as the effective reactor temperature and effective losses for the zero

dimensional model. The system performances were quantified for different operation

points. The difference between system performance targets defined in the previous step

and the system performance obtained from the detailed process engineering model repre-

sents the system losses. Sources of entropy generation were identified.

In the final step, the feasibility of the system was evaluated using the detailed one

dimensional model. The one dimensional model was used to identify operation points

resulting in unrealistic or dangerous operation of the reactor. This could lead to failure

of the reactor and possible system failure. The system operation points were altered

accordingly in order to achieve safe operation of the rSOC reactor. An iterative process

between step two and step three was performed and the results of step 2 already include

the iteration. At the end of this step, the feasible system operation points and architec-

tures were developed and its performances quantified.

The Aspen plus chemical process engineering software suite was utilised for process

system modelling. The one dimensional reactor model was developed using Dymola based

on the Modelica language.
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3 Thermodynamics of
electrochemical reactors

In this chapter, the thermodynamic fundamental and theoretical concepts required

to develop an electrochemical process system are introduced. The thermodynamics

governing the processes occurring in an electrochemical reactor are provided in

section 3.1. In this section, a thermodynamic relation for the electric work produced or

consumed by an electrochemical reactor is established and a relation for ideal voltage is

provided. A theoretical analysis of an ideal rSOC system is presented in section 3.2. Two

important reaction mechanisms for rSOC processes are considered for an rSOC system.

The need for thermal management and its benefits are analysed. Finally, limits to ideal

roundtrip efficiency of an rSOC system using an ideal rSOC reactor are discussed. A

summary of it is provided in section 3.3

3.1 Thermodynamics of SOC electrochemical
reactor

In this section, a brief introduction to SOC electrochemical reactors is provided. The

advantages and disadvantages are highlighted in section 3.1.1. Thermodynamic of

electrochemical reactors are introduced in following section 3.1.2. The calculation of

ideal work produced by the SOC reactor or supplied to the SOC reactor is explained. A

thermodynamic formulation of ideal voltage is provided using the first and second law of

thermodynamics. Finally, the brief description on entropy generation and lost work in an
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electrochemical reactor is described in 3.1.3.

3.1.1 Introduction to SOC electrochemical reactors

A reversible process is an ideal process with no entropy generation and for a real pro-

cess minimising entropy generation is a requirement for achieving an efficient process.

Chemical reactors are inherently thermodynamically irreversible and produce entropy.

Thereby resulting in high exergy losses. The losses can be reduced by employing an

electrochemical reactor to perform the reaction. In an electrochemical reactor, the work

extraction process is in form of electrical work. The chemical energy is directly converted

to electrical work and vice versa. In a chemical reaction, the chemical bonds are broken

and reconfigured. During this process of reconfiguration, electrons are produced and con-

sumed. By forcing the electrons to go through an external circuit before recombination,

an electric current is generated and hence electric work is produced. For this to occur,

the reactants should be spatially separated to prevent them from reacting spontaneously.

The separation can be achieved by using an electrolyte. The electrolyte only allows

for the transfer of ions (either positively or negatively charged) but not electrons. Two

electrodes, a cathode and anode are required to complete the process. At the anode, the

electrons are produced and flow out through the external circuit. This is the region for

electrochemical oxidation reactions. The second electrode, the cathode, consumes the elec-

trons flowing into the electrode from the external circuit. At the cathode electrochemical

reduction reactions occur. The ions, either cation or anion depending on the electrolyte,

are transported from one electrode to the other, where the reaction is completed and

electroneutrality is maintained. Therefore, by such mechanism, the rate of reaction is

coupled to electric work. When the external circuit is open (no load condition), electron

flow is stopped, hence no work is produced. Without the flow of electrons out of the anode

and electrons flow into the cathode, ion transport via electrolyte stops and hence the

reaction does not proceed. Therefore, the rate of transport of ions, electrons and the

chemical reaction rate is coupled to the rate of work extraction [86]. The electrolyte can

be a solid or a liquid electrolyte. Different types of electrolyte are available based on their

ion conduction properties. An extended overview is provided in [86–88]. In this work, an

oxide ion conducting solid electrolyte is employed. Hence, the following discussions will

be centred on oxygen ion conducting solid membrane reactor, also known as SOC reactor.

In a SOC electrochemical reactor, a ceramic membrane is used as an electrolyte.

The electrolyte permits transport of the oxygen ion (O2– ) which is the charge carrier
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FIGURE 3.1. (a) Schematic of a SOC reactor process in SOFC mode, forward
direction of reaction (R 3.1). (b) Schematic of SOC process in SOEC in mode,
reverse direction of reaction (R 3.1).

in the membrane. The working of a SOC reactor can be explained using the hydrogen

combustion reaction as shown in reaction (R 3.1). A schematic of SOC working principle

is shown in Figure 3.1. The reaction (R 3.1) represents the overall chemical reaction of a

reversible hydrogen combustion reaction. Let us consider the forward direction of the

combustion reaction. The combustion reaction is exothermic and spontaneous. Hydrogen

is sent to the fuel electrode and oxygen/air to the oxygen electrode chamber. No work

is extracted when the external circuit is open. When the reactants are introduced, the

chemical potential difference exists. Hence, the gases quickly equilibrate, resulting in an

electrochemical potential difference such that the chemical potential difference is zero.

This electrochemical potential difference between the two electrodes is referred to as

Open Circuit Voltage (OCV). When the external circuit is closed, electrons can flow from

fuel electrode to oxygen electrode hence producing an electric current. Work extraction

affects the equilibrium which is shifted, driving the reaction forward. The hydrogen

supplied to the fuel electrode disassociates to produce proton and two electrons. Two

protons then react with the oxygen ion which is supplied to the fuel electrode from the

oxygen electrode via the electrolyte. Thereby water and electrons are produced. At the

fuel electrode, the fuel is oxidised and electrons are produced hence, the fuel electrode is

the anode. The anode half cell reaction is shown in equations (R 3.2c).

H2 + (1/2)O2 −−*)−−H2O (R 3.1)
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Reactions at the fuel electrode

H2 −−*)−− 2H++2e− (R 3.2a)

2H++O2− −−*)−−H2O (R 3.2b)

Net reaction at the fuel electrode

H2 +O2− −−*)−−H2O+2e− (R 3.2c)

Reaction at the oxygen electrode

(1/2)O2 +2e− −−*)−−O2− (R 3.2d)

The electrons produced on the anode side travel to the air electrode via the external

circuit. At oxygen electrode, the oxygen consumes the two electrons and is reduced to

form the oxygen ion. Hence, the air electrode acts as a cathode. The cathode reactions

are presented in equation (R 3.2d). Due to the electrochemical potential established

across the electrolyte membrane, the oxygen ion diffuses to the anode from the cathode

through the electrolyte. The sum of reaction (R 3.2c) and (R 3.2d) results in overall re-

action (R 3.1). The rate of all the individual reactions and hence the overall reaction is

linked to the electrical work produced. This process is referred to as Fuel Cell reaction

producing work from an exothermic combustion reaction [86, 89, 90].1 For SOC reactors,

it is known as the SOFC process. The process scheme is visualised in Figure 3.1(a).

The reaction (R 3.1) is spontaneous in moving from left to right towards water forma-

tion. To shift the reaction towards the left in a conventional reactor requires thermal

energy at high temperatures around 1200 °C. But the same can be achieved in an SOC

reactor by supplying a part or all the energy required to split the water in form of electric

work [91]. This process is known as electrolysis or as SOEC process when performed us-

ing a SOC reactor. The SOEC process is the reverse process of SOFC process. Reactants,

either steam/water or gas mixture of steam-H2 is supplied to the fuel electrode. Under

open circuit conditions, the gas equilibrates and an OCV is attained. When electric work

is supplied to the SOC reactor, the polarities reverse resulting in a potential difference
1It should be noted that fuel cell operation are also possible with endothermic reactions. For example,

direct oxidation of carbon to carbon monoxide is an endothermic reaction and can produce electric work
when carried out in an electrochemical reactor. Such fuel cells are called Direct Carbon Fuel Cells.
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across the electrolyte, higher than the OCV. The equilibrium is now disturbed and hence

the reaction (R 3.1) moves towards to left to attain a new equilibrium. The reactions

(R 3.3c) and (R 3.3d) occur at the fuel electrode and oxygen electrode. Unlike the SOFC

process, in SOEC the fuel electrode is the cathode and air electrode is the anode.

At the fuel electrode

H2O−−*)−− 2H++O2− (R 3.3a)

2H++2e− −−*)−−H2 (R 3.3b)

Net reaction at fuel electrode

H2O+2e− −−*)−−H2 +O2− (R 3.3c)

At air electrode

O2− −−*)−− (1/2)O2 +2e− (R 3.3d)

At the fuel electrode, when work is supplied to the SOC reactor, water is reduced

producing H2 and O2– . The electrochemical potential difference over the electrolyte

drives the oxygen ion towards to the air electrode. At the air electrode, the oxygen

ion is oxidised to produce oxygen and two electrons. The electrons produced travel via

the external circuit and enter the fuel electrode. The scheme of the SOEC process is

represented in Figure 3.1(b).

3.1.2 Ideal work and Ideal voltage of SOC reactor

An open, steady state SOC electrochemical reactor process as described in Figure 3.2 is

assumed. The reactants enter the reactor with a certain temperature (T ′), pressure (p′)
and composition (x′). The electrochemical reactions take place at reactor temperature and

pressure for a given extent of electrochemical reaction (ξ) and the products of the reaction

leave the reactor at a temperature (T ′′), pressure (p′′) and composition (x′′). Subscript a
and f stands for air electrode chamber reactants and fuel electrode chamber respectively.

Ẇ and Q̇ are the electric work rate and thermal power produced or consumed by the

reactor during the process. By convention, the work produced by the system is considered

positive and work consumed by the system as a negative quantity. The work produced by
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′′

a

Ẇ
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FIGURE 3.2. Thermodynamic scheme of SOC reactor

the system or work consumed by the system depends on thermodynamic state conditions

before and after the reaction. In order to define ideal voltage and ideal work, the extent

of electrochemical reaction and its relation to the current must be established.

Actual current and maximum current for SOC reactor

As discussed earlier, the rate of progress of an electrochemical reaction is proportional

to the work extracted or supplied to the reactor. This corresponds to the current and

hence to the rate of flow of electrons in the external circuit. Since the flux of ion transport

across the electrolyte is also coupled to the current, the progression of electrode reactions

and therefore the net reaction can be described by the parameter extent of reaction (ξ). In

chemical reactions, the extent of reaction can be defined as an ’internal state parameter’

that describes how far a certain reaction has progressed. The unit for extent of reaction

is mole. Consider a generalised chemical reaction as given in (R 3.4). The same reaction

can be written as in equation (3.1a). The extent of reaction can then be defined as in

equation (3.1b).

νa A+νb B−−*)−− νc C (R 3.4)
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∑
i
νi mi = 0 (3.1a)

∆nA

νa
= ∆nb

νb
= ∆nc

νc
= ξ (3.1b)

If the same reaction is carried out in a SOC reactor, with the electrode reactions

as shown in equations (R 3.5) and (R 3.6), the extent of electrochemical reaction can be

represented by any of the half cell reactions since it is same as the extent of reaction of

the net reaction.

νa A+νb− B− −−*)−− νc C+νe−e (R 3.5)

νb B+νe− e− −−*)−− νb− B− (R 3.6)

Global net reaction

νa A+νb B−−*)−− νc C (R 3.7)

For an electrochemical reactor, writing the extent of electrochemical reaction in

relation to the charge carrier ion is convenient. The transfer of the charge carrier is

proportional to the current by Faraday’s law. Hence, for a SOC reactor, the extent of

electrochemical reaction can be described with respect to oxygen ion transfer through

the electrolyte or the change in oxygen atoms in the reactant stream of either electrode.

Therefore, the extent of electrochemical reaction can be written in terms of the reaction

at the oxygen electrode (equation (R 3.8)) as given by (3.2). The total charge transferred

during the reaction is equal to the extent of reaction. The reactor current is then the

rate of change of the extent of electrochemical reaction given by (3.3). Similarly, the

maximum charge transferred corresponds to the maximum extent of reaction for the

given composition of reactants and maximum current possible is equal to rate of change

of maximum extent of electrochemical reaction.

(1/2)O2 +2e− −−*)−−O2− (R 3.8)

ξ= 2∆nO2

1
= ∆nO2−

1
= ∆ne−

2
(3.2)

dξ
dt

=∆ṅO2 =
I

4F
(3.3)
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Another performance parameter essential in electrochemical reaction is the conver-

sion ratio. For an electrochemical reaction, the conversion ratio is the ratio of current

through the SOC reactor to the maximum current through the SOC reactor. Since the

rate of change extent of electrochemical reaction is proportional to the current, the

conversion ratio of an electrochemical reaction can also be given as the ratio rate of

change of extent of electrochemical reaction to rate of change of maximum extent of

electrochemical reaction as shown in equation (3.4a) and (3.4b). The conversion ratio (χ)

is commonly referred to as the Utilisation of the reactant. 2

χ= I
Imax

(3.4a)

χ= dξ
dξmax

(3.4b)

The definition of maximum current can vary depending on the operation mode and

the reactant components. In the fuel cell mode, the maximum current is the current

obtained for complete oxidation of the fuel or oxidisable components in the reactant

mixture. The general description of electrochemical oxidation of the fuel as described in

equation (R 3.9) [92],

CxHyOz + (2x+ y
2
− z)O2− −−*)−− xCO2 + y

2
H2O+ (4x+y − 2z)e− (R 3.9)

The maximum current in fuel cell mode is given by (3.5) [92] and is normally called

as Faradaic current.

Imax, f c = ṅe−F (3.5)

Likewise, for a SOC reactor operating in electrolysis mode, the maximum current

is defined as the current supplied to the reactor to completely reduce all the oxidised

components such as H2O to H2 and CO2 to CO or C. In most practical cases, in order

to avoid carbon deposition, CO2 is not completely reduced to C but to CO. Therefore,

maximum current in electrolysis mode is given by (3.6)

Imax,ec = 2F(ṅCO2 + ṅH2O) (3.6)

2For SOFC process it is normally referred to fuel utilisation and for SOEC process it is commonly
referred to as steam utilisation.
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Ideal work and voltage of SOC reactor

The ideal work produced or consumed by the reactor can be determined by applying the

fundamental laws of thermodynamics for the control volume shown in Figure 3.2. In the

present analysis, the electrochemical reactor is seen as a black box and its mechanical

design and construction are not known. It is assumed that the concentration in the

reactor is uniform and the reactor operates at constant temperature (T), pressure (p)

similar to a well-stirred tank assumption. A steady state process is assumed. Applying

the law of conservation of mass to the control volume we obtain the equation (3.7). Since

a steady state process is assumed, the differential term is zero.

ṁ′
f + ṁ′

a − ṁ′′
f − ṁ′′

a = 0 (3.7)

The reactor voltage can be discussed under two particular cases of (i) open circuit

voltage or no work condition or (ii) ideal voltage during work extraction.

Case 1: Reactor voltage at OCV or no work condition: The reactor is assumed

to be in a zero current state, that is, the external circuit is open and therefore no

electrochemical reaction occurs in the reactor. Chemical reactions may occur if conditions

are suitable. Due to the difference in the chemical potentials of the reactants on the fuel

electrode side and air electrode side, the system tries to drive towards equilibrium [93].

This is achieved by the establishing an electrochemical potential across the electrolyte

to establish an electrochemical equilibrium. Considering the H2-H2O electrochemical

reaction as given in reactions (R 3.1) - (R 3.3d), the condition for equilibrium is given by

the equation (3.8a)

νiµi = 0 (3.8a)

The equilibrium for the reaction is given by the equation (3.8c).

µ′′
H2O +µe1 −µ′

H2
−0.5µ′

O2
−µe2 = 0 (3.8b)

µ′′
H2O −µ′

H2
−0.5µ′

O2
=µeI I −µeI (3.8c)

The two terms on the right-hand side of equation (3.8c) represent the chemical

potential of electrons in two electrode terminals. The difference in chemical potential

of electrons on two electrodes is synonymous to the electrical potential difference [94].

This results in an expression for OCV as given in equation (3.9a). The chemical potential

can be written as in equation (3.9b) assuming ideal gas equation of state. Hence, a final
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form for voltage is derived as given in (3.9d). U◦ is the electric potential at standard

conditions where the reactants and products are at atmospheric pressure. The equation

(3.9d) is valid only under the assumption of chemical equilibrium.

−zFU =µ′′
H2O −µ′

H2
−0.5µ′

O2
(3.9a)

µ=µ◦+RT ln pi (3.9b)

−zFU =∆µ◦+RT ln
∏

pνi
i (3.9c)

U =U◦− 1
2F

RT ln
∏

pνi
i (3.9d)

Case 2: Reactor voltage during work extraction or consumption: Once the ex-

ternal circuit is closed, work is extracted from or supplied to the reactor. During this

process, the electrochemical reaction progresses by a certain extent. An expression for

work can be derived from the first and second law of thermodynamics to the control

volume described in Figure 3.2. The term Π̇ in equation (3.10b) represents the entropy

generation due to irreversibility or losses during the process. A detailed discussion on

entropy generation and causes for entropy generation can be found in Appendix A.1.1.

First law

ṁ′
f h′

f (T ′, p′, x′f )+ ṁ′
a h′

a(T ′, p′, x′a)− ṁ′′
f h′′

f (T ′′, p′′, x′′f )− ṁ′′
a h′′

a(T ′′, p′′, x′′a)−Ẇ − Q̇ = 0

(3.10a)

Second law

ṁ′
f s′f (T ′, p′, x′f )+ ṁ′

a s′a(T ′, p′, x′a)− ṁ′′
f s′′f (T ′′, p′′, x′′f )− ṁ′′

a s′′a(T ′′, p′′, x′′a)− Q̇
T

+ Π̇= 0

(3.10b)

Assuming the process to be reversible, the entropy generation term in (3.10b) is set to

zero. Eliminating the Q term from the first law and solving for work results in equation

(3.11).

Ẇrev =−(G′′−G′)=−(
∑

i
ṁ′′

i g′′
i −

∑
i

ṁ′
i g′

i) (3.11)

The term "G" and "g" in equation (3.11) represents the Gibbs function and specific

Gibbs function respectively. The Gibbs function is a thermodynamic state parameter.

Gibbs function and specific Gibbs function are evaluated by formula G = H −T S and
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g = h− T s respectively. A detailed discussion on Gibbs function is provided in the

Appendix A.1.2. Therefore, the ideal work of the electrochemical reactor is the difference

in Gibbs function before and after the reaction. The formulation given in equation

(3.11) is a direct result of the application of the first and second law of thermodynamics.

The equation can be seen as a more general form for evaluating the ideal work. In

conventional methods as described in literature, the ideal work is briefly described

as the change in Gibbs function due to the particular chemical reaction at reference

conditions (∆G◦). Use of (∆G◦) to calculate the ideal work is only valid in the case where

the reactants entering the reactor are in the pure state (i.e. at a partial pressure equal to

atmospheric pressure) and products leaving the reactor as pure components. The relation

in equation (3.11) will result in the same if the fuel and oxygen entering the reactor and

products leaving the reactor are pure substances. The effect of product and reactant

dilution is taken into account when the exact form of Gibbs function is used to evaluate

the work. This results in a traditional form and commonly used Nernst equation as

shown in (3.12) [95] .

ẇrev =−∆g◦−RT ln
( ∏

pi,products∏
pi,reactants

)
(3.12)

The Nernst equation is a valid approximation for evaluating the ideal work of an

electrochemical reactor. Though the equation may not be entirely sufficient to evaluate

the mixing effects and entropy due to mixing occurring in the reactor due to inert gas

components and other gas in the reactants and products. Hence, under these circum-

stances, a generalised formulation for estimating the ideal work (equation (3.11)) of an

electrochemical reactor is utilised in this thesis. Moreover, the Gibbs function being a

state function, it does not depend on the path and hence encompasses all changes in

moving from one state to another. A similar method is employed by Ratkje et al. [96] and

Gaggioli et al. [95].

From an exergy perspective, the ideal work of an electrochemical reactor described in

Figure 3.2 can be obtained from solving an exergy balance over the control volume. This

results in an equation for ideal work as expressed in equation (3.13b). The work term,

Ẇrev, in equation (3.13b) and (3.11) are indeed the same. Hence, by comparing the two

equations, it can be established that the difference in Gibbs function between the inlet

and outlet of the reactor is equal to the difference in exergy between the inlet and outlet
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plus the exergy of heat at the reactor temperature [97].

0=∑
i

Ėx′−∑
i

Ėx′′−Ẇ − Q̇
(
1− T0

T

)
(3.13a)

Ẇrev =−(
∑

i
∆Ėx)− Q̇

(
1− T0

T

)
(3.13b)

3.1.3 Lost work in electrochemical reactor

Like in any thermodynamic system, lost work due to entropy generation occurs in an

electrochemical reactor. The lost work can be due to material related properties such

as ohmic resistance, reactor design, heat transfer, fluid dynamics or possibly due to

other chemical reactions occurring in the electrochemical reactor or entropy generation

due to mixing. Some entropy generation is avoidable and some is not in an engineering

process. The entropy generation due to mixing, chemical reactions and heat transfer

over finite temperature difference are some examples of unavoidable entropy generation.

In a SOC electrochemical reactor, the major sources of entropy generation are due to

the electrochemical losses such as ohmic losses, activation overpotential, diffusion and

concentration losses. They will be addressed in detail in section 4.1. These losses can be

minimised by better engineering of the materials and reactor design. The other source of

entropy generation in an SOC reactor is due to the unavoidable thermodynamic losses.

This is due to chemical reactions, mixing and heat transfer. In most SOC reaction systems

using hydrocarbons (H-C-O) in the fuel electrode other chemical reactions apart from

electrochemical reactions can occur within the SOC reactor. Methane, reformate, syngas

and biogas are commonly used fuels in an SOC reactor in SOFC operation. During

such operations, internal steam reforming reaction, water gas shift reactions and other

plausible chemical reactions will occur. The work potential of these chemical reactions is

not utilised hence resulting in lost work. It is important to account for the lost work due

to these chemical reactions (which do not occur electrochemically) to be considered when

either equation (3.11) or (3.13b) is used to calculate the ideal work of an SOC reactor. The

lost work due to chemical reactions is nothing but the change in Gibbs energy due to the

chemical reaction which is not converted to useful form of work. This can be evaluated

using equation (A.35) [96].
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3.2 Thermodynamics of rSOC systems

Theoretically, a rSOC electrochemical reactor can be switched from SOFC to SOEC mode

by the applying an electric potential greater than the equilibrium potential for a given

reactant mixture. This can be achieved by supplying electrical work to the electrochemical

reactor and also thermal work (if the net electrolysis reaction is endothermic). Therefore,

this enables to convert electrical energy (and also thermal energy) into chemical energy.

This process is referred to as PtX, offering an attractive option of storing electrical energy

in form of chemical energy. When electrical energy is required, the SOC reactor can

be operated in SOFC mode to convert the chemical energy back to electrical energy,

commonly referred to as XtP. In this section, a theoretical system concept for the rSOC

system will be described. Theoretical limits for roundtrip efficiency based on reaction

thermodynamics and processes will be discussed.

3.2.1 rSOC system concepts

A simple rSOC system concept is shown in Figure 3.3. The simple system is used to

evaluate the theoretical limit for roundtrip efficiency of an rSOC system. In order to do

so, an ideal SOC reactor is assumed. An ideal SOC reactor is assumed to have no entropy

generation due to electrochemical losses. Though it can have inherent (unavoidable)

entropy generation due to the chemical reaction itself, incomplete reaction, gas mixing

etc. as mentioned in section 3.1.3. The Figures 3.3(a) and 3.3(b) represent the rSOC

system operating in fuel cell mode and electrolysis mode respectively. The following

assumptions are made to simplify the analysis.

1. The SOC reactor is assumed to be isothermal and isobaric.

2. Reactions occur at the isothermal reactor temperature.

3. The time period of reactor operation in fuel cell mode is equal to that of electrolysis

mode.

t f c = tec (3.14)

4. The charge transferred during the discharge mode (fuel cell) is equal to the charge

transferred during the charging mode (electrolysis).

∆no, f c =∆no,ec (3.15)
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FIGURE 3.3. (a) Schematic representation of a process system in fuel cell mode,
indicating directions of mass and energy flows. (b) Schematic representation
of a process system in electrolysis mode, indicating directions of mass and
energy flows. The subscript ’r’ and ’p’ represents the fuel tank and the
product tank respectively. HP and HE represents heat pump and heat
engine respectively

5. Assumptions 3 and 4 imply that the current obtained from the SOC reactor in

SOFC mode is equal in magnitude (but opposite in sign) to the current supplied to
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SOC reactor in SOEC mode.

∆I f c =∆Iec and ξ f c = ξec (3.16)

6. Assumptions 3 – 5 ensure that the fuel tank (subscript r) and exhaust tank (sub-

script p) in the system are brought to the same thermodynamic state before dis-

charge.

7. Ideal heat transfer is assumed for heat recovery units. Due to this assumption, the

effect on system performance is purely due to the reactor in the system.

8. All the gases are modelled using ideal gas equation of state.

The fuel used during the SOFC operation is stored in the fuel tank. In fuel cell

mode, the fuel is supplied to the SOC reactor where it undergoes oxidation. Chemical

energy is converted to electric energy and heat by the reactor. The oxidised fuel is stored

in the exhaust tanks. In electrolysis mode, the oxidised fuel stored in exhaust tanks,

mostly consisting of H2O (and CO2), is supplied to the SOC reactor. Electrical energy

and heat (if required) are supplied to the SOC reactor. The SOC reactor converts the

electrical and thermal energy to chemical energy. The oxidised reactants are converted to

corresponding reduced states as fuel. Thermodynamic conditions of the tank are chosen

such that there is no condensation of water or any phase changes. The gas preheating to

reactor temperature from storage tank condition and cooling from reactor temperature

to storage tank conditions are performed using a combination of reversible heat pump

and heat engine. The heat engine (HE) operates between the gas medium as a heat

source and environment as a heat sink. Whereas, the heat pump (HP) operates with the

environment as a heat source and gas mediums as a heat sink. The performance of the

rSOC system can be evaluated under different circumstances based on atomic elements

involved in the reaction systems.

Roundtrip efficiency

The roundtrip efficiency is defined as the ratio of energy produced in the fuel cell mode

to the total energy supplied in the electrolysis mode. For the system described in Figure

3.3, the total energy produced in SOFC mode consists of electric work and heat. If the

heat energy (Qrev,SOC) is not utilised, then the useful output energy is only the electric

work (Wrev,SOC). From thermodynamics, that total reversible work is given by ∆G. In

SOEC mode, the total energy consumed by the reactor is equal to the sum of electrical
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energy and thermal energy (if the process is endothermic). The energy required for the

reduction of oxidised reactants is equal to the enthalpy change of the reaction. This

energy is supplied by a combination of electrical work (∆G) and thermal energy (T∆S).

Hence, the roundtrip efficiency is given by equation (3.17b).

ηRT =
Wrev, f c

Wrev,ec +Qrev,ec
(3.17a)

ηRT =
−∆G f c

∆Hec
= −∆G f c

∆Gec +Tec∆Sec
(3.17b)

In most of the considered reaction schemes, if the ∆G ≤ ∆H, hence the ηRT ≤ 1.

Though for some reaction schemes, it is possible that ∆G ≥ ∆H and hence leading to

ηRT ≥ 1. This is purely due to the definition of efficiency based on first law [97]. Hence, a

second law efficiency based on exergy analysis is well suited where the efficiencies will

never be above 100 %.

On further analysis of equation (3.17b), it can be shown that the roundtrip efficiency

for reaction systems which are exothermic in fuel cell mode and endothermic in elec-

trolysis mode is always less than 1. This can be improved if the reversible heat Qrev, f c

produced to due to entropy change of the reaction is utilised. Additionally, the roundtrip

efficiency can increase if Qrev,ec in the denominator of equation (3.17b) is reduced. Fi-

nally, a combination of both methods can be utilised. This can be achieved by thermal

management.

Thermal management

Thermal management between exothermic fuel cell reaction and endothermic electrolysis

reaction can aid to improve round trip efficiency. One possible strategy of thermal

management involves storing the heat produced during in SOFC mode in a heat storage

medium at a certain temperature and later using it during the SOEC operation. By this

approach, the heat produced during SOFC is utilised within the system. The second

strategy involves coupling the endothermic electrochemical reaction with an exothermic

chemical reaction in the SOC reactor. In this method, the heat required by the reactor is

reduced. When the rate of internal exothermic chemical reaction is high enough, the heat

produced by the internal chemical reaction can balance the endothermic electrochemical

reaction. The advantage and challenges of both strategies will be further assessed. In

a real SOC reactor, the heat produced due to the electrochemical losses can overcome
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the thermal demands of endothermic electrochemical reaction. But heat due to the

irreversible entropy generation represents a loss of electrical energy and therefore leads

to lower roundtrip efficiencies.

Thermal management by heat storage requires a heat storage medium at a

temperature Ths which stores the heat released by SOC the reactor in SOFC mode. The

stored heat is supplied to the SOC reactor in SOEC mode. A temperature difference is

required for heat transfer to occur. This enforces a condition that the reactor temperature

in SOFC mode should be greater than the heat storage temperature. Also, the heat

storage temperature should be greater than the reactor temperature in SOEC operation

mode. The scheme of a proposed system with heat storage integration is shown in Figure

3.4.

T f c > Ths > Tec (3.18)

Assumptions described earlier are valid for the system described in Figure 3.4. The

energy output of the system in SOFC mode equals Wrev, f c. The reversible heat produced

during the SOFC mode, Qrev, f c, is stored in the heat storage medium at a temperature

Tm. In the SOEC mode (Figure 3.4(b)), the net energy supplied to the system equals

the electric work Wrev,ec. The reversible heat required for the endothermic reaction is

extracted from the heat storage medium. Hence, by this method the reversible heat

produced during SOFC operation is stored and utilised during SOEC mode. Hence, it

is retained within the system. The roundtrip efficiency for the system is then given by

equation (3.19).

ηRT = Wrev, f c

Wrev,ec
= ∆G(T f c, p,ξ)
∆G(Tec, p,ξ)

(3.19)

Thermal management with an internally coupled exothermic reaction re-

quires the reactor and system to be operated in SOEC mode at conditions favourable for

the exothermic reaction. Secondly, a sufficient reaction rate of exothermic reaction is nec-

essary to meet the thermal requirements of endothermic electrochemical reaction. Such

a method for thermal management requires complex reaction networks. Bierschenk et al.

proposed an rSOC system with internal thermal management using H-C-O chemistry

[81]. Finally, such a system might require further optimisation to the reactor design

to promote the exothermic chemical reaction. The roundtrip efficiency is described by

equation (3.17b) with Qrev,ec tending to zero.
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FIGURE 3.4. (a) Schematic representation of an rSOC process system with
heat storage integration in fuel cell mode, indicating directions of mass
and energy flows. (b) Schematic representation of an rSOC process system
with heat storage integration in electrolysis mode, indicating directions of
mass and energy flows. The subscript ’r’ represents the fuel tank and ’p’
represents the product tank. HP and HE represent heat pump and heat
engine respectively
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3.2.2 rSOC systems based on H-O chemistry

The H2-H2O reaction is the common electrochemical reaction system for fuel cell and

electrolysis. Most of the SOC electrochemical reactors are developed and optimised for

electrochemical reaction of H2 to H2O. In this analysis, an rSOC reactor system based

on H2-H2O is considered with and without thermal management. The theoretical limit

for roundtrip efficiencies is quantified. The impact of key system parameters on the

roundtrip efficiencies is identified.

A H2-H2O fuel mixture in the fuel tank is assumed to have a composition of 90 mol%

H2 and 10 mol% of H2O. This corresponds to a fuel with a Lower Heating Value (LHV)

of 60 MJ/kg. In the SOFC mode, the reactants are preheated to the reactor temperature.

A certain extent of electrochemical oxidation of H2 occurs at the fuel electrode. The

product gases, mainly consisting of H2O and unreacted fuel (H2) are cooled at the heat

recovery unit. Power and reversible heat produced by the SOC reactor in SOFC mode

is calculated at reactor temperature, pressure and for a given extent of electrochemical

reaction. The reversible heat is produced due to the exothermic electrochemical reaction

which can either be stored for thermal management or not stored and therefore lost. In

the SOEC operation mode, the product gases stored in the product tank are preheated

to the reactor temperature supplied to the SOC reactor. Due to assumptions 3 and 4,

the extent of electrochemical electrolysis reaction is the same as in the fuel cell reaction.

The electric power and heat required for the endothermic reaction are calculated at

reactor temperature and pressure for the given extent of electrochemical reaction. The

heat required is either supplied from an external source or from heat storage if the heat

storage thermal management method is employed.

The maximum reactor current in SOEC and SOFC mode is calculated using equations

(3.6) and (3.5) respectively. The SOC reactor current is then calculated from the maximum

current from the relation between conversion ratio (χ) and maximum current (Imax).

The value of χ f c is provided as input, the corresponding value for χec in SOEC mode is

calculated to satisfy the conditions of equal current in fuel cell and electrolysis operation.

Roundtrip efficiency without thermal management

The roundtrip efficiency of an rSOC system without thermal management is given by

equation (3.17b). Reaction thermodynamics of H2-H2O reaction system are shown in Fig-
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FIGURE 3.5. Thermodynamics of H2-H2O system showing the variations of
T∆rxns, ∆rxn g and ∆rxnh at atmospheric pressure

ure 3.5. As the reaction temperature increases, the value of T∆rxnS increases and ∆rxnG
decreases. Hence, the maximum roundtrip efficiency for the H-O system without thermal

management system varies with temperature as shown in Figure 3.6. The theoretical

limit of roundtrip efficiency for the system with no heat storage or thermal management

varies strongly with pressure. For an ideal gas, the variation of the ∆rxnh with pressure

is negligible and is more or less constant whereas, ∆rxn g varies strongly with pressure.

The increase in pressure leads to an increase in roundtrip efficiency. A steep increase in

efficiency is observed until 10 bar. Above 10 bar, the efficiency increase is marginal. Gibbs

function is a logarithmic function of pressure within the term R T ln pi. The logarithmic

behaviour leads to the observed effect.

The impact of the extent of electrochemical reaction on the theoretical limit

of roundtrip efficiency can be observed in 3.6. The roundtrip efficiency of the system

increases when the extent of electrochemical reaction is reduced. The extent of electro-

chemical reaction is directly proportional to the work extracted or supplied to the reactor.
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FIGURE 3.6. Variation of theoretical limit of round trip efficiency of H-O chem-
istry system with temperature at different reactor pressures.

When the extent of electrochemical reaction is higher, then the work is extracted from

the reactor is high. This results in a higher driving force for the electrochemical reaction

as explained in section 3.1.1. This leads to unavoidable entropy generation within the

reactor [93]. Therefore, Wrev, f c reduces with increases in extent of electrochemical reac-

tion. Hence, the roundtrip efficiency decreases with increasing extent of electrochemical

reaction.

Roundtrip efficiency with heat storage thermal management

By integrating heat storage in the rSOC system facilitates the use of heat produced

in SOFC mode to be utilised in SOEC mode. The heat generated in SOFC mode is

retained within the system and is used in SOEC mode when needed. Thereby, an external

heat source is not required to supply the reversible heat required for the electrolysis

reaction. Heat transfer between the SOC reactor and heat storage requires a temperature

difference. Therefore, the SOC reactor temperature in SOFC mode (T f c) must be greater

than the heat storage temperature (Tm) and reactor temperature in SOEC mode (Tec)
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FIGURE 3.7. Variation of theoretical limit of round trip efficiency of an H-O
chemistry system with temperature at different reactor pressures and ∆T
values between SOC reactor and heat storage medium.

must be lower than heat storage temperature. Hence, the SOC reactor operates at two

different temperature levels between SOFC and SOEC operation modes. The difference

between the SOC reactor temperature and heat storage is defined as ∆T as in equation

(3.20a). The roundtrip efficiency for the system is given by equation (3.19).

T f c −Ths =∆T = Ths −Tec (3.20a)

T f c −Tec = 2×∆T (3.20b)

By using the heat storage method to manage the thermal demands of SOEC operation,

the upper limit for ideal round trip efficiency was increased close to 100 %. The roundtrip

efficiency decreases with increasing ∆T between the reactor and the heat storage. The

operation temperature of SOC reactor in SOEC mode is lower than in SOFC mode. For

an H-O system, the change in Gibbs function increases with lowering temperatures

for a given pressure and extent of reaction as shown in Figure 3.5. Since, the reactor

temperature during the SOFC operation is higher than the reactor temperature during

the SOEC operation, the change in Gibbs function during the SOFC mode is lower than
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the change in Gibbs function during the SOEC operation mode.

T f c > Tec

∆rxnG(T f c)<∆rxnG(Tec) (3.21)

Hence, it can be observed that the roundtrip efficiency decreasing with increasing

∆T. The efficiency decrease is a marginal value of 1 – 2 %. Based on the analysis, heat

storage temperature should be selected based on an optimisation between engineering

material demands, roundtrip efficiency and area of heat transfer. The reactor pressure

had the same effect on the roundtrip efficiency as observed for a system without heat

storage. For a given value of ∆T, the round trip efficiency increased with pressure. The

parameter heat ratio (θ) is defined to study the thermal management benefits. The heat

ratio, θ is defined in equation (3.22) as the ratio of thermal energy stored in heat storage

during SOFC mode to thermal energy extracted from heat storage by the SOC reactor in

SOEC mode.

θ = QSOC,ec

QSOC, f c
(3.22)
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In equation (3.22) by convention exothermic heat production (Q f c) is negative and

endothermic heat consumption by the reactor is positive. The variation of θ with reactor

temperature in SOFC mode for different values of ∆T and p is shown in Figure 3.8.

3.2.3 rSOC systems based on H-C-O chemistry

The H-C-O reaction chemistry is of certain interest in SOC systems. Due oxygen ion

being the charge carrier, theoretically any fuel including hydrocarbons can be oxidised

by operating an SOC reactor in SOFC mode. Direct oxidation of hydrocarbon fuel in

SOC reactors is written in a generalised form as shown in equation (R 3.9). A common

fuel usually considered for SOC reactors is methane. Hence, the H-C-O chemistry for

methane is considered in this analysis. The system operation and design are similar to

the system described in section 3.2.2. The fuel tank consists of H-C-O chemistry. For the

current analysis, a methane-based system is considered. The ratio of H/C/O is chosen

such that sufficient methane formation is possible during SOEC mode and to avoid

carbon deposition in both SOFC and SOEC operations. For the present analysis, a H/C

ratio of 7 and O/C ratio of 1.5 for the fuel tank is used. By thermodynamic equilibrium

study, it was earlier shown that a value of H/C of 6 to 7 is required for methane formation

in electrolysis mode [81, 85].

Direct oxidation of methane as given in equation (R 3.10) is theoretically possible in

SOC reactors. Direct oxidation of methane is reported in the literature [98–103]. But the

possibility of it occurring is dictated by electrode kinetics and the feasibility of such a

system is disputed [104, 105]. The most common reaction mechanism involves a reverse

steam reforming reaction, reverse water gas shift reaction followed by electrochemical

oxidation of hydrogen and carbon monoxide as given by equations (R 3.11) – (R 3.14).

Direct methane oxidation

CH4 +2O2 −−*)−− 2H2O+CO2 (R 3.10)
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Reaction pathway

CH4 +H2O−−*)−− 3H2 +CO ∆rxnh = 206kJ/mol (R 3.11)

CO+H2O−−*)−−H2 +CO2 ∆rxnh =−41kJ/mol (R 3.12)

H2 + (1/2)O2 −−*)−−H2O ∆rxnh =−248kJ/mol (R 3.13)

CO+ (1/2)O2 −−*)−−CO2 ∆rxnh =−282kJ/mol (R 3.14)

The CO oxidation (reaction (R 3.14)) is slower than the water gas shift reaction as

the water gas shift reaction quickly reaches equilibrium. Carbon depositions are possible

to occur within the reactor via reaction (R 3.15) – (R 3.18). This can be prevented by

maintaining a sufficient O/C ratio of at least 1.5. In literature O/C values of 2 are used

for safe operation of real systems [106–109].

CH4 −−*)−− 2H+C ∆rxnh = 75kJ/mol (R 3.15)

2CO−−*)−−C+CO2 ∆rxnh =−172kJ/mol (R 3.16)

CO+H2 −−*)−−H2O+C ∆rxnh =−131kJ/mol (R 3.17)

CO2 +2H2 −−*)−−C+2H2O ∆rxnh =−90kJ/mol (R 3.18)

Likewise, it is possible to perform co-electrolysis of both water and carbon dioxide to

hydrogen and carbon monoxide respectively. It is theoretically possible to reduce CO2 to

C but it is seldom performed to avoid carbon deposition. The syngas produced during

co-electrolysis can be further processed to other useful hydrocarbons in the downstream

process. According to thermodynamics it is possible to directly synthesise hydrocarbons

within the SOC reactor under relevant conditions [81, 87, 88]. Ultimately, the feasibility

is dictated by the reaction and electrode kinetics [83, 110].

Roundtrip efficiency without heat storage thermal management

The process is similar the process scheme described for an rSOC system based on H-O

chemistry. A fuel with a composition of 40 mol% CH4 and 60 mol% H2O is fed to the

rSOC system in SOFC mode. The reactants are preheated to the reactor temperature.

The reaction pathway is as discussed between reaction (R 3.11)–(R 3.14). The exhaust

or product gas consists mainly of the H2O, CO2 and remaining non utilised fuel. In the

SOEC mode, the gases from the product tank are supplied to the rSOC reactor after

being preheated to the reactor temperature. The electric work and heat (if required) are
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supplied to the reactor. The produced fuel is then cooled and sent to the fuel tank.
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FIGURE 3.9. Variation of the roundtrip efficiency for rSOC system with no
heat storage, based on H-C-O chemistry at different conversion ratios and
pressures.

For the system with no heat storage for thermal management, the roundtrip efficiency

is given by equation (3.17b). For the rSOC system described, the variation of roundtrip

efficiency with temperature at different pressures and extent of reaction is shown in

Figure 3.9. The proposed reaction pathway for the CH4 fuelled rSOC system is based

on reactions (R 3.11)–(R 3.14). The CH4 is more likely to undergo endothermic steam

reforming chemical reaction rather than the direct electrochemical oxidation of methane

because the reaction (R 3.11) is thermodynamically favourable. Therefore, the work

production Wrev, f c, in the SOFC mode is only due to electrochemical oxidation of H2 and

CO based on reactions (R 3.13) and (R 3.14) respectively. Therefore, the work potential of

reaction (R 3.11) is lost [93, 96]. The lost work due to chemical reaction can be evaluated

using equation (A.35). Therefore, the numerator of equation (3.17b) is given by equation

(3.23).

Wrev, f c =−(G′′−G′)− (−∆R 3.11G) (3.23)
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In the SOEC mode, the total energy to be supplied to the reactor corresponds to the

total enthalpy change of the reactions. For the rSOC system under consideration the

total energy input to the system is equal to the sum of enthalpy change of individual

reactions (equation (3.24)).

∆Hec =
∑

i
∆rxn,iH, i ∈ (R 3.11)− (R 3.14) (3.24)

Similar to the SOFC mode, in SOEC mode, only the reverse reactions of (R 3.13)

and (R 3.14) occur electrochemically. Hence, the electrical energy input corresponds to

those reactions only. The heat input to the reactor is then the sum of heat required

for endothermic electrochemical reduction reactions of (R 3.13) and (R 3.14) and the

exothermic chemical reaction of the reverse steam reforming reaction (R 3.11) which is

also commonly known as methanation reaction.

Qrev,ec = ξ(R 3.13) T∆(R 3.13)s+ξ(R 3.14) T∆(R 3.14)s+ξ(R 3.11)∆(R 3.11)h (3.25)

Wrev,ec =−(G′′−G′)+∆(R 3.11)G (3.26)

The behaviour of roundtrip efficiency of the system with reactor temperature and

pressure as observed in Figure 3.9 shows that the roundtrip efficiency of the system

increases with increasing pressure and decreasing temperature for a given extent of

electrochemical reaction. This behaviour can be explained based on (3.24), (3.23) and

(3.25). Similar to the case of an rSOC system with H-O chemistry, the reversible work in

SOFC mode Wrev, f c decreases with increasing temperature. Yet, at higher temperatures,

the total energy required by the rSOC system in SOEC mode also increases. This leads to

decreasing roundtrip efficiency with increasing reactor temperature. The reverse steam

methanation reaction (R 3.11) is exothermic and hence becomes thermodynamically un-

favourable at higher temperatures. The enthalpy change is then dictated predominantly

by the endothermic electrochemical reduction of H2O and CO2 (equation (3.24)).

As the system operation pressure is increased, it can be observed that the roundtrip

efficiency increases significantly. This effect is due to multiple reasons. In the SOFC

mode, as the pressure is increased, the reversible work performed by the reactor (Wrev, f c)

increases. In the SOEC mode, as the pressure increases the total energy input to the

reactor decreases. This is because higher pressure is favourable for the reverse reaction

of (R 3.11) which is an exothermic reaction. Therefore, as pressure increases, the extent

of reverse reaction of (R 3.11) increases due to Le’ Chateliers rule, thereby producing heat

internally. The effect of pressure on CH4 production by the reverse reaction of (R 3.11)
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FIGURE 3.10. The variation of the methane composition at the outlet of rSOC
reactor in SOEC mode with temperature and pressure. The methane mole
fraction at the outlet indicates the extent of reaction (R 3.11) in backward
direction.

can be observed in Figure 3.10. The extent of electrochemical reaction is set as constant

due to assumptions 3 and 4. Hence, by equation (3.25), the heat required by rSOC reactor

in SOEC mode decreases. Therefore, as a result of increasing Wrev, f c in SOFC mode and

decreasing Qrev,ec in SOEC mode, the roundtrip efficiency of the rSOC system increases

with increasing pressure for all temperatures. This effect is predominant at lower reactor

temperatures and higher pressures. On comparing Figure 3.9 and Figure 3.6, it can be

seen that at 1 bar system pressure, rSOC system based on H-O chemistry and rSOC

system based on H-C-O chemistry have similar theoretical roundtrip efficiencies.

The impact of the extent of electrochemical reaction on the theoretical limit to

roundtrip efficiency can be observed in Figure 3.9. The roundtrip efficiency increases

with decreasing extent of electrochemical reaction. As explained in section 3.2.2 for

the H-O system, the reversible work in SOFC mode decreases with an increase in
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extent of electrochemical reaction. The same explanation holds true for the H-C-O

system. Additionally, in the H-C-O system, due to the internal exothermic methanation

reaction (reverse of reaction (R 3.11)), the Qrev,ec decreases with decreasing extent of

electrochemical reaction. This effect is prominent when the rSOC system operates

at higher pressures and lower temperatures. From equation (3.25), the endothermic

heat demand reduces as ξ(R 3.13) and ξ(R 3.14) reduce. This heat demand is easily met by

the internal exothermic reaction. Hence, due to this compounded effect the roundtrip

efficiency increases substantially with decreasing extent of electrochemical reaction for

an rSOC system based on H-C-O chemistry. For the rSOC system operating at 750 °C

and 30 bar pressure, the theoretical limit for roundtrip efficiency reaches as high as 95

% when the extent of electrochemical reaction is lowered.

3.3 Results and discussion

A theoretical analysis of rSOC systems based on thermodynamics was presented. Two

concepts for rSOC systems were presented based on the thermal management strategy.

In the first concept, a heat storage mechanism is employed to store the heat produced

during the SOFC mode. The stored heat can then later be used in SOEC mode. The

second strategy involves coupling an exothermic chemical reaction within the rSOC

reactor to supplement the endothermic electrolysis reaction during the SOEC process.

Feasibility and merits of both strategy were analysed. It was shown that the heat storage

thermal management technique is essential for an rSOC system based on H-O chemistry.

By employing a heat storage, the theoretical limit for roundtrip efficiency is close to 100

%.

The strategy of coupling an exothermic internal chemical reaction within the rSOC

reactor in SOEC mode is viable for rSOC systems based on H-C-O chemistry. The

analysis presented here focussed on the reversible CH4 oxidation via the reaction mecha-

nism described in reactions (R 3.11)–(R 3.14). From the analysis, it can be seen that the

exothermic methanation reaction occurring within the reactor more or less balances the

thermal requirement of the endothermic electrochemical reaction. At a certain pressure

and temperature of the rSOC reactor, it is possible for the reverse of (R 3.11) to completely

balance the heat required for endothermic electrochemical reaction.

A summary of ideal roundtrip efficiency of the rSOC system concepts at different
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FIGURE 3.11. Ideal roundtrip efficiency of different rSOC system concepts

conditions is presented in Figure 3.11. The impact of key thermodynamic operational

parameters for both system concepts were analysed. Operating the rSOC system at

lower extent of electrochemical reaction can result in higher roundtrip efficiency. But the

practical feasibility should be taken into consideration. For a given power output/input,

a lower extent of electrochemical reaction will require large reactant flow rate. This will

likely increase the operational and running costs. Hence, a higher extent of electrochem-

ical reaction is chosen. To summarise, in the following chapters, rSOC systems based

on both H-O chemistry and H-C-O chemistry will be considered for further analysis.

Heat storage is chosen as the main method of thermal management for both H-O and

H-C-O chemistry based systems. Integrating heat storage with rSOC systems will store

heat produced during the exothermic operation of rSOC. This heat then can be used

during the endothermic operation during the SOEC process or to supply heat to other

interlinked processes. In the future one can envisage a heat storage integrated rSOC

energy system in industrial processes and chemical processes where high temperature
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heat is used or produced.
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4 Analysis of commercial rSOC
reactors and roundtrip
efficiency

An analysis of rSOC systems using available rSOC reactors is presented based on

the fundamentals established in chapter 3. A brief introduction to SOC reactors

is provided in section 4.1 where the state of the art of SOC reactor is provided.

The state of the art for electrodes, electrolytes and interconnects is provided in section 4.1.

An experimental analysis of a commercial rSOC system is discussed in section 4.2. An

extension of the theoretical analysis of rSOC system presented in section 3.2 in chapter

3 is presented by incorporating the experimental results. The roundtrip efficiency for an

rSOC system based on a commercially available rSOC reactor is discussed in section 4.3.

System operation parameters and their impact on roundtrip efficiency will be discussed.

The summary of results and its implication for process engineering is discussed in section

4.4.

4.1 rSOC electrochemical reactors

Solid oxide cell electrochemical reactor is capable of directly converting chemical energy

into electrical energy and heat in fuel cell mode. These SOC reactor are also capable of

operating in reverse direction by converting electrical energy into chemical form in the

electrolysis mode. The operation principle of SOC reactors was explained in detail in

section 3.1.1. They consist of a oxygen ion conducting ceramic membrane as an electrolyte.

The operation temperature of SOC reactors is determined by ion conductivity properties
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of the electrolyte membrane and the nominal operation temperature of SOC reactor

is in the range of 600 to 900 °C. The electrolyte is sandwiched by the air and fuel

electrodes. The air and fuel electrodes have different functionalities and requirements.

The electrode–electrolyte–electrode configuration together is commonly referred to as

Membrane Electrode Assembly (MEA) or single cell. Different types of SOC reactor

designs and MEA assemblies are available. Based on the reactor design, they can be

broadly classified as a) planar SOC reactors and b) tubular SOC reactors. The planar or

the tubular design can be further classified based on the MEA structure. The MEA design

is optimised based on maximising mechanical and thermal stability and minimising

the electrochemical losses. Three standard MEA are a) electrolyte supported cell (ESC),

b) fuel electrode supported cells, commonly referred to as ASC and c) the metal substrate

supported cells design. To increase power and voltage, a number of cells are stacked

together connected either in series or parallel to form a SOC reactor commonly referred

to as a SOC stack. The SOC reactors or stacks are generally designed to be modular. The

SOC reactors can be further arranged together to form a SOC reactor module for higher

power requirements [111, 112].

4.1.1 Functional Layers and Materials

The SOC reactor has 4 major functional layers. They are the fuel electrode, electrolyte,

air electrode and interconnect. Apart from these main functional layers other protective

layers between two functional layers may or may not be present. This depends on the

materials used for the functional layers.

Electrolyte

The electrolyte is the key component in a rSOC reactor and is comprised of oxygen

ion conducting ceramic materials. The material used for the electrolyte is expected to

meet certain requirements. It should be chemically stable at high temperatures and also

have good oxygen ion conductivity at these temperatures. The thermal stability of these

materials is also important at high temperatures. Thermal expansion coefficients should

match with other materials in all temperatures, from room temperature to fabrication

temperature, in order to avoid cracking and delamination of the electrolyte. Lastly

it should be dense to prevent gas leakage between fuel electrode to oxygen electrode

through the electrolyte. The commonly used ceramic material for the electrolyte is Yttria

Stabilised Zirconia (YSZ). The YSZ electrolytes exhibit good oxide ion conductivity in the
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temperature range of 750-1000 °C. They are the state of the art in SOC electrolytes and

its behaviour is altered by varying the composition of Yttria. Two commonly used forms

of YSZ electrolytes are the 3 mol% YSZ and 8 mol% YSZ. Each has its own advantages

and disadvantages [113, 114].

Lowering of operation temperature is of prime importance in SOC reactors in order to

FIGURE 4.1. Variation of ionic conductivity with temperature for different
electrolyte material [115]

increase the lifetime of the reactor. Hence, electrolytes with better conductivity at lower

temperatures are being developed. Gandolinium doped ceria (GDC) exhibits mixed ionic

and electronic conductivity (MIEC). GDC offers high conductivity at lower temperatures

than YSZ in the range of 600-750 °C. But the MIEC behaviour can potentially lead to

lower efficiency because some of electrons produced will conduct through the electrolyte

and not pass through the external circuit. This will reduce the work produced by the SOC

reactor. Apart from GDC other electrolytes with nano particles are also being developed

[115–118]. Electrolyte material choices suitable for intermediate operation temperature

of SOC reactors are shown in Figure 4.1.
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Fuel Electrode

The fuel electrode in a SOC reaction should be able to facilitate redox reactions. In

SOFC mode, the fuel electrode performs the role of anode by oxidising the fuel reactants,

mostly hydrogen. In the SOEC mode, the electrode material should exhibit good kinetic

behaviour for the reduction of oxidised gases such as H2O and CO2. They should have

high electronic conductivity. Apart from being thermally and chemically stable at high

temperature, they should also be compatible with the electrolyte and its thermal expan-

sion properties. Finally, they should be porous enough so that the gas diffusion to the

reactant sites/triple phase boundary (TPB) is possible. The most common and widely used

material for the fuel electrode is nickel cermet with corresponding electrolyte. Nickel is

also a good catalyst for steam reforming, water gas shift and methanation reactions. The

drawback of nickel is its propensity for carbon formation reactions which damage the

electrodes [119]. Though for rSOC other possible materials such as perovskites for the

fuel electrode are being investigated [116, 120].

Oxygen Electrode

The air electrode in SOC reactors should have a good kinetic profile for both oxygen

reduction reaction and oxygen evolution reactions. It operates as the cathode in SOFC

mode and anode in SOEC mode. The other requirements for the oxygen electrode mirrors

that of fuel electrode. Perovskites are often used for the oxygen electrode. The most

standard cathode materials are made of lanthanum manganite materials. More recently,

Lanthanum strontium cobalt ferrate (LSCF) is widely used and proposed as standard for

oxygen electrode owing to its better performance. The air electrode reactions are generally

the slower reactions and rate limiting. Additionally, in rSOC operation and especially in

SOEC operation, the air electrode exhibits higher degradation and delamination effects.

Hence, intense research is being undertaken to improve the kinetics, stability and long

term performance [115, 121–126].

4.1.2 Electrochemical loss mechanisms

As explained briefly in section 3.1.3, entropy is generated within SOC reactors due to

internal irreversibility. The irreversibility can be either due to the process itself (such

as chemical reactions, heat transfer over finite temperature difference etc.) which is

unavoidable and can be explained using thermodynamics or due to electrochemical losses

of the functional layers. The latter can be reduced by better engineering of the reactor and
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FIGURE 4.2. Variation of voltage losses in an SOC reactor in both SOFC and
SOEC mode due to internal irreversibility.

optimising the materials used for the functional layers. In SOFC mode, the irreversibility

leads to work loss in form of heat and hence producing less work than ideally possible

value. In SOEC mode, the irreversibility indicates the additional work that should be

supplied to the reactor to overcome the losses. The variation of reactor voltage and losses

with current density is shown in Figure 4.2. In the figure, UOCV represents the open

circuit voltage at given composition, temperature and pressure when current is zero.

The OCV is calculated using equation (3.9d). The voltage loss, ∆U(χ) is due to extent of

reaction and conversion ratio. This voltage loss or work loss is of thermodynamic nature

as explained in section 3.1 and is unavoidable. The ideal voltage Uid can be evaluated

by using either equation (3.11) or equation (3.12). The voltage loss ∆U is the loss due to

electrochemical loss mechanisms and the reactor voltage is then given by equation (4.1).

The major loss mechanisms are the ohmic, activation and diffusion losses.

USOC =Uid ±∆U (4.1)

∆U =∆Uohmic +∆Uactivation +∆Udi f f usion (4.2)
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The performance of SOC reactors are generally described in equivalent resistance or

Area Specific Resistance (ASR). The general definition of ASR is given by equation (4.3).

ASR = ∆U
j

(4.3)

Ohmic

The ohmic voltage losses are a result of resistance to the movement of charge carriers.

The biggest contribution of the ohmic losses arises from the electrolyte. The oxygen

ion conductivity of the electrolyte is the measure of its performance. The lower the

conductivity, the higher the resistance and hence the higher the ohmic contribution to

the voltage loss. The ohmic loss obeys Ohm’s law and is given by equation 4.4.

∆Uohm = j ASRohm (4.4)

The ohmic resistance (ASRohm) is the sum of electrolyte resistance to oxygen ion trans-

port, resistance of electrodes to electron transport. Additionally, in the reactor and

reactor module, the resistance of the other functional layers such as contacting layer,

interconnects and protective barrier layers are also included. The ohmic resistance of

the electrolyte has a significant contribution to the total ohmic resistance. Therefore the

thicker the electrolyte layer, then higher the ohmic loss. Hence, the ohmic resistance and

total voltage losses are higher for ESC SOC reactor due to their thick electrolyte layer

[86, 127, 128].

Activation

The activation losses are due to the charge transfer reactions that occur at the electrode–

electrolyte interfaces. The activation losses are dictated by the electrode reaction kinetics

and reaction mechanisms. This represents the energy or work required to overcome

the energy barrier of the electrode reactions. The activation losses can be empirically

described as the resistance to charge transfer and reaction, though the behaviour is

not linear [129]. The activation losses are significant at lower current densities and

reduce with higher temperatures. They are commonly described with the Butler-Volmer

equation [86, 130].
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Diffusion and conversion

The diffusion and conversion losses occur predominantly at higher current densities. At

higher current densities the reactant conversion is high leading to lower concentration

of reactants at the reaction surface. Additionally, the reactants in the flow channel must

diffuse through the electrode to reach the reaction site and likewise the products should

be able to diffuse out. This process also leads to work loss if the process is slow. Typically,

in the electrode supported or metal supported cell design, the diffusion process can be

significant [128].

4.1.3 Current State of the Art

Progress in SOC reactors has been achieved in both SOFC and SOEC operation. The

current state of the SOC reactor development is primarily focussed on reducing the cost

and degradation of the reactor. One aspect of cost reduction is to lower the operation

temperature of the reactor. Lowering the operation temperature can potentially improve

the lifetime and help in using relatively cheap materials for the different functional

layers [118, 131]. Long operation hours with stable performances have been achieved for

SOC reactors in both SOEC and SOFC operation mode [132, 133].

Development of rSOC reactors optimised for reversible operation is relatively new.

There are certain material and durability challenges in developing rSOC reactors capable

of running in both SOEC and SOFC mode. A key challenge in the reversible operation of

SOC reactors arises from the oxygen electrode. Operation of current SOFC based reac-

tors in SOEC mode can lead to delamination at the oxygen electrodes and degradation

issues [134–136]. Though it has been reported in the literature that periodic and cyclical

reversible operation of SOC reactors can help in reducing the overall degradation effects

[137]. Further research and development work are being performed to improve electrode

performance and rSOC reactors [30, 121, 122, 135, 138, 139]. Intermediate temperature

rSOC reactors are also being developed to increase the lifetime and reduce degradation

[140]. rSOC reactors with symmetrical electrode material were also proposed. Symmetri-

cal rSOC reactors have the more or less similar electrodes for fuel and air side [141, 142].

Currently only few SOC reactors are commercially available. A planar ESC reactor is

readily available in market [22].
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4.2 Experimental study of commercial rSOC reactor

In this section a brief experimental analysis on a commercially available rSOC reactor is

presented. The rSOC reactor was experimentally characterised with DLR’s pressurised

test rig facility. Series of experimental studies were performed in both SOFC and SOEC

operation under different conditions. A brief overview of the experimental methodology

is presented in section 4.2.1. The losses and ASR of the stack were evaluated. A simple

empirical model was developed. The empirical model is further used for extending the

theoretical rSOC system investigation presented in the previous chapter.

Electrolyte: 3YSZ, 90 µm

Fuel electrode: Ni-GDC, 30 µm

Air electrode: LSCF-GDC, 55 µm

FIGURE 4.3. Schematic diagram of the plannar ESC design commercial rSOC
reactor used for experimental analysis.

The commercial rSOC reactor is a planar ESC design. The schematic diagram of the

commercial rSOC reactor is provided in the Figure 4.3. It is a 10 cell planar stack with a

maximum power output of 300 W in SOFC operation mode and a maximum electrical

power intake of 1200 W in SOEC operation mode. The reactor has a closed fuel electrode

and open air electrode design for gas manifolds. A single cell or Single Repeating Unit

(SRU) of the stack is made of a 90 µm electrolyte made of 3 mol% of Yttria stabilized

zirconia (3YSZ). For the fuel electrode a Ni-GDC cermet with a thickness of 30 µm is

used. The LSCF perovskite is used for the air electrode. A GDC protective coating layer

is used between the air electrode and electrolyte to prevent reactions between them.

Together with the coating layer, the air electrode has a total thickness of 55 µm.

4.2.1 Experimental methods

The electrochemical losses in the rSOC reactor are evaluated by performing a series of

experiments on the reactor. The series of experiments is designed to identify the different
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loss mechanisms and quantify their losses. By this way the major losses in the reactor

and effects of operation parameters on the reactor performance can be identified. Two

major types of experiments performed to electrochemical characterise an rSOC reactor

are i) U(i) characterisation curves and ii) electrochemical impedance spectroscopy. The

two methods will be briefly explained.

U(i) characterisation plots

The U(i) plot provides insight to the variation of voltage with current density. It also

provides information on the resistances occurring in the cell. The U(i) curves are gen-

erated by incrementally loading the cell with a constant current density in specified

time intervals. At every loading, both current density and voltage are measured and

plotted against each other. The loading is performed until a defined operational voltage

is achieved [143]. The U(i) characterisation curves can be performed under steady state

and dynamic conditions. In steady state mode, the reactant flow to the rSOC reactor

is set accordingly to maintain a constant reactant conversion at each current density.

Whereas in dynamic measurements the reactant flow is constant and the current density

is changed leading to varying reactant conversion values.

Electrochemical impedance spectroscopy (EIS)

Electrochemical Impedance Spectroscopy (EIS) is an experimental method to identify

the different loss mechanisms occurring in rSOC reactor. It is based on the theory

of electrical impedances. The resistance or polarisation losses in the rSOC reactor,

especially the process such as the gas diffusion process and charge transfer reactions

at the electrode–electrolyte interfaces are time dependant. Hence, unlike the ohmic

resistance, the activation and diffusion polarisations losses have an impedance similar

to an capacitive and inductive elements in electrical circuits. Hence, the losses can be

broken down into different components by measuring the impedance of the rSOC reactor.

The complex impedance is measured as a function of frequency over a wide range from

10 mHZ to 800 kHz. An AC current or voltage perturbation is supplied to the reactor.

The AC current signal at the output is phase shifted from the input signal and through

this the impedance is measured. The impedance is resolved by plotting the imaginary

part of the impedance with the real part in a Nyquist plot [144, 145]. Further reading on

EIS can be found in literature [146–148].
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Evaluation of ASR

The ASR of the rSOC reactor can be evaluated from either of the two experimental

methods described above. For the present analysis, the rSOC reactor can be treated as a

black box. The ASR can be evaluated from the U(i) characterisation curves and is given

by the equation (4.3). The evaluation of ∆U( j) in equation (4.3) is not straightforward. It

can be evaluated from the OCV via equation (4.5).

ASR = ∆U
j

= UOCV −U( j)
j

(4.5)

ASR evaluated by equation (4.5) is valid for experiments with low conversion (χ)

values because the conversion effect is neglected when using UOCV . In a process system

higher reactant conversions (fuel utilisation) values are used. Hence, higher reactant

conversion values are used for rSOC reactor experiments to simulate system relevant

conversion rates. Therefore, the ASR values evaluated using (4.5) will be overestimated. A

reactant conversion correction should be incorporated in the ASR evaluation to overcome

the error induced by (4.5). This can be achieved by evaluating the ∆U assuming the

reactor to be either a Continuously Stirred Tank Reactor (CSTR) or a Plug Flow Reactor

(PFR). Assuming CSTR behaviour, the ASR is given by equation (4.6). The average ideal

voltage is evaluated by using the outlet composition due to CSTR assumption [143]. The

CSTR assumption is valid though it is not strictly correct. This assumption can lead to

slight underestimation of the ASR of rSOC reactor.

ASR = Uid,avg −U( j)
j

= Uid(x′′,T, p)−U( j)
j

(4.6)

In reality the rSOC reactor is closer to PFR behaviour. For a PFR model, the ideal

voltage must be integrated over the length of the reactor taking into account the com-

position variation along the length. Apart from the composition, temperature and local

current density may vary as well. This leads to more complex forms of equation of ASR

[143, 149]. In this work, the ASR is evaluated based on reactant conversion dependent

ideal voltage. The voltage difference is calculated by rearranging equation (4.1). The

ASR is then given by equation (4.7)

ASR = Uid(T, p,ξ)−U( j)
j

(4.7)

where:

Uid = Wrev

I
= −(G2 −G1)

I
The ideal voltage Uid(T, p,ξ) is calculated from ideal work (Wrev) as described in

(3.11) in section 3.1.
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4.2.2 rSOC reactor experimental analysis

FIGURE 4.4. Scheme of pressurised test rig facility at DLR [150].

The commercial rSOC reactor was experimentally characterised at the DLR’s pres-

surised test facility. The scheme of DLR’s pressurised test facility is shown in Figure

4.4. It can reach a maximum pressure of 8 bar. A differential pressure of 10 mbar to 500

mbar between the fuel chamber and air chamber can be maintained. The furnace can

reach a maximum temperature of 950 °C. For more details on the test facility please

refer to Seidler et al. [150].

The U(i) characterisation curves and electrochemical impedance spectroscopy anal-

ysis was performed in both SOEC and SOFC operation modes. The experimental con-

ditions were selected such that they closely resemble the system operation conditions.

Experiments were performed at steady conditions with constant reactant conversion and

under dynamic mode with varying reactant conversion. The reactor pressure and furnace

temperature were from varied from 1.4 bar to 8 bar and 750 °C to 850 °C respectively in

both SOFC and SOEC mode. The reactant conversion was varied from 55 - 85 % in SOFC

mode and 60 - 75 % in SOEC mode. EIS measurements were performed at OCV condi-

tions at different temperatures from 700 °C to 850 °C. They were primarily performed to

accurately quantify the ohmic resistance in the rSOC reactor. EIS measurements under
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loaded steady state conditions were also performed at selected current densities. During

all the measurements, the core reactor temperature was measured by measuring the

temperatures of the centre SRU ( fifth cell in a 10 cell SOC reactor) of the SOC reactor.

Temperatures were measured at the inlet, outlet and at the centre of the fifth SRU. It is

expected that the temperature measured at the centre of the SRU located at the middle

of the SOC reactor represents the "core reactor temperature" which would henceforth

be referred to as the "characteristic reactor temperature".

Error estimation

The test rig was calibrated before the commencement of each experimental campaign.

The gas flow rates were measured and controlled using industrial standard mass flow

controllers. The mass flow controllers had an inherent error of 0.05 % for the flow rates.

The voltage was measured using an Siemens SPS unit with an error percentage of 0.2 %.

The temperature measurements within the stack was measured using standard K-type

thermocouples with an error of 0.5 %. The thermocouples were approximately placed at

the inlet, outlet and middle of the SOC. The uncertainty in placement of thermocouple

was not easily quantifiable and was estimated to be about 5 %, hence the temperature

measured may not be exactly at the centre of the SRU. The OCV measured by the test rig

was ± 5 mV from the OCV values theoretically predicted for the experimental conditions.

4.2.3 Analysis of experimental results

The U(i) characterisation curves for the rSOC reactor in SOFC mode measured under

steady state conditions is shown in Figure 4.5. The measurements were performed with

a gas composition of 40 % H2 and 60 % N2. Air flow rate was varied such that the

air utilisation is constant at 25 % at all current densities. The behaviour of the rSOC

stack with pressure is shown at top right in Figure 4.5. The U(i) curves are plotted

for a reactant conversion of 70 % in SOFC mode. The corresponding variation of the

characteristic reactor temperature at different pressures is shown in the top right graph

in Figure 4.5. The characteristic reactor temperature is the temperature measured at

the centre of an SRU which is located at the middle of a SOC reactor. It can be seen

that the pressure has a positive effect on the rSOC performance in SOFC mode and

it is significant at lower pressures but diminishes at higher pressure [151]. The effect

of reactant conversion on the rSOC performance in SOFC mode can be observed from
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FIGURE 4.5. Top left: U(i) characterisation curve in SOFC mode at different
pressures at reactant conversion of 70 % and furnace temperature of 750 °C.
Top right: Variation of the measured characteristic reactor temperature at
different different pressure for reactant conversion of 70 % and furnace tem-
perature of 750 °C. Bottom left: the U(i) performance at different conversion
rates in SOFC mode at 1.4 bar pressure and 750 °C furnace temperature.
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bottom left graph of Figure 4.5 and variation of characteristic reactor temperature

with reactant conversion can be seen from bottom right graph in Figure 4.5 Higher

reactant conversion has a negative on the SOFC voltage. As discussed in section 3.2 from

thermodynamics, higher reactant conversion results in faster work extraction thereby

resulting in higher entropy generation. This is shown in the ideal voltage plot at 85 %

and 55 %. The performance of the reactor is analysed to understand the behaviour and

effect of operation parameters on the different loss phenomena.
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FIGURE 4.6. The ASR is calculated using the equations (4.5) and (4.6) using
equation (4.7). Red squares show the ASR computed by using equation
(4.7). Blue cross indicates ASR calculated using Nernst equation with outlet
composition for computing ideal voltage. Green triangles indicate ASR
measure with EIS at selected current densities. Purple stars indicate ASR
computed using Nernst equation with inlet composition for calculating the
ideal voltage

The ASR calculated from the U(i) measurements is shown in Figure 4.6. In this

work, the ASR (indicated by red squares in the figure) is calculated from the U(i)

measurements using equation (4.7). The ASR calculated using EIS measurements were
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taken as reference to compare the ASR calculated using the proposed methode. The

ASR calculated by the proposed method is closer (or within range) to the ASR measured

using EIS. Hence, this further validates the use of equation (4.7) for calculating the ideal

voltage. A comparison of ASR calculated using other methods is also shown in Figure

4.6. The blue cross in Figure 4.6 indicates ASR calculated by using Nernst equation with

outlet composition as shown in equation (4.6) to calculate the ideal voltage. This yield

an ASR considerably lower than the value measured using EIS and also lower than the

ohmic component of ASR measured using EIS. Likewise, the purple stars in Figure 4.6

indicate the ASR calculated with ideal voltage calculated using Nernst equation with

inlet compositions as shown in equation (4.5). This results in ASR values considerably

higher than the values measured using EIS. Hence, this analysis further reaffirms the

use of equation (4.7) to calculate the ideal voltage and ASR of an rSOC reactor from U(i)

measurements.

Impact of pressure

The impact of pressure on the rSOC reactor is studied by discretising the ASR calculated

using (4.7). The ohmic losses were characterised from EIS measurements performed at

OCV conditions at different temperatures. These measurements act as a baseline for

ohmic losses as a function of temperature. The ohmic loss for the same reactor from

EIS measurements is reported in [152]. A temperature dependant polynomial function

for the ohmic losses was obtained. In Figure 4.7 the variation of the characteristic

reactor temperature measured at different current densities with pressure under steady

state conditions is shown. An interesting trend of lower reactor temperature at higher

pressure is observed. This can be either due to test rig preheater limitation or due to the

air utilisation rate used during experiments. Air utilisation value determines amount

excess air supplied to the SOC reactor than the stoichiometric requirement. This is done

in order to remove the heat produced due to the losses. Lower air utilisation implies

large flow rates of air supply than required. For the experiments, a constant air flow

rate corresponding to an air utilisation of 25 % was used at all pressures. At higher

pressures, the voltage losses are lower and therefore less heat is generated. Due to which,

the high air flow rate used during the experiments is further cooling the reactor and

reducing the core reactor temperature at higher pressures. This temperature decrease

leads to higher ohmic voltage losses with pressure seen from bottom figure in Figure 4.7.

Secondly, a linear increase of the ohmic voltage loss is expected with increasing current

density. But as it can been seen in Figure 4.7, for a given pressure, the temperature also
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FIGURE 4.7. Impact of pressure on the SOC reactor performance is shown.
The top figure shows the variation of characteristic reactor temperature
with current density at different pressures at a conversion ratio of 55 %.
Corresponding ohmic voltage loss vs. current density at different pressures
is depicted in bottom figure

increases with current density. The ohmic resistance of the reactor is non linear function

of temperature. Therefore, we observe a non-linear behaviour of ohmic voltage losses

with increasing current density due the temperature effect.

The impact of pressure on polarisation losses (∆Uactivation +∆Udi f f usion) can be

observed in Figures 4.8 and 4.9. The effects of pressure and temperature on activation

losses due to the electrode reactions are not straightforward. Higher pressures can lead

to higher partial pressure of reactants. This in turn promotes adsorption of reactants on

the reaction sites leading to improved kinetics thereby decreasing activation losses. On

the other hand, lower temperatures lead to sluggish reaction kinetics at the electrodes

leading to higher activation losses [153–155]. From the Figure 4.8 and Figure 4.9 a clear

trend is observed, the polarisation losses decrease from 1.4 bar to 3 bar but increase for

8 bar. Also, it can be observed from both the figures, as the pressure is increased, the
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FIGURE 4.8. Variation of polarisation losses with pressure for rSOC reactor
at different pressures for a conversion ratio of 55 % is shown in the top
figure. The bottom figure depicts the variation of characteristic reactor
temperature with current density at different pressures for a conversion
ratio of 55 %.

measured characteristic temperature of the rSOC reactor is decreasing. The reason for

the decrease in measured core temperature was discussed earlier. Hence, based on this

observation an explanation for the behaviour of the polarisation losses with pressure can

be formulated. One hypothesis for the observed effect is as follows. From 1.4 bar to 3 bar,

the increase in pressure has a positive effect on the electrode process overcoming the

negative temperature effect leading to lower polarisation losses. At 8 bar, the positive

effect of pressure is no longer able to overcompensate the negative temperature effect

leading to higher polarisation losses. Though a further experimentation and analysis

is required to substantiate the hypothesis. Pressure increase has positive effect on

diffusion of gases thereby reducing diffusion losses [155]. The diffusion effect is generally

negligible for ESC type SOC reactors [156]. With increasing current density, an increase

in polarisation losses is normally expected due to the losses caused by diffusion of

reactants through the electrodes to the reaction sites. In Figure 4.8, it can be seen that
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FIGURE 4.9. Variation of polarisation losses with pressure for rSOC reactor
at different pressures for a conversion ratio of 85 % is shown in the top
figure. The bottom figure depicts the variation of characteristic reactor
temperature with current density at different pressures for a conversion
ratio of 85 %.

that the polarisation voltage losses is almost constant as current density in increased.

This further validates the negligible effect of diffusion on the polarisation losses of ESC

type SOC reactors since ESC type SOC reactors have very thin electrodes.

Impact of reactant conversion

The impact of reactant conversion on the reactor behaviour can be described based on

the polarisation losses. The variation of polarisation losses on the reactant conversion is

shown in Figure 4.10. It can be seen that the polarisation losses increase with increasing

reaction conversion. At higher conversion rates, a higher concentration of reactants is

utilised possibly leading to lower concentrations towards the end of the reactor. Therefore,

leading to an increase in both activation and conversion losses. The losses increase by 10

mV when increasing the conversion rate from 55 % to 85 %. Higher polarisation losses

were observed at lower current densities at 70 % and 85 % reaction conversion rates.
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depicts the variation of characteristic reactor temperature with current
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To maintain high reaction conversion rates at low current densities (below 0.1 A/cm2),

low flow rates of reactants were used. This could have led to an uneven distribution of

reactants within the reactor and reactant depletion effects towards the end of the reactor.

Hence, we observe higher polarisations at lower current densities for 70 % and 85 %

conversion ratios. This hypothesis should be tested with further experiments.

To summarise, both pressure and reactant conversion has impact on the rSOC reactor

performance. In SOFC mode, it was shown that at the higher pressure experiments,

lower reactor temperatures were observed. This can be either due to two possible reasons.

1. Gas preheater limitations in the test rig such that the gas was not sufficiently

preheated to furnace temperature therefore, the gas cooled the rSOC reactor at

higher pressures.

2. At higher pressures, the rSOC reactor has a higher voltage leading to less heat
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generation. Hence, the high air flow rate is cooling the reactor, thereby reducing

the core reactor temperature at higher pressures.

Both hypotheses has to be verified. In effect, it is difficult to maintain constant tempera-

ture at all experimental points in steady state rSOC stack measurements. In comparing

the contribution of different loss components to ASR, it can be seen from the above analy-

sis that the ohmic losses are most dominating at all conditions. The ohmic losses account

to almost 75 % of ASR at all measured conditions. Though the analysis was presented for

SOFC operation, the effects of pressure and reactant conversion on polarisation losses

is expected to be similar in SOEC mode. The loss phenomena are highly dominated by

the ohmic loss from electrolyte.The ohmic loss will be dominant also in SOEC mode. In

SOEC mode, the pressure will have a negative effect on the theoretical ideal voltage as

discussed in section 3.2. But with increase in pressure, the reaction kinetics can increase

performance and reduce the polarisation losses. For SOEC mode, the operation pressure

should be found as an optimum between the negative thermodynamic effect of pressure

and the positive effect of pressure on reaction kinetics [157].

4.2.4 Phenomenological ASR model

Based on the analysis presented above a simple phenomenological ASR model was

developed. The model purpose is to quickly compute the rSOC reactor performance at

desired system operation conditions. This is useful for quick computation of system

performance. A more detailed rSOC reactor model with proper resolution of the loss

mechanism is discussed in chapter 5.

From the experimental analysis it was observed that the ASR of the commercial ESC

design rSOC reactor varies strongly with temperature. Effect of pressure on the ASR

of rSOC reactors is observed to be minimal in comparison to the effect of temperature.

Due to the thick electrolyte layer of the rSOC reactor, the ohmic loss is the major loss

mechanism. The ohmic resistance of the electrolyte is a function of temperature and

not of pressure. The observed effect is true for an ESC type SOC reactor as reported in

literature [128, 156, 158]. Hence, a simple temperature dependant phenomenological

model of ASR as described by (4.8) is justified.

ASR = a1+a2 ·exp(a3 ·T) (4.8)

The parameters a1,a2 and a3 are fitted to the ASR values using the Levenburg

Marquardt algorithm of nonlinear curve fit. Fitted phenomenological model and ASR
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FIGURE 4.11. Comparison of the phenomenological ASR model fitted to experi-
mental results.

values calculated from measurements using equation (4.7) is shown in Figure 4.11. The

Figure 4.12 depicts the U(i) characteristic in SOEC mode measured and calculated using

the phenomenological model. Though the phenomenological model was developed from

ASR values obtained using SOFC measurements, it gives reasonable accuracy when

applied to U(i) characteristic curves in SOEC mode.

4.3 rSOC system round trip efficiency using
commercial rSOC reactor

In this section an rSOC system based on the commercial rSOC reactor is presented. The

achievable roundtrip efficiency using the commercial rSOC reactor is compared against

the theoretical ideal limit presented in section 3.2. The system performance for H-O and

H-CO chemistry based rSOC systems are analysed.
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4.3.1 System description

Two concepts were presented based on the thermal management strategy between

the SOFC and SOEC operation. The benefits and the advantages of employing heat

storage as a thermal management system between the SOEC and SOFC mode were

highlighted. In this section, the theoretical rSOC system concept with heat storage

thermal management is used as a basis. The phenomenological electrochemical model

of the rSOC reactor presented in section 4.2.4 is used. The assumptions made for the

theoretical model presented in section 3.2 are used here. They are repeated here for

completeness.

Assumptions:

1. The SOC reactor is assumed to be isothermal and isobaric.
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2. Reactions occur at the isothermal reactor temperature.

3. Time period of reactor operation in fuel cell mode is equal to that of electrolysis

mode.

t f c = tec (4.9)

4. Charge transferred during the discharge mode (fuel cell) is equal to the charge

transferred during the charging mode (electrolysis).

∆no, f c =∆no,ec (4.10)

5. Assumptions 3 and 4 imply that the current obtained from the SOC reactor in

SOFC mode is equal in magnitude to the current supplied to SOC reactor in SOEC

mode.

I f c = Iec and ξ f c = ξec (4.11)

6. Assumptions 3 – 5 ensure that the fuel tank (subscript r) and exhaust tank (sub-

script p) in the system are brought to the same thermodynamic state before dis-

charge.

7. Ideal heat transfer is assumed for heat recovery units. Therefore, the system

performance is a measure of the reactor performance.

8. All the gases are modelled using ideal gas equations of state.

The roundtrip efficiency for an rSOC system with heat storage using the commercial

reactor is given by 4.12.

ηrt =
Wf c

Wec
(4.12)

where

Wf c = (Uid, f c −∆U f c) I f c

Wec = (Uid,ec +∆Uec) Iec
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FIGURE 4.13. (a) Comparison of roundtrip efficiency of an rSOC system with
ideal reactor and commercial reactor for H-O system ξ

ξmax
= 88% in SOEC

mode and ∆T = 25K . (b) Comparison of roundtrip efficiency of an rSOC
system with ideal reactor and commercial reactor for H-C-O system ξ

ξmax
=

88% in SOEC mode and ∆T = 25K . T f c −Tec = 2∆T.

4.3.2 Results and Discussion

The roundtrip efficiency of an rSOC system with a commercial reactor is shown in Figure

4.13. At a reactor temperature of 850 °C in SOFC mode and T f c−Tec of 50 K, a roundtrip

efficiency of 55 % is achievable for an H-O chemistry system at 1 bar pressure and 80 %

conversion in SOFC mode. Under the same conditions a similar roundtrip efficiency is

achievable for an H-C-O system. The roundtrip efficiency of an rSOC system with an ideal

reactor under the same conditions was shown to be around 98 %. The difference is due to

the high ASR of the commercial rSOC reactor. With a better rSOC reactor with lower

ASR, the roundtrip efficiency can move towards ideal roundtrip efficiency. For the rSOC

system with commercial reactor, the roundtrip efficiency varies strongly with reactor

temperature due to the inverse relation of ASR with temperature. Roundtrip efficiency

of the commercial rSOC reactor falls to 35 % at 750°C for both H-O and H–C –O system.

The heat ratio (θ) is defined as the ratio of heat required in SOEC operation to heat

produced in SOFC operation. Negative values indicate endothermic operation in SOEC

mode and heat is supplied to the rSOC reactor from heat storage. Positive values indicate

the rSOC reactor has entered exothermic region during SOEC mode. This occurs when
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FIGURE 4.14. (a) Heat ratio for H-O system with commercial reactor, ξ
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=88
%in SOEC mode. (b) Heat ratio for H-C-O system with commercial reactor,
ξ
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=86 % in SOEC mode.

the total heat generated due to internal losses and other internal chemical reactions is

greater than the endothermic heat required for electrolysis H2O and CO2. The impact

of system operation parameters on heat ratio is shown in Figure 4.14. For the same

conditions of 850 °C in SOFC mode, 1 bar pressure, conversion ratio of 80 % in SOFC

mode and T f c −Tec = 50K , the heat ratio (θ) for the real system is just around -5 % for

H-O system. Meaning, only 5% of heat produced in SOFC mode is consumed in SOEC

mode. Meanwhile, for the same conditions, the heat ratio (θ) was found to be around

-30 % for an H-C-O system. A higher value of θ for a H-C-O system is due to lower heat

production in SOFC mode. In the SOFC mode, along with the electrochemical reaction,

the endothermic internal reforming reaction (R 3.11) takes place within the reactor. This

reduces the heat produced during the SOFC operation and hence reducing the heat

stored in the heat storage. In the SOEC mode at 1 bar and 800 °C, the reverse of reaction

(R 3.11), the methanation reaction, is not thermodynamically feasible and does not occur

within the reactor. Additionally, the heat generated due to the losses is not sufficient to

meet the thermal requirements of the endothermic electrochemical reactions and SOEC

process is highly endothermic. Hence, a higher value of heat ratio for the H-C-O system

is obtained.

At lower reactor temperatures, the ASR increase and therefore the heat generated
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due to the losses increase. Hence, rSOC reactor can become exothermic in both SOEC

and SOFC modes. This can be observed from the heat ratio of the H-O system. At 750 °C

in SOFC mode and 30 bar pressure, the heat ratio is 60 %. This imply that the SOEC

operation is exothermic and heat produced during SOEC operation is 60 % of the heat

produced during the SOFC process. In the H-C-O system this is further pronounced

due to internal methanation reaction (reverse of reaction (R 3.11)) which occurs at lower

temperatures at higher pressures. The value of heat ratio at 750 °C in SOFC mode and

30 bar pressure is 1.6. This indicates, that SOEC operation is 1.6 times more exothermic

than SOFC operation.
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FIGURE 4.15. (a) Impact of ∆T on roundtrip efficiency for H-O system with com-
mercial reactor, ξ

ξmax
=88 % in SOEC mode. (b) Impact of ∆T on roundtrip

efficiency for H-C-O system with commercial reactor, ξ
ξmax

=86 % in SOEC
mode. T f c −Tec = 2∆T

The impact of the temperature difference between the rSOC reactor and heat storage

is shown in Figure 4.15. Temperature difference between rSOC reactor and heat storage

implies a temperature difference between two operation modes. A temperature difference

of 25 K between the rSOC reactor and heat storage would result in a temperature differ-

ence of 50 K between SOFC operation temperature and SOEC operation temperature.

At a reactor temperature of 850 °C in SOFC mode and 1 bar pressure, the roundtrip

efficiency increased from 56 % to 58 % when ∆T was reduced from 25 K to 10 K for H-O
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system. Same magnitude of change can be observed for the H-C-O system as well. In

general, the effect can be observed at other rSOC reactor temperatures.
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FIGURE 4.16. (a) Impact of ∆T on heat ratio for H-O system with commercial
reactor, ξ

ξmax
=88 % in SOEC mode. (b) Impact of ∆T on heat ratio for H-C-O

system with commercial reactor, ξ
ξmax

=86 % in SOEC mode. T f c−Tec = 2∆T.

The effect of temperature difference between the two operation modes on heat ratio

is shown in Figure 4.16. In the H-O system, as the temperature difference is reduced,

the heat ratio moves towards endothermic regions. At the reference conditions of 850

°C in SOFC mode and 1 bar pressure, the heat ratio moved from -15 % to 5 % as ∆T
was increased from 10 K to 25 K. There are two reasons for the observed behaviour.

The first reason is purely due to thermodynamics, with a ∆T of 10 K, the rSOC reactor

operates at 830 °C in SOEC mode in contrast to 800°C when the ∆T is 25 K. Therefore,

the endothermic heat requirement is higher in the former than in latter scenario. The

second reason is due to the behaviour of ASR with temperature, the ASR and the heat

generated due to losses are lower at 830°C than at 800°C. Hence, the heat ratio moves

towards endothermic region as the temperature difference between the operation modes

is reduced. Out of the two reasons discussed, the effect of ASR is more significant when

compared to the thermodynamic effect. The effect is similar for the H-C-O system. For

the H-C-O system, the effect of pressure on the heat ratio is far more significant than

the temperature difference between the operation modes.
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Impact of current density
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FIGURE 4.17. (a) Impact of current density on roundtrip efficiency for H-O
system with commercial reactor, ξ

ξmax
=88 % in SOEC mode. (b) Impact of

current density on roundtrip efficiency for H-C-O system with commercial
reactor, ξ

ξmax
=86 % in SOEC mode. T f c −Tec = 2∆T

.

The effect of current density is shown in Figure 4.17. The Impact of current density

on the rSOC system performance is straightforward. The voltage losses are a product

of current density and ASR. Hence, at lower current densities, the losses are reduced.

Therefore, the work output from the rSOC reactor in SOFC mode is higher and work

input to the rSOC reactor in SOEC mode is reduced. This leads to higher roundtrip

efficiencies at lower current densities.

4.4 Summary

In this section, a brief introduction to rSOC electrochemical reactors was presented. A

literature review of the materials and current state of the art of rSOC reactors was pre-

sented. The different electrochemical loss mechanisms experienced in an electrochemical

reactor were described. The achievable roundtrip efficiency of an rSOC system based on

a commercial reactor was quantified.
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4.4.1 Commerical rSOC reactor performance

The rSOC reactor performance was experimentally characterised and the different loss

mechanisms were identified and quantified. The ASR was calculated from the U(i)

measurements using equation (4.7). EIS was used to quantify the ohmic contributions.

From the analysis of the experimental results it was shown that for the ESC based rSOC

reactor, the ohmic losses were the most dominant. The ohmic contribution to the ASR

amounts to at least 75 % of the total ASR. The impact of pressure and reactant conversion

on the rSOC reactor performance was discussed. It was shown that temperature is the

most dominating parameter on the ASR due to high contribution of ohmic losses. Based

on the analysis of experimental results a temperature dependent phenomenological

model for ASR was developed. The phenomenological model was used for analysis of

rSOC system performance based on the commercial reactor.

4.4.2 rSOC system performance using commercial reactor
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FIGURE 4.18. (a) Summary of roundtrip efficiencies at different ∆T. T f c−Tec =
2∆T. (b) Summary of roundtrip efficiencies at different of current density.

The rSOC system concept with heat storage thermal management presented in

section 3.2 was used. The phenomenological electrochemical model of an rSOC reactor

developed in section 4.2.4 is used to model the reactor behaviour and the performance

was analysed for different operating conditions. The difference between the ideal limit

for roundtrip efficiency and roundtrip efficiency for a systen with a commercial rSOC

reactor indicates the development state of the rSOC reactor. As shown in Figure 4.18
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that roundtrip efficiencies as high as 60 % is achievable for both H-O and H-C-O based

systems at 30 bar and current density of 2500 A/m2. The temperature difference between

the rSOC reactor and heat storage and therefore between the two operation modes

should be optimised for heat transfer area and roundtrip efficiency. Also lower current

densities can lead to higher efficiency, but also leads to higher reactor areas and hence

higher capital costs. Based on this analysis, current density of 2500 A/m2 and ∆T = 25K
are chosen for the detailed process system modelling. Operation at 30 bar pressure

seems favourable but needs to be weighed against the requirements of balance plant

components.
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5 SOC reactor modeling

To meet the necessities of process engineering of rSOC systems, proper rSOC

reactor models are required to simulate its behaviour at different operation

conditions. The rSOC reactor models developed in this chapter are used for detail

process system modelling of rSOC systems. A brief literature review of SOC reactor

models for both SOFC and SOEC operation is provided in section 5.1. The need for a

different resolution of rSOC models is discussed briefly. A one dimensional (1-D) model of

a SRU of an rSOC reactor is detailed in section 5.2. The 1-D model is utilised to study the

impact of system operation conditions within the reactor. For process system modelling,

a zero dimensional model (0-D) model was developed. The 0-D model was developed to

be used in ASPEN, a commercial chemical process engineering software. The model is

presented in section 5.3.

5.1 Literature Review

A rich collection of literature can be found on the modelling of SOC reactors operating

in SOEC or SOFC mode. The literature can be classified based on the resolution and

purpose of these models. On a macroscopic level, the models can be distinguished as 0-D,

1-D, 2-D models and 3-D models.

0-D models otherwise known as black-box are developed to be used within bigger

process system models. These models are computationally quick and generally capture
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the physics of the components. Fundamental equations for thermodynamic systems and

electrochemical models are employed to obtain the necessary output parameters. No

further details on reactor behaviour can be obtained using a 0-D model. Advantages

of a 0-D model are that they are fast and provide sufficient information for process

system modelling. The potential pitfalls include overestimating/underestimating the

performance, inaccurate calculation of some key parameters such as air flow rate, char-

acteristic reactor temperature etc [159]. Miscalculation of the air flow rate can result in

hotspots or cold spots within the reactor which can be detrimental for the reactor and

system. 0-D models in both SOFC and SOEC operation mode within system contexts are

available in the literature [56, 57, 65, 160–162].

1-D models are developed by considering only one geometrical axis. It is assumed

that the fluid, thermodynamic and electrical properties along the other two axes are

distributed uniformly. 1-D models are employed along the axis parallel to the direction

of gas flow for co-flow and counter flow geometries. 1-D models can give insight into

distribution of temperature, gas concentrations, current density, local ASR along the

length of the reactor. These provide valuable information on the possible hot spots or

cold spots within the reactor that can lead to failure of the reactor. 1-D models have been

developed for both SOFC and SOEC operation [163–167].

2-D models considers a combination of 2 geometrical axes. General geometric consid-

erations in 2-D model are the axis along the flow direction (length of the reactor) and

along the height of the reactor. 2-D models are required for cross flow SOC geometry.

These models are generally employed to increase understanding of the gas diffusion

process, reaction kinetics and electrochemical potentials along the electrode height etc.

[168–171].

3-D models considers property distribution in all the three geometric axes. Complete

resolution of the parameters within the reactor can be obtained. 3-D models require

intensive computational power. They are generally used for studying the reactor design

[172–174].

The macroscopic models can be developed on a cell level or for the complete reactor.

The level of discretisation employed depends on the problem statement and purpose of

these models. The reactor level models are normally used by industry designing the SOC

reactor gas manifolds, to understand the fluid flow behaviour, thermal distribution and
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insulation etc. They employ tools such as the computation fluid dynamics to optimise

fluid flow, thermal insulation etc. Microscopic scale models of SOC reactors are also

developed. These models employ fundamental electrochemistry and reaction kinetics

from the microscopic scale. They are usually employed to identify reaction mechanisms

and optimisation of electrode structures etc [175–178].

5.2 1-D rSOC model

In this section a 1-D model of an rSOC reactor capable of operating in both SOFC and

SOEC mode is detailed. The model is capable of operating under steady state conditions

or as a transient model to study the dynamic behaviour. The purpose of the 1-D model is

twofold:

1. The 1-D model is used to investigate if any undesirable conditions are developed

within the reactor at different system operation points. In most system analyses,

0-D models are used which do not provide information on the internal constraints.

For example, a large temperature gradient between the minimum temperature

point to maximum temperature point can lead to reactor failure. In SOC reactors,

when air acts as a heat transfer medium to maintain the thermal gradient limit

within the reactor. Since the internal temperature resolution is not determined in a

0-D model, this can lead to an error calculating the air flow requirement. M. Li et al.

reported that by replacing a 0-D model with a multi-dimensional model in a process

system, the required air flow rate to cool the SOFC had to be increased. Thereby

reducing the system efficiency [159]. Therefore, 1-D model is utilised to ensure the

internal constraints are within the boundary conditions for safe operation of the

rSOC reactor.

2. The 1-D model is used to determine the ”characteristic” reactor temperature and

”effective” ASR required to model a 0-D reactor. This takes into account the internal

constraints addressed in the previous point.

5.2.1 Modelling paradigm, assumptions and subsystems

The development of the 1-D model is based on the procedure detailed in the literature

[165, 179]. The model is implemented in an open source equation based object oriented

(EOO) software called Modelica. Modelica is an acausal programming language. In an

acausal programming, the inputs and outputs can be interchanged based on the physics
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FIGURE 5.1. A schematic of a single repeat unit in a planar SOC stack. An
exploded view of infinitesimal length control volume considered for the
model is shown on top.

of the problem. This provides greater flexibility and reusability of the model [38, 180–

182].

The 1-D model is developed for a SRU in a SOC stack. It is a representative unit

cell of the rSOC reactor module and is located in the middle of an rSOC reactor. It is

a valid assumption as long as the boundary conditions of the SRU are independent.

A schematic representation of the SRU is shown in Figure 5.1. It consists of the fuel

chamber, air chamber, membrane-electrode assembly (MEA) and interconnects. A small

control volume of length dx along the length of the reactor is considered. The exploded

view of the control volume is shown at top of Figure 5.1.

80



5.2. 1-D RSOC MODEL

Assumptions

To simplify the model routine, certain assumptions are made. The physical processes

considered and assumptions made are listed below:

1. Fuel and air chambers are modelled as well stirred reactors.

2. Pressure drop along the flow channels are considered and mass storage is modelled

in the flow channels.

3. Energy accumulation occurs in both solid parts and gas volume.

4. Convective heat transfer between the solid and gas are considered.

5. Radiative heat transfer between solid parts (interconnect – MEA) is modelled.

6. Conductive heat transfer between the solid parts of neighbouring control volume is

modelled.

7. H2/H2O electrochemical reaction is assumed to occur at the electrode electrolyte

interface and other reactions such as reverse steam methane reforming (R 3.11)

and reverse water gas shift reaction (R 3.12) are assumed to occur at the electrode

surface towards the flow channels.

8. It is assumed that the CO/CO2 reactions proceed faster via reverse water gas shift

reaction. Only the H2/H2O electrochemical reaction is considered. This assumption

is partly valid since the reverse water gas shift reaction proceeds faster than

CO/CO2 electrochemical reaction. Moreover, H2/H2O is a dominant electrochemical

reaction accounting for 98 % of current. In most cases the reverse water gas shift

reaction reaches equilibrium quickly, hence the OCV calculated by CO/CO2 and

H2/H2O is the same [183].

9. Temperature gradient of solid parts along the z-axis (height axis) is neglected.

10. The ideal gas law is used.

5.2.2 Fuel and air chamber

The gas flows in the flow channel are modelled in the fuel and air chamber object. The

fluid flow in the flow channels are assumed to be laminar. Conservation and constitutive

equations are provided in general form that are valid for both fuel flow and air flow

chamber.
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Conservation equations

The conservation equations are provided for both fuel and air flow channels. Conservation

of mass, species, momentum are written in relation to the extensive variables. In the

present model, they are converted to intensive variables. The intensive variables used for

modelling are enthalpy (h), pressure (p) and mole fractions (x). The mass conservation

equation has to be written for the entire flow and also for individual species. Mass

conservation and species conservation equation are given by (5.1) and (5.2) respectively.

dm
dt

= ṁ′− ṁ′′+∆ṁO,trans (5.1)

dmi

dt
= ṁ′

i − ṁ′′
i +b l Mi

3∑
k=1

νi,k rk i ∈H2, CO, CO2, H2O, N2, O2, CH4

k ∈ (smr,wgs,hor) (5.2)

In equation (5.1), the term ∆ṁO,trans indicates the mass rate of the oxygen atoms

added to the fuel reactant flow in the SOFC mode. In SOEC mode, the value becomes neg-

ative and indicates the mass rate of oxygen atoms removed from the fuel reactant (H2O

and CO2) flow. The index ′i′ in equation (5.2) indicates the chemical components and
′k′ stands for the reaction number. At fuel chamber, reverse steam methane reforming

reaction (R 3.11) and reverse water gas shift reaction (R 3.12) are considered. Only the

H2/H2O electrochemical reaction is modelled. The term νi,k stands for the stoichiometric

value for species ′i in reaction ′k′ and term ′r′ stands for the reaction rate of reaction ′k′.

The momentum conservation equations for the flow channels are given by equation

(5.3).

ṁ′ = ρ′ bZ3

12υ
p′− p′′

l
(5.3)

The equation for the momentum balance is obtained from the Navier Stokes equation

by assuming a laminar ideal gas flow between infinitely long channels [165]. The energy

balance for the fuel flow channels and air flow channels are provided in equation (5.4a)

and (5.4b) respectively.

Fuel flow channel

dE
dt

= ṁ′
f h′

f − ṁ′′
f h′′

f + Q̇mea, f
conv + Q̇ ic, f

conv − (−∆horh rhor) (5.4a)
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Air flow channel

dE
dt

= ṁ′
a h′

a − ṁ′′
a h′′

a + Q̇mea,a
conv + Q̇ ic,a

conv (5.4b)

In the energy balance equation of fuel flow channel (5.4a), the last term on the

right-hand side is the energy released/consumed during the electrochemical reaction.

The energy released/consumed from the electrochemical reaction is subtracted from

the energy balance in the fuel channel because it is considered to be released at the

electrode-electrolyte interface. The enthalpy of formation of each component is already

considered within the gas models. Hence, the reaction enthalpy change of other chemical

reactions is already taken into consideration.

Constitutive equations

The constitutive equations are necessary to complete the system of equations. Three

reactions are considered to occur in the fuel side and one on the air side. The reaction

rate for the electrochemical reaction ((R 3.13)) is given by the Faraday’s law (equation

(5.5))

rhor =
j

2F
(5.5)

The rate of the reverse steam reforming reaction (R 3.11) is shown in equation (5.6a).

Many authors have investigated the kinetics of steam reforming of methane. A brief

overview of internal steam reforming and its kinetics is presented by Mogensen et al.

[105]. The initial kinetic models of the steam methane reforming reaction over nickel

(Ni) catalysts are provided by Xu and Forment el al. [184]. Their model is a Langmuir-

Hinshelwood kinetic model based on experiments performed on Ni catalyst with Zirconia

supports. Achenbach and Reinsche et al. developed a first order kinetic model with

respect to methane [185]. A model considering carbon deposition and auxiliary reaction

schemes is presented by Wang et al. [186]. A detailed reaction mechanism for methane

reforming on Ni/YSZ catalysts is experimentally studied by Hecht et al., but no kinetic

model is presented [187]. A most common kinetic model for steam reforming is based on

Achenbach model [185]. Lehnert et al. [188] developed a first order reaction model based

on the work of Xu and Forment et al., and is also commonly used for internal reforming

in SOC . Timmerman et al. [189] extended the work of Lehnert et al. and applied the

model to predict both internal reforming and methanation. The model parameters was
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obtained experimentally. Hence, in this work the model proposed in [189] is utilised.

rsmr = k+
smr pCH4 pH2O −k−

smr p3
H2

pCO (5.6a)

The equilibrium constant is given by:

κsmr =
k+

smr

k−
smr

κsmr = 1.0267 · 1010 exp(−0.2513[K4] Z4 +0.3665[K3] Z3

+0.581[K2] Z2 −27.134[K] Z+3.277)

k+
smr = 2395[mol/(m2 s)] exp

(−231266[J/mol]
R T

)
(5.6b)

Z = 1000
T

The reverse water gas shift reaction is generally fast and assumed to achieve equilib-

rium fairly quickly in both directions. For the SOC model, a first order rate equation is

utilised as given in (5.7a) [169].

rwgs = k+
wgs pCO pH2O −k−

smr pH2 pCO2 (5.7a)

The equilibrium constant is given by:

κwgs =
k+

smr

k−
smr

κwgs = exp(−0.2935[K3] Z3 +0.6351[K2] Z2 +4.1788[K] Z+0.3169)

k+
wgs = 0.0171[mol/(m2 s)] exp

(−103191[J/mol]
R T

)
(5.7b)

Z = 1000
T

The convective heat transfer between the gas and solid parts are given by equations

(5.8a)–(5.8d). The convective heat transfer coefficient can be obtained by assuming

constant Nusselt number for laminar flow. Values for the heat transfer coefficient reported

in literature can be found in Table 5.1. In planar SOC reactors, a constant convective

heat transfer coefficient is assumed in literature. Convective heat transfer between the

solid part and fuel flow are given by equations (5.8a) and (5.8b). Similarly, the convective

heat transfer between the solid parts and air flow is provided by equations (5.8c) and

(5.8d).
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Convective heat transfer between solid parts and fuel flow

Q̇mea, f
conv =α f b l (Tmea −T f ) (5.8a)

Q̇ ic, f
conv =α f b l (Tic, f −T f ) (5.8b)

Convective heat transfer between solid part and air side flow

Q̇MEA−a
conv =αa b l (Tmea −Ta) (5.8c)

Q̇ IC f− f
conv =αa b l (Tic,a −Ta) (5.8d)

TABLE 5.1. Heat transfer coefficients for air and fuel flow in SOC reactor flow
channels reported in literature

Literature Heat Transfer Coefficient Reference Comment

Aguiar et al. α f = αa =100 W/(m2K) [190] Planar SOC
Xue et al. α f = 2987 W/(m2K) αa = 1322 W/(m2K) [37] Tubular SOC

5.2.3 Membrane-Electode-Assembly

The solid electrolyte, fuel electrode and air electrode are modelled as one solid unit.

The temperature variation along the height is not considered. Energy accumulation is

accounted for and temperature of the MEA is lumped together. No mass accumulation

occurs within the MEA.

Conservation equations

Only energy conservation is considered and mass accumulation does not occur in the

MEA. The MEA is stationary and hence momentum conservation is not required. As

mentioned in the assumptions, the energy released or consumed during the electrochem-

ical reaction is assumed to be released at the electrode-electrolyte interface. The energy

conservation equation is given by equation (5.9).

ρmea cmeaδmea b l
dTmea

dt
= rhor b l∆horh+ Q̇mea, f

conv + Q̇mea,a
conv

+ Q̇mea,ic, f
rad + Q̇mea,ic,a

rad + Q̇mea
cond −Ucell Icell (5.9)
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Constitutive equations

The first term on right side of the energy balance equation (5.9) provides the heat released

or consumed by the electrochemical reaction. Convective, radiative and conductive heat

transfer are considered and are addressed earlier in the section. Radiative heat transfer

occurs between the two solid parts, MEA and interconnects, and is given by equation

(5.10) and equation (5.11).

Radiative heat transfer between MEA and fuel side interconnect:

Q̇mea,ic, f
rad =

5.67×10−8[W/(m2 K4)]b l εmea εic, f (T4
mea −T4

ic, f )

εmea +εic, f −εmea εic, f
(5.10)

Radiative heat transfer between MEA and aid side interconnect:

Q̇mea,ic,a
rad =

5.67×10−8[W/(m2 K4)]b lεmea εic,a(T4
mea −T4

ic,a)

εmea +εic,a −εmea εic,a
(5.11)

The conductive heat transfer with the neighbouring volume elements is lumped to

the geometric centre. The conductive heat transfer is given by the following equation.

Q̇cond =λmea l∇Tmea (5.12)

Electrochemical model

The last term in the energy balance corresponds to the work consumed or produced

by the reactor. The voltage of the SRU is calculated by the electrochemical model.

Electrochemical losses are calculated by resolving each loss mechanism. The rSOC

reactor current in SOFC mode is taken as positive value and in SOEC mode as negative

value. The cell voltage is calculated using the equation (5.13).

Ucell =Uocv − j ASRΩ−∆Uactivation −∆Udi f f usion (5.13)

Ohmic losses account for the voltage drop due to resistance to the charge transport

process. The total resistance to the charge transport is equal to the sum of the electrolyte

resistance to oxygen ion transport, electron transport in the electrodes and interconnects.

Apart from the functional layers, there are other layers in an rSOC reactor. Additional
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protection layers are added between the air electrode and electrolyte to prevent chemical

reactions between them. Likewise, protective layers are added between electrodes and

interconnects. Moreover, with continuing SOC research new cells/reactors tend to have

not just different materials but also different number of functional layers. Finding

conductivity data for all the materials is difficult. Secondly, the exact description of the

materials in the functional layers is not provided and these are mostly a mixture/cermet

of varying composition. Hence, the exact data is not available. In light of these realities,

the ohmic loss is divided in to two parts. The first term (in equation (5.14)) takes into

account the resistance due to fuel electrode, air electrode and electrolyte with available

material data and the second term includes the resistance of the rest of the components

such as interconnects, current collectors, protective layers etc. The ohmic component of

the ASR is calculated from equation (4.4)

ASRΩ =
(
δ f e

σ f e
+ δse

σse
+ δae

σae

)
+ ASRreactor (5.14)

ASRreactor = A1 + A2 T + A3 T2 + A4 T3 (5.15)

The temperature dependent relation for conductivity is calculated using (5.16).

σi = σ◦
T

exp
(−Eact

RT

)
(5.16)

The term ASRreactor is a 3rd degree polynomial function of temperature. The coef-

ficients are obtained by fitting the function to the difference between the total ohmic

resistance calculated from EIS measurements and ASRΩ.

Activation losses are typically evaluated using a semi empirical Butler-Volmer equa-

tion (BV). The BV is an electrochemical rate kinetic equation similar to a first order

rate kinetic equation of chemical reaction. The classical form of BV is shown in equation

(5.17).

j = j◦
(
exp

(
(1−β)F Uactivation

R T

)
−exp

(−βF Uactivation

R T

))
(5.17)

The term j◦ is the exchange current density. It is the current density at equilibrium

state when no reaction takes. Value of the symmetry factor ’β’ varies between 0.25-0.5

[191, 192]. The symmetry factor indicates how the activation energies of forward and

backward reaction are affected by voltage. Using β= 0.5 in equation (5.17), the equation

is simplified to an inverse hyperbolic function. The inverse hyperbolic simplification of

87



CHAPTER 5. SOC REACTOR MODELING

BV provides higher accuracy for a wide range of current densities for β≤ 0.7 [193]. For

the model, the activation loss is calculated using the simplified BV as shown in equation

(5.18). The exchange current density for the fuel electrode and oxygen electrode are given

by equation (5.19) and (5.20) respectively. The partial pressure of the species used in

equation (5.19) and (5.20) are the values at the triple phase boundary

Uactivation = R T
0.5F

sinh−1
(

j
2 j◦

)
(5.18)

Fuel electrode:

j◦, f e = γ f e

(
pTPB

H2

p

)m (
pTPB

H2O

p

)n

exp
(−Eact, f e

RT

)
(5.19)

Oxygen electrode

j◦,ae = γae

(
pTPB

O2

p

)k

exp
(−Eact,ae

R T

)
(5.20)

Diffusion losses are due to the mass transport effect. The electrochemical reactions

occur at the electrolyte-electrode interfaces. The reactants must therefore diffuse to

the reaction sites through the porous electrodes. The rate of electrochemical reaction

at the reaction sites leads to the concentration gradient across the electrodes for both

reactants and products which drives the diffusion transport phenomenon. Fick’s Model,

Stefan-Maxwell Model and Dusty Gas Model (DGM) are commonly used for modelling the

mass transport in SOC reactors [183, 194, 195]. An overview of performance of the three

different models is presented by [194]. The DGM has a higher accuracy but is difficult to

obtain an analytical solution and requires numerical methods adding to computational

costs. Stefan-Maxwell model omits Knudsen diffusion which is significant for pressurised

systems [155]. Hence, in this work an extended Fick’s law model with Knudsen diffusion

is employed, assuming dp
dz = 0, is used for calculating the concentrations at the reaction

sites. The diffusion losses are calculated using equations (5.21) - (5.22).

Udi f f usion, f e =−RT
2F

ln

(
xTPB

H2
xH2O

xTPB
H2O xH2

)
(5.21)

Udi f f usion, f e =−RT
4F

ln

(
xTPB

O2

xO2

)
(5.22)

A detailed derivation for the calculation of the gas concentrations (xTPB
H2

, xTPB
H2O , xTPB

O2
)

at the reaction sites (TPB) is provided in the Appendix B.
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5.2.4 Interconnects

Interconnects are modelled as a lumped solid component. Only thermal energy accu-

mulation is accounted considered in the interconnects. The resistance due to charge

transport is considered in the electrochemical model in the previous section. Hence, it is

not considered here.

Conservation equation

The energy conservation equation for the interconnect is given by (5.23). Radiative,

conductive and convective heat transfers are considered.

ρ ic cicδic b l
dTic

dt
= Q̇mea, f

conv + Q̇mea,a
conv +

Q̇mea,ic, f
rad + Q̇mea,ic,a

rad + Q̇ ic
cond (5.23)

Constitutive equation

Similar to the MEA model, the conductive heat transfer is lumped to the geometric

centre of the interconnect. The conductive heat transfer with neighbouring elements is

calculated using equation (5.24).

Q̇cond =λic l∇Tic (5.24)

5.2.5 Modelica implementation

The model equations are implemented in modelica language which is an Equation based

object oriented (EOO) language. A commercial editor Dymola from Dassault systems, is

used. Different components of the model that are reused can be modelled as separate

objects. These objects can be called upon when required. Each subsystem described

above forms an object on its own. There are four main objects based on the subsystems;

(i) Fuel flow chamber, (ii) Air flow chamber, (iii) MEA, (iv) Interconnect. Additionally,

three objects are defined based on the three heat transfer mechanism; (i) Conductive

heat transfer, (ii) Radiative heat transfer, (iii) Convective heat transfer.

The heat transfer objects and subsystem objects are connected accordingly to obtain

the necessary model structure. The layout of the control volume defined in Figure 5.1

is shown in Figure 5.2(a). It can model an SRU but under the assumption of an SRU

behaving like a CSTR reactor. To get a more realistic model, the control volume is
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(a)

(b)

FIGURE 5.2. (a) Modelica implementation of the control volume as described
in Figure 5.1. (b) 1-D implementation of SRU of rSOC reactor in modelica
with repeating control volumes.
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repeated n times based on the required discretisation to model a plug flow type SRU. The

model shown in Figure 5.2(b) is a complete representation of the SRU. The gas flows are

connected in series according to the flow direction. The MEA’s are connected as parallel

electrical circuits. This is valid assumption because the electrode surfaces are almost

equipotential surfaces. The system of equations is solved for the boundary conditions

(5.25a) and (5.25b). Local current density, local ideal voltage, local compositions, local

ASR etc. are resolved accordingly.

Ui=1...n =Ucell (5.25a)

Icell =
i=n∑
i=1

I i (5.25b)

.

5.2.6 Results and experimental validation

The 1-D rSOC model was implemented for the commercial rSOC reactor experimentally

characterised at DLR. The physical characteristics of the rSOC reactor are provided in

Table 5.2.

TABLE 5.2. Functional materials and dimensions of the commercial rSOC reac-
tor

Functional layer Material Thickness/µm Porosity

Fuel electrode contact Ni 15 0.4
Fuel electrode Ni-GDC 15 0.4

Electrolyte 3YSZ 90 0
Air electrode contact GDC 25 0.4

Air electrode LSCF 30 0.4

Input parameters

The input parameters for the 1-D model are shown in the Table 5.3. The material

properties for ionic/electrical conductivity, activation energies, specific heat capacity,

thermal conductivity and emissivity were adopted from literature. The SRU of the

commercial rSOC reactor is 9 cm in length. It has an effective cell area of 127.8 cm2.

Accordingly, the effective width of the SRU was determined to be 14.2 cm.
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TABLE 5.3. Material and physical parameters used for 1-D model

Parameters Value Unit Reference

Fuel Electrode

σ◦ 95 ·106 S K/m [183]
Eact/R -1150 K [183]

Air Electrode

σ◦ 42 ·106 S K/m [183]
Eact/R -1200 K [183]

Electrolyte

σ◦,se 5.15 ·107 S K/m [183]a

Ea/R -10300 K [183]

Physical Dimension

Length 90 ·10−3 m
Width 0.142 m
Height 1 ·10−3 m

MEA

Heat Capacity 500 J/(kg K) [196]
Emissivity 0.8 [192, 196]

Thermal conductivity 2 W/(m K) [196]
Density 6000 kg/m3 [196]

Interconnect

Heat Capacity 500 J/(kg K) [196]
Emissivity 0.1 [192, 196]

Thermal conductivity 25 W/(m K) [196]
Density 8000 kg/m3 [196]

aConverted from 3.34 ·104 S/m reported for YSZ

Fit Parameters

The model parameters such as the activation energy for electrode reactions, pre-exponential

factor and tortuosity factor were fitted to the polarisation resistance calculated from

experiments described in section 4.2.2. The fitting parameters and the coefficients for the

polynomial expression of ASRreactor as defined is equation (5.15) is provided in Table

5.4.
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TABLE 5.4. Fitting parameters and starting values used for 1-D model of com-
mercial rSOC reactor

Parameter Literature Fitted value Unit Equation

γ f e 5.50 ·108 1.33 ·106 A/m2 (5.19)
γae 7 ·108 1.14 ·107 A/m2 (5.20)

Eact, f e 110 52.198 kJ/mol (5.19)
Eact,ae 117 66.239 kJ/mol (5.20)

m -0.1 - (5.19)
n 0.33 - (5.19)
k 0.22 - (5.20)
ψ f e 2.5 6.8166 1
ψae 2 5.1847 1
A1 0.02348 1 (5.15)
A2 −6.18903 ·10−5 Ω m2/K (5.15)
A3 5.47259 ·10−8 Ω m2/K2 (5.15)
A4 −1.6207 ·10−11 Ω m2/K3 (5.15)

SOFC mode
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FIGURE 5.3. (a) Comparison of 1-D model prediction versus steady state mea-
surements at 1 bar in SOFC mode. (b) Comparison of 1-D model prediction
versus steady state measurements at 8 bar in SOFC mode

The 1-D model with the input parameters described in the Table 5.3 and Table

5.4 is compiled in SOFC mode. The model was run for experimental measurements
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reported in section 4.2.2. The 1-D rSOC model was validated against the experimental

measurements for both steady state and dynamic U(j) characteristic curves. The model

prediction versus the experimental measurements for SOFC mode is shown in 5.3. The

model prediction is in reasonable tolerance with the measurements at both low and

high pressures. The model was able to predict experimental results with a maximum

error of two percentage points (2 %) of total value for fuel conversion of 55 % and a

maximum error of four percentage points (4 %) of total value for experiments with fuel

conversion of 85 %. The higher deviation for the 85 % fuel conversion is largely at the

lower current density. This could partly be due to the inaccuracy of measurement at

low current densities at 85 % fuel conversion since volume flow rates of the reactants at

these experimental points were very low. At these conditions, the inaccuracy of the mass

flow controllers in the test rig increases.
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FIGURE 5.4. Validation of 1-D model with dynamic measurements in SOFC
mode.

The validation of the 1-D model with SOFC dynamic U(i) measurements at all

pressures is shown in Figure 5.4. Good accuracy of the model with measurements at

current densities above 500 A/m2 is observed. The maximum error is two percentage

points (2 %) of the total value. At current densities lower than 500 A/m2, the discrepancy

between the measured values and one generated by the model is high. Two possible
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reasons for this are discussed below:

1. At these current densities, the activation overpotential loss is expected to be the

dominating loss mechanism which is computed using the BV equation. Hence, the

error in the model could be either due to the approximation of the BV equation to an

inverse hyperbolic function. On the other hand, the effect of the approximation is

not seen in the other U(i) measurements simulated using the model. For example, in

the simulation of steady state U(i) measurements as shown in Figure 5.3, the model

can predict the voltage at current density lower than 500 A/m2 with reasonable

accuracy to the experimentally measured value. Also, a good fit at lower current

densities can be observed for the simulated dynamic U(i) measurements in the

SOEC operation mode shown in Figure 5.3.

2. The deviation could be due to an anomaly in the experiments. Though dry fuel was

used, a small percent (less than 0.01 %) of water vapour is expected to present in the

feed gas as impurity. This can be calculated form the OCV of 1.3 V measured during

the forward sweep. During the forward sweep (current density is increased from

0 A/m2 to 2000 A/m2), the voltage produces an arching behaviour at low current

density (till 500 A/m2). This could be due to low concentrations of water evolution

at low current densities which is then quickly flushed out by the incoming gas flow,

therefore, resulting in a "dry" condition on the fuel electrode side. As the current

density is increased, due to the prevalent "dry" condition on the fuel side, a higher

voltage is measured. Once a current density of 500 A/m2 is reached, sufficient

water is generated on the fuel side which is still present in the flow channel and

hence a drop in voltage is observed as expected behaviour for fuel cell operation.

During the back sweep (current density is decreased from 2000 A/m2 to 0 A/m2),

it can be observed that a voltage of 1.2 V is observed at 0 A/m2 compared to 1.3 V

during forward sweep. Moreover, the arching behaviour of the voltage is not seen

at lower current densities during back sweep. Sufficient water is produced by the

time the forward sweep ends, which is then retained in the electrode pores and is

not completely flushed out. This entrapped water in the pores is present during

the back sweep, resulting in the observed behaviour. In the model, the complex

phenomenon behind the observed effect is not captured.

Further analysis of the experimental results and the model is necessary to verify the

two hypotheses.
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FIGURE 5.5. (a) Comparison of 1-D model prediction versus dynamic mea-
surements at different pressures in SOEC with 50 % H2O and 50 % H2.
(b) Comparison of 1-D model prediction versus dynamic measurements at
different pressures in SOEC with 90 % H2O and 10 % H2

SOEC mode

The model was validated with SOEC mode with both steady state and dynamic mea-

surements. In Figure 5.5, the validation of model in SOEC mode under two different

pressure conditions and gas compositions can be observed. The model has good accuracy

with the measurements. It should be noted, that the fitting parameters used for the

model validation in SOEC is same as reported in Table 5.4. The fitting parameters were

obtained from a wide range of SOFC measurements but still give good accuracy in SOEC

mode. Overall, the deviation between the model and experimental results was less than

1 % in the SOEC operation mode.

5.2.7 Error discussion and uncertainties

In the SOFC operation mode, the model results deviated from the experimental results

by an average of two percentage points (2 %) of the total value. The deviation was larger

at low current density and higher fuel conversion (85 %) in the steady state SOFC

measurements. One possible reason for the higher deviation could be due to the use of

inverse hyperbolic simplification of Butler-Volmer equation to calculate the activation

voltage losses. Secondly, at 85 % fuel conversion and low current density, the experiments
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results has higher inaccuracy due to the very low volume flow rates used for these

measurements. This can also be seen from the experimental result. In the SOEC op-

eration mode, the model deviation was less than one percentage points (1 %) of total value.

The uncertainties in the certain input values may have also resulted in the observed

deviations. The values such as the density, heat capacity, thermal conductivity etc. were

obtained from literature for given material combination and might vary from the actual

values. Furthermore, the complex flow field geometry in the SRU of the reactor was

approximated to a simpler geometry for the modelling purposes. Finally, heat losses from

the reactor and to surrounding volume in the furnace was estimated by lumped model

which could have led to the deviation from experimental results.

5.3 0-D model for process system analysis

The 0-D reactor model is developed for implementation in a process system model. Al-

though the 1-D model provides greater details, it has a higher computational demand.

When combined with a detailed process system model, the total computation require-

ments are higher. For these reasons a 0-D reactor model is employed. Within a process

system analysis, the internal conditions within the SOC reactor are not necessary for

evaluation of system performance. The model should evaluate the outlet conditions,

reactor efficiency and current/voltage for given input parameters [197]. The 0-D model is

a black box model and hence the following assumptions are made to simplify the model.

Assumptions

1. The 0-D model assumes an adiabatic reactor, the outlet temperatures of both the

fuel side and air side stream are assumed to be equal.

2. Reactions are assumed to attain thermodynamic equilibrium at the outlet. Gas

compositions at the outlet are calculated assuming thermodynamic equilibrium.

3. Chemical and electrochemical reactions are assumed to occur at a lumped represen-

tative reactor temperature. The representative reactor temperature is calculated

from the 1-D model.

4. The electrochemical performance (ASR) is evaluated at the representative reactor

temperature.
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The 0-D model is developed to obtain system and reactor performance at different

current densities, conversion ratios, system operation pressure etc.

5.3.1 Thermodynamic model

The thermodynamic model calculates the outlet composition and temperature by assum-

ing thermodynamic equilibrium is achieved at the outlet. The thermodynamic equilib-

rium is calculated at the representative reactor temperature. At outlet the gas compo-

nents, CH4, H2, CO, CO2, H2O are considered. The equilibrium calculation is obtained

using a Gibbs energy minimisation routine. The outlet temperature is obtained from

solving the global energy and mass balance in accordance with equation (3.10a) and

equation (3.7) respectively for adiabatic conditions. The moles of oxygen molecules sup-

plied to or removed from the fuel reactant stream is obtained for the reactor current.

Inlet conditions are provided as input or obtained from the previous system component.

Current density and reactant conversion ratio are provided as input.

5.3.2 Electrochemical model

The electrochemical model employed for the 0-D model is based on the general theory

presented in section 3.1. Based on the SOFC or SOEC operation, the reactor current is

calculated from equations (5.26b) and (5.26e) respectively.

SOFC mode:

Imax, f c = 2F (4ṅ′
CH4

+ ṅ′
H2

+ ṅ′
CO) (5.26a)

I f c = ξ f c Imax, f c (5.26b)

∆ṅO2 =
I f c

4F
(5.26c)

SOEC mode:

Imax,ec = 2F (ṅ′
H2O + ṅ′

CO2
) (5.26d)

Iec = ξec Imax,ec (5.26e)

∆ṅO2 =
Iec

4F
(5.26f)

The cell voltage is calculated is from equation (5.27). An average reactor current

density ( j) is provided as an input which is positive for SOFC mode and negative for
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SOEC mode. The ASR is calculated based on the phenomenological model presented in

section 4.2.4 given by equation (4.8). The ASR and the ideal voltage (Uid) are evaluated

at the characteristic reactor temperature.

U =Uid − jASR (5.27)

In equation (5.27), the calculation of the ideal voltage is not straightforward. In

literature, the ideal voltage is typically calculated based on inlet composition or outlet

composition or an average between inlet and outlet composition. The calculation based

on inlet composition does not account for variation of ideal voltage with extent of elec-

trochemical reaction. Whereas, using the outlet composition accounts for the extent of

electrochemical reaction but the corresponding current density at the end of the reactor

is unknown. Bove et al. [197] proposed an integration of the ideal voltage over the extent

of electrochemical reaction. A similar method is proposed by De Groot [127]. In this work,

the ideal voltage is calculated based on the ideal work proposed in section 3.1.2. The

ideal work of a reactor is purely a thermodynamic function. The work from the reactor or

supplied to the reactor depends on the final and initial thermodynamic state parameter.

This takes into account the reactant conversion on fuel and air side, excess air ratio etc.

A similar method is proposed by Gaggioli et al. [95]. The ideal voltage is calculated using

equation (5.28).

Uid = dẆid

dI
= −(G′′−G′)hor

I
(5.28)

Equation (5.28) should be used carefully when other chemical reactions are present.

Only the electrochemical reaction contributes to the work term. The ∆rxnG due to

chemical reaction such as steam methane reforming and water gas shift reaction should

be regarded as losses and hence subtracted from equation (5.28).

Representative reactor temperature

In order to the evaluate the ASR and electrochemical performance of 0-D model, a new

definition of the reactor temperature is required. As mentioned in the assumptions, the

ASR, ideal voltage and reaction equilibrium are calculated at a lumped temperature of

the rSOC reactor. The lumped temperature is the representative reactor temperature.

It is defined as the reactor temperature at which the 0-D model yields the same power

output, outlet temperature and electrochemical performance as that of a detailed 1-D

rSOC reactor model. The representative reactor temperature is evaluated from the 1-D

model. In the 1-D model, axial variations of temperature, current density, ASR and
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ideal voltage are calculated. Accordingly, an average or effective ASR for the reactor

can be obtained by integrating the local variation of ASR along the axial direction of

the reactor and divided by length. Therefore, the representative reactor temperature

is a uniform or lumped reactor temperature which yields an ASR equal to the effective

ASR obtained from the 1-D model. The mathematical definition is provided in equations

(5.29a)–(5.29d).

The effective ASR from the 1-D model is obtained by integrating the local ASR over the

length and divding by length.

ASRe f f = 1
l

l∫
0

ASR(x)dx (5.29a)

ASRe f f = 1
l

l∫
0

dU(x)
j(x)

dx = 1
l

l∫
0

Uid(x)−U
j(x)

dx (5.29b)

The ASR is a function of temperature

ASRe f f = f (T e f f ) (5.29c)

Therefore the characteristic reactor temperature is given by

T e f f = f −1(ASRe f f ) (5.29d)

5.3.3 Aspen implementation

The 0-D model is implemented in Aspen Plus. Aspen Plus is commercial chemical process

engineering software. The inbuilt reactor models within the Aspen suite were used for

developing the thermodynamic model. Appropriate inbuilt reactor models were combined

to obtain the thermodynamic behaviour of rSOC reactor. The following algorithm is imple-

mented in Aspen Plus for modelling the 0-D reactor model. A schematic representation

is provided in Figure 5.6.

1. The reactant streams are first brought to the characteristic reactor temperature by

heating/cooling the reactant steam.

2. The streams are then brought to thermodynamic equilibrium

3. The electrochemical reaction for a given conversion ratio is carried out.
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FIGURE 5.6. Algorithm of 0-D rSOC model implemented in Aspen Plus. The
reactants are brought to effective reactor temperature by cooling or heating
the reactants. Equilibrium, electrochemical reaction, equilibrium is calcu-
lated. The total energy balance is performed in the end to obtain outlet
temperature

4. The product gases are brought into thermodynamic equilibrium at the outlet.

5. The electrochemical model to calculate reactor power, voltage, heat generated and

current is implemented in a user’s model block using Fortran programming.

6. A global energy balance is solved to obtain the outlet temperature of the product

streams.

The thermodynamic equilibrium is calculated using the "RGibbs reactor" model

in Aspen Plus. An "RGibbs" reactor model is also used to model the fuel electrode

reactions in SOFC mode. The global energy balance to calculate the outlet temperature

is implemented using the "Heater" model available within Aspen library. The Aspen Plus

implementation and flowsheet of model can be found in the Apprendix C.

5.4 Summary

A 1-D model for the rSOC reactor was implemented. The model was validated against

experimental results in both SOFC and SOEC mode. The 1-D model is developed for two

purposes.

1. To identify system operation conditions that lead to hazardous conditions within

the rSOC reactor that can lead to failure of the reactor and therefore the system.
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2. Evaluate the characteristic reactor temperature as a function of ASR and reactor

performance. The characteristic reactor temperature is used within the 0-D reactor

model in the system context

Accordingly, a 0-D rSOC reactor model was developed and implemented in Aspen

Plus and is used for the detailed process system model of rSOC systems. Both the 0-D

and 1-D rSOC model lay the foundation of the detailed process system analysis of rSOC

systems. The 0-D model is used for system modelling. The 1-D model will be used to

verify the operability of the system and rSOC reactor for the desired system operation

points.
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6 Process system analysis

A theoretical limit for an ideal roundtrip efficiency of an rSOC system was es-

tablished in chapter 3. Accordingly, the achievable roundtrip efficiency using a

commercial rSOC reactor was presented in chapter 4. In both the chapters, the

advantages and potential of integrating a thermal energy storage system was highlighted.

In this chapter a detailed process system analysis of an rSOC system is discussed. A

detailed process system analysis is performed to answer the following questions:

1. What are the achievable roundtrip efficiencies of an rSOC process system with

a commercially available ESC reactor taking into account the balance of plant

requirements and losses related to balance of plant, heat exchangers etc.? Can the

rSOC process system achieve the roundtrip efficiencies predicted in chapter 4?

2. How can thermal management be integrated with the process system and is it

feasible to obtain a thermal self sustaining rSOC system?

The analysis is performed for both H-O and H-C-O chemistries based rSOC systems.

A brief description of an rSOC process system is provided in section 6.1. Process system

analysis of a closed system and a gas grid connected rSOC system are presented in

sections 6.2 and section 6.3 respectively.
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6.1 rSOC process system description

Depending on the functionality, an rSOC process system can be described as a closed or

an open system.

Closed system concepts consist of closed gas storage tanks in which the reactants

and products are stored separately. There is no interaction between the rSOC system

and other industries or systems. In SOEC mode, the electricity is converted to fuel and

is stored in a fuel tank which can be used during SOFC mode. In SOFC mode, the fuel

from the storage tank is used to produce electricity. The oxidised fuel or product gas is

stored in the product gas tank which is then used as reactants in SOEC mode. A closed

rSOC system primarily acts a Power to Power (PtP) electricity storage system. The closed

system operation is easier in comparison to an open system.

Open system concepts allows for the rSOC system to interact with chemical indus-

tries, gas networks etc. Both energy and matter can flow in and out of the rSOC system

boundary. The fuel/chemicals produced during the charging mode (SOEC operation) is

fed to the existing natural gas grid or supplied to chemical industries. Likewise, in the

SOFC mode, the fuel required is fed from the natural gas grid or other sources. An open

system offers flexibility and greater use for rSOC systems apart from electricity storage.

On the other hand, the system complexity increases and additional balance of plant

components are required.

An rSOC system is comprised of four major functional blocks. These are the rSOC

reactor, thermal energy storage, downstream process and the heat recovery unit. The

commercial rSOC reactor was analysed and a detailed discussion is provided in the

preceding chapters. A brief description of the other functional blocks are provided below.

An overview of key assumptions made for the analysis of the rSOC process system

is discussed. Finally, the key performance parameters used to quantify the system

performance are laid down at end of this section.

6.1.1 Process system assumptions

The following assumptions are made for the analysis of the rSOC process system. The

assumptions are valid for all the system architectures considered within this study.
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1. Charge transferred in the rSOC system during the charging (SOEC operation

mode) and discharging (SOFC operation mode) are assumed to be equal. This

implies the moles of oxygen transferred through the electrolyte of the rSOC reactor

are the same in both the operation modes.

2. A symmetric operation of the rSOC system is considered. The duration of the

charging process (SOEC operation) is equal to the duration of discharging process

(SOFC operation).

3. Due to assumptions 1 and 2, the rSOC reactor current during the charging process

(SOEC operation) is equal to the reactor current during the discharging process

(SOFC operation).

6.1.2 Thermal energy storage

Thermal energy storage is used as the preferred means of a thermal management

system for the rSOC system in this study. It is a technique of storing heat at the

required temperature and utilising the stored heat when required. Thermal energy

storage is also proposed as a means of energy management technique for renewable

energy systems specifically in solar thermal systems [198, 199]. Three types of thermal

energy storage are possible. They are (i) sensible heat storage, (ii) latent heat storage,

(iii) thermochemical heat storage. In this study a latent heat storage method is utilised

for thermal management in the rSOC process system due to its higher thermal energy

storage density.

Sensible heat storage utilises the specific heat capacity, temperature change and

mass of the material to store the heat. The basic principle of sensible heat storage is

represented by equation (6.1) [200].

Q̇ =
T ′′∫

T ′

ṁ cp dT =
T ′′

hs∫
T ′

hs

ṁhs cp dT (6.1)

Latent heat storage exploits the enthalpy of phase transition to store heat. The heat

storage material undergoes a phase transition during the heat storage and extraction

processes. Solid-liquid phase transition is preferred due to low volume expansion and

high enthalpy of phase change leading to high energy storage density. The heat storage

capacity and storage temperature depends on the melting point temperature and heat
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of fusion of the phase change material [201, 202]. The heat stored in the medium is

provided by equation (6.2). Materials used for latent heat storage are referred to as

Phase Change Materials (PCM) [203–207].

Q̇ = ṁhs chs
p,l (Ths,l −Ths)+ ṁhs chs

p,s (Ths −Ths,s)+ ṁhs∆h (6.2)

Phase change materials

The PCM are the heat storage media used for the latent heat storage technique. In prin-

ciple any material that undergoes phase change is a candidate to be latent heat storage

media. For engineering purposes additional constraints should be satisfied in order for

the material to be used as a PCM. The PCMs are selected based on thermophysical

characteristics such as latent heat of fusion, thermal conductivity, density, and melting

point. A candidate PCM for heat storage should satisfy the following requirements; high

enthalpy of fusion, thermal conductivity, density, and chemical stability. An overview of

PCMs based on their melting point temperatures is presented in the literature [208–212].

The rSOC reactors operate in the temperature range of 700-900 °C, therefore PCMs

with phase change temperatures in the range of 700-900 °C are required for the heat

storage system. Salts such as lithium fluoride, sodium fluoride, potassium fluoride and

non eutectic mixtures of magnesium are prospective PCM candidates for the latent

heat storage system [202, 210, 213–215]. Based on the results from theoretical analysis

presented in chapter 4, a latent heat storage system with a melting point of PCM in

the temperature range of 700-900 °C is required. A brief summary of PCM materials

suitable for the heat storage system is presented in the Table 6.1.

Aspen Plus implementation

A latent heat storage system model is implemented in Aspen Plus for process system

modelling. The implementation is based on the following assumptions

1. The heat storage and extraction is assumed to occur at the melting temperature of

the PCM. This assumption is not an exact representation, but it is justified when

the main aim of the work is to study the energy and exergy efficiency when system

properties are altered. With this in mind, the assumption should not drastically

affect the results [207].
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TABLE 6.1. A brief summary of the possible PCM materials suitable for rSOC
latent heat storage. The database is a consolidated summary of materials
reported in literature [202, 210]

Composite Melting point / °C Heat of fusion / kJ/kg

70 % LiF + 30 % MgF2 728 520
65 % NaF+ 23 % CaF2 + 12 % MgF2 743 568

67 % LiF + 33 % MgF2 746 947
74 % LiF + 13 % KF + 13 % MgF2 749 860

80 % LiF + 20 % CeF3 756 500
81.5 % LiF + 19.5 % CaF2 769 820

85 % KF + 15 % CaF2 780 440
85 % KF + 15 % MgF2 790 520

64 % NaF + 20 % MgF2 + 16 % KF 804 650
62.5 % NaF + 22.5 % MgF2 + 15 % KF 809 543

68 % NaF + 32 % CaF2 810 600
75 % NaF + 25 % MgF2 832 627

LiF 848 1080
KF 856 486

40 % NaF+40 % MgF2+20 % CaF2 914 590
49 % CaF2 + 41.4 % CaSO4 + 9.6 % CaMoO4 943 237

2. The material database and model of the PCM material used is not available within

the Aspen Plus library. Hence, steam is used to generically model the behaviour.

The use of an alternate material database in the modelling routine does not greatly

affect the system performance as long as the state parameters are maintained.

This is achieved by maintaining the temperature difference of the process stream,

temperature of heat storage medium and quantity of heat transfer are maintained

the same. A similar method to model sodium heat pipes was used in the literature

[56].

3. The phase transition is assumed to occur over a small temperature difference of 1

K. Though the phase change theoretically occurs at isothermal temperature, it has

been shown experimentally that the phase change occurs over a small temperature

range of 0.1 K. An assumption of 1 K for temperature range facilitates ease of

modelling the latent heat storage [216].

Based on the assumptions made above, the latent heat storage system is modelled

using the counter flow heat exchanger model available within the Aspen Plus component

library.
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6.1.3 Downstream processes

A downstream chemical process provides added value in SOEC mode of the rSOC

system. In the SOEC process, different chemicals, liquids and gaseous fuels can be

produced by selecting the appropriate downstream process. This is essentially attractive

for H-C-O chemistry based rSOC system where hydrocarbons of industrial value can

be produced. Downstream processes such as the Fischer-Tropsch process, Methanation

process, Dimethyl ether process etc. have been proposed to be coupled with co-electrolysis

of H2O and CO2 [13, 66, 72, 217, 218]. They are especially attractive for an open grid

rSOC system, since during the SOEC process, the electrical energy can be converted to

useful chemicals of industrial value and sold to the corresponding industries. By this

method, apart from being an electricity storage system, the rSOC system also produces

useful chemicals through which revenue can be generated.

In this work, a downstream methanation process is considered. The H2 and CO

produced by the rSOC reactor in SOEC is converted to methane (CH4). Methane can

then be stored or supplied to the gas grid which can act as infinite reservoir for the

energy storage in from of methane. The downstream methanation process is modelled as

equilibrium reactors process based on minimisation of Gibbs energy.

6.1.4 Balance of plant components and heat recovery unit

Apart from the main components, auxiliary components are required to complete the

process system. These components are referred to as the BoP components which consists

of pumps, compressors, turbines or expanders, blowers, valves, and heat exchangers. The

BoP components generally consume work/energy and hence lead to parasitic losses.

The heat recovery unit is critical in a process system. It is a network of heat exchang-

ers used to preheat the inlet streams by extracting the heat from the outlet streams and

thereby cooling the outlet streams. A well-designed heat exchanger network is necessary

for an efficient system. Lower thermal losses and heat transfer losses are achieved by

proper matching of the heat loads, temperature and heat sources. Optimisation of heat

recovery is an active research topic in field of process system engineering [219–222]. A

pinch point analysis is the commonly utilised method for optimising the heat recovery

unit. The performance parameters for the BoP components and pinch point temperature

for the heat exchangers used in this study is provided in the Table 6.2.
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TABLE 6.2. Performance parameters for BoP components and heat exchangers

Parameters Value Unit

Compressors

Isentropic efficiency 85 %
Mechanical efficiency 90 %

Expanders/turbine

Isentropic efficiency 85 %
Mechanical efficiency 90 %

Pumps

Isentropic efficiency 85 %
Mechanical efficiency 90 %

Blower

Isentropic efficiency 88 %
Mechanical efficiency 90 %

Heat exchangers

Pinch point temperature difference 10 K
Pressure drop 10 mbar

The inbuilt models available in Aspen Plus are used for modelling the pumps, blow-

ers, compressors and expanders. The heat exchangers are modelled as counter flow

heat exchangers and the models are available in the Aspen Plus library. Pinch point

temperature is specified for all the heat exchangers.

6.1.5 Perfomance indicators

To quantify the system performance, the following key performance indicators are defined.

These parameters help to understand the system performance and effect of thermal

management in the process system.

System Roundtrip efficiency (ηRT,sys): The system roundtrip efficiency is the key pa-

rameter to quantify the performance of the rSOC system. It is defined as the ratio

of the net work produced during the discharging process (SOFC) to the net energy
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consumed during the charging process (SOEC).

ηRT,sys =
∑

Ẇf c t f c∑
Ẇec tec

(6.3)

Due to assumption 2, we get

ηRT,sys =
∑

Ẇf c∑
Ẇec

(6.4)

Net work is equal to sum of reactor work and work corresponding to BoP

ηRT,sys =
Ẇf c −ẆBoP, f c

Ẇec +ẆBoP,ec
(6.5)

Reactor Roundtrip efficiency (ηRT,soc): The reactor roundtrip efficiency indicates the

performance of the rSOC reactor within the system. It is defined as the ratio of

energy produced by reactor in SOFC mode to the energy consumed by the reactor

in SOEC mode.

ηRT,soc =
Wf c

Wec
(6.6)

Φ: In the SOFC mode, Φ represents the value of electrical work, heat produced by

the reactor or heat stored in the heat storage medium normalised by dividing

by the chemical power supplied as input the rSOC system. In SOEC mode, Φ

represents the electrical work, heat consumed from the heat storage systems and

heat produced/consumed by the reactor, normalised by dividing by the chemical

power produced in the SOEC mode.

Φ= electric power or heat
ṁ f uel LHVf uel

(6.7)

θ: Indicates the performance of the heat storage system. It is the ratio of the heat

consumed from heat storage during the SOEC operation to the heat stored in the

heat storage system during the SOFC operation.

ζ: Represents the ratio of the heat required for endothermic electrolysis reaction in the

SOEC operation mode to the total heat consumed from the heat storage during the

SOEC operation.
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6.2 Closed system architecture for electricity
storage

The first of the rSOC system architectures considered within this chapter is the closed

system architecture. In the closed system architecture, there are no mass flows of re-

actants entering or leaving the system boundary. The fuel/chemicals produced during

the charging mode (SOEC operation) is stored in the fuel storage tank. If the SOEC

process is carried out in endothermic mode, the heat required for the process is obtained

from the heat storage. The fuel stored in the fuel tanks is used during the discharge

mode (SOFC operation). The heat produced during the SOFC operation is stored within

the heat storage system and the electricity is supplied to the grid. Products of SOFC

operation are stored in the "exhaust tanks" which are later used as reactants for the

SOEC operation.

The closed system architecture of the rSOC system can be based on either H-O

chemistry or the H-C-O chemistry. Analysis of a closed system architecture based on the

hydrogen electrochemical oxidation reaction is discussed. The hydrogen based closed

system architecture of the rSOC process system would be henceforth be referred to as

the closed grid system.

6.2.1 Model descripton

The simplified process flow diagram of the hydrogen based rSOC process system is

presented in the Figure 6.1. The Figure 6.1(a) describes the process during the SOFC

operation mode of the rSOC system. The SOEC operation mode of the rSOC system is

described by the Figure 6.1(b).

SOFC operation mode

In the SOFC operation mode, the fuel from the fuel tank is supplied to the rSOC reactor.

The fuel is preheated in the heat recovery unit using the heat from the exhaust streams.

The fuel is brought to the rSOC reactor inlet temperature of 750 °C. Meanwhile, the air

required for the SOFC operation is supplied from the ambient. The air is compressed

to the system pressure using a four stage compression process. For the atmospheric

pressure system, the air compressor is replaced by a blower to overcome the pressure

drops. The air stream is then preheated to the required inlet temperature. After the
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FIGURE 6.1. (a) Simplified process flow diagram of the hydrogen based rSOC
system during the SOFC operation mode. (b) Simplified process flow di-
agram of the hydrogen based rSOC system during the SOEC operation
mode.
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SOFC operation, the oxidised fuel and depleted air exit the rSOC reactor. The air acts

a cooling medium to maintain the rSOC reactor within safe operation limits. The heat

carried by the fuel and the air exhaust streams is stored in two heat storage tanks. The

first one stores heat at 850 °C and the later at 750 °C. The exhaust gases enter the

first heat recovery unit, where the reactant streams are preheated. A portion of the fuel

exhaust stream is recycled and mixed with the inlet fuel supplied to the rSOC reactor.

By employing a fuel recycle loop, a higher total fuel conversion can be attained while

maintaining a lower single pass conversion ratio. An air recycle loop is present and it is

controlled in order to attain the required air inlet temperature of the rSOC reactor. The

exhaust streams is fed to the water knockout unit where they are further cooled and the

unconverted hydrogen in the fuel exhaust is separated from the water. The remaining

hydrogen is sent to the fuel tank. Water is further cooled and stored in the water tank.

SOEC operation mode

During the SOEC operation mode, the water is supplied to the steam generation unit.

The water is first preheated and undergoes evaporation in the heat recovery units. The

steam is then fed to the heat storage units, where it is preheated to the required steam

inlet temperature of the rSOC reactor at 820 °C. Air is supplied to the system as a

sweep gas to flush the oxygen produced during the SOEC process. Moreover, it acts as

a heat transfer medium to supply the heat required for endothermic SOEC operation.

Finally, it helps to maintain a lower partial pressure of oxygen on the air side within the

rSOC reactor and thereby lowering the voltage of the rSOC reactor. The hydrogen fuel

produced is then cooled in the heat recover units. It is then fed to the water knockout unit

to separate the fuel from the unconverted water. The hydrogen fuel is then compressed

and sent to the fuel tank. The oxygen enriched air exhaust is cooled in the heat recovery

unit and released to the ambient.

Gas storage tanks

The hydrogen and water are stored in the storage tanks. The hydrogen is stored in a

pressurised fuel tank at 25 bar and temperature of 25 °C. Water is stored as liquid in

the water tank maintained at 25 °C.
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Heat storage

A two stage cascaded heat storage system is utilised. A cascaded latent heat storage has

the advantage of better heat transfer behaviour, lower losses and hence more thermal

energy can be stored. The first stage heat storage system stores heat at temperature of

850 °C, henceforth referred to as HT-PCM. The second stage heat storage system stores

heat at a temperature of 750 °C and is referred to as LT-PCM. For the HT-PCM, LiF is

chosen as the suitable PCM heat storage based on the Table 6.1. From the Table 6.1, the

composite, 74 % LiF + 13 % KF + 13 % MgF2, is chosen as the heat storage medium for

the LT-PCM

rSOC reactor

A commercially available rSOC reactor is used for the process system. The rSOC reac-

tor is modelled as an adiabatic reactor and its performance is modelled based on the

experimental results presented in chapter 4. The 0-D model presented in section 5.3

is used. For the SOFC mode, the fuel and air inlet temperature are set at 750 °C and

700 °C respectively. The maximum temperature difference between the maximum and

the minimum temperature within the SRU of the rSOC reactor is equal to 250 °C. In

most cases, this corresponds to the temperature difference between the inlet and outlet

streams. In the SOEC operation mode, the inlet temperatures are at 820 °C for both air

and steam inlet streams. The characteristic rSOC reactor temperature is calculated from

the 1-D model through an iterative method. Initially a first estimate for the effective

rSOC reactor temperature is provided. The system model is executed and boundary

conditions of the rSOC reactor are obtained. The rSOC inlet parameters for the system

operation point are translated to the 1-D model and simulated. The air flow rate is varied

until the safe operation point of the reactor is reached. The safe operation point is a locus

of air flow rates for which the maximum temperature difference within the SRU is less

than 250 °C and the effective reactor temperature is not greater than 850 °C. It should

also be noted that the temperature profile within the SRU should not vary drastically

between SOFC and SOEC operation mode. This will induce a greater thermal stress in

the reactor and might hence lead to failure. Based on the analysis presented in section

4.3, the difference between the effective reactor temperature between SOFC and SOEC

mode is limited to 50 K.
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Operation parameters

The system behaviour is analysed for two operational pressures. The system is studied

at atmospheric pressure and at a pressure of 25 bar. Based on the analysis presented in

chapter 4, the average current density for the rSOC reactor is equal to 2500 A/m2 for

both operation modes. A lower current density will require a bigger reactor area and

hence lead to higher costs. An overview of system operational parameters and boundary

conditions is presented in the Table 6.3.

TABLE 6.3. Operation parameters and boundary conditions of the closed loop
hydrogen based rSOC system

Parameters Value Unit

Current density 2500 A/m2

SOFC operation mode

Fuel inlet temperature of rSOC 750 °C
Air inlet temperature of rSOC 700 °C
Maximum ∆T in rSOC reactor 250 °C

Total fuel conversion 90 %
Single pass fuel conversion 85 %

SOEC operation mode

Steam inlet temperature of rSOC 820 °C
Air inlet temperature of rSOC 820 °C
Maximum ∆T in rSOC reactor 250 °C

Heat Storage

HT-PCM heat storage temperature 850 °C
LT-PCM heat storage temperature 750 °C

Gas Storage tanks

Fuel tank temperature 25 °C
Fuel tank pressure 25 bar

Water tank temperature 25 °C
Water tank pressure 1 bar

6.2.2 Results and discussion

The process system performance and behaviour of an hydrogen based closed architecture

rSOC process system with a commercial ESC design rSOC reactor was studied at two
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different operation pressure. The analysis was performed at 1 bar and at 25 bar. For the

system operating at atmospheric pressure, the hydrogen fuel produced during the SOEC

process has to be compressed to gas storage tank pressure. Whereas for the pressurised

system, the air flow required must be compressed to the system pressure. The results of

the two operational conditions are discussed below.

System performance at atmospheric pressure

(a) (b)

FIGURE 6.2. Chemical, electrical and thermal energy flows represented in
Sankey diagram for the hydrogen based closed architecture rSOC system
at 1 bar. (a) Represents the energy flows in SOFC operation mode. All flows
are normalised by dividing by the chemical energy input to the system.
(b) Represents the energy flows in SOEC operation mode. All flows are
normalised by dividing by the chemical energy output of the system

.

A sankey diagram depicting the chemical, thermal and electrical energy flows in

the system during both the modes of operation is presented in Figure 6.2. The energy

flows are normalised by dividing the energy flows by the chemical energy in the fuel

tank. The overall system performance at 1 bar is summarised in the Table 6.4. The

gross roundtrip efficiency of 57 % was achieved. Taking into account the balance of plant

energy consumption, a net roundtrip efficiency of 52 % was achieved.

The chemical, thermal and electrical energy flow in the system during the SOFC

operation mode is presented as Sankey diagram in the Figure 6.2(a). The chemical,

electrical energy and thermal energy flow within the rSOC system are normalised

by dividing by the chemical energy supplied from the fuel tank to the system during
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TABLE 6.4. rSOC system performance at 1 bar for the hydrogen based closed
architecture rSOC system

Parameter Value Unit

SOFC

Characteristic reactor temperature 845 °C
Cell voltage 0.731 V

Net efficiency in SOFC mode 49.4 %

SOEC

Characteristic reactor temperature 809 °C
Cell voltage 1.262 V

Net efficiency in SOEC mode 107.1 %

Roundtrip efficiency

Reactor (Gross) 57.8 %
System (Net) 52.9 %

SOFC operation. In the SOFC operation mode, pure hydrogen from the fuel tank which

corresponds to the 100 % of the chemical energy is supplied to the system. The fuel

from the storage tank is at a pressure of 25 bar and hence is expanded to the system

operation pressure of 1 bar and exits the heat recovery stage with a temperature of

300 °C. A recycle ratio (defined as ratio of mass flow rate of exhaust gas recirculated

as reactant to the mass flow rate of exhaust gas at the outlet of the rSOC reactor) of

11 % is maintained resulting in fuel composition of 90 mol% of H2 and 10 mol% of H2O

and thereby increasing the chemical energy entering the rSOC reactor to 101.7 %. The

H2-H2O fuel mixture is the finally preheated to the reactor inlet temperature of 750 °C.

Air is preheated in the heat recovery unit to the required inlet temperature of 700 °C. The

air and fuel stream entering the rSOC reactor carry thermal energy equivalent to 142 %

of the chemical energy supplied to the system. For the given inlet conditions for the rSOC

reactor in SOFC operation mode, the variation of temperature, ideal voltage, voltage

losses, current density and concentration within the SRU of the rSOC reactor is shown in

the Figure 6.3(a). The temperature of the MEA increases along the gas flow direction due

to the exothermic hydrogen oxidation reaction. A maximum solid temperature is reached

near the end of the reactor. The ideal voltage (Uid) decreases along the flow direction

due to the increase in temperature and reducing concentration of the reactants along

the flow direction. The voltage loss along the length of the flow channel mirrored the
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behaviour of ideal voltage. The higher temperatures along the reactor length resulted in

a lower ohmic losses along reactor length and hence we observe a decreasing voltage loss

along the reactor length. The voltage losses and ideal voltage distribution resulted in

SRU voltage of 0.731 V. Using the results of the detailed model, the characteristic rSOC

reactor temperature for the 0-D model was determined to be 845 °C. The characteristic

reactor temperature is calculated based on the procedure described in section 5.3.2. Fuel

and air streams exit the rSOC reactor at 876 °C and carry the heat generated in the

rSOC reactor during the SOFC operation. The gross electrical energy produced by the

rSOC reactor constitutes close to 50 % of the chemical energy supplied to the system.

This represents the gross electrical efficiency of the system during SOFC operation. The

BoP electrical energy consumption equals 1.2 % of the chemical energy supplied to the

system. Therefore a net electrical efficiency of 49.4 % is achieved. Heat produced due to

exothermic reaction and internal losses accounts for 36 % of the chemical energy supplied

to the system. The heat produced in the reactor is carried by the product streams (both

fuel and air) and hence, the thermal energy at reactor outlet increases to 177 %. The

remaining 15 % of the supplied chemical energy exits the rSOC reactor as unconverted

chemical energy in the fuel stream. The heat produced in the reactor is first stored in

the HT-PCM unit at 850 °C and in the LT-PCM unit at 750 °C. The total thermal energy

stored in the heat storage unit accounts for 25 % of the chemical energy supplied, close

to 20 % is stored in LT-PCM and 5 % is stored in HT-PCM. The remaining heat produced

in the reactor is retained in the process streams which are used for preheating the inlet

process streams.

The different components of energy flow in the rSOC system during the SOEC op-

eration is shown in Figure 6.2(b). The energy flows are normalised by dividing by the

chemical energy produced the SOEC operation. The chemical energy produced by the

system during the SOEC operation is equivalent to the chemical energy supplied to

the system during the SOFC operation. In the SOEC operation mode, the product gas

produced from the SOFC operation is used as the reactant. The water stored in the water

tank is supplied to the rSOC reactor. The water is first preheated in the economiser and

later passes through the evaporator unit. A saturated steam exits the evaporator with a

temperature of 100 °C. The steam is then mixed with the hydrogen stream, which was

preheated to 100 °C. Hydrogen is required to be mixed with the steam to prevent the oxi-

dation of Ni in the fuel electrode. Oxidation of Ni leads to volume increase, delamination

and also inactivity of the electrode and hence higher losses. Secondly, the mass flow rate
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FIGURE 6.3. Variation of temperature, ideal voltage and losses in SRU at system
operation conditions with current density at 2500 A/m2 and 1 bar pressure
in (a) SOFC operation mode and (b) SOEC operation mode

.

of hydrogen feed is determined such that the outlet gas composition of the fuel stream in

the SOFC operation is same as the reactant composition supplied to the rSOC reactor in

SOEC operation mode. After mixing, the reactant has a composition of 90 mol% of H2O

and 10 mol% of H2. The inlet reactant stream contain chemical energy equivalent to 13.5

% of the chemical energy produced by the system. The SOEC reactants then enter the

LT-PCM heat storage unit and HT-PCM heat storage unit, where the reactant stream is

preheated to the rSOC inlet boundary condition for SOEC operation. The steam mixture

then enters the rSOC reactor. Air is supplied to the rSOC reactor as a sweep gas in order

to flush the oxygen (O2) produced during SOEC mode. The sweep gas is preheated to the

rSOC reactor inlet temperature in the heat recovery unit and the HT-PCM heat storage

unit. The total thermal energy consumption from the heat storage tanks is equivalent

to 22 % of the chemical energy produced. Of which, the thermal energy consumption

from HT-PCM tank amounts to 5 % and from the LT-PCM tank it amounts to 17 %

of the chemical energy produced. The reactants enter the rSOC reactor with an inlet

temperature of 820 °C. The total thermal energy carried by the reactant streams is equal

to 45.8 % of the chemical energy produced by the system. Variation of ideal voltage, ASR

and temperature is shown in the Figure 6.3(b). For the given inlet conditions, the rSOC

reactor operates in the endothermic SOEC mode. The temperature decreases along the

reactor length from 820 °C at inlet to 778 °C at the outlet. The ideal voltage increases
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along the length of the reactor. This is partly due to the reducing temperature and an

increasing hydrogen concentration along the reactor length. The voltage loss decreases

along the reactor length even though the temperature decreases along the reactor length.

The temperature gradient is not steep along the reactor length therefore, the local ASR

variation along the reactor length is not steep. But the voltage loss behaviour can be

explained by the distribution of local current density. The H2O concentration is higher

near inlet of the reactor resulting in a higher reaction rate and hence higher local current

density near the inlet. The high local current density at the inlet results in higher voltage

losses at the inlet. The reaction rate is much lower near the reactor exit resulting in low

local current density and hence a lower voltage loss close to the reactor exit. Based on the

predictions of the 1-D model, the characteristic reactor temperature was determined to

be 809 °C. The reactant utilisation was calculated as 88 % satisfying the assumption 1-3

provided in section 6.1.1. The reactor operates at a SRU voltage of 1.26 V which is 0.02

V lower than the thermoneutral voltage for H2-H2O reaction. The gross electrical energy

consumption of the rSOC reactor contributed 87 % of the total chemical energy produced.

The BoP required to compress produced hydrogen from 1 bar to 25 bar consumed 5.8 %

of the chemical produced as electrical energy. Hence, resulting in a net electrical energy

consumption of 93 % of the chemical energy produced. The thermal energy required for

endothermic SOEC operation accounted for 1.5 % of the total chemical energy produced.

The thermal energy was consumed from the reactant streams, hence, the thermal energy

of the product streams decreased to 43 % of the chemical energy produced. The product

gases exited the rSOC reactor at 781 °C which was used to preheat the reactant streams.

The net efficiency of the rSOC system in SOEC operation mode is equal to 107 % which

is equal to the inverse of the net electrical energy consumption.

Thermal management and the role of heat storage is shown to be crucial for the

system performance. From the Figure 6.2, it was shown that the thermal energy con-

tribution to chemical energy in SOEC operation is only 1.5 %. The rSOC reactor is only

slightly endothermic during SOEC operation, but still a higher percentage of thermal

energy is consumed from the heat storage tanks. Most of the thermal energy consumption

from the heat storage tanks is used for process heating requirements. The heat is used

for preheating the inlet reactants to the required boundary conditions and also for the

steam generation. The vapour fraction of the H2-H2 reactant mixture after the final

heat recovery unit is only 0.46. Hence, a significant proportion of the thermal energy
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consumption from the LT-PCM tank in SOEC operation is used for the steam generation

and super heating the steam. Therefore, apart from providing the heat for endothermic

behaviour for the rSOC reactor in SOEC operation, the heat storage also meets the

demands of the process heating requirements, hence achieving a self sustaining system.

If the heat storage is not available, the entire heat requirement has to be met by an

external heat source such as electrical heat or fuel combustion leading to even lower

roundtrip efficiencies. In total, 88 % of the thermal energy stored in the heat storage

during the SOFC operation is consumed during the SOEC operation of the system.

System performance at 25 bar

(a) (b)

FIGURE 6.4. Chemical, electrical and thermal energy flows represented in
Sankey diagram for the hydrogen based closed architecture rSOC system
at 25 bar. (a) Represents the energy flows in SOFC operation mode. All
flows are normalised by dividing by the chemical energy input to the system.
(b) Represents the energy flows in SOEC operation mode. All flows are
normalised by dividing by the chemical energy output of the system

.

The performance of the hydrogen based closed rSOC system architecture under pres-

surised operation is discussed. In chapter 4, it was shown that the pressurised operation

leads to higher roundtrip efficiency from a reactor perspective. In this section, it is shown

that the effect does not hold true from a system perspective. For the pressurised system

operation, an rSOC reactor roundtrip efficiency of 62.7 % was achieved. In contrast, the

system roundtrip efficiency of only 53.2 % was achievable. The pressurised operation

yielded only a marginal increase in system performance. This drastic drop between

the reactor and system roundtrip efficiency is due to the BoP work consumption. The
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summary of system performance is provided in the Table 6.5. On comparing the Tables

6.4 and 6.5, the difference in BoP consumption can be observed. For the atmospheric

system operation, the hydrogen produced in the SOEC operation has to be pressurised to

25 bar before storing it in the gas tanks. Hence, the BoP consumption in SOEC mode

is more than in SOFC mode. Whereas for the pressurised operation, the BoP power

consumption in SOFC mode is higher. This is because in the SOFC operation mode, the

air supplied to the reactor has to be pressurised to 25 bar from ambient state. This leads

to higher parasitic losses and hence lower system roundtrip efficiency.

TABLE 6.5. System performance of hydrogen based rSOC system under pres-
surised operation at 25 bar

Parameter Value Unit

SOFC

Characteristic reactor temperature 845 °C
Cell voltage 0.803 V

Net efficiency in SOFC mode 47.5 %

SOEC

Characteristic reactor temperature 809 °C
Cell voltage 1.279 V

Net efficiency in SOEC mode 112.1 %

Roundtrip efficiency

Reactor (Gross) 62.7 %
System (Net) 53.2 %

The mass flow rate of the fuel supply and the process scheme of the pressurised

system is similar to that of an atmospheric system. The energy flows in the rSOC system

during SOFC operation is depicted in Figure 6.4(a). In the SOFC operation mode, the

fuel from the tank at 25 bar is supplied to the system. No expansion process is required.

The chemical power supplied to the rSOC system is maintained the same as in the

non-pressurised system. The fuel is preheated and mixed with the recycle stream before

it is supplied to the rSOC reactor at 750 °C. The fuel recycle ratio is retained at 11 %.

Therefore, chemical energy entering the rSOC reactor is equal to 101.7 % of the chemical

energy supplied from the fuel tank. Air is supplied to the system from the ambient. It

is compressed to 25 bar in the four stage compression process and exits the compressor
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with a temperature of 80 °C. The pressurised air is then passed through the initial

heat recovery units, where it is heated to 500 °C and is then mixed with the air recycle

stream. The air recycle loop is activated for the pressurised system. A portion of the air

exhaust from the rSOC reactor after the SOFC operation is recycled within the system.

The recycle ratio is controlled such that the mixed air stream reaches the required inlet

temperature of 700 °C for the rSOC reactor in SOFC operation mode. An air recycle

ratio of 78 % is attained for optimum performance. The high air recycle ratio has certain

advantages and disadvantages. Firstly, a high recycle ratio, leads to less volume flow

rate of fresh air from the atmosphere. This in turn reduces the work consumed by the

air compressor. Secondly, less heat in heat recovery units is needed to preheat the air to

the required boundary condition. Hence, work can be extracted in an expansion turbine

before the product air from the rSOC reactor is released to the atmosphere. Together,

this reduces the BoP power consumption. But, high air recirculation reduces the partial

pressure of oxygen in the air entering the rSOC reactor. This reduces the ideal voltage

and also possibly increases the activation losses on the air electrode in the rSOC reactor

though it is expected that the advantages of air recirculation outweigh the disadvantages.

The reactants fed to the rSOC reactor carry thermal energy equivalent to 129 % of the

chemical energy supplied to the system. The temperature, ideal voltage and voltage loss

distribution along the reactor length is provided in Figure 6.5(a). The behaviour of the

key parameters along the reactor length at 25 bar is similar to its behaviour for system

operation at 1 bar. For the inlet conditions, the characteristic reactor temperature was

determined to be 845 °C and a SRU voltage of 0.803 V was obtained. The gross electrical

energy produced by the rSOC reactor amounts to 55 % of the chemical energy fed to the

system. This is 5 % more than the power produced at non-pressurised operation. The

higher electric power is due to the positive effect of pressure on the SOFC operation. The

BoP components consume 8 % of the chemical energy supplied to the system as electrical

energy. The high electrical energy consumption of the BoP components is attributed

to the energy required to compress air. Therefore, reducing the net electrical energy

produced by the system to 47.3 % of the chemical energy supplied to the system. This

corresponds to the net electrical efficiency for the system in SOFC operation. Around

31 % of the chemical energy supplied to the system is converted to thermal energy in

the rSOC reactor during SOFC operation. The heat produced is carried by the product

streams exiting the rSOC reactor. The thermal energy of the product streams leaving the

rSOC reactor is increased to 160 % of the chemical energy supplied to the system. The

remaining 15 % of the chemical energy supplied to the system is retained in the product
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streams as unconverted fuel of which 1.7 % is recirculated to the reactants. The thermal

energy stored in the heat storage is equivalent to 21 % of the chemical energy supplied.

The heat stored in HT-PCM and LT-PCM amounts to 3.4 % and 17.6 % respectively. Due

to positive effect of pressure on rSOC reactor in SOFC operation, less heat is produced

and hence less heat is available for storage than in the non-pressurised scenario.
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FIGURE 6.5. Variation of temperature, ideal voltage and losses in SRU at system
operation conditions with current density at 2500 A/m2 and 25 bar pressure
in (a) SOFC operation mode and (b) SOEC operation mode

.

The different components of energy flow in the rSOC system during the SOEC op-

eration is shown in Figure 6.4(b). The energy flows are normalised by dividing by the

chemical energy produced the SOEC operation. In the SOEC operation mode, the steam

and 10 mol% of H2 is supplied to the rSOC reactor similar to the non-pressurised op-

eration. The H2-H2O carry 13.5 % of the chemical energy produced by the system. Air

from the atmosphere is compressed to 25 bar in a 4 stage compression process and is

supplied to the system. Unlike in SOFC operation mode, air recirculation loop is not

activated, since the mass flow rate of air is not as high as in SOFC mode. The reactants

are preheated in the heat recovery units and fed to the heat storage units where they

are brought to the required boundary conditions. The reactants are fed to the rSOC

reactor at an inlet temperature of 820 °C. The reactant streams contain thermal energy

equal to 44.6 % of the chemical energy produced by the system. Out of the total thermal

energy available in the reactant streams entering the rSOC reactor, the heat storage unit
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contributed 20.8 % of the chemical energy produced as process heat. The distribution of

temperature, voltage loss and ideal voltage along the reactor length during electrolysis

operation is shown in Figure 6.5(b). The rSOC reactor is almost thermoneutral at 25

bar, the temperature along the length of SRU is constant. The behaviour of ideal voltage

and voltage loss is similar to the case of non pressurised operation. For the given inlet

conditions, the rSOC reactor operates at a SRU voltage of 1.279 V which is almost equal

to the thermonetural voltage for H2-H2O reaction. The electrical energy consumed by

the rSOC reactor accounts for 88 % of the chemical energy produced whereas the contri-

bution of thermal energy is only 0.4 % of the chemical energy produced by the system.

This implies the rSOC reactor is almost thermoneutral during the SOEC operation. The

electrical energy consumption of the BoP components is marginal at 0.6 % of the chemical

energy produced by the system. The product streams exit the rSOC reactor at 800 °C.

The fuel stream is cooled in the heat recovery unit. The hydrogen is separated from the

remaining water and is stored in the fuel tank. Hot product air is used for preheating the

compressed air. It is then expanded in an expansion turbine to recover the work required

for the compressor. It is expanded to atmospheric pressure and released to the ambient.

The rSOC system achieves a net efficiency of 112 % in SOEC operation.

Thermal management is again shown to be essential for optimal system perfor-

mance. Though the rSOC reactor is almost thermoneurtal, 99 % of the thermal energy

stored in the heat storage tanks during the SOFC operation is consumed in the SOEC

operation mode. Similar to the case of the non-pressurised system, thermal energy from

the heat storage tanks was utilised for process heating and steam generation. This

further highlights the importance of heat storage and thermal management even for

thermonetural operation of rSOC reactors in the SOEC operation mode. Most of the heat

consumed from the LT-PCM tank is used for the steam generation process.

Summary of closed system architecture

The performance of the hydrogen based closed rSOC system architecture was stud-

ied under pressurised and non-pressurised conditions. It was shown that even though

the pressure has a positive effect on reactor roundtrip efficiency, the effect on system

roundtrip efficiency is only marginal. This is due to the high BoP consumption during

the pressurised operation. The compression of air during the SOFC operation of the pres-

surised rSOC system was more energy intensive than downstream hydrogen compression
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during the SOEC operation of the non-pressurised rSOC system. High air recirculation

and complex system designs are required for achieving the reported system performance

for the pressurised rSOC system. The system performance is summarised in the Figure

6.6.
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FIGURE 6.6. Summary of hydrogen based closed rSOC system performance at 1
bar and 25 bar.

Further, the importance of thermal management and heat storage was highlighted

for both operation conditions. The rSOC reactor was operating in the endothermic region

and close to the thermoneutral point during the SOEC operation of the system in non-

pressurised and pressurised condition respectively. In both cases, a significant portion

of the heat stored in the heat storage system was consumed for process heating. This

proves that the thermal management is essential for an efficient rSOC system. The heat

ratio of the non-pressurised and the pressurised system are 88 % and 99 % respectively.

The heat ratio is summarised in the Figure 6.7.

A closed rSOC system architecture based on hydrocarbons and with the methanation

downstream process during the SOEC operation was also studied. A similar qualitative

result was obtained for the same. For a hydrocarbon based closed rSOC system architec-
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FIGURE 6.7. Heat ratio of hydrogen based closed rSOC system at 1 bar and 25
bar.

ture, the pressurised operation had a positive effect on the energy storage density. The

fuel produced during the SOEC operation for a pressurised system resulted in higher

LHV and hence higher storage density. Moreover, pressurised operation can promote

exothermic methanation within the rSOC reactor leading to better thermal manage-

ment of the system. The detailed analysis of hydrocarbon based closed rSOC system is

discussed in [223].

6.3 Hydrocarbon based rSOC system for sector
coupling

The functionality of rSOC reactors can be extended using an open system configuration.

Apart from energy storage, the rSOC reactor systems are ideal for sector coupling. In the

open system configuration, during the SOEC operation, the fuel/chemical produced is

supplied to gas grids or other energy, chemical or process industries. Likewise, in SOFC

operation, the fuel required is obtained from gas grids, chemical industries or other

sources. This allows for greater flexibility and use of the rSOC reactors and systems. Use-

ful chemicals or fuels used by other process industries are largely based on hydrocarbons.
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Hence, in this analysis, a hydrocarbon based open rSOC system architecture is analysed.

Many synthesis routes are possible producing various hydrocarbons depending upon the

final use. Methane (CH4) is one of the most common and abundantly used hydrocarbons

in the energy and chemical process industries. Additionally, storing electrical energy

as methane can exploit the existing vast network of natural gas grids. The gas grids

provides a huge storage capacity and allows for easy transportation of the energy. Hence,

a methane based gas grid connected rSOC system (henceforth referred to as the methane

based rSOC system) is considered in this analysis.

The methane based gas grid connected system is an extension of the hydrogen based

closed architecture rSOC system with additional downstream process in SOEC operation

mode and BoP components. In the charging or SOEC operation, the electrical energy is

utilised to electrolyse water and carbon dioxide to produce syngas. The syngas is then

converted to methane in the downstream process and fed to the gas grid. During the

discharge or fuel cell operation, methane as fuel from the natural gas grid is supplied to

the rSOC system.

6.3.1 Model descripton

The simplified process flow diagram of the methane based gas grid connected rSOC

system is depicted in the Figure 6.8. The SOFC and SOEC process are described in the

Figure 6.8(a) and Figure 6.8(b) respectively.

SOFC operation mode

Methane from the natural gas grid is supplied as fuel to the rSOC system during the

SOFC operation. It is assumed that the fuel is supplied to the system at the operational

pressure of 25 bar. Natural gas at these pressures can be obtained from the intermediate

pressure natural gas pipelines. The pressures at these pipelines are in the range of

25-50 bar. Hence, no additional compressor work is required to compress the natural

gas to the system operational pressure. It is initially preheated in the first heat recover

units by the exhaust streams from the rSOC reactor. The fuel is then mixed with the

fuel exhaust recycle stream. The fuel exhaust recycle stream is at a temperature of 670

°C. The fuel exhaust stream of the rSOC reactor consists mainly of steam and carbon

dioxide. Steam is required to be added to the fuel for the reforming reaction to take

place in the pre-reformer. Also, steam is added to the fuel stream to maintain a high
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FIGURE 6.8. (a) Process flow diagram of the methane based gas grid connected
rSOC system during the SOFC operation mode (b) Process flow diagram
of the methane based gas grid connected rSOC system during the SOEC
operation mode.
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Steam to Carbon Ratio (STCR) of 2 and above to prevent carbon deposition in the system.

Hence, the fuel exhaust recycle loop eliminates the need for a steam generation unit in

the SOFC operation. The fuel exhaust recycle ratio is varied accordingly to achieve a

STCR of 2 after mixing. After mixing, the resultant fuel mixture reaches a temperature

of 459 °C. The resulting fuel mixture is then preheated in the heat recovery units to a

temperature of 670 °Cand fed to the pre-reformer where the methane undergoes steam

reforming. The reformate product gas has a lower temperature at the outlet due to the

endothermic reforming reaction. It is then fed to the final heat recovery unit where it is

heated to the required fuel inlet temperature of 750 °C for the rSOC reactor during the

SOFC operation. Air is supplied to the system from the ambient and is compressed to the

system pressure of 25 bar. It is then preheated in the heat recovery units and mixed with

the air exhaust recycle stream. Similar to the closed system architecture, the recycle

ratio is determined such that the air mixture temperature achieves the inlet temperature

of 700 °C required for the rSOC reactor during SOFC operation. The product gas from

the SOFC exhaust mostly consists of H2O, CO2 and unconverted H2 and CO. The air

and fuel exhaust streams from the rSOC reactor are sent to heat storage unit, where

the heat produced in the rSOC reactor is stored. Remaining heat in the exhaust streams

are used for preheating the inlet streams in the heat recovery unit and part of the fuel

exhaust stream is recycled to the inlet. The fuel exhaust stream is further cooled to

condense and remove the water. The remaining CO2 and the unreacted CO and H2 is fed

to the exhaust tank. Likewise, the air stream is partly recycled and excess is cooled in

the heat recovery unit. It is then expanded to atmospheric pressure and released to the

environment.

SOEC operation mode

During the SOEC process, H2O and CO2 is fed to the rSOC reactor for co-electrolysis.

The CO2 required for co-electrolysis is obtained from the gas stored in the exhaust

tank during the SOFC operation. The mass flow rates of H2O and the exhaust gas

mixture are chosen such that H/C ratio is equal to 7 which is required for high methane

production [85]. The gas composition is controlled such that the reactant composition

fed to the rSOC reactor during SOEC operation is similar to the product composition

from the rSOC reactor during the SOFC operation. Water is first pumped to the system

operational pressure of 25 bar. It is then fed to the steam generation unit which is coupled

to the methanation reactor unit. Heat produced during the exothermic methanation

downstream process is used for steam generation. The produced steam is then fed to
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the final heat recovery unit and mixed with the CO2 dominated exhaust gas mixture

which is preheated in the heat recovery unit. The CO2 dominated exhaust gas mixture

contains some amount of H2 required to prevent oxidation of Ni in the fuel electrode.

The mixture of steam, carbon dioxide and hydrogen is then fed to the heat storage units

where it absorbs the heat stored during the SOFC operation and enter the rSOC reactor

at an inlet temperature of 785 °C. A lower inlet temperature is chosen for the SOEC

operation for the methane based system as compared to the hydrogen based system. This

is because for the methane based system, the rSOC reactor is expected to operate in the

exothermic region during the SOEC process. Air is fed to the system from the atmosphere.

Due to the exothermic nature of this SOEC process, air is used as sweep gas and also

as cooling medium for the rSOC reactor. Air is first compressed to the system pressure

and preheated in the heat recovery unit. An air exhaust recycle unit is employed also for

the SOEC process. The preheated air is then mixed with the air exhaust recycle stream.

The recycle ratio is determined such that the air mixture temperature achieves the inlet

temperature of 785 °C. After the co-electrolysis, the fuel gas (syngas) produced by the

rSOC reactor is cooled to a temperature of 300 °C and fed to the downstream process. A

four stage methanation process is employed for the downstream process and is addressed

below. The final fuel with high methane content is separated from the water and fed

to the natural gas grid. The air exhaust from the rSOC reactor is partly recycled and

cooled in the heat recovery unit. It is then expanded to the atmospheric pressure before

released to the environment.

Gas storage

Unlike the closed system architecture, in the methane based system the fuel is stored

in the gas grid. Gas storage tanks in the methane based system are used for storing

the CO2 and water produced during the SOFC process. The CO2 exhaust tank is at 25

bar and temperature of 25 °C. Water is stored as liquid at 25 °C. The number of storage

tanks remains the same as in the closed system architecture.

Heat Storage

The heat storage system employed in the open system architecture is similar to the one

described for the hydrogen based closed system architecture.
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rSOC reactor

The model and boundary conditions of the rSOC reactor essentially remains the same

as for the closed system architecture. The inlet temperature of the fuel and air inlet

to the rSOC reactor during the SOFC operation is retained at 750 °C and 700 °C

respectively. The allowable temperature difference between the maximum temperature

and minimum temperature in the SRU is set at 250 K. Internal steam reforming and

methanation reactions are expected to occur within the rSOC reactor during the SOFC

and SOEC operations respectively. This can induce cold spots (low temperature point)

and hot spots (high temperature point) within the reactor which can lead to failure.

This further attenuates the need to verify if the system operation conditions lead to

hazardous behaviour within the rSOC reactor. The inlet boundary conditions for the

rSOC reactor during the SOEC operation are different than in the hydrogen based

system. It is expected that the rSOC reactor will operate in exothermal mode during the

SOEC process. Hence, the inlet temperatures of the fuel and air reactants are lowered to

785 °C. The characteristic rSOC reactor temperature for the 0-D model is determined by

the method described earlier in section 6.2.1.

Methanation process and pre-reformer

In the SOFC operation of the rSOC system, a pre-reformer is employed to partially re-

form the methane fuel. The reformer is modelled as an adiabatic equilibrium reactor. The

minimum temperature (either at inlet or outlet) is set at 300 °C. Below this temperature,

the commonly used nickel based catalysts are not activated. A four stage downstream

methanation process is employed during the SOEC process. The methanation process is

modelled based on the commercial TREMP methanation process developed by Haldor

Topsoe. The TREMP process employs multistage adiabatic methanation reactors. Due to

exothermic nature, the products from the reactors are cooled before fed to the next metha-

nation reactor. Intermediate cooling is employed to move the gas temperatures towards

higher equilibrium conversions [224]. The TREMP methanation process is characterised

by a low and high temperature region. The low temperature region (third and fourth

stage methanation reactors) can operate in the temperature range between 250 °C to 350

°C [225] and the high temperature region (first and second stage methanation reactors)

can reach temperatures up to 700 °C [226, 227]. State of the art catalyst (e.g. MCR-2X)

can handle high temperatures till 700 °C [225, 228]. Integrating heat recovery for steam

generation with the methanation process improves the exergy efficiency of the process.
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High pressure steam can be generated by extracting the heat from the methanation

reactors for steam generation [225]. The high temperature operation region of the metha-

nation process has a similar operational range for the steam methane reforming reaction.

The same catalyst can indeed act as catalyst for reformer. Hence, in the methane based

rSOC process system, the 1st methanation reactor is used as a pre-reformer during the

SOFC operation process. For the system modelling activity, the methanation reactors are

modelled as equilibrium reactor. The equilibrium compositions represent the limit for

conversion. Additionally, with proper dimensioning of the reactor and optimised value for

the space velocity, the reactant conversions close to equilibrium values can be attained.

Hence, the equilibrium assumption for the modelling is justifiable. Though for a proper

sizing of the reactor, a kinetic model should be employed based on the selected catalyst.

Operation parameters

The methane based gas grid connected rSOC system is analysed for two current den-

sities. Though it was shown earlier that the pressurised operation is challenging from

the system perspective, pressurised operation of the methane based rSOC system is

considered. The reasons for the pressurised operation are presented here. In chapter 4,

it was shown that for an H-C-O system using a commercial rSOC reactor, an exothermic

operation is achieved at 25 bar at a current density of 2500 A/m2. Since, during the

co-electrolysis process hydrogen and carbon monoxide are produced which, under the

relevant conditions (high pressure) can undergo the exothermic methanation reaction

within the rSOC reactor. This leads to an exothermic behaviour of the rSOC reactor

during the SOEC operation. Yet it was shown for the H-O based system that the SOEC

process is still endothermic or close to thermoneutral at 25 bar and 2500 A/m2. Therefore,

the possibility of internal methanation at 25 bar for co-electrolysis in the SOEC opera-

tion can help in thermal management of the SOEC process. Moreover, the downstream

methanation process requires a pressurised process for high methane production. Due

to the above reasons, a pressurised operation of the methane based rSOC system is

considered. The exothermic SOEC process is achievable at a current density of 2500

A/m2 and possibly even at lower current densities resulting in higher roundtrip efficiency.

Hence, the system is analysed for two current densities. An overview of the system

operational parameters and boundary conditions is provided in the Table 6.6.
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TABLE 6.6. Operation parameters and boundary conditions of the gas grid
connected methane based gas grid rSOC system

Parameters Value Unit

System pressure 25 bar

SOFC operation mode

Fuel inlet temperature of rSOC 750 °C
Air inlet temperature of rSOC 700 °C
Maximum ∆T in rSOC reactor 250 °C

Total fuel conversion 90 %
Single pass fuel conversion 85 %

SOEC operation mode

Steam inlet temperature of rSOC 785 °C
Air inlet temperature of rSOC 785 °C
Maximum ∆T in rSOC reactor 250 °C

Heat storage

HT-PCM heat storage temperature 850 °C
LT-PCM heat storage temperature 750 °C

Gas storage tanks

Exhaust tank temperature 25 °C
Exhaust tank pressure 25 bar

Water tank temperature 25 °C
Water tank pressure 1 bar

Methanation and reforming

Minimum temperature in reactor 300 °C
Maximum temperature in reactor 700 °C

No. of stages in downstream process 4
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6.3.2 Results and discussion

The methane based rSOC system was analysed for the nominal operating current density

of 2500 A/m2 and for a lower current density of 1500 A/m2. For both the operational

current densities, the system pressure was maintained at 25 bar. The system performance

at both the current densities is discussed below. A sankey diagram showing the energy

flows in the system is presented Figure 6.9. The energy flows are normalised by dividing

them by the chemical energy supplied to the system in SOFC operation or produced

by the system in SOEC operation. The chemical energy produced by the system in the

SOEC operation mode is equal to the chemical energy supplied to the system in the

SOFC operation mode due the assumptions one to three.

TABLE 6.7. Performance of the methane based gas grid connected rSOC system
at a current density of 2500 A/m2

Parameter Value Unit

SOFC

Characteristic reactor temperature 845 °C
Cell Voltage 0.772 V

Net efficiency in SOFC mode 57 %

SOEC

Characterisitc reactor temperature 800 °C
Cell voltage 1.235 V

Net efficiency in SOEC mode 92.9 %

Roundtrip efficiency

Reactor (gross) 62.2 %
System (net) 52.9 %

The performance of the methane based rSOC system is summarised in the Table 6.7.

The reactor roundtrip efficiency of 62.2 % and the net system roundtrip efficiency of 52.9

% was achievable for the methane based grid connected rSOC system. Similar to the case

of pressurised hydrogen based system, the lower system roundtrip efficiency as compared

to the reactor roundtrip efficiency is due to the high BoP work consumption during the

SOFC process. The sankey diagram depicting the energy flows in the system is depicted

in Figure 6.9(a). During the SOFC operation mode, methane is supplied to the system

after sulphur removal. Methane supplied to the system from the gas grid corresponds
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(a) (b)

FIGURE 6.9. Chemical, electrical and thermal energy flows represented in
Sankey diagram for the methane based rSOC system at 2500 A/m2. (a) Rep-
resents the energy flows in SOFC operation mode. All flows are normalised
by dividing by the chemical energy input to the system. (b) Represents the
energy flows in SOEC operation mode. All flows are normalised by dividing
by the chemical energy output of the system

.

to the 100 % of the chemical energy supplied. It is mixed with the fuel exhaust recycle

stream obtained from the rSOC exhaust stream. The temperature of the fuel exhaust

recycle stream is 678 °C. A recycle ratio of 48 % is required to achieve the required

STCR to avoid carbon deposition in the pipe, reformer and the rSOC reactor. The exhaust

recycle stream contains 8.8 % of the chemical energy supplied to the system. It also

transmits thermal energy equivalent to 14.6 % of the chemical energy supplied to the

system due to its high temperature. The resulting fuel mixture is at a temperature of 459

°C and further is preheated to 670 °C in the heat recovery unit where it absorbs thermal

energy equal to 3.5 % of the chemical energy supplied to the system. It is then fed to the

pre-reformer unit where it is pre-reformed. The reformate gas exits the pre-reformer

at a temperature of 594 °C. The lower outlet temperature is due to the endothermic

reforming reaction. The chemical energy of the reformate is increased to 110 % of the

chemical energy supplied to the system. It is then preheated to the required fuel inlet

temperature of 750 °C. The air required for the SOFC operation, is compressed to 25

bar from the ambient. The compressed air is then preheated in the heat recovery unit

and mixed with the air exhaust recycle stream. An air exhaust recycle ratio of 48 % was

required to raise the temperature of the air mixture to the required inlet temperature

of 700 °C. The reactants entering the rSOC reactor carry 90.4 % of the chemical energy

supplied to the system as thermal energy. For the given inlet conditions, the variation of

MEA temperature, ideal voltage and voltage loss along the length of the rSOC reactor
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during the SOFC operation is shown in the Figure 6.10(a).

TABLE 6.8. Gas composition at the outlet of rSOC and exhaust tank for methane
based system in SOFC mode

Gas species rSOC outlet Exhaust storage tank

H2 8 % 20 %

H2O 58 % 0.00 %

CO 4 % 9 %

CO2 30 % 71 %

CH4 0.00 % 0.00 %

O2 0.00 % 0.00 %

N2 0.00 % 0.00 %

C 0.00 % 0.00 %

A drop in the MEA temperature is observed near the inlet of the rSOC reactor. This

temperature reduction is due to the endothermic steam reforming reaction which occurs

close to the reactor inlet. The temperature then further increases along the reactor length

due to exothermic oxidation reaction and losses. The local ideal voltage of the reactor

decreases along the reactor length due to decreasing concentration of fuel components (H2

and O2) and increasing temperature along reactor length. The voltage loss also decreases

along the reactor length. This is due to decreasing ASR with higher temperature towards

reactor outlet. From detailed model results for the system operating conditions, the

characteristic temperature of the rSOC reactor in SOFC operation was determined to be

843 °C. The rSOC reactor operates at a cell voltage of 0.773 V. The gross electrical energy

produced by the rSOC reactor in SOFC operation amounts to 67 % of the chemical energy

supplied to the system. This corresponds to the gross electrical efficiency of the system

in SOFC operation. Electrical energy equal to 10 % of the chemical energy supplied to

the system is consumed by the BoP components. Hence, a net electrical efficiency of 57

% is achieved in SOFC operation of the rSOC system. The thermal energy generated

in the rSOC reactor accounts for 23 % of the chemical energy input to the system. The

heat generated in the rSOC reactor is carried by the product streams leaving the rSOC

reactor. Hence, the thermal energy of the product stream is increased to 113 % of the

chemical energy supplied to the system. The fuel and air stream exits the reactor at a

temperature of 876 °C. The concentration of the fuel exhaust at the outlet of the rSOC
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reactor is provided in the Table 6.8. The fuel exhaust stream contains 20.4 % of the

chemical energy supplied to the system as unreacted fuel of which 8.8 % is recycled

to the reformer. A part of the thermal energy in the exhaust streams is stored in the

heat storage units. The heat stored in the thermal energy storage system accounts for

only 10 % of the input chemical energy and is significantly lower than in the hydrogen

based system presented in section 6.2.2. Heat produced during the SOFC operation is

significantly lower for the methane based system. This is due to the endothermic internal

reforming occurring within the rSOC reactor which absorbs a part of the heat produced

due to exothermic oxidation and losses. The remaining thermal energy in the exhaust

streams is used to the preheat in the inlet reactants and support the reforming reaction

in the pre-reformer. The fuel exhaust stream is cooled in water knock out unit, where

CO2, unreacted H2 and CO are separated from water and sent to the exhaust tank. The

fuel exhaust stream fed to the exhaust tanks contains chemical energy equal to 11.5 % of

the chemical energy supplied to the system.

(a)
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FIGURE 6.10. Variation of temperature, ideal voltage and losses in SRU at
system operation conditions with current density at 2500 A/m2 in (a) SOFC
operation mode and (b) SOEC operation mode

.

The energy flows for the rSOC system in SOEC operation mode is shown in Figure

6.9(b). The energy flows are normalised by dividing by the chemical energy produced by

the system. In the SOEC operation mode, the mixture of H2O and CO2 is fed to the rSOC

reactor as reactant. The reactant mixture also contains some amount of H2 and CO.
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Therefore, it posses chemical energy equal to 11.7 % of the chemical energy produced by

the system. The water is supplied to the system from the water tank at 25 °C and is first

pumped to the system pressure of 25 bar before it is fed to the steam generation unit.

The steam generation unit is interlinked with the downstream methanation process.

As the methanation process is exothermic, the heat produced during the methanation

process is utilised for the steam generation. The methanation process generates 20.6 %

of the chemical energy produced by the system as thermal energy. This thermal energy

is used for steam generation. A superheated steam at a temperature 480 °C is obtained

at the outlet of the steam generator. The CO2 exhaust mixture from the exhaust tank

is preheated to around 325 °C and mixed with the steam. The mixture of H2O-CO2 is

then passed through the heat storage units where it is brought to the inlet temperature

of 785 °C required for the rSOC reactor in SOEC operation mode. Air as sweep gas and

also as heat transfer media is compressed to the system pressure of 25 bar from ambient

conditions. The compressed air is preheated in the heat recovery unit and mixed with the

air from the exhaust recycle unit. The air mixture is then supplied to the rSOC reactor at

a temperature of 785 °C. The air and reactant mixture entering the rSOC reactor posses

thermal energy equal to 272 % of the chemical energy produced by the system. The total

heat absorbed by the reactant mixture and air from the heat storage unit accounted for

8 % of the chemical energy produced by the system. The HT-PCM contributed 1.6 % and

LT-PCM contributed 6.5 % of the chemical energy produced by the system as heat. The

variation of temperature, ideal voltage and voltage losses along the length of the SRU

for the given inlet conditions during the SOEC operation is shown in the Figure 6.10.

The temperature of the MEA initially decreases due to the endothermic electrochemical

reaction. Towards the end of the SRU, the temperature increases due to the exothermic

internal methanation reaction. The fuel and air product streams exit the rSOC reactor

with a temperature 806 °C. This results in an exothermic behaviour of the electrolysis

operation. The local ideal voltage gradually increases along the reactor length due to

increasing concentration of fuel components (H2, CO and O2) towards the reactor outlet.

The local voltage loss decreases along the reactor length. This is due to the increase

in temperature along reactor length which lowers the local ASR. From the 1-D model

results, the characteristic temperature of the rSOC reactor during the SOEC operation

was determined to be 800 °C. The rSOC reactor consumes 107.5 % of the chemical

produced by the system as electrical energy. The BoP electrical energy consumptions is

insignificant and hence electrical energy consumption of the reactor represents the net

electrical energy consumption of the system. The rSOC reactor operates at a cell voltage
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of 1.235 V and producing a syngas mixture with a small mol% of methane at the outlet.

The composition of the fuel produced by the rSOC reactor during the SOEC process is

provided in the Table 6.9. The chemical energy of the syngas mixture is 110 % of the

chemical energy produced by the system. The thermal energy of the product stream

from the rSOC reactor increased to 5 % to 276 % of the chemical energy produced by the

system. This is due to the exothermic SOEC operation of the rSOC reactor. The syngas

mixture is then processed in the downstream methanation process. The syngas mixture

is first cooled to 300 °C corresponding to the inlet temperature of the 1st methanation

reactor and the heat is used for process heating. The cooled syngas mixture undergoes

the methanation reaction in the 1st methanation reactor and exits the reactor with a

temperature of 666 °C. The product gas is then again cooled to 300 °C and supplied to

the subsequent reactor. The process is repeated until the final stage of the methanation

process. The temperature of the product gas after the second and third methanation

reactors was 532 °C and 409 °C. The final product gas exits the methanation unit with

a temperature of 335 °C and is then cooled to remove the water from the fuel stream.

The final fuel gas contains 92 mol% of CH4, 7 mol% of H2 and traces of CO2 and CO. At

the end of the methanation process, the produced fuel lost 10.5 % of chemical energy

in the raw syngas from the rSOC reactor and the chemical energy of the final product

fuel is 100 %. The lost chemical energy from the syngas is converted to heat during the

exothermic methanation reactions. Composition of the produced fuel is provided in the

Table 6.9. The methane fuel is then compressed to the pipeline pressure and fed to the

natural gas grid network. Part of the air at the outlet of the rSOC reactor is recycled

back to the inlet. The remaining air is then cooled in the heat recovery unit and then

finally expanded to the ambient pressure to extract work. A net efficiency of 93 % was

achieved for the rSOC system in SOEC operation.

Thermal management is shown to be essential for the methane based system as well.

In spite of the exothermic behaviour of the rSOC reactor and exothermic downstream

methanation process, a significant proportion of thermal energy is consumed from the

heat storage tanks. The thermal energy consumption from the storage tanks is equal

to 8 % of the chemical energy produced. Though the size and dimension of the thermal

management system is smaller when compared to the hydrogen based system. The

rSOC reactor operates in exothermic mode at 2500 A/m2 and at 25 bar due to internal

methanation occurring within the rSOC reactor during the SOEC operation. Additionally,
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TABLE 6.9. Gas composition at the outlet of rSOC and after downstream metha-
nation process for methane based system in SOEC mode

Gas species rSOC outlet Fuel composition

H2 45 % 7 %

H2O 25 % 0.00 %

CO 8 % 0.00 %

CO2 5 % 2 %

CH4 16 % 91 %

O2 0.00 % 0.00 %

N2 0.00 % 0.00 %

C 0.00 % 0.00 %

the exothermic downstream methanation process produces enough heat required for

the steam generation. Still, 80 % of the heat stored during the SOFC operation mode is

consumed during the SOEC operation mode. Hence, the thermal management system

still plays a significant role in providing the necessary heat for process heating. Also, it

should be noted that less heat is stored in the heat storage during the SOFC operation,

since less heat was generated within the rSOC reactor during the SOFC operation due

to endothermic internal steam reforming reaction.

6.3.2.1 Summary of methane based rSOC system

A process system analysis of a methane based gas grid connected rSOC system was

presented. It was shown that a system roundtrip efficiency of 53 % is achievable for an

operating current density of 2500 A/m2 and at 25 bar. In this system, the fuel or chemical

produced during the SOEC process is not stored within the system boundary but instead

is distributed to an existing gas grid network. During the SOFC operation, the required

fuel was obtained from the natural gas grid. This enhances the usability of the rSOC

system. Additional BoP and downstream processes are required for such systems as

compared to a simple hydrogen based rSOC system. A system roundtrip efficiency of

53 % was still achievable for the system. The performance of the system is equal to the

hydrogen based systems in spite of the additional components and process. A similar

analysis of the system was performed for an operation current density of 1500 A/m2. A

lower current density operation was feasible as compared to the hydrogen based system.
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The qualitative performance of the rSOC at 1500 A/m2 is similar to the system operating

at 2500 A/m2. The system roundtrip efficiency of the system at 1500 A/m2 was found to

be equal to 62 %. This was expected due to lower voltage losses at lower current density.

The rSOC reactor operated in the exothermic mode during the SOEC process even for the

lower current density of 1500 A/m2. Lower current density, implies that the reactor area

for the same current would need to be higher. Hence, increasing the capital expenditures.

The comparison of reactor and system roundtrip efficiency for the methane based rSOC

system is provided in the Figure 6.11.

FIGURE 6.11. Summary of methane based gas grid connected rSOC system
performance at 1500 A/m2 and 2500 A/m2

Thermal management was shown to be essential even for the exothermic SOEC

process. During the SOFC operation mode, less heat is generated within the rSOC reactor

due to internal reforming. Hence, less heat is stored in the heat storage system. During

the SOEC operation mode, though the rSOC reactor was exothermic and the downstream

methanation process generated enough heat for steam generation, significant proportions

of thermal energy were absorbed from the heat storage tank. The heat absorbed from

the heat storage tanks was largely used process heating. An analysis of the system at

1500 A/m2 yielded the same qualitative results concerning the heat storage. The heat
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FIGURE 6.12. Heat ratio of methane based gas grid connected rSOC system at
1500 A/m2 and 2500 A/m2

ratio of the methane based rSOC system for both the operational current densities is

shown in the Figure 6.12.

6.4 Summary

A detailed process system study of a PtP system using a commercially available rSOC

reactor was performed. Based on the functionality, two system architectures were defined;

an open system architecture and a closed system architecture. In the closed system

architecture, the chemical energy is retained within the system boundary by storing it

in the fuel and the gas storage tanks. The fuel produced during the SOEC operation of

the rSOC system is stored in fuel tanks which is then later utilised during the SOFC

operation. The closed system architecture of the rSOC system was studied for the H2-

H2O and CH4 oxidation reaction chemistry. A hydrogen oxidation based closed rSOC

system is the simplest form of all the rSOC system architectures. In the open system

architecture, the chemical energy is not stored within the system boundary. The fuel

required during the SOFC operation can be obtained from external sources such as

the natural gas grid, biogas plants etc. Likewise, the fuel produced during the SOEC
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operation is not stored within the system but is supplied to other interacting process

industries, natural gas grids, downstream processes etc. The prime function of the closed

system rSOC architecture is electricity storage. The open system architecture functions

as energy storage system and also sector coupling.
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FIGURE 6.13. Summary of achievable roundtrip efficiency of the different rSOC
system architecture. OGJ15 - Methane based gas grid system at 1500
A/m2, OGJ25 - Methane based gas grid system at 2500 A/m2, CGHOP25
- Hydrogen based closed architecture rSOC system at 25 bar, CGHOP1 -
Hydrogen based closed architecture rSOC system at 1 bar

A summary of roundtrip efficiencies achievable for the different system architectures

is presented in the Figure 6.13. Pressurisation is beneficial for the reactor performance

but not for the system performance. In order to achieve a roundtrip efficiency of 53 % at 25

bar, air exhaust recycle loop was employed to limit the BoP work of air compression for the

hydrogen based closed rSOC system. Hence, complex system configuration are required

to achieve higher system efficiencies. For the hydrocarbon based closed rSOC system

configuration, a similar qualitative result was attained [223]. An alternate solution was

employed to improve the system performance under pressurised operation. Instead of the

air recycle loop, a compressed air storage tank was used for the hydrocarbon based closed

rSOC system to improve the system efficiency to 60 % at 25 bar. Adding a compressed
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air storage tank increased system efficiency but also increases the complexity, capital

and operational cost of the system. For the methane based gas grid connected system,

a pressurised operation was considered. During the SOEC process of the methane

based system, co-electrolysis (reduction of CO2 and H2O to CO and H2 repectively)

occurs within the rSOC reactor. Therefore, by operating the system under pressure an

exothermic internal methanation occurs within the rSOC reactor. The heat produced due

to exothermic internal methanation reaction offsets the thermal demand for endothermic

electrochemical reduction of CO2 and H2O. Moreover, pressurised operation is required

for the downstream methanation process to attain a high methane yield. The roundtrip

efficiency of 53 % and 62 % was achieved for system operation at current densities of

2500 A/m2 and 1500 A/m2 respectively. The rSOC reactor is exothermic in both SOFC

and SOEC operation modes. Therefore, the demands on the thermal management system

are eased. Due to this, the system can also operate at lower current density of 1500

A/m2 which was not possible for the hydrogen based closed rSOC system. At 1500 A/m2,

the rSOC reactor was highly endothermic during the SOEC operation of the hydrogen

based system. Hence, the hydrogen based closed architecture rSOC system was not

thermally self sustaining at a current density of 1500 A/m2. An air recycle loop was

utilised during both the SOFC and the SOEC operation of the methane based gas grid

connected rSOC system. This was required to achieve the reported roundtrip efficiency.

Hence, the complexity level of the methane based gas grid connected rSOC is high.

Operation of the system at lower current density leads to higher efficiency but is not

preferred since it rSOC reactor area and hence increasing the capital cost of the system.

Thermal management plays a key role for all the system configurations. The impor-

tance of thermal management can be understood from the Figure 6.14. The Figure 6.14

represents the ratio of heat required by the rSOC reactor during SOEC operation to the

total heat consumed from the heat storage tank during the SOEC operation of the system.

During the SOEC operation mode, the rSOC reactor operates in the endothermic region

for the hydrogen based closed rSOC system and for the hydrocarbon based closed rSOC

system at 1 bar. Therefore, resulting in higher roundtrip efficiency. The heat required

for the endothermic operation of the rSOC reactor accounts for 5 – 8 % of the total heat

consumed from the heat storage system during the SOEC operation. This implies that

the 90 – 95 % of the heat consumed from the heat storage tanks was used for process

heating requirements especially for steam generation. Therefore, further emphasising

the importance of the thermal management system. For the hydrocarbon based closed
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FIGURE 6.14. Summary of ζ of different rSOC system architecture. OGJ15 -
Methane based gas grid system at 1500 A/m2, OGJ25 - Methane based gas
grid system at 2500 A/m2, CGHOP25 - Hydrogen based closed rSOC system
at 25 bar, CGHOP1 - Hydrogen based closed architecture rSOC system at 1
bar.

rSOC system at 25 bar and the methane based gas grid connected rSOC system, the

value of ζ is negative. The negative value of ζ implies that the rSOC reactor becomes

exothermic and produces heat during the SOEC operation. The heat generated by the

rSOC reactor during the SOEC operation is in the range of 5 – 30 % of heat consumed

from the heat storage tanks during the SOEC process. This implies, the heat generated

in the rSOC reactor is not enough to meet the demands of heating the reactants to

the boundary conditions. Hence, the remaining heat required for the process heating

purposes should be supplied from the heat storage tanks. This further highlights the

importance of the thermal management system. In absence of an effective thermal man-

agement system, all the process heat demands have to be met through an external source

or operating the rSOC reactor in highly exothermic mode during the SOEC operation.

This would negatively impact the roundtrip efficiency. Hence, a thermal management

system enables a close to endothermic or slightly exothermic SOEC process thereby

resulting in higher roundtrip efficiency.
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7 Conlusion and future work

The increasing penetration of renewable energy in the energy matrix is desired but

also poses additional challenges. Energy storage and management systems are

required to tide over the time varying nature of the renewable energy supply and

electrical energy demand. With greater renewable energy penetration, electrical energy

becomes the prime mover. The gradual shift from chemical energy to electrical energy as

a prime mover implies that alternate synthesis routes have to be established to produce

important industrial chemicals that are currently derived from fossil fuels. Electrochemi-

cal reactors and more specifically Solid Oxide Cell (SOC) reactor can address the above

challenges. An SOC reactor converts chemical energy to electrical energy when operated

as a fuel cell and electrical energy to chemical form when operated as electrolyser. The

bidirectional operability of the SOC reactor makes it ideal for energy storage and manage-

ment. With production of chemical energy when operated as electrolyser, an SOC reactor

offers an alternate route to produce necessary chemicals from renewable electrical energy.

A three step approach was adopted to obtain realisable reversible Solid Oxide

Cell (rSOC) systems for energy storage and sector coupling in the near future. In the first

step, the roundtrip target efficiencies that are achievable were established taking into

consideration the thermodynamic constraints and current state of the art of the rSOC

reactor. A simplified conceptual model of an rSOC system was developed to evaluate

the theoretical roundtrip efficiency and achievable roundtrip efficiency. A commercial

rSOC reactor was experimentally analysed to quantify its performance. The achievable
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roundtrip efficiency of the rSOC system was determined by feeding the reactor perfor-

mance into a thermodynamic model. The achievable roundtrip efficiency is limited by

the reactor performance and is the target roundtrip efficiency to be achieved by the

rSOC process system. In the second step, different system architectures are analysed to

achieve the roundtrip efficiency close to the target efficiencies predicted in the first step.

A detailed process system analysis is performed accounting for the BoP requirements

and heat exchange losses. During this step, steps to improve the system performance

towards to the target performance were investigated and the causes limiting the system

performance were identified. In the final step, the feasibility of the system architecture

and system operating parameters was determined. A 1-D reactor model was utilised

to identify hazardous operating conditions which can lead to a breakdown of the rSOC

reactor. Accordingly, the system architectures and operation conditions were amended

to achieve a feasible system operation point. A convergence of system architecture and

safe operation point was obtained by an iterative method. The system performance was

analysed and quantified for final feasible system architecture.

A hydrogen based rSOC system and hydrocarbon based rSOC system was developed

and analysed. The hydrogen based rSOC system was developed mainly for the purpose

of electricity storage. The hydrocarbon system was considered for both electricity storage

and sector coupling. A methane based system was considered for the same. The rSOC

systems were developed based on a commercially available rSOC reactor. The rSOC

reactor was an ESC stack with an open air manifold design. It was experimentally char-

acterised and its performance quantified. The electrolysis reaction (reduction of water

and or carbon dioxide) is endothermic in nature. Hence, along with electrical energy

heat has to be supplied to the reactor for the electrolysis reaction to occur. The heat

required to support the electrolysis reaction can be supplied either from an external

source or by operating the reactor in exothermic or thermoneutral region during the

SOEC operation. At exothermic and thermoneutral region, the heat generated within

the reactor due to the internal resistance supports the electrolysis reaction. This results

in lower roundtrip efficiency, as more electrical energy is used than required. Hence,

endothermic operation of the rSOC during the SOEC mode results in higher roundtrip

efficiency. Therefore, a thermal management strategy was proposed to operate the SOEC

process in the endothermic region. In this method, the heat produced by the reactor

due to exothermic oxidation reaction and internal losses during the SOFC operation

is stored in a heat storage system. The stored heat is later used to supply the heat
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required for the endothermic operation of the rSOC reaction during the SOEC mode. An

rSOC system with heat storage thermal management utilising a commercially available

reactor was analysed. From the first step, a target roundtrip efficiency in the range

of 55...60 % was achieved for the hydrogen rSOC when operated in the endothermic

region during the SOEC mode. The target efficiency reduced to 35 .... 45 % when the

SOEC process was operated in the exothermic region. A similar target efficiency was

achieved for the hydrocarbon based system. The highest target roundtrip efficiency was

attained for higher reactor pressures of 25 bar. The importance of thermal management

is reduced at higher pressures for the hydrocarbon based systems. At higher pressures,

the exothermic internal methanation reaction can occur within the rSOC reactor during

the SOEC operation. The total heat generated due to exothermic internal methanation

reaction and internal losses meets the heat required for electrolysis of H2O and CO2.

Therefore, considering the performance of the commercial rSOC reactor and thermody-

namic constraints, a target efficiency of 55 % at 1 bar and 60 % at 25 bar was prescribed

at an operating current density of 2500 A/m2.

In the second step, detailed process systems of the rSOC systems were developed.

The process systems were classified as closed system and open grid connected system

based on the system boundary. In a closed grid system, fuel consumed during the SOFC

operation and produced during the SOEC operation is stored within the fuel storage

tank. The closed boundary rSOC system functions purely as a electricity storage system.

For both the hydrogen and hydrocarbon based closed boundary rSOC system, a roundtrip

efficiency of 54 % was achieved for a non-pressurised system. The system efficiency

achieved for the non pressurised system is close to the target efficiency of 55 % prescribed

for the non-pressurised system in the first step. The 1 % difference comes from the BoP

losses and heat exchange losses. Hence, a well defined system was developed for the

closed boundary rSOC system for both cases. On the contrary for the pressurised system

a roundtrip efficiency of 55 % was achieved for both hydrogen and hydrocarbon based

closed boundary system. The achieved system efficiency under pressurised operation is

way lower than 60 % target efficiency prescribed for the system at 25 bar in the first step.

The significant difference between the achieved system performance and target value is

due to the increased BoP work consumption for the pressurised operation. Higher BoP

work entailed compression of process air to the system operation pressure. A complex

system architecture was required to achieve system efficiency of 55 % for the pressurised

hydrogen based closed boundary rSOC system. The pressurised operation of hydrocarbon
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based closed boundary rSOC system resulted in higher energy storage density. At pres-

surised operation, a higher yield of methane was obtained in the fuel produced during

the SOEC operation of the system. This resulted in lower volume of the storage tanks

and hence lower capital cost of the fuel storage tank. Therefore, to improve the system

performance to the target value, an additional complexity was introduced to the system

architecture. A compressed air storage tank was introduced to eliminate the parasitic

BoP work consumption. By introducing the compressed air storage tank, a roundtrip

efficiency of 60 % was achieved for the pressurised operation of hydrocarbon based closed

boundary rSOC system. The negative effect includes increased system complexity, capital

costs and system control requirements.

In open boundary rSOC system, the chemical energy is not stored within the system

boundary. The fuel required during the SOFC operation is obtained from external sources

and the fuel/chemical produced during the SOEC operation is fed to external process

industry or natural gas grid etc. The open boundary rSOC system serves the purpose of

electricity storage and as well as sector coupling. This configuration represents the future

direction for integrating energy storage with chemical and other process industries. In

this thesis, a natural gas grid connected open boundary rSOC system was developed. The

natural gas from the gas grid was used as fuel during the SOFC operation. Methane was

produced during the SOEC operation which was fed to the gas grid. The methane fed to

the gas grid can be used by other process industries, energy generation etc. A pressurised

operation was considered. A system roundtrip efficiency of 53 % was achieved. The

achieved system efficiency is 7 % lower than target value due to the BoP effect. Further

complexity was not introduced to improve the system performance.

The final conclusion comment centres on the role of the thermal management in all the

system architectures and configurations. The thermal management system played a key

role in achieving the reported system performance. For SOEC operation of the hydrogen

based system and the non-pressurised hydrocarbon system, the rSOC reactor was in the

endothermic region. For these systems, apart from providing the heat required for the

rSOC reactor in the SOEC mode, a significant portion of the heat from the heat storage

system was utilised for process heating during the SOEC operation. In the absence of

a thermal management system, all the process heating requirements would have to be

supplied from an external source or by running the rSOC in highly exothermic mode

during the SOEC process. This would result in a significantly lower system performance.
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For the pressurised hydrocarbon based rSOC system, the rSOC reactor was operated in

the slightly exothermic region during the SOEC process. Therefore, no heat from the

thermal management system was required by the rSOC reactor but heat from the heat

storage tanks were utilised for the process heating requirements. In the absence of the

thermal management, the heat required for process heating would have to be supplied

externally. Hence, even for an exothermic operation of the rSOC reactor during the

SOEC process, the thermal management system plays a significant role in achieving the

reported system performance. A summarised conclusion of all the system architectures

is provided in the Table 7.1. In the Table 7.1, the plus (+) sign rates the level of the

evaluation criteria. For example, the atmospheric hydrogen based rSOC system has one

’+’ sign for reactor performance compared to three ’+’ signs for pressure system, this

means that reactor performance is better for the pressurised system compared to reactor

performance at atmospheric condition. Likewise, pressurised system has two ’+’ signs

for complexity compared to one for atmospheric system, implying, that the pressurised

system is more complex than the atmospheric system.

7.1 Future work

The thesis presents one of the initial works in the field of rSOC systems. The thesis

was aimed to open new avenues and research directions. Along with answering certain

pertinent questions, it was also meant to raise further research questions. A brief list of

future research direction as a continuation of this work is provided below.

1. A commercially available rSOC reactor was used as the basis for the entire anal-

ysis. The achievable roundtrip efficiency is limited by the reactor performance.

With better rSOC reactors with lower losses, a higher system performance can

be achieved. Further research is required to develop better rSOC reactor with

lower electrochemical losses. Additionally, further research is needed to improve

the degradation stability of the rSOC reactor in both SOFC and SOEC operation

mode to increase the system lifetime.

2. The analysis presented here was based on a symmetric system operation, an equal

charging and discharging duration was assumed. In real scenarios, the wind and

solar energy supply profile is not symmetric and also the electrical energy demand

is not symmetric. The analysis should be extended for different asymmetric system

operation. It can be performed either as a off design system operation points or
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TABLE 7.1. A summarised conclusion of system architectures of the rSOC sys-
tems for energy storage and sector coupling

Architecture Complexity Reactor
perfor-
mance

System
perfor-
mance

Cost Energy
stor-
age

Sector
coupling

Hydrogen based closed boundary system

Atmospheric
pressure

+ + + + No

Presurised
system 25 bar

++ +++ + ++ + No

25 bar with
compressed
air storage

++ +++ +++ +++ ++ No

Hydrocarbon based closed boundary system

Atmospheric
pressure

+ + ++ + No

Presurised
system 25 bar

++ +++ + +++ ++ No

25 bar with
compressed
air storage

++ +++ +++ +++ ++ No

Methane based gas grid connected system

Low current
density

++ ++ +++ + Yes

High current
density

+ ++ + + Yes

design operation point for either wind or solar energy supply for varying electricity

demand profile.

3. Dynamic analysis is necessary to understand system operability and to engineer

the control units for the rSOC systems. Dynamic system analysis is essential to

ensure safe transition from SOFC operation to SOEC operation and vice versa.

Additionally, an energy storage system should be capable of managing a fluctuating

energy load and supply.

4. The high temperature heat storage systems proposed in this study are in early

stages of development (TRL 2). Further research is required to address the fea-
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sibility and solve the engineering challenges for high temperature heat storage.

Alternate solutions for thermal management and heat storage systems should be

investigated. Accordingly, the process system should be altered.

5. Finally, only one out of the various sector coupling possibilities was presented

here. Alternatives such as ammonia, Fischer Tropsch liquids, methanol and other

synthesis routes should be explored.

It is indeed an early stage in the development of rSOC reactors and systems but it is

encouraging to note that some points raised above will be addressed in upcoming EU

projects and other national level projects as this thesis is being written. This indicates

there is a positive outlook for this topic in the near future and pertinent questions will

be answered.
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A Appendix A: Thermodynamic
fundamentals

A.1 Thermodynamic fundamentals for chemical
process systems

A thermodynamic system, either chemical or thermal, can be defined as a closed or

an open system. An open system is one in which matter can flow through whereas

in a closed system there is no exchange of matter with its surroundings. For analysis,

a particular component or volume of interest is defined as control volume. A control

volume can either be an open system or closed system. A system can be defined by a set

of properties. A property is defined as a macroscopic quality that describes the system

without considering the process it underwent to reach the current state. It is independent

of the process. A state is the current condition of the system characterised by the prop-

erties. The thermodynamic properties can be further distinguished as extensive and

intensive. Intensive properties are non-additive and are independent of the size of the

system. They can vary with respect to both time and position. The extensive properties

are additive, that is, the total value of the property is equal to the sum of the value of

the property at each constituent when the system is divided into subsystems with real or

imaginary boundaries. Temperature, pressure and specific volume are examples of in-

tensive properties and energy, mass and momentum are examples of extensive properties.

Another important concept in the thermodynamic analysis of process systems is the
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concept of equilibrium. To say a system is in equilibrium means that, no changes occur

in the system such that all properties are constant when the system is isolated from its

surroundings. Even though a system is isolated from its surroundings, state changes

can occur as the intensive properties attain a uniform value triggering spontaneous

internal changes. When no changes in intensive properties are observed, then the system

is said to have achieved an equilibrium state. To the satisfy condition of full equilibrium,

thermal energy, mechanical energy, chemical energy and phase must independently be

in equilibrium. In reality, all engineering processes take place under non-equilibrium

conditions. For analysis, a process is assumed to be quasi-static when each state the

system passes through during the process, is infinitesimally close to equilibrium. A

system is undergoing a process when there is a change in the state of the system. The

process is said to be reversible when the system and its surroundings are brought

back to its initial state without any hysteresis. When a system undergoes a process

it can interact with the surrounding by exchanging energy. Energy transfer can be in

form of work or heat which is defined at system boundaries only when it interacts with

its surrounding. Heat is a form of energy transfer due to the temperature difference

between the system and surroundings. Work is an energy transfer to or from a system

whose effect can be seen as equivalent to the lifting of weight to a certain height. As per

standard sign convention, work done on the system is assumed to be negative and work

done by the system is assumed to be positive.[229]

A.1.1 Laws of thermodynamics

A thermodynamic system is modelled based on the fundamental laws of thermody-

namics. They lay the foundations of thermodynamic systems. Systems violating these

fundamental laws are unrealistic. These fundamental laws are:

• Laws of conservation.

• First law of thermodynamics

• Second law of thermodynamics

In the following sections, the above laws will be explained with respect to chemical

reaction systems.
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Law of conservation of mass

Principle of mass conservation states that the rate of change of mass within a control

volume is equal to sum of all the mass flow rates of matter entering and leaving the

control volume.
dmcv

dt
=∑

i
ṁ′−∑

i
ṁ′′ (A.1)

As per the standard convention of mass or volume flow entering a control volume is

regarded as positive and the flows leaving the control volume are regarded as negative.

Equation (A.1) is a generalised form. For steady state conditions, the rate of mass within

the control volume is zero leading to the following form.∑
i

ṁ′ =∑
i

ṁ′′ (A.2)

For chemical reaction systems, the law of mass conservation can be further extended

to species conservation of every reactant and product in the inlet flow stream and outlet

flow stream. A more conventional form of mass conversation or conservation of species in

the chemical reaction system is given by equation (A.3). The stoichiometric coefficient, ν,

takes a positive value for products and a negative value for reactants. The terms r j and

A stands for the rate of reaction flux and effective reactive area respectively.

dni,cv

dt
=∑

i
ṅ′

i −
∑

i
ṅ′′

i +νi j · r j · A (A.3)

First Law of thermodynamics

The first law of thermodynamics stipulates energy conservation of a system and its

surroundings. It states that the when system and surroundings are considered together,

then the total energy remains constant. A system and surroundings together are equiv-

alent to an isolated system. Hence, by first law, the energy of an isolated system is

constant.

∆Esystem +∆Esurrounding = 0 (A.4)

Energy (E) of a system is comprised of three major macroscopic energy forms. The

first being the kinetic energy due to the motion of the system as a whole. Potential energy

associated with the position of the system in earth’s gravity field. Final energy form is

the internal energy which is due to the system itself. Internal energy is an extensive

property of the system like kinetic and potential energy. One can relate to internal energy
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as the energy possessed by the system due to internal makeup of the system such as

the pressure, volume, molecular forces etc. Internal energy is denoted by U and specific

internal energy is given by u. Generally, in engineering thermodynamics, change in

kinetic energy and potential energy are negligible.

∆E =∆EKE +∆EPE +∆U (A.5)

When considering the system alone, the first law is defined as the rate of energy

within the same system is equal to the sum of all energy transferred across system

boundary as heat and work. For a system at rest, it relates the internal energy with heat

and work transferred across its boundaries.

∆U =∑
Q i +

∑
Wi (A.6)

Second law of thermodynamics

The second law of thermodynamics relates the extensive property Entropy of the system

and surroundings. To understand what entropy means, one must look at the microscopic

aspects of the matter. Using the theory of statistical thermodynamics, entropy can be

defined as a measure randomness of the kinetic energy of molecules in matter. This is, in

turn, a measure of uncertainty of the microscopic state. In real engineering processes,

only a small portion of internal energy is available for work due to the random distribu-

tion of the kinetic energy of molecules. Hence for engineering process, entropy can be seen

a measure of unavailability of internal energy [230]. The second law postulates that the

entropy of the system and its surroundings can never decrease. Considering the system

and surrounding as one isolated system, then the entropy of an isolated system never

decreases. The equality in equation A.7 corresponds to the case of reversible systems.

∆Ssystem +∆Ssurroundings ≥ 0 (A.7)

In order to apply the second law for thermodynamic analysis of engineering systems,

a quantitative method to evaluate entropy as given in equation (A.8) is utilised.

dS ≤ dQ
dT

(A.8)
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Unlike energy, entropy does not obey the conservation law. Therefore, the entropy

change of the system should take into account not only the entropy exchanged across its

boundaries but also the entropy generated within the system. An irreversible process oc-

curring within the system will generate entropy whereas for a reversible process entropy

is transferred within the system [231]. From a microscopic level entropy generation due

to irreversible process means that during the process some amount of organised form of

energy is transformed to one that has a higher degree of randomness. Irreversibility can

be of two types. The first type is a process in which work is directly converted to internal

energy of the system. Some examples of this process include friction, ohmic resistance,

mechanical hysteresis etc. The second type involves a spontaneous non-equilibrium pro-

cess where the system moves unrestrained towards equilibrium. Some process belonging

to this category are spontaneous chemical reactions, unrestrained expansion of gases,

heat transfer over finite temperature difference, diffusion etc. In actual engineering

process, the irreversibility is caused by a combination of two types. The irreversible

entropy generated can be evaluated by applying the second law postulate over a control

region or system as given in (A.9). Alternatively, it can also be evaluated in detail using

the theory of non-equilibrium thermodynamics [232].

Π=∆S+∆S◦+
∑

i
∆S j ≥ 0 (A.9)

In equation (A.9), the first term on RHS, ∆S represents the entropy change due to

the flow of matter in and out of the control region. The second term, ∆S◦ is the entropy

change of the surroundings given by q◦
T◦ . The last term

∑
j∆S j is the entropy change of

the heat reservoirs that exchange heat with the system.

The implication of second law in engineering thermodynamics is profound. The in-

crease in entropy of an isolated system can be used in predicting the transformation

of energy in the system, nature of process occurring in the system, provide informa-

tion on heat transfers that can occur and those that are not possible and finally the

spontaneity of chemical reactions. Additionally, using second law, it can be shown that

the mechanical, thermal and chemical equilibrium corresponds to equalisation of their

intensive properties such as pressure, temperature and chemical potential respectively.

For a system of given energy and volume, equilibrium is achieved when the maximum

entropy is attained for given energy and volume [94]. Finally, the second law determines

the extent of energy conversion from one form to another and determines the quality of

energy source.
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A.1.2 Thermodynamic functions

In the previous sections, two important functions of a thermodynamic system, internal

energy (U) and entropy (S), were introduced. U and S along with the intensive property,

Temperature (T) are sufficient to describe and explain the functioning of thermodynamic

systems. Additional functions are defined in relations of U, T, p, V and S which enables

an easier discussion. These auxiliary functions have more practical significance and can

be easily visualised for real thermodynamic processes and systems.

Enthalpy

Very often in thermodynamics, the term U + pV is encountered. Hence it is convenient

to define a new property called the enthalpy defined by equation (A.10). Like internal

energy, enthalpy is an extensive property with unit joule. The term pV is the work of

displacing the environment in placing a system of certain volume and pressure in an

environment.

H =U + pV (A.10)

For a system undergoing a change in state from 1 to 2, from equation (A.10) and

application of 1st law of thermodynamics for closed systems we get;

H2 −H1 =U2 −U1 + p2V2 − p1V1 (A.11a)

given that

U2 −U1 =Q+W (A.11b)

H2 −H1 =Q+W + p2V2 − p1V1 (A.11c)

In closed system, if the displacement work (last two terms in equation(A.11c)) is the

only form of work, then the 2nd term on RHS of equation (A.11c) and the displacement

work term cancels out. The difference in enthalpy function between the two states is

given by (A.12).

H2 −H1 =Q (A.12)

For an open steady flow system, the enthalpy function is useful. The enthalpy function

replaces the internal energy function in the conservation of energy for open steady flow

systems assuming the kinetic energy and potential energy change are negligible.

H2 −H1 =Q+W (A.13)
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In chemical reaction systems, enthalpy is used often in evaluating the energy released

or consumed during chemical reactions. It is made up of two components as shown in

equation (A.14)

h(T, p)= hre f (Tre f , p◦)+
∫ T

T◦
cp (T) dT (A.14)

The first term on the right of equation (A.14), hre f (Tre f , p◦), refers to the enthalpy of

a substance at standard conditions. The standard conditions are chosen by convention as

p = 1 bar and Tre f = 298.15 K or 25 °C. The enthalpy at standard conditions is the datum

and enthalpy at different conditions are calculated based on this datum. For elements

occurring naturally in standard stable forms such as H2, N2, O2 and C the value of

standard enthalpy is zero. For chemical compounds, this term is commonly referred to as

the enthalpy of formation in chemical process engineering. The enthalpy of formation

is the heat released or absorbed when the chemical compounds are formed from its base

elements at reference. The second term
∫ T

T◦ cp(T) dT is the function to calculate the

value of the enthalpy at conditions different from the reference conditions. As one can

notice, this term is only temperature dependant as the enthalpy varies negligibly with

pressure. The term cp is the specific heat of a substance and varies from one material

to another and also with temperature. Enthalpy of combustion or heating value for

chemical compounds is often used in chemical process engineering. It is the difference

in value between the enthalpy of products and enthalpy of reactants when complete

combustion takes place. If the water produced as a product of combustion is brought to

liquid form, then the heating value obtained is the Higher Heating Value (HHV). If the

water produced is maintained in vapour or gaseous form, then the heat value obtained is

the LHV.

Gibbs Function

The Gibbs function is a thermodynamic function connecting the first and second law

of thermodynamics. This relates the internal energy of the system with the entropy of

the system. The Gibbs function is given by equation (A.15a) as a function of U and S

( f (U ,S)) or as a function of H and S ( f (H,S)) as in equation (A.15b).

G =U + pV−TS (A.15a)

G = H−TS (A.15b)

187



APPENDIX A. APPENDIX A: THERMODYNAMIC FUNDAMENTALS

Like internal energy and enthalpy, the Gibbs function (G) is also an extensive property

of the system. When a closed system undergoes a change of state from 1 to 2, then the

change in Gibbs function is given by

G2 −G1 =U2 −U1 + p2V2 − p1V1 − (T2S2 −T1S1) (A.16a)

For closed system we have

U2 −U1 =Q+W

Hence we get

G2 −G1 =Q+W + p2V2 − p1V1 − (T2S2 −T1S1) (A.16b)

Assuming that the closed system exchange heat with a reservoir at a temperature (T)

and initial and final state temperatures of the system are equal such that T1 = T2 = T.

The system pressure (p) remains constant satisfying the condition p2 = p1 = p. From

second law relation (A.8) we know dS ≤ dQ
dT . Substituting the same in equation (A.16b)

we attain

W + p(V2 −V1)≤G2 −G1 (A.17)

The second term on the LHS of equation (A.17), p(V2−V1), corresponds to work done

by the system with pressure (p) in displacing the surroundings. The actual total work

done by the system is inclusive of the displacement work. Therefore one can define a

new work term, as in (A.18a) representing the total work of the system. If the system

in consideration is an electrochemical reactor producing an electrical work, then W ′ in

(A.18a) represents the electrical work done by the electrochemical reactor system. Using

(A.18a) in (A.17) we obtain (A.18b)

W ′ =W + p (V2 −V1) (A.18a)

W ′ ≤G2 −G1 (A.18b)

The maximum work that can be achieved by the system in moving from state 1 to

state 2 is given by the difference in Gibbs function between the two states. The inequality

in equation (A.18b) represents an irreversible process. Therefore, the work done by a

real thermodynamic system is always less than reversible work. The equation (A.17) is

valid only for a closed system. For the closed system, the change in Gibbs function

between the two states represents work without including the displacement work [94].
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For an open system, the change in Gibbs function between two states, the change in

Gibbs function is given by applying equation (A.15b) for Gibbs function at two state

points. The resultant formulation is given in (A.19a) For open systems:

G2 −G1 = H2 −H1 − (T2 S2 −T1 S1) (A.19a)

W ≤G2 −G1 (A.19b)

For an open system, the difference in Gibbs function between two state points repre-

sents the total work done on or by the system. In this regard, the Gibbs function already

takes into account the displacement work term, ∆(pV). For an open steady flow system,

the displacement work is ’non-useful work’ which occurs at the inlet and outlet of the

system. Due to this reason, the gibbs function, G, is more relevant and significant for an

open system as compared to Helmoltz function.

Chemical Potential

In the previous subsections, the intensive variables; Temperature and Pressure, were

deemed sufficient to define a state of a thermodynamic system. Using temperature,

pressure, internal energy and entropy as state parameters a set of equations for a closed

system can be written as given in equation (A.20).

dU = T dS− pdV

dH = T dS+V dP

dG =−S dT +V dP

(A.20)

Though this is valid, it is only partially right and valid for a system with fixed com-

positions matter systems of fixed size (moles of substance) only. In equation (A.20) if

we assume the process to be isothermal and isobaric, then from the relation of dG, it

would imply no work potential is possible. But an isothermal and isobaric process can

still perform work if the size and composition of system changes. Hence a third variable

that takes into account the effect of changes are composition and size is required.

Assume an open system is in homogenous phase with a mixture of different species

of matter (say gases). If different species of matter can simultaneously enter and leave

the system reversibly thereby changing the size and composition of the system, then

the internal energy of the system varies with the composition and size of the system.

Therefore, the internal energy is now defined as in equation (A.21a). Differentiating
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equation (A.21a) would yield the (A.21b)

U =U(S,V,n1, . . . ,ni) (A.21a)

dU =
(
∂U
∂S

)
V,ni

dS+
(
∂U
∂V

)
S,ni

dV+
i=k∑
i=1

(
∂U
∂ni

)
S,V,n j

dni (A.21b)

The partial derivative terms in the equation (A.21b) represents the three intensive

variables. The last partial derivative term on the right side of equation (A.21b) is the

definition of chemical potential.

T =
(
∂U
∂S

)
V,ni

p =
(
∂U
∂V

)
S,ni

µi =
(
∂U
∂ni

)
S,V,n j

(A.22)

The chemical potential of a substance can also be defined in terms of Gibbs function

using similar methods followed above. The expression for chemical potential in terms of

Gibbs function is as described in equation (A.23e).

G =G(T, p,n1, . . . ,ni) (A.23a)

dG =
(
∂G
∂T

)
p,ni

dT +
(
∂G
∂p

)
T,ni

dp+
i=k∑
i=1

(
∂G
∂ni

)
T,p,n j

dni (A.23b)

−S =
(
∂G
∂T

)
p,ni

(A.23c)

V =
(
∂G
∂p

)
T,ni

(A.23d)

µi =
(
∂G
∂ni

)
T,p,n j

(A.23e)

From equations (A.22) and (A.23e) , chemical potential was defined by Gibbs as

"If to any homogenous mass we suppose an infinitesimal quantity of any

substance to be added, mass remaining homogenous and its entropy and

volume remain unchanged, the increase of energy of the mass divided by the

quantity of the substance added is the potential for that substance in the

mass considered."

Chemical potential is important in the study of thermodynamics of reaction systems

and chemical engineering. The system of equations for state function defining a thermo-

dynamic system are rewritten to include the chemical potential as shown in equation
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(A.24a) - (A.24c) State function equations defining a system

dU = T dS− pdV+∑
i

niµi (A.24a)

dG =−S dT −Vdp+∑
i

niµi (A.24b)

dH = T dS+Vdp+∑
i

niµi (A.24c)

On the right side of the equation (A.24a), TdS represents the effect of heat transfer,

pdV represents the work due to the volume change and finally
∑
i

niµi is the effect of mass

transfer and/or effect of a change in composition due to chemical reaction. If the equations

are regarded as energy equation of an infinitesimal process, then the last term
∑
i

niµi is

the work potential of system owing to a change in its composition. This form of work is

called the chemical work. Therefore, chemical potential is an intensive property of the

system. Chemical potential, temperature and pressure together are generally referred to

as driving forces in a thermodynamic process. Differences in chemical potential can lead

to diffusion of a substance from a region of high chemical potential to lower chemical

potential or can also give rise to chemical reactions. The difference in temperature

will result in the transfer of heat and pressure difference can lead to volume change

or flow of matter in open systems. If the driving forces are large, then the process is

spontaneous and occurs irreversibly. Hence, the equalisation of driving forces is criteria

for equilibrium. The system equations (A.24a) - (A.24c) are the fundamental equations

of state functions.

A.2 Exergy Analysis in chemical reaction systems

In the previous sections, with the introduction of the 1st law, it was shown that energy is

a conserved quantity and can be transformed to many forms. It can be broadly classified

as ordered and disordered energy. Ordered energy are those forms of energy that can

be completed transformed to work if it occurs reversibly. Reversible transformation of

ordered energy does not involve entropy creation and can be assessed solely using the

1st law. Transfer of ordered energy from one system to another is work transfer with no

heat involved. Therefore work is nothing but ordered energy moving from one system

to another. An example of ordered from of energy are potential energy, kinetic energy

(without turbulent flow). The second classification of energy is the disordered form of

energy. It is generally the energy associated with the randomness of the molecules.
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Thermal energy, chemical energy and turbulent flows are examples of disordered energy.

In order to achieve maximum conversion of the disordered energy to maximum energy, the

process must be completely reversible. The process of energy transfer and transformation

is governed by both 1st and 2nd law of thermodynamics. Even if the process is reversible,

the maximum conversion is limited and determined by the thermodynamic parameters

at which the energy is available. The 2nd law of thermodynamics describes the quality of
energy. It is the ability of the energy source to cause change. This quality of energy (for

disordered energy form) depends on the entropy which in turn depends on the process,

the form of energy and environment. To compare the quality of different forms of energy,

a common definition of quality is required. Hence, the quality of energy is defined with

respect to the environment. It is the maximum work that can be obtained from an energy

source using the environment as the reference. This definition of "quality of energy"

is referred to the Exergy of energy source. A more exact definition of exergy is; the

maximum work that can be obtained when the energy source is brought into complete

thermal, mechanical and chemical equilibrium with the environment [230, 233–235].

The environment is largely chosen to be similar to the earth’s atmospheric conditions, but

the actual definition of the environment can vary. A detailed discussion on the definition

of environment is provided by Szargut et al in [236].

A.2.1 Exergy Analysis

Assume a thermodynamic system as shown in Figure A.1. The system is an open system,

with a mass flow entering the system where it undergoes a thermodynamic process and

exits the system. The system also interacts with thermal reservoirs, Q̇1, . . . ,Q̇n which are

temperatures T1, . . . ,T2. The system also interacts with the environment by exchanging

a heat, Q̇◦ at temperature, T◦. Work (Ẇ) is done by the system and expansion work of

p◦ dV
dt is enacted on the environment. Applying the 1st and 2nd laws of thermodynamics,

we deduce

dE
dt

=
n∑

i=0
Q̇ i −W +∑

ṁ′h′−∑
ṁ′′h′′ (A.25a)

Π= dS
dt

−
n∑

i=0

Q̇ i

Ti
−∑

ṁ′s′−∑
ṁ′′s′′ ≥ 0 (A.25b)

For engineering processes, the heat released or taken in from the atmosphere is

negligible[237]. Eliminating the Q◦ from the equations we obtain equation (A.26).

Ẇ =−d(E−T◦S)
dt

+
n∑

i=0

(
1− T◦

Ti

)
Q̇ i +

∑
ṁ′(h′−T◦s′)−∑

ṁ′′(h′′(h′−T◦s′′)−T◦Π (A.26)
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FIGURE A.1. Schematic representation of a open thermodynamic system with
mass flow in and flow out. The system interacts with atmosphere and the
thermal reservoirs. [237]

The equation (A.26) represents, the work produced by the system. The maximum

work that can be obtained or minimum work to be supplied to the system to bring about

a change in state is obtained for a reversible process when entropy generated (Π) is zero.

Ẇrev =−d(E−T◦ S)
dt

+
n∑

i=0

(
1− T◦

Ti

)
Q̇ i +

∑
ṁ′(h′−T◦s′)−∑

ṁ′′(h′′−T◦s′′) (A.27a)

Ẇrev =−d(E−T◦ S)
dt

+
n∑

i=0

(
1− T◦

Ti

)
Q̇ i +

∑
ṁ′ex′−∑

ṁ′′ex′′ (A.27b)

T◦Π= Ẇrev −Ẇ (A.27c)

Equations (A.27a) and (A.27c) represents the Gouy – Stodola theorem. The term T◦Π
in equation (A.27c) is the exergy destroyed during the irreversible process. The ratio of

the actual work (Ẇ) to the work of reversible process (Ẇrev) is the defined as the second

law efficiency of the process as shown in equation (A.28).

η‖ = Ẇ
Ẇrev

(A.28)

From (A.27c), it can be observed that the maximum work extracted from the system

or minimum work supplied to the system, occurs for a completely reversible process. For

all the processes that are not reversible, work is lost is destroyed due to the entropy
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generation. This loss of work is commonly referred to as exergy destruction. Minimisation

of entropy generation leads to highly efficient process. The exergy equation depends

only on the initial and final states of the system within a process. It does not provide

how the process occurred and how entropy evolved during the process, as it moved from

initial to final states. Entropy generation or production can be analysed in more detailed

by the framework of Non-Equilibrium Thermodynamics. For the purpose of process

engineering, a global entropy balance between two states is sufficient to evaluate the

entropy generation. For details on entropy generation and minimisation, refer to the

following literature [232, 238–240].

Components of exergy

The equation (A.27b) represents a general exergy equation. The first term on the left

of the equation represents the rate of change of exergy accumulation (non-flow exergy)

within the system. For a steady state process, the first term is zero. The non-flow exergy

is of significance for closed systems. The non-flow exergy component includes the changes

due to thermal (Temperature), Mechanical (Pressure) and chemical (chemical potential)

of the closed system during the process. The second term of equation (A.27b) is the exergy

associated with heat transfer. The last two terms represents the steady flow exergy of

the matter entering and leaving the system.

Exergy associated with heat transfer is the maximum work that can be ob-

tained from thermal energy when using the environment as a thermal reservoir. For

a thermal energy reservoir at a given temperature, the maximum work that can be

produced by a reversible heat engine operating between the thermal reservoir and en-

vironment is provide by the Carnot relation. The term
(
1− T◦

T

)
in equation (A.29) is

commonly referred to as the exergy factor of heat at a given temperature.

Ẇ = Q̇
(
1− T◦

T

)
(A.29)

Flow Exergy is the exergy associated with the maximum work that can be ob-

tained when a process stream with given composition, temperature and pressure is

brought in complete thermo-mechanical and chemical equilibrium with the environment.

The flow exergy of the process streams can be further resolved into two different com-

ponents (i) Kinetic exergy, (ii) Potential exergy, (iii) Physical exergy and (iv) Chemical

exergy. The kinetic and potential exergy are associated with the kinetic and potential
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energy of the stream. Their exergetic values are same as the energy values as both

Kinetic and Potential energy are ordered form of energy. For process flow systems in

engineering, they are largely negligible. Physical and chemical exergy depends on the

disordered energy forms.

ex = exKE + exPE + exph + exch (A.30)

Physical Exergy is the maximum work obtained when a stream with temperature

(T) and Pressure (p) is brought into equilibrium with the environment at tempera-

ture (T◦) and pressure (p◦) by a set of thermo-mechanical process interacting with the

environment.

exph = h−h◦−T (s− s◦) (A.31)

Chemical Exergy is associated with the chemical energy of the stream. It is the

work obtained when the stream is brought to a completely dead state. Dead state is a

final equilibrium state with the environment, where all the substances in the stream are

brought into chemical equilibrium (same compositions, partial pressures etc.) with the

environment. In order to so, a reference chemical composition of the environment must be

defined. The reference substances are usually taken to be as substances found in earth’s

environment (air, crust, water etc). A more detailed discussion on reference substance is

found in [236, 241, 242]. For chemical engineering and process systems, chemical exergy

of the mixtures is of utmost importance since in most process the working mediums are

mixture of gases. It the gases and mixtures is assumed to be ideal. Then the exergy of

chemical mixture is given by (A.32).

exch =∑
i

xi ex◦ch,i +R T◦
∑

i
xi ln xi (A.32)

The term ex◦ch,i is the chemical exergy of the substance in the pure state. A more

detailed explanation of calculating the chemical exergy is explained in [230].

A.2.2 Maximum work and lost work in chemical processes

Application of exergy analysis and identification of sources of entropy generation in the

chemical reaction system is essential in developing sustainable and efficiency process

and reactors [243]. Consider a chemical reaction system occurring at certain temperature

and pressure. Assume that the system can produce work which can be either in form of

shaft work or electric work. From exergy analysis, it was shown that the maximum work
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obtainable from a system undergoing a reversible process is equal to change in exergy

between the final and initial state. If the chemical reaction occurs at environment condi-

tions and assuming that reactants enter and leave the system at environment pressure

and temperature. Then the exergy change of the process is equal to the Gibbs energy

of the reaction as in equation (A.33). Consider the process is occurring at temperature

a (T1) and pressure (p1) and at the end of the process, the system moves to pressure

(p2) and temperature (T2), then the maximum work obtained from chemical reaction

system is given by the relation (A.34). It is the sum of the change in Gibbs energy for the

reaction plus the exergy difference due to the change in physical conditions [244, 245].

Ẇmax(p◦,T◦)=−∆rxnEx =−∆rxnG(T◦, p◦) (A.33)

Ẇmax(p1,T1 → p2,T2)=−∆rxnEx =−(∆H−T◦∆S)−∆rxnG(T◦, p◦) (A.34)

Under practical engineering applications, chemical reactions processes are not re-

versible and thereby resulting in entropy generation. Hence an understanding of entropy

generation process due to chemical reactions is crucial for minimising the lost work.

Additionally, most of the chemical reaction systems are not designed to extract work

potential of chemical reactions. Hence the total lost work includes the lost work due to

entropy generation and the actual work that is not being extracted. Therefore the total

lost work in chemical reaction process equals maximum work (Wlost =∆Ex) obtainable

from the system.

Like heat transfer and volume expansion process, a chemical reaction is a process by

which a system that is far from equilibrium moves towards equilibrium. As discussed

earlier, minimisation of chemical potentials of the system is required for chemical

equilibrium. Therefore, the driving force the reaction is the difference in chemical

potential. The farther away the system is from equilibrium, greater is the driving

force for the reaction to occur spontaneously in an unrestricted manner. This leads to

irreversible process resulting in entropy generation and lost work. Therefore, entropy

generation in chemical process can be related to driving force by the relation (A.35)

[93, 245–247].

Π̇= 1
T

(
−∑

i
νiµi

)
dξ (A.35)
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In order to reduce or minimise the entropy production due to chemical reactions, the

process must be carried out in a restrained manner. Based on the process, a chemical

reactor can be described either as an unrestrained chemical engine or restrained chemical

engine. In an unrestrained chemical engine, the process is spontaneous and it is not

possible to extract work from the chemical reaction. In a restrained chemical engine,

the chemical reaction rate is coupled to the work extraction (either in form of shaft

work or electric work). Further, the pathway for the chemical reaction is open and the

driving potential is zero (i.e in the equilibrium state). When work is extracted, the

equilibrium condition should be altered hence chemical reaction takes place to achieve

a new equilibrium state. Therefore, the work extraction process should be coupled to

changes chemical potential. This is can be achieved by applying an electric potential or

change in pressure or temperature. When the work extraction process is slow enough

in comparison to the rate of equilibrium achievement, then the process is restrained

and operates close to the reversible limit. If the work extraction is fast in comparison to

time take to achieve the equilibrium, leading to high driving force to achieve equilibrium.

Then the process becomes unrestrained leading to entropy generation [93, 245].
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B Appendix B: Gas Diffusion
model

B.1 Gas diffusion model

In order to evaluate the concentration and activation losses, the reactant concentrations

at the reaction sites have to computed. The reactant concentrations at the reaction

sites are computed considering the diffusion transport process from the bulk through

the porous electrodes. For the model to be valid at both low and high pressures it is

important to consider Knudsen and molecular diffusion. An extended Fick’s model is

utilised to evaluate the concentrations at the triple phase boundary. The simple Fick’s

model accounts only the molecular diffusion and assumes the flux to be proportional to

the concentration gradient. The extended form used in this model accounts for Knudsen

diffusion by modifying the diffusion term accordingly. Likewise, the convective transport

is considered via Darcy’s equation. The transport term is given by equation (B.1).

Ni = 1
R T

(
−De f f

i
∂(xi p)
∂z

+ Bo xi p
µ

dp
dz

)
(B.1)

In the equation (B.1), Ni represents the mass transport of the gas component, Bo

is the permeability, µ is viscosity, z represents the distance from the electrode surface

to the electrode-electrolyte interface, xi is the mole fraction of the species i and De f f
i is

the effective diffusion calculate from Bosanquet formula [194]. The effective diffusion is

given by equation (B.2).
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De f f
i =

(
1

De f f
im

+ 1

De f f
ik

)−1

(B.2)

The terms De f f
im and De f f

ik are the effective molecular and effective Knudsen diffusion

of species i. The values are calculated by assuming an equi-molar counter diffusion

of reactant and product species. The model is adopted by assuming constant pressure

(dp
dz = 0). The equation (B.1) reduces to the form given in equation (B.3).

Ni = p
R T

(
−De f f

i
∂xi

∂z

)
(B.3)

The effective diffusion of reactant component is evaluated based on the multicompo-

nent diffusion. At the fuel electrode side, a ternary system is considered with H2, H2O

and N2. Only three gas components are considered on the fuel side since only H2, H2O

and N2 are used for experimental analysis. Moreover, it is assumed that only H2-H2O is

the main electrochemical reaction. Hence, CO and CO2 are not considered in here. The

effective diffusion coefficient for hydrogen on the fuel side is given by equation (B.4).

1

De f f
H2

= 1

De f f
H2,k

+ 1

De f f
H2, N2

+
 1

De f f
H2, H2O

− 1

De f f
H2, N2

 (1− xN2) (B.4)

The mass transfer of the hydrogen is coupled to the current density via the Faraday’s

law (equation (B.5)). Substituting equation (B.5) in equation (B.3) and integrating the

same with the boundary condition xH2|z=0 = xbulk
H2

results in equation (B.6) and (B.7) for

H2 and H2O mole fractions respectively.

NH2 =
j

2F
(B.5)

xtpb
H2

= xbulk
H2

− j R T

2F De f f
H2

p
z (B.6)

xtpb
H2O = xbulk

H2O + j R T

2F De f f
H2O p

z (B.7)

To evaluate the oxygen diffusion on the cathode side, the binary diffusivity method

is employed. The constant pressure is assumed. The oxygen mass transport is given by

equation (B.8)

NO2 =
p

R T

(
−De f f

O2

dxO2

dz
+ xO2δO2 NO2

)
(B.8)
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The effective diffusion coefficients for oxygen and δO2 are given by equation (B.9) and

(B.10) respectively.

De f f
O2

=
 1

De f f
O2, N2

+De f f
O2,k

−1

(B.9)

δO2 =
De f f

O2,k

De f f
O2, N2

+De f f
O2,k

(B.10)

Similar to the hydrogen, oxygen transport on the air side is coupled to the current

density via Faraday’s law ((B.11)). Substituting equation (B.11) in equation (B.8) and

integrating with the limit xO2|z=0 = xbulk
O2

gives equation (B.12).

NO2 =
j

4F
(B.11)

xTPB
O2

= 1
δO2

−
(

1
δO2

− xbulk
O2

)
exp

 j R TδO2

4F De f f
O2

p
z

 (B.12)

B.1.1 Effective diffusion coefficients

TABLE B.1. The binary coefficients of different gas compositions at 310 K and
atmospheric pressure

Parameter Value Units

DH2−H2O 0.8684×10−4 m2/s
DH2−N2 0.8114×10−4 m2/s

DN2−H2O 0.2231×10−4 m2/s
DO2−N2 0.2176×10−4 m2/s

The effective diffusion coefficients takes into account porosity (ε) and tortuosity (ψ)

of the electrodes. It is calculate using the formula given in equation (B.13)

De f f = D
(
ε

ψ

)
(B.13)

The Knudsen diffusion is evaluated from the kinetic theory of gases as given in

equation (B.14)

D i,k =
dp

3

√
8R T
πMi

(B.14)
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The binary diffusion coefficients are calculated based on the Lennard-Jones potential

and Chapman-Ernskog diffusion theory. The Chapman-Ernskog theory utilises the

molecular parameters of each species and collision integral data. The coefficient is

calculated at a reference temperature of 310 K and atmospheric pressure. They are

corrected for the required temperature and pressure using the equation (B.15)

D i j = D◦
i j

(
T

310

)1.75 (
p◦

p

)
(B.15)

The values for the binary coefficients at the 310 K and atmospheric pressure is provided

in the Table B.1
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C Appendix C: Aspen
implementation of 0-D model

The commercial process engineer software Aspen Plus™is used for the process system

modelling and analysis. The software does not have an inbuilt rSOC model. Hence, the

0-D rSOC model was implemented in Aspen by combing certain inbuilt library component

models to model the physical phenomenon. The 0-D rSOC model was implemented in

Aspen as 2 sub models. One sub model simulates the SOFC operation mode and the other

model simulates the SOEC operation mode. Both the sub models are enclosed inside

an ’Hierarchy block’. The ’Hierarchy Block’ represents the complete r-SOC model. The

implementation of the SOFC and SOEC operation modes are discussed in the following

sections.

C.1 SOFC operation mode

The SOFC sub model of the 0-D rSOC model as implemented in Aspen is shown in the

Figure C.1. The various physical phenomenon occurring inside the rSOC reactor in SOFC

mode is capture by inbuilt models available in Aspen library. The list of inbuilt Aspen

library models used within the SOFC sub model is described in the Table C.1
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APPENDIX C. APPENDIX C: ASPEN IMPLEMENTATION OF 0-D MODEL

TABLE C.1. List of inbuilt aspen library models used for SOFC model and their
functions

Component
ID

Component Type Function

ANODE RGIBBS Models the fuel side chemical and electrochemi-
cal reactions assuming equilibrium at constant
temperature and pressure

CATHODE SEP Models the cathode and electrolyte behaviour.
Separates the oxygen molecules from air and
supply to ANODE. Separation ratio is obtained
from electrochemical block

B4 RGIBBS Brings the inlet gas to equilibrium at reactor
temperature and pressure.

HEATER HEATER/COOLER Models the energy balance at the reactor exit.
Calculates outlet temperature

B1 and B2 HEATER/COOLER Brings the inlet flows to the reactor temperature
SEP SEP Splits the anode streams and cathode streams

at outlet after final energy balance
MIXER MIXER Combines anode and cathode streams to calcu-

late outlet temperature. No reactions occur. No
mixing effect is modelled.

SPLITER SPLIT Splits the total energy released by anode to elec-
tric work and thermal power

REQ-ION CALCULATOR Models the electrochemical behaviour; ideal volt-
age, cell voltage, ASR, oxygen mole transfer, etc.

C.2 SOEC operation mode

The SOEC sub model of the 0-D rSOC model as implemented in Aspen is shown in

the Figure C.2. The various physical phenomenon occurring inside the rSOC reactor in

SOEC mode is capture by inbuilt models available in Aspen library. The list of inbuilt

Aspen library models used within the SOEC sub model is described in the Table C.2
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FIGURE C.1. Aspen implementation of 0-D rSOC model in SOFC mode



APPENDIX C. APPENDIX C: ASPEN IMPLEMENTATION OF 0-D MODEL

TABLE C.2. List of inbuilt aspen library models used for SOEC model and their
functions

Component
ID

Component Type Function

RSTOIC RSTOIC Models the fuel side electrochemical reactions
for give reactant utilisation value

AN-AIR SEP Models electrolyte behaviour. Separates the oxy-
gen molecules from fuel side and sends to air
side

RWGS RGIBBS Brings the inlet gas to equilibrium at reactor
temperature and pressure.

HEATER HEATER/COOLER Models the energy balance at the reactor exit.
Calculates outlet temperature

B1 and B2 HEATER/COOLER Brings the inlet flows to the reactor temperature
AST-SEP SEP Splits the anode streams and cathode streams

at outlet after final energy balance
MIXER MIXER Combines anode and cathode streams to calcu-

late outlet temperature. No reactions occur. No
mixing effect is modelled.

CA-FUEL RGIBBS Calculates the equilibrium at the outlet of the
reactor at the reactor temperature and pressure

OXG-ION CALCULATOR Models the electrochemical behaviour; ideal volt-
age, cell voltage, ASR, oxygen mole transfer, etc.
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C.2. SOEC OPERATION MODE
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FIGURE C.2. Aspen implementation of 0-D rSOC model in SOEC mode
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D Appendix D: Hydrogen based
closed architecture rSOC
system - performance and
thermodynamic stream data

An expanded process flow diagram from the hydrogen based closed architecture system

is presented here. System performance including the net electric power produced and

consumed by the system in SOFC and SOEC mode respectively is presented here. The

thermodynamic stream data of the process system modelling of the system at two

different operation pressures is provided in this chapter.

D.1 Detailed process flow diagram
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FIGURE D.1. Extended process flow diagram of Hydrogen based closed grid system in SOFC mode.
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APPENDIX D. APPENDIX D: HYDROGEN BASED CLOSED ARCHITECTURE RSOC
SYSTEM - PERFORMANCE AND THERMODYNAMIC STREAM DATA

D.2 Performance data

TABLE D.1. rSOC system performance at 1 bar for the hydrogen based closed
architecture rSOC system

Parameter 1 bar 25 bar

SOFC

Effective reactor temperature 845 °C 845 °C
Cell voltage 0.731 V 0.803 V

Chemical power input 60 kW 60 kW
rSOC power output 30.4 kW 33.4 kW

BoP power consumption 0.710 kW 4.88 kW
Net power produced 29.6 kW 28.5 kW

Net efficiency in SOFC mode 49.4 % 47.5 %

SOEC

Effective reactor temperature 809 °C 809 °C
Cell voltage 1.262 V 1.279 V

Chemical power produced 60 kW 60 kW
rSOC power input 52.5 kW 53 kW

BoP power consumption 3.51 kW 0.360 kW
Total electrical input 56.0 kW 53.5 kW

Net efficiency in SOEC mode 107.1 % 112.1 %

Roundtrip efficiency

Reactor (Gross) 57.8 % 62.7 %
System (Net) 52.9 53.2 %

D.3 Thermodynamic stream data for
non-pressurised hydrogen based closed system

The enthalpy, entropy, pressure, flow rate and exergy flows are presented in the Table

D.2. The gas compositions, density and molecular weight of the streams are presented in

the Table D.3.
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Table D.2: Thermodynamic stream data for closed hydro-

gen based system at 1 bar

Streams Total Flow Pressure Enthalpy Entropy Exergy

Thermomechanical Chemical Total

kg/s bar J/kg J/kg K kJ/kmol kJ/kmol kW

E-TANK 6.79E-05 1.01 0.00 33.72 38909.18 236110.00 9.26

E-TANK1 6.79E-05 1.01 0.00 33.72 38909.18 236110.00 9.26

E-TANK2 6.79E-05 1.00 381175.00 1278.80 38929.26 236110.00 9.26

E-WATER 4.98E-04 0.98 -15885000.00 -9124.82 69528.47 900.00 1.95

E-WATER1 4.98E-04 0.98 -15885000.00 -9124.82 69528.47 900.00 1.95

E-WATER2 4.98E-04 1.00 -15885000.00 -9124.81 69528.47 900.00 1.95

EAIR-AMB 1.00E-02 1.00 0.00 151.91 57910.18 128.49 20.12

EAIR-IN1 1.00E-02 1.01 505.08 152.16 57922.55 128.49 20.12

EAIR-IN2 1.00E-02 1.00 505.08 152.45 57920.09 128.49 20.12

EAIR-IN3 1.00E-02 1.00 802647.00 1481.67 69820.97 128.49 24.25

EAIR-IN4 1.00E-02 1.00 860882.00 1536.20 70841.95 128.49 24.60

EAIROUT1 1.34E-02 1.00 207189.00 720.84 60100.85 346.31 27.46

EAIROUT2 1.34E-02 0.99 206581.00 721.05 60081.00 346.31 27.45

EC-IN 4.44E-03 1.00 -11406000.00 662.95 88573.01 28609.11 32.41

EC-IN-1 4.44E-03 1.00 -14236000.00 -4955.65 70366.46 28609.11 27.37

EC-IN-2 4.44E-03 1.00 -11898000.00 166.45 83675.14 28609.11 31.05

EC-IN-3 4.44E-03 1.00 -11898000.00 166.40 83674.31 28609.11 31.05

EC-OUT 1.00E-03 1.00 -349270.00 10067.45 53912.48 211792.57 73.48

EC-OUT1 1.00E-03 1.00 -1912300.00 8453.21 49877.52 211792.57 72.37
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Table D.2: Thermodynamic stream data for closed hydro-

gen based system at 1 bar

Streams Total Flow Pressure Enthalpy Entropy Exergy

Thermomechanical Chemical Total

kg/s bar J/kg J/kg K kJ/kmol kJ/kmol kW

EC-OUT2 1.00E-03 0.99 -5994300.00 1617.93 42482.24 211792.57 70.32

EC-OUT3 1.00E-03 0.99 -6390400.00 524.68 42228.49 211792.57 70.25

EC-OUT4 1.00E-03 0.98 -6416300.00 458.75 42206.56 211792.57 70.25

EC-OUT5 1.00E-03 0.98 -7681400.00 -3631.03 41948.22 211792.57 70.18

EC-OUT6 5.02E-04 0.98 -71331.95 -103.66 38847.95 236110.00 68.44

EC-OUT7 5.02E-04 25.00 1639420.00 -8565.95 47382.76 236110.00 70.56

ECAIRIN 1.00E-02 1.00 860732.00 1536.06 70836.55 128.49 24.60

ECAIROUT 1.34E-02 1.00 803851.00 1513.14 70934.70 346.31 32.38

EHPCM1IA 2.45E-01 1.00 -11690000.00 249.76 94744.06 900.00 1300.71

EHPCM1IF 9.21E-01 1.00 -11690000.00 249.76 94744.06 900.00 4886.98

EHPCM1OA 2.45E-01 1.00 -11692000.00 247.65 94715.42 900.00 1300.32

EHPCM1OF 9.21E-01 1.00 -11692000.00 247.65 94715.42 900.00 4885.52

ELPCM1IF 4.51E+00 1.00 -11924000.00 31.59 91695.90 900.00 23155.04

ELPCM1OF 4.51E+00 1.00 -11927000.00 29.34 91668.00 900.00 23148.06

EW-TANK 4.38E-03 1.00 -15844000.00 -8987.23 69529.06 900.00 17.11

EW-TANK1 4.38E-03 1.03 -15844000.00 -8987.22 69529.06 900.00 17.11

EW-TANK2 4.38E-03 1.02 -15753000.00 -8700.03 69617.62 900.00 17.13

EW-TANK3 4.38E-03 1.02 -15753000.00 -8700.03 69617.62 900.00 17.13

EW-TANK4 4.38E-03 1.02 -14820000.00 -6167.19 72829.00 900.00 17.91
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Table D.2: Thermodynamic stream data for closed hydro-

gen based system at 1 bar

Streams Total Flow Pressure Enthalpy Entropy Exergy

Thermomechanical Chemical Total

kg/s bar J/kg J/kg K kJ/kmol kJ/kmol kW

EW-TANK5 4.38E-03 1.01 -14463000.00 -5209.04 74506.83 900.00 18.32

F-RECYC 5.07E-04 0.99 -12081000.00 -44.46 82100.29 31725.59 3.64

F-TANK 5.02E-04 25.00 933549.00 -10389.86 47056.03 236110.00 70.48

F-TANK1 5.02E-04 25.00 1827240.00 -8116.36 47491.19 236110.00 70.59

F-TANK2 5.02E-04 1.10 1827240.00 4765.87 45724.65 236110.00 70.15

F-TANK3 5.02E-04 1.10 4787600.00 10476.61 44904.42 236110.00 69.95

F-TANK4 5.02E-04 1.09 7165540.00 13859.16 46441.14 236110.00 70.33

F-TANK5 5.02E-04 1.09 7165540.00 13878.13 46430.85 236110.00 70.33

F-WATER4 3.88E-03 0.99 -15864000.00 -9055.61 69525.78 900.00 15.16

F-WATER5 3.88E-03 0.98 -15864000.00 -9055.61 69525.78 900.00 15.16

F-WATER6 3.88E-03 0.98 -15864000.00 -9055.61 69525.78 900.00 15.16

FAIR-AMB 1.09E-01 1.00 0.00 151.91 57910.18 128.49 218.46

FAIR-IN 1.09E-01 1.01 1008.47 152.42 57934.89 128.49 218.55

FAIR-IN1 1.09E-01 1.01 58250.06 327.68 58020.72 128.49 218.88

FAIR-IN2 1.09E-01 1.01 722103.00 1400.03 70226.87 128.49 264.82

FAIR-IN3 1.09E-01 1.01 722103.00 1400.03 67717.76 183.54 255.58

FAIROUT1 1.05E-01 1.00 899883.00 1563.52 71194.87 226.56 261.15

FAIROUT2 1.05E-01 1.00 791797.00 1463.28 68964.48 226.56 252.99

FAIROUT3 1.05E-01 1.00 791797.00 1463.28 68964.48 226.56 252.99
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Table D.2: Thermodynamic stream data for closed hydro-

gen based system at 1 bar

Streams Total Flow Pressure Enthalpy Entropy Exergy

Thermomechanical Chemical Total

kg/s bar J/kg J/kg K kJ/kmol kJ/kmol kW

FAIROUT4 1.05E-01 1.00 106202.00 449.82 54605.60 226.56 200.49

FAIROUT5 1.05E-01 0.99 106202.00 451.28 54593.11 226.56 200.44

FAIROUT6 1.05E-01 0.72 76081.38 465.63 53603.97 226.56 196.83

FAIRRECY 1.00E-10 0.00 0.00 0.00 46194.18 226.56 0.00

FC-FINAL 6.79E-05 25.00 1077980.00 -9997.35 47111.29 236110.00 9.53

FC-IN 1.01E-03 0.99 -525690.00 9913.91 53586.95 212154.16 74.64

FC-IN1 1.01E-03 0.99 -2507300.00 7709.50 50447.87 212154.16 73.76

FC-IN2 1.01E-03 0.99 -525690.00 9913.91 53586.95 212154.16 74.64

FC-OUT 4.45E-03 1.00 -11218000.00 843.06 89505.11 31725.59 34.05

FC-OUT1 4.45E-03 1.00 -11276000.00 791.41 88905.11 31725.59 33.88

FC-OUT2 4.45E-03 1.00 -11364000.00 711.97 87888.58 31725.59 33.60

FC-OUT3 4.45E-03 1.00 -11813000.00 265.85 84218.46 31725.59 32.57

FC-OUT4 4.45E-03 0.99 -12081000.00 -44.46 82097.69 31725.59 31.97

FC-OUT5 3.95E-03 0.99 -12081000.00 -44.46 82100.29 31725.59 28.33

FC-OUT6 3.95E-03 0.99 -12458000.00 -566.48 79922.93 31725.59 27.79

FC-OUT7 3.95E-03 0.99 -14033000.00 -4448.74 59825.50 31725.59 22.79

FC-OUT8 3.95E-03 0.99 -15579000.00 -8853.69 66354.10 31725.59 24.41

FC-OUT9 6.79E-05 0.99 0.00 116.62 38859.35 236110.00 9.26

FC-OUT10 6.79E-05 25.01 7686610.00 1581.82 53474.11 236110.00 9.75
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Table D.2: Thermodynamic stream data for closed hydro-

gen based system at 1 bar

Streams Total Flow Pressure Enthalpy Entropy Exergy

Thermomechanical Chemical Total

kg/s bar J/kg J/kg K kJ/kmol kJ/kmol kW

FCAIRIN 1.09E-01 1.01 722103.00 1400.03 67717.76 183.54 255.58

FCAIROUT 1.05E-01 1.00 927009.00 1587.39 71695.79 226.56 262.98

FHPCMIA 1.20E+00 1.00 -11692000.00 247.65 94715.42 900.00 6368.95

FHPCMIF 1.10E-01 1.00 -11692000.00 247.65 94715.42 900.00 583.82

FHPCMOA 1.20E+00 1.00 -11690000.00 249.76 94744.06 900.00 6370.86

FHPCMOF 1.10E-01 1.00 -11690000.00 249.76 94744.06 900.00 584.00

FLPCMIA 4.93E+00 1.00 -11927000.00 29.34 91668.00 900.00 25316.43

FLPCMIF 1.70E-01 1.00 -11927000.00 29.34 91668.00 900.00 873.51

FLPCMOA 4.93E+00 1.00 -11924000.00 31.59 91695.90 900.00 25324.06

FLPCMOF 1.70E-01 1.00 -11924000.00 31.59 91695.90 900.00 873.77
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Table D.3: Gas compositions of streams for closed hydro-

gen based system at 1 bar

Streams Mole Fraction Density Mol.wt

H2 H2O CO CO2 CH4 O2 N2 C

kg/m3 kg/kmol

E-TANK 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08 2.02

E-TANK1 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08 2.02

E-TANK2 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07 2.02

E-WATER 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 998.77 18.02

E-WATER1 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 998.77 18.02

E-WATER2 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 998.77 18.02

EAIR-AMB 0.00 0.00 0.00 0.00 0.00 0.21 0.79 0.00 1.16 28.85

EAIR-IN1 0.00 0.00 0.00 0.00 0.00 0.21 0.79 0.00 1.17 28.85

EAIR-IN2 0.00 0.00 0.00 0.00 0.00 0.21 0.79 0.00 1.17 28.85

EAIR-IN3 0.00 0.00 0.00 0.00 0.00 0.21 0.79 0.00 0.33 28.85

EAIR-IN4 0.00 0.00 0.00 0.00 0.00 0.21 0.79 0.00 0.32 28.85

EAIROUT1 0.00 0.00 0.00 0.00 0.00 0.40 0.60 0.00 0.70 29.60

EAIROUT2 0.00 0.00 0.00 0.00 0.00 0.40 0.60 0.00 0.70 29.60

EC-IN 0.12 0.88 0.00 0.00 0.00 0.00 0.00 0.00 0.18 16.07

EC-IN-1 0.12 0.88 0.00 0.00 0.00 0.00 0.00 0.00 0.97 16.07

EC-IN-2 0.12 0.88 0.00 0.00 0.00 0.00 0.00 0.00 0.22 16.07

EC-IN-3 0.12 0.88 0.00 0.00 0.00 0.00 0.00 0.00 0.22 16.07

EC-OUT 0.90 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.04 3.62

EC-OUT1 0.90 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.05 3.62
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Table D.3: Gas compositions of streams for closed hydro-

gen based system at 1 bar

Streams Mole Fraction Density Mol.wt

H2 H2O CO CO2 CH4 O2 N2 C

kg/m3 kg/kmol

EC-OUT2 0.90 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.11 3.62

EC-OUT3 0.90 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.13 3.62

EC-OUT4 0.90 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.13 3.62

EC-OUT5 0.90 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.16 3.62

EC-OUT6 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08 2.02

EC-OUT7 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.47 2.02

ECAIRIN 0.00 0.00 0.00 0.00 0.00 0.21 0.79 0.00 0.32 28.85

ECAIROUT 0.00 0.00 0.00 0.00 0.00 0.40 0.60 0.00 0.34 29.60

EHPCM1IA 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19 18.02

EHPCM1IF 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19 18.02

EHPCM1OA 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19 18.02

EHPCM1OF 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19 18.02

ELPCM1IF 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.21 18.02

ELPCM1OF 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.21 18.02

EW-TANK 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 989.12 18.02

EW-TANK1 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 989.12 18.02

EW-TANK2 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 967.88 18.02

EW-TANK3 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 967.88 18.02

EW-TANK4 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 1.84 18.02
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Table D.3: Gas compositions of streams for closed hydro-

gen based system at 1 bar

Streams Mole Fraction Density Mol.wt

H2 H2O CO CO2 CH4 O2 N2 C

kg/m3 kg/kmol

EW-TANK5 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 1.23 18.02

F-RECYC 0.14 0.86 0.00 0.00 0.00 0.00 0.00 0.00 0.24 15.85

F-TANK 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.67 2.02

F-TANK1 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.43 2.02

F-TANK2 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 2.02

F-TANK3 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 2.02

F-TANK4 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 2.02

F-TANK5 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 2.02

F-WATER4 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 993.96 18.02

F-WATER5 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 993.96 18.02

F-WATER6 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 993.96 18.02

FAIR-AMB 0.00 0.00 0.00 0.00 0.00 0.21 0.79 0.00 1.16 28.85

FAIR-IN 0.00 0.00 0.00 0.00 0.00 0.21 0.79 0.00 1.17 28.85

FAIR-IN1 0.00 0.00 0.00 0.00 0.00 0.21 0.79 0.00 0.99 28.85

FAIR-IN2 0.00 0.00 0.00 0.00 0.00 0.21 0.79 0.00 0.36 28.85

FAIR-IN3 0.00 0.00 0.00 0.00 0.00 0.21 0.79 0.00 0.36 28.85

FAIROUT1 0.00 0.00 0.00 0.00 0.00 0.19 0.81 0.00 0.31 28.76

FAIROUT2 0.00 0.00 0.00 0.00 0.00 0.19 0.81 0.00 0.34 28.76

FAIROUT3 0.00 0.00 0.00 0.00 0.00 0.19 0.81 0.00 0.34 28.76
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Table D.3: Gas compositions of streams for closed hydro-

gen based system at 1 bar

Streams Mole Fraction Density Mol.wt

H2 H2O CO CO2 CH4 O2 N2 C

kg/m3 kg/kmol

FAIROUT4 0.00 0.00 0.00 0.00 0.00 0.19 0.81 0.00 0.86 28.76

FAIROUT5 0.00 0.00 0.00 0.00 0.00 0.19 0.81 0.00 0.85 28.76

FAIROUT6 0.00 0.00 0.00 0.00 0.00 0.19 0.81 0.00 0.67 28.76

FAIRRECY 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

FC-FINAL 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.62 2.02

FC-IN 0.90 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.04 3.59

FC-IN1 0.90 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.05 3.59

FC-IN2 0.90 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.04 3.59

FC-OUT 0.14 0.86 0.00 0.00 0.00 0.00 0.00 0.00 0.17 15.85

FC-OUT1 0.14 0.86 0.00 0.00 0.00 0.00 0.00 0.00 0.17 15.85

FC-OUT2 0.14 0.86 0.00 0.00 0.00 0.00 0.00 0.00 0.17 15.85

FC-OUT3 0.14 0.86 0.00 0.00 0.00 0.00 0.00 0.00 0.21 15.85

FC-OUT4 0.14 0.86 0.00 0.00 0.00 0.00 0.00 0.00 0.24 15.85

FC-OUT5 0.14 0.86 0.00 0.00 0.00 0.00 0.00 0.00 0.24 15.85

FC-OUT6 0.14 0.86 0.00 0.00 0.00 0.00 0.00 0.00 0.29 15.85

FC-OUT7 0.14 0.86 0.00 0.00 0.00 0.00 0.00 0.00 0.83 15.85

FC-OUT8 0.14 0.86 0.00 0.00 0.00 0.00 0.00 0.00 4.49 15.85

FC-OUT9 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08 2.02

FC-OUT10 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.73 2.02
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Table D.3: Gas compositions of streams for closed hydro-

gen based system at 1 bar

Streams Mole Fraction Density Mol.wt

H2 H2O CO CO2 CH4 O2 N2 C

kg/m3 kg/kmol

FCAIRIN 0.00 0.00 0.00 0.00 0.00 0.21 0.79 0.00 0.36 28.85

FCAIROUT 0.00 0.00 0.00 0.00 0.00 0.19 0.81 0.00 0.30 28.76

FHPCMIA 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19 18.02

FHPCMIF 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19 18.02

FHPCMOA 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19 18.02

FHPCMOF 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19 18.02

FLPCMIA 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.21 18.02

FLPCMIF 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.21 18.02

FLPCMOA 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.21 18.02

FLPCMOF 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.21 18.02
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D.4. THERMODYNAMIC STREAM DATA FOR PRESSURISED HYDROGEN BASED
CLOSED SYSTEM

D.4 Thermodynamic stream data for pressurised
hydrogen based closed system

The enthalpy, entropy, pressure, flow rate and exergy flows are presented in the Table

D.4. The gas compositions, density and molecular weight of the streams are presented in

the Table D.5.
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Table D.4: Thermodynamic stream data for closed hydro-

gen based system at 25 bar

Streams Total Flow Pressure Enthalpy Entropy Exergy

Thermomechanical Chemical Total

kg/s bar J/kg J/kg K kJ/kmol kJ/kmol kW

E-TANK 6.79E-05 25.01 0.00 -13222.50 46876.64 236110.00 9.53

E-TANK1 6.79E-05 25.01 0.00 -13222.50 46876.64 236110.00 9.53

E-TANK2 6.79E-05 25.00 1657130.00 -8523.02 47392.66 236110.00 9.54

E-WATER 4.98E-04 24.98 -15885000.00 -9124.82 69528.47 900.00 1.95

E-WATER1 4.98E-04 24.98 -15885000.00 -9124.82 69528.47 900.00 1.95

E-WATER2 4.98E-04 1.00 -15887000.00 -9130.93 69531.27 900.00 1.95

EAIR-AMB 1.00E-02 1.00 0.00 151.91 57910.18 128.49 20.12

EAIR-IN1 1.00E-02 25.01 53045.40 -611.89 66010.57 128.49 22.92

EAIR-IN2 1.00E-02 25.00 53045.40 -611.88 66010.47 128.49 22.92

EAIR-IN3 1.00E-02 25.00 742724.00 494.83 76388.33 128.49 26.52

EAIR-IN4 1.00E-02 25.00 837445.00 586.64 78331.30 128.49 27.20

EAIROUT1 1.34E-02 25.00 298510.00 -18.23 69359.04 345.43 31.66

EAIROUT2 1.34E-02 1.00 -3294.02 181.33 58665.77 345.43 26.81

EC-IN 4.44E-03 25.00 -11457000.00 -1049.61 95963.71 28609.11 34.45

EC-IN-1 4.44E-03 25.00 -14069000.00 -5426.23 74950.71 28609.11 28.64

EC-IN-2 4.44E-03 25.00 -11697000.00 -1283.93 93226.25 28609.11 33.70

EC-IN-3 4.44E-03 25.00 -11697000.00 -1283.98 93226.52 28609.11 33.70

EC-OUT 1.00E-03 25.00 -290710.00 2721.30 62526.57 211782.62 75.86

EC-OUT1 1.00E-03 25.00 -4011000.00 -1789.26 53937.45 211782.62 73.49
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Table D.4: Thermodynamic stream data for closed hydro-

gen based system at 25 bar

Streams Total Flow Pressure Enthalpy Entropy Exergy

Thermomechanical Chemical Total

kg/s bar J/kg J/kg K kJ/kmol kJ/kmol kW

EC-OUT2 1.00E-03 24.99 -4840400.00 -3239.55 52501.96 211782.62 73.09

EC-OUT3 1.00E-03 24.99 -5666200.00 -4990.77 51403.89 211782.62 72.79

EC-OUT4 1.00E-03 24.98 -5778600.00 -5260.42 51287.59 211782.62 72.76

EC-OUT5 1.00E-03 24.98 -7940000.00 -11262.40 49943.18 211782.62 72.38

EC-OUT6 5.02E-04 24.98 -71332.00 -13459.70 46875.38 236110.00 70.44

EC-OUT7 5.02E-04 25.00 -70135.30 -13459.10 46877.43 236110.00 70.44

ECAIRIN 1.00E-02 25.00 837445.00 586.64 78331.30 128.49 27.20

ECAIROUT 1.34E-02 25.00 811518.00 616.13 78944.53 345.43 36.02

EHPCM1IA 3.99E-01 1.00 -11690000.00 249.76 94744.06 900.00 2115.66

EHPCM1IF 4.49E-01 1.00 -11690000.00 249.76 94744.06 900.00 2383.76

EHPCM1OA 3.99E-01 1.00 -11692000.00 247.65 94715.42 900.00 2115.02

EHPCM1OF 4.49E-01 1.00 -11692000.00 247.65 94715.42 900.00 2383.04

ELPCM1IF 4.57E+00 1.00 -11924000.00 31.59 91695.90 900.00 23489.13

ELPCM1OF 4.57E+00 1.00 -11927000.00 29.34 91668.00 900.00 23482.05

EW-TANK 4.38E-03 25.00 -15541000.00 -8098.59 70205.68 900.00 17.27

EW-TANK1 4.38E-03 25.03 -15541000.00 -8098.58 70205.68 900.00 17.27

EW-TANK2 4.38E-03 25.02 -15352000.00 -7632.49 71101.22 900.00 17.49

EW-TANK3 4.38E-03 25.02 -15352000.00 -7632.49 71101.22 900.00 17.49

EW-TANK4 4.38E-03 25.02 -15163000.00 -7215.91 72285.09 900.00 17.78
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Table D.4: Thermodynamic stream data for closed hydro-

gen based system at 25 bar

Streams Total Flow Pressure Enthalpy Entropy Exergy

Thermomechanical Chemical Total

kg/s bar J/kg J/kg K kJ/kmol kJ/kmol kW

EW-TANK5 4.38E-03 25.01 -14313000.00 -5525.90 78516.62 900.00 19.29

F-RECYC 5.07E-04 24.95 -12294000.00 -2018.10 86126.61 31725.59 3.77

F-TANK 5.02E-04 25.00 0.00 -13221.90 46876.24 236110.00 70.44

F-TANK1 5.02E-04 25.00 111831.00 -12850.80 46878.66 236110.00 70.44

F-TANK2 5.02E-04 25.03 113553.00 -12850.00 46881.62 236110.00 70.44

F-TANK3 5.02E-04 25.02 3251150.00 -5104.80 48551.53 236110.00 70.85

F-TANK4 5.02E-04 25.02 5835900.00 -848.42 51203.88 236110.00 71.52

F-TANK5 5.02E-04 25.01 5835900.00 -847.60 51203.38 236110.00 71.52

F-WATER4 3.88E-03 24.94 -15541000.00 -8098.59 70205.68 900.00 15.31

F-WATER5 3.88E-03 24.94 -15541000.00 -8098.59 70205.68 900.00 15.31

F-WATER6 3.88E-03 25.00 -15541000.00 -8098.58 70205.68 900.00 15.31

FAIR-AMB 2.28E-02 1.00 0.00 151.91 57910.18 128.49 45.95

FAIR-IN 2.28E-02 25.00 53023.00 -611.90 66009.97 128.49 52.37

FAIR-IN1 2.28E-02 25.00 67974.50 -570.11 66081.91 128.49 52.42

FAIR-IN2 2.28E-02 25.00 497604.00 215.83 71716.44 128.49 56.88

FAIR-IN3 9.67E-02 24.96 727785.00 428.56 75524.02 209.76 257.23

FAIROUT1 9.33E-02 24.96 907764.00 579.88 79004.07 273.48 260.73

FAIROUT2 9.33E-02 24.96 798977.00 479.04 76771.95 273.48 253.39

FAIROUT3 1.94E-02 24.96 798977.00 479.04 76771.95 273.48 52.71
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Table D.4: Thermodynamic stream data for closed hydro-

gen based system at 25 bar

Streams Total Flow Pressure Enthalpy Entropy Exergy

Thermomechanical Chemical Total

kg/s bar J/kg J/kg K kJ/kmol kJ/kmol kW

FAIROUT4 1.94E-02 24.95 293075.00 -162.76 67852.83 273.48 46.61

FAIROUT5 1.94E-02 24.95 293075.00 -162.70 67852.33 273.48 46.61

FAIROUT6 1.94E-02 1.00 -12739.60 45.99 57416.59 273.48 39.47

FAIRRECY 7.39E-02 24.96 798977.00 479.04 76771.95 273.48 200.68

FC-FINAL 6.79E-05 25.00 254964.00 -12390.50 46890.53 236110.00 9.53

FC-IN 1.01E-03 24.94 -525690.00 2431.82 61598.04 212154.16 76.89

FC-IN1 1.01E-03 24.95 -3275400.00 -790.23 55172.81 212154.16 75.09

FC-IN2 1.01E-03 24.94 -525690.00 2431.82 61598.04 212154.16 76.89

FC-OUT 4.45E-03 24.96 -11233000.00 -857.88 97453.21 31725.59 36.28

FC-OUT1 4.45E-03 24.96 -11276000.00 -895.53 96951.17 31725.59 36.14

FC-OUT2 4.45E-03 24.96 -11379000.00 -989.23 95754.00 31725.59 35.81

FC-OUT3 4.45E-03 24.95 -12002000.00 -1640.53 88952.16 31725.59 33.90

FC-OUT4 4.45E-03 24.95 -12294000.00 -2018.10 86126.61 31725.59 33.10

FC-OUT5 3.95E-03 24.95 -12294000.00 -2018.10 86126.61 31725.59 29.33

FC-OUT6 3.95E-03 24.94 -12693000.00 -2663.48 82846.79 31725.59 28.52

FC-OUT7 3.95E-03 24.94 -12779000.00 -2832.28 82274.58 31725.59 28.38

FC-OUT8 3.95E-03 24.94 -15241000.00 -8088.51 68097.54 31725.59 24.85

FC-OUT9 6.79E-05 24.94 1077980.00 -9987.86 47105.59 236110.00 9.53

FC-OUT10 6.79E-05 25.00 1081930.00 -9986.95 47112.99 236110.00 9.53
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Table D.4: Thermodynamic stream data for closed hydro-

gen based system at 25 bar

Streams Total Flow Pressure Enthalpy Entropy Exergy

Thermomechanical Chemical Total

kg/s bar J/kg J/kg K kJ/kmol kJ/kmol kW

FCAIRIN 9.67E-02 24.96 727799.00 428.58 75524.21 209.76 257.23

FCAIROUT 9.33E-02 24.96 927645.00 597.42 79419.55 273.48 262.10

FHPCMIA 7.80E-01 1.00 -11692000.00 247.65 94715.42 900.00 4139.81

FHPCMIF 8.00E-02 1.00 -11692000.00 247.65 94715.42 900.00 424.60

FHPCMOA 7.80E-01 1.00 -11690000.00 249.76 94744.06 900.00 4141.05

FHPCMOF 8.00E-02 1.00 -11690000.00 249.76 94744.06 900.00 424.72

FLPCMIA 4.40E+00 1.00 -11927000.00 29.34 91668.00 900.00 22598.27

FLPCMIF 2.00E-01 1.00 -11927000.00 29.34 91668.00 900.00 1027.65

FLPCMOA 4.40E+00 1.00 -11924000.00 31.59 91695.90 900.00 22605.08

FLPCMOF 2.00E-01 1.00 -11924000.00 31.59 91695.90 900.00 1027.96
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Table D.5: Gas compositions of streams for closed hydro-

gen based system at 25 bar

Streams Mole Fraction Density Mol.wt

H2 H2O CO CO2 CH4 O2 N2 C

kg/m3 kg/kmol

E-TANK 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.03 2.02

E-TANK1 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.03 2.02

E-TANK2 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.47 2.02

E-WATER 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 998.77 18.02

E-WATER1 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 998.77 18.02

E-WATER2 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 999.19 18.02

EAIR-AMB 0.00 0.00 0.00 0.00 0.00 0.21 0.79 0.00 1.16 28.85

EAIR-IN1 0.00 0.00 0.00 0.00 0.00 0.21 0.79 0.00 24.75 28.85

EAIR-IN2 0.00 0.00 0.00 0.00 0.00 0.21 0.79 0.00 24.75 28.85

EAIR-IN3 0.00 0.00 0.00 0.00 0.00 0.21 0.79 0.00 8.75 28.85

EAIR-IN4 0.00 0.00 0.00 0.00 0.00 0.21 0.79 0.00 8.08 28.85

EAIROUT1 0.00 0.00 0.00 0.00 0.00 0.40 0.60 0.00 14.99 29.60

EAIROUT2 0.00 0.00 0.00 0.00 0.00 0.40 0.60 0.00 1.21 29.60

EC-IN 0.12 0.88 0.00 0.00 0.00 0.00 0.00 0.00 4.50 16.07

EC-IN-1 0.12 0.88 0.00 0.00 0.00 0.00 0.00 0.00 23.23 16.07

EC-IN-2 0.12 0.88 0.00 0.00 0.00 0.00 0.00 0.00 4.94 16.07

EC-IN-3 0.12 0.88 0.00 0.00 0.00 0.00 0.00 0.00 4.94 16.07

EC-OUT 0.90 0.10 0.00 0.00 0.00 0.00 0.00 0.00 1.02 3.62

EC-OUT1 0.90 0.10 0.00 0.00 0.00 0.00 0.00 0.00 1.74 3.62
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Table D.5: Gas compositions of streams for closed hydro-

gen based system at 25 bar

Streams Mole Fraction Density Mol.wt

H2 H2O CO CO2 CH4 O2 N2 C

kg/m3 kg/kmol

EC-OUT2 0.90 0.10 0.00 0.00 0.00 0.00 0.00 0.00 2.08 3.62

EC-OUT3 0.90 0.10 0.00 0.00 0.00 0.00 0.00 0.00 2.57 3.62

EC-OUT4 0.90 0.10 0.00 0.00 0.00 0.00 0.00 0.00 2.65 3.62

EC-OUT5 0.90 0.10 0.00 0.00 0.00 0.00 0.00 0.00 4.11 3.62

EC-OUT6 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.07 2.02

EC-OUT7 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.07 2.02

ECAIRIN 0.00 0.00 0.00 0.00 0.00 0.21 0.79 0.00 8.08 28.85

ECAIROUT 0.00 0.00 0.00 0.00 0.00 0.40 0.60 0.00 8.39 29.60

EHPCM1IA 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19 18.02

EHPCM1IF 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19 18.02

EHPCM1OA 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19 18.02

EHPCM1OF 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19 18.02

ELPCM1IF 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.21 18.02

ELPCM1OF 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.21 18.02

EW-TANK 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 918.29 18.02

EW-TANK1 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 918.29 18.02

EW-TANK2 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 874.82 18.02

EW-TANK3 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 874.82 18.02

EW-TANK4 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 832.13 18.02
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Table D.5: Gas compositions of streams for closed hydro-

gen based system at 25 bar

Streams Mole Fraction Density Mol.wt

H2 H2O CO CO2 CH4 O2 N2 C

kg/m3 kg/kmol

EW-TANK5 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 34.13 18.02

F-RECYC 0.14 0.86 0.00 0.00 0.00 0.00 0.00 0.00 6.69 15.85

F-TANK 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.03 2.02

F-TANK1 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.98 2.02

F-TANK2 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.98 2.02

F-TANK3 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.16 2.02

F-TANK4 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.87 2.02

F-TANK5 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.87 2.02

F-WATER4 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 918.29 18.02

F-WATER5 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 918.29 18.02

F-WATER6 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 918.29 18.02

FAIR-AMB 0.00 0.00 0.00 0.00 0.00 0.21 0.79 0.00 1.16 28.85

FAIR-IN 0.00 0.00 0.00 0.00 0.00 0.21 0.79 0.00 24.75 28.85

FAIR-IN1 0.00 0.00 0.00 0.00 0.00 0.21 0.79 0.00 23.75 28.85

FAIR-IN2 0.00 0.00 0.00 0.00 0.00 0.21 0.79 0.00 11.22 28.85

FAIR-IN3 0.00 0.00 0.00 0.00 0.00 0.11 0.89 0.00 8.78 28.47

FAIROUT1 0.00 0.00 0.00 0.00 0.00 0.09 0.91 0.00 7.56 28.36

FAIROUT2 0.00 0.00 0.00 0.00 0.00 0.09 0.91 0.00 8.24 28.36

FAIROUT3 0.00 0.00 0.00 0.00 0.00 0.09 0.91 0.00 8.24 28.36
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Table D.5: Gas compositions of streams for closed hydro-

gen based system at 25 bar

Streams Mole Fraction Density Mol.wt

H2 H2O CO CO2 CH4 O2 N2 C

kg/m3 kg/kmol

FAIROUT4 0.00 0.00 0.00 0.00 0.00 0.09 0.91 0.00 14.68 28.36

FAIROUT5 0.00 0.00 0.00 0.00 0.00 0.09 0.91 0.00 14.68 28.36

FAIROUT6 0.00 0.00 0.00 0.00 0.00 0.09 0.91 0.00 1.19 28.36

FAIRRECY 0.00 0.00 0.00 0.00 0.00 0.09 0.91 0.00 8.24 28.36

FC-FINAL 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.92 2.02

FC-IN 0.90 0.10 0.00 0.00 0.00 0.00 0.00 0.00 1.05 3.59

FC-IN1 0.90 0.10 0.00 0.00 0.00 0.00 0.00 0.00 1.54 3.59

FC-IN2 0.90 0.10 0.00 0.00 0.00 0.00 0.00 0.00 1.05 3.59

FC-OUT 0.14 0.86 0.00 0.00 0.00 0.00 0.00 0.00 4.17 15.85

FC-OUT1 0.14 0.86 0.00 0.00 0.00 0.00 0.00 0.00 4.23 15.85

FC-OUT2 0.14 0.86 0.00 0.00 0.00 0.00 0.00 0.00 4.38 15.85

FC-OUT3 0.14 0.86 0.00 0.00 0.00 0.00 0.00 0.00 5.70 15.85

FC-OUT4 0.14 0.86 0.00 0.00 0.00 0.00 0.00 0.00 6.69 15.85

FC-OUT5 0.14 0.86 0.00 0.00 0.00 0.00 0.00 0.00 6.69 15.85

FC-OUT6 0.14 0.86 0.00 0.00 0.00 0.00 0.00 0.00 8.92 15.85

FC-OUT7 0.14 0.86 0.00 0.00 0.00 0.00 0.00 0.00 9.64 15.85

FC-OUT8 0.14 0.86 0.00 0.00 0.00 0.00 0.00 0.00 83.26 15.85

FC-OUT9 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.62 2.02

FC-OUT10 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.62 2.02
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Table D.5: Gas compositions of streams for closed hydro-

gen based system at 25 bar

Streams Mole Fraction Density Mol.wt

H2 H2O CO CO2 CH4 O2 N2 C

kg/m3 kg/kmol

FCAIRIN 0.00 0.00 0.00 0.00 0.00 0.11 0.89 0.00 8.78 28.47

FCAIROUT 0.00 0.00 0.00 0.00 0.00 0.09 0.91 0.00 7.45 28.36

FHPCMIA 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19 18.02

FHPCMIF 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19 18.02

FHPCMOA 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19 18.02

FHPCMOF 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19 18.02

FLPCMIA 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.21 18.02

FLPCMIF 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.21 18.02

FLPCMOA 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.21 18.02

FLPCMOF 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.21 18.02
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E Appendix E: Methane based
gas grid connected rSOC
system- performance and
thermodynamic stream data

An expanded process flow diagram from the methane based gas grid connected system

is presented here. System performance including the net electric power produced and

consumed by the system in SOFC and SOEC mode respectively is presented here. The

thermodynamic stream data of the process system modelling of the system at two

different current densities is provided in this chapter.

E.1 Detailed process flow diagram
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FIGURE E.1. Extended process flow diagram of methane based gas grid connected system in SOFC mode.

236



E
.1.

D
E

T
A

IL
E

D
P

R
O

C
E

S
S

F
L

O
W

D
IA

G
R

A
M

H2O TANK

LT-A Heat 
Recovery

LT-F 
Heat Recovery

HT-Fuel 
Heat Recovery

SOC
(FC)

High 
Temp 
PCM

(850C)

Low 
Temp 
PCM

(750C)

Separator

Cooler

HT-Air 
Heat Recovery

Pump

Water

Water

Ambient Air

Inlet-Air Side

Inlet-Fuel SideOutlet-Fuel 
Side

Outlet-Air 
Side

Exhaust Air
Air-Compressor

Air-Expander

valve

CH4 
gas grid

V-4

V-5

V-6

Methanation

Exhaust tank

CO2

ECO EVA1

Methanation4 Methanation3 Methanation2

EVA2

SH

Compressor

FIGURE E.2. Extended process flow diagram of methane based gas grid connected system in SOEC mode.
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APPENDIX E. APPENDIX E: METHANE BASED GAS GRID CONNECTED RSOC
SYSTEM- PERFORMANCE AND THERMODYNAMIC STREAM DATA

E.2 Performance data

TABLE E.1. Performance of the methane based gas grid connected rSOC system
at a current density of 2500 A/m2

Parameter Value Unit

SOFC

Effective reactor temperature 845 °C
Cell Voltage 0.772 V

Chemical power input 50 kW
rSOC power output 33.6 kW

BoP power consumption 5.07 kW
Net power produced 28.5 kW

Net efficiency in SOFC mode 57 %

SOEC

Effective reactor temperature 800 °C
Cell voltage 1.235 V

Chemical power produced 50 kW
rSOC power input 53.9 kW

BoP power consumption -0.13 kW
Total electrical input 53.8 kW

Net efficiency in SOEC mode 92.9 %

Roundtrip efficiency

Reactor (gross) 62.2 %
System (net) 52.9 %

E.3 Thermodynamic stream data for gas grid
connected methane based open system

The enthalpy, entropy, pressure, flow rate and exergy flows are presented in the Table

E.2. The gas compositions, density and molecular weight of the streams are presented in

the Table E.3.
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Table E.2: Thermodynamic stream data for gas grid con-

nected methane based system at 2500 A/m2

Streams Total Flow Pressure Enthalpy Entropy Exergy

Thermomechanical Chemical Total

kg/s bar J/kg J/kg K kJ/kmol kJ/kmol kW

E-TANK 2.64E-03 25.01 -8394600.00 -235.02 62966.68 86461.09 11.45

E-TANK2 2.64E-03 25.01 -8394600.00 -235.02 62966.68 86461.09 11.45

E-TANK3 2.64E-03 25.00 -8037700.00 573.04 67125.04 86461.09 11.77

E-WATER 1.62E-03 24.99 -15885000.00 -9124.82 69528.47 900.00 6.32

E-WATER1 1.62E-03 24.99 -15885000.00 -9124.82 69528.47 900.00 6.32

E-WATER3 1.62E-03 1.00 -15887000.00 -9130.94 69531.27 900.00 6.32

EAIR-AMB 1.20E-02 1.00 0.00 151.91 57910.18 128.49 24.14

EAIR-IN1 1.20E-02 25.01 53045.40 -611.89 66010.57 128.49 27.51

EAIR-IN2 1.20E-02 25.00 53045.40 -611.88 66010.47 128.49 27.51

EAIR-IN3 1.20E-02 25.00 791084.00 542.62 77469.08 128.49 32.28

EAIR-IN4 3.30E-02 25.00 805799.00 593.86 78271.36 201.55 88.50

EAIROUT 1.57E-02 25.00 814201.00 615.74 78745.22 307.06 41.91

EAIROUT1 1.57E-02 25.00 248433.00 -109.73 68165.33 307.06 36.30

EAIROUT3 1.57E-02 1.00 -28384.92 90.60 58228.83 307.06 31.03

EAIRRECY 2.10E-02 25.00 814201.00 615.74 78745.22 307.06 56.27

EC-IN 6.31E-03 25.00 -10009000.00 -47.38 94967.06 22826.03 33.04

EC-IN-1 6.31E-03 25.00 -10538000.00 -628.23 87394.84 22826.03 30.92

EC-IN-2 6.31E-03 25.00 -10085000.00 -120.07 93753.81 22826.03 32.70

EC-IN-3 6.31E-03 25.00 -10085000.00 -119.95 93763.59 22826.03 32.70
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Table E.2: Thermodynamic stream data for gas grid con-

nected methane based system at 2500 A/m2

Streams Total Flow Pressure Enthalpy Entropy Exergy

Thermomechanical Chemical Total

kg/s bar J/kg J/kg K kJ/kmol kJ/kmol kW

EC-OUT 2.66E-03 25.00 -5451000.00 1432.44 82476.20 252186.58 73.93

EC-OUT1 2.66E-03 25.00 -6982600.00 -483.50 71225.58 252186.58 71.44

EC-OUT2 2.66E-03 25.00 -6982600.00 -51.99 90133.74 280669.83 71.16

EC-OUT3 2.66E-03 25.00 -8175600.00 -1617.94 79906.61 280669.83 69.20

EC-OUT4 2.66E-03 25.00 -8175600.00 -1359.24 93579.22 307195.35 68.95

EC-OUT5 2.66E-03 25.00 -8930500.00 -2432.91 86564.56 307195.35 67.75

EC-OUT6 2.66E-03 25.00 -8930500.00 -2326.07 93219.28 324031.85 67.40

EC-OUT7 2.66E-03 25.00 -9295700.00 -2895.36 89701.61 324031.85 66.83

EC-OUT8 2.66E-03 25.00 -9295700.00 -2872.19 91735.15 330536.17 66.64

EC-OUT9 2.66E-03 25.00 -9650100.00 -3518.77 88954.23 330536.17 66.20

EC-OUT10 2.66E-03 24.99 -10713000.00 -5842.06 82836.58 330536.17 65.24

EC-OUT11 2.66E-03 24.99 -11540000.00 -8014.61 79802.15 330536.17 64.76

EC-OUT13 1.04E-03 24.99 -4784100.00 -6340.27 86577.84 768464.10 58.25

EC-OUT14 1.04E-03 25.00 -4784000.00 -6340.23 86578.65 768464.10 58.25

ECAIRIN 3.30E-02 25.00 813022.00 600.71 78482.75 201.55 88.74

ECAIROUT 3.67E-02 25.00 814201.00 615.74 78745.22 307.06 98.18

EHPCM1IF 2.00E-01 1.00 -11690000.00 249.76 94744.06 900.00 1061.80

EHPCM1OF 2.00E-01 1.00 -11692000.00 247.65 94715.42 900.00 1061.48

ELPCM1IF 1.24E+00 1.00 -11924000.00 31.59 91695.90 900.00 6373.41
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Table E.2: Thermodynamic stream data for gas grid con-

nected methane based system at 2500 A/m2

Streams Total Flow Pressure Enthalpy Entropy Exergy

Thermomechanical Chemical Total

kg/s bar J/kg J/kg K kJ/kmol kJ/kmol kW

ELPCM1OF 1.24E+00 1.00 -11927000.00 29.34 91668.00 900.00 6371.49

EW-TANK 3.67E-03 1.00 -15885000.00 -9124.82 69528.47 900.00 14.36

EW-TANK1 3.67E-03 25.03 -15882000.00 -9113.94 69528.84 900.00 14.36

EW-TANK2 3.67E-03 25.02 -15113000.00 -7114.22 72519.16 900.00 14.97

EW-TANK3 3.67E-03 25.02 -14849000.00 -6605.22 74883.96 900.00 15.45

EW-TANK4 3.67E-03 25.01 -14304000.00 -5507.43 79306.58 900.00 16.35

EW-TANK5 3.67E-03 25.01 -13441000.00 -3772.54 86008.66 900.00 17.72

EW-TANK6 3.67E-03 25.00 -12334000.00 -1893.64 95151.22 900.00 19.58

F-RECYC 3.51E-03 24.80 -9534700.00 179.56 88624.98 35190.96 17.58

F-TANK 1.00E-03 25.00 -4645100.00 -6685.30 87810.19 831650.00 57.31

F-TANK1 1.00E-03 25.00 -4493000.00 -6224.75 88071.60 831650.00 57.33

F-TANK2 1.00E-03 25.03 -4492700.00 -6224.66 88075.09 831650.00 57.33

F-TANK3 1.00E-03 25.02 -3188900.00 -3902.16 97866.59 831650.00 57.94

F-TANK4 1.00E-03 25.02 -2505500.00 -3106.15 105017.14 831650.00 58.39

F-TANK5 1.00E-03 25.01 -2505500.00 -3106.07 105016.65 831650.00 58.39

F-WATER4 1.98E-03 24.80 -15541000.00 -8098.59 70205.68 900.00 7.80

F-WATER5 1.98E-03 24.80 -15541000.00 -8098.59 70205.68 900.00 7.80

F-WATER6 1.98E-03 1.00 -15543000.00 -8103.70 70202.51 900.00 7.80

FAIR-AMB 1.87E-02 1.00 0.00 151.91 57910.18 128.49 37.64
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Table E.2: Thermodynamic stream data for gas grid con-

nected methane based system at 2500 A/m2

Streams Total Flow Pressure Enthalpy Entropy Exergy

Thermomechanical Chemical Total

kg/s bar J/kg J/kg K kJ/kmol kJ/kmol kW

FAIR-IN 1.87E-02 25.00 53022.96 -611.90 66009.97 128.49 42.89

FAIR-IN1 1.87E-02 25.00 298102.00 -78.92 68670.49 128.49 44.62

FAIR-IN2 1.87E-02 25.00 636890.00 382.77 74298.88 128.49 48.27

FAIR-IN3 3.64E-02 24.81 727016.00 437.79 75537.04 186.80 96.75

FAIROUT1 3.28E-02 24.81 911217.00 547.91 78756.22 371.07 92.13

FAIROUT2 3.28E-02 24.81 822154.00 466.03 77055.96 371.07 90.15

FAIROUT3 1.51E-02 24.81 822111.00 465.99 77054.76 371.07 41.44

FAIROUT4 1.51E-02 24.81 401871.00 -26.19 69509.05 371.07 37.40

FAIROUT5 1.51E-02 24.80 401871.00 -26.13 69508.55 371.07 37.40

FAIROUT6 1.51E-02 1.00 40276.47 182.94 57571.17 371.07 31.01

FAIRRECY 1.77E-02 24.81 822111.00 465.99 77054.76 371.07 48.71

FC-FINAL 2.65E-03 25.00 -8410700.00 -194.12 62776.51 88239.98 11.68

FC-IN 4.51E-03 25.00 -7613000.00 88.81 92320.78 267047.54 76.54

FC-IN1 4.51E-03 24.80 -7977000.00 -316.16 93379.22 276628.00 75.60

FC-IN2 4.51E-03 25.00 -7977000.00 -296.70 87033.58 267047.54 75.42

FC-IN3 4.51E-03 25.00 -7613000.00 88.81 92320.78 267047.54 76.54

FC-OUT 8.14E-03 24.81 -9186800.00 511.69 94613.80 35191.18 42.70

FC-OUT1 8.14E-03 24.81 -9224800.00 478.27 94086.33 35191.18 42.53

FC-OUT2 8.14E-03 24.81 -9248900.00 456.74 93655.63 35191.18 42.39
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Table E.2: Thermodynamic stream data for gas grid con-

nected methane based system at 2500 A/m2

Streams Total Flow Pressure Enthalpy Entropy Exergy

Thermomechanical Chemical Total

kg/s bar J/kg J/kg K kJ/kmol kJ/kmol kW

FC-OUT3 8.14E-03 24.81 -9450700.00 265.56 90057.57 35191.18 41.20

FC-OUT4 8.14E-03 24.80 -9534700.00 179.58 88624.26 35191.18 40.73

FC-OUT5 4.63E-03 24.80 -9534700.00 179.56 88624.26 35191.20 23.15

FC-OUT6 4.63E-03 24.80 -9816600.00 -145.19 84040.96 35191.20 22.29

FC-OUT7 4.63E-03 24.80 -10808000.00 -2012.68 73499.78 35191.20 20.32

FC-OUT8 4.63E-03 24.80 -11399000.00 -3390.75 68911.66 35190.94 19.46

FC-OUT9 2.65E-03 24.80 -8354200.00 -28.84 63025.83 88239.98 11.70

FC-OUT10 2.65E-03 25.00 -8353300.00 -28.49 63055.35 88239.98 11.70

FCAIRIN 3.64E-02 24.81 727016.00 437.79 75537.04 186.80 96.75

FCAIROUT 3.28E-02 24.81 935482.00 569.27 79153.66 371.07 92.59

FHPCMIA 3.35E-01 1.00 -11692000.00 247.65 94715.42 900.00 1778.00

FHPCMIF 1.30E-01 1.00 -11692000.00 247.65 94715.42 900.00 689.97

FHPCMOA 3.35E-01 1.00 -11690000.00 249.76 94744.06 900.00 1778.53

FHPCMOF 1.30E-01 1.00 -11690000.00 249.76 94744.06 900.00 690.18

FLPCMIA 1.27E+00 1.00 -11927000.00 29.34 91668.00 900.00 6510.22

FLPCMIF 8.50E-02 1.00 -11927000.00 29.34 91668.00 900.00 436.76

FLPCMOA 1.27E+00 1.00 -11924000.00 31.59 91695.90 900.00 6512.19

FLPCMOF 8.50E-02 1.00 -11924000.00 31.59 91695.90 900.00 436.89
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Table E.3: Gas compositions of streams for gas grid con-

nected methane based system at 2500 A/m2

Streams Mole Fraction Density Mol.wt

H2 H2O CO CO2 CH4 O2 N2 C

kg/m3 kg/kmol

E-TANK 0.19 0.00 0.11 0.70 0.00 0.00 0.00 0.00 34.70 34.40

E-TANK2 0.19 0.00 0.11 0.70 0.00 0.00 0.00 0.00 34.70 34.40

E-TANK3 0.19 0.00 0.11 0.70 0.00 0.00 0.00 0.00 16.88 34.40

E-WATER 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 998.77 18.02

E-WATER1 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 998.77 18.02

E-WATER3 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 999.19 18.02

EAIR-AMB 0.00 0.00 0.00 0.00 0.00 0.21 0.79 0.00 1.16 28.85

EAIR-IN1 0.00 0.00 0.00 0.00 0.00 0.21 0.79 0.00 24.75 28.85

EAIR-IN2 0.00 0.00 0.00 0.00 0.00 0.21 0.79 0.00 24.75 28.85

EAIR-IN3 0.00 0.00 0.00 0.00 0.00 0.21 0.79 0.00 8.40 28.85

EAIR-IN4 0.00 0.00 0.00 0.00 0.00 0.32 0.68 0.00 8.37 29.28

EAIROUT 0.00 0.00 0.00 0.00 0.00 0.38 0.62 0.00 8.36 29.53

EAIROUT1 0.00 0.00 0.00 0.00 0.00 0.38 0.62 0.00 16.29 29.53

EAIROUT3 0.00 0.00 0.00 0.00 0.00 0.38 0.62 0.00 1.32 29.53

EAIRRECY 0.00 0.00 0.00 0.00 0.00 0.38 0.62 0.00 8.36 29.53

EC-IN 0.05 0.73 0.03 0.19 0.00 0.00 0.00 0.00 6.39 22.49

EC-IN-1 0.05 0.73 0.03 0.19 0.00 0.00 0.00 0.00 8.74 22.49

EC-IN-2 0.05 0.73 0.03 0.19 0.00 0.00 0.00 0.00 6.64 22.49

EC-IN-3 0.05 0.73 0.03 0.19 0.00 0.00 0.00 0.00 6.64 22.49
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Table E.3: Gas compositions of streams for gas grid con-

nected methane based system at 2500 A/m2

Streams Mole Fraction Density Mol.wt

H2 H2O CO CO2 CH4 O2 N2 C

kg/m3 kg/kmol

EC-OUT 0.50 0.22 0.10 0.05 0.13 0.00 0.00 0.00 3.40 12.02

EC-OUT1 0.50 0.22 0.10 0.05 0.13 0.00 0.00 0.00 6.30 12.02

EC-OUT2 0.35 0.33 0.04 0.06 0.23 0.00 0.00 0.00 4.27 13.84

EC-OUT3 0.35 0.33 0.04 0.06 0.23 0.00 0.00 0.00 7.26 13.84

EC-OUT4 0.19 0.44 0.01 0.04 0.32 0.00 0.00 0.00 5.50 15.43

EC-OUT5 0.19 0.44 0.01 0.04 0.32 0.00 0.00 0.00 8.09 15.43

EC-OUT6 0.08 0.53 0.00 0.02 0.37 0.00 0.00 0.00 6.94 16.44

EC-OUT7 0.08 0.53 0.00 0.02 0.37 0.00 0.00 0.00 8.62 16.44

EC-OUT8 0.04 0.57 0.00 0.01 0.39 0.00 0.00 0.00 8.12 16.82

EC-OUT9 0.04 0.57 0.00 0.01 0.39 0.00 0.00 0.00 10.60 16.82

EC-OUT10 0.04 0.57 0.00 0.01 0.39 0.00 0.00 0.00 20.55 16.82

EC-OUT11 0.04 0.57 0.00 0.01 0.39 0.00 0.00 0.00 42.90 16.82

EC-OUT13 0.08 0.00 0.00 0.01 0.90 0.00 0.00 0.00 15.64 15.26

EC-OUT14 0.08 0.00 0.00 0.01 0.90 0.00 0.00 0.00 15.65 15.26

ECAIRIN 0.00 0.00 0.00 0.00 0.00 0.32 0.68 0.00 8.32 29.28

ECAIROUT 0.00 0.00 0.00 0.00 0.00 0.38 0.62 0.00 8.36 29.53

EHPCM1IF 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19 18.02

EHPCM1OF 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19 18.02

ELPCM1IF 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.21 18.02

245



A
P

P
E

N
D

IX
E

.
A

P
P

E
N

D
IX

E
:M

E
T

H
A

N
E

B
A

S
E

D
G

A
S

G
R

ID
C

O
N

N
E

C
T

E
D

R
S

O
C

S
Y

S
T

E
M

-
P

E
R

F
O

R
M

A
N

C
E

A
N

D
T

H
E

R
M

O
D

Y
N

A
M

IC
S

T
R

E
A

M
D

A
T

A
Table E.3: Gas compositions of streams for gas grid con-

nected methane based system at 2500 A/m2

Streams Mole Fraction Density Mol.wt

H2 H2O CO CO2 CH4 O2 N2 C

kg/m3 kg/kmol

ELPCM1OF 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.21 18.02

EW-TANK 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 998.77 18.02

EW-TANK1 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 998.02 18.02

EW-TANK2 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 821.16 18.02

EW-TANK3 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 346.87 18.02

EW-TANK4 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 33.61 18.02

EW-TANK5 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 13.84 18.02

EW-TANK6 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 6.44 18.02

F-RECYC 0.08 0.59 0.04 0.29 0.00 0.00 0.00 0.00 7.75 24.74

F-TANK 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 16.18 16.04

F-TANK1 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 13.25 16.04

F-TANK2 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 13.26 16.04

F-TANK3 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 6.21 16.04

F-TANK4 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 5.12 16.04

F-TANK5 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 5.12 16.04

F-WATER4 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 918.29 18.02

F-WATER5 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 918.29 18.02

F-WATER6 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 918.74 18.02

FAIR-AMB 0.00 0.00 0.00 0.00 0.00 0.21 0.79 0.00 1.16 28.85
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Table E.3: Gas compositions of streams for gas grid con-

nected methane based system at 2500 A/m2

Streams Mole Fraction Density Mol.wt

H2 H2O CO CO2 CH4 O2 N2 C

kg/m3 kg/kmol

FAIR-IN 0.00 0.00 0.00 0.00 0.00 0.21 0.79 0.00 24.75 28.85

FAIR-IN1 0.00 0.00 0.00 0.00 0.00 0.21 0.79 0.00 14.75 28.85

FAIR-IN2 0.00 0.00 0.00 0.00 0.00 0.21 0.79 0.00 9.66 28.85

FAIR-IN3 0.00 0.00 0.00 0.00 0.00 0.13 0.87 0.00 8.75 28.52

FAIROUT1 0.00 0.00 0.00 0.00 0.00 0.04 0.96 0.00 7.47 28.18

FAIROUT2 0.00 0.00 0.00 0.00 0.00 0.04 0.96 0.00 8.01 28.18

FAIROUT3 0.00 0.00 0.00 0.00 0.00 0.04 0.96 0.00 8.01 28.18

FAIROUT4 0.00 0.00 0.00 0.00 0.00 0.04 0.96 0.00 12.38 28.18

FAIROUT5 0.00 0.00 0.00 0.00 0.00 0.04 0.96 0.00 12.37 28.18

FAIROUT6 0.00 0.00 0.00 0.00 0.00 0.04 0.96 0.00 1.01 28.18

FAIRRECY 0.00 0.00 0.00 0.00 0.00 0.04 0.96 0.00 8.01 28.18

FC-FINAL 0.19 0.00 0.10 0.71 0.00 0.00 0.00 0.00 32.20 34.27

FC-IN 0.13 0.35 0.03 0.21 0.27 0.00 0.00 0.00 6.22 21.19

FC-IN1 0.06 0.41 0.03 0.20 0.31 0.00 0.00 0.00 6.95 22.09

FC-IN2 0.13 0.35 0.03 0.21 0.27 0.00 0.00 0.00 7.34 21.19

FC-IN3 0.13 0.35 0.03 0.21 0.27 0.00 0.00 0.00 6.22 21.19

FC-OUT 0.08 0.59 0.04 0.29 0.00 0.00 0.00 0.00 6.44 24.74

FC-OUT1 0.08 0.59 0.04 0.29 0.00 0.00 0.00 0.00 6.56 24.74

FC-OUT2 0.08 0.59 0.04 0.29 0.00 0.00 0.00 0.00 6.64 24.74

247



A
P

P
E

N
D

IX
E

.
A

P
P

E
N

D
IX

E
:M

E
T

H
A

N
E

B
A

S
E

D
G

A
S

G
R

ID
C

O
N

N
E

C
T

E
D

R
S

O
C

S
Y

S
T

E
M

-
P

E
R

F
O

R
M

A
N

C
E

A
N

D
T

H
E

R
M

O
D

Y
N

A
M

IC
S

T
R

E
A

M
D

A
T

A
Table E.3: Gas compositions of streams for gas grid con-

nected methane based system at 2500 A/m2

Streams Mole Fraction Density Mol.wt

H2 H2O CO CO2 CH4 O2 N2 C

kg/m3 kg/kmol

FC-OUT3 0.08 0.59 0.04 0.29 0.00 0.00 0.00 0.00 7.38 24.74

FC-OUT4 0.08 0.59 0.04 0.29 0.00 0.00 0.00 0.00 7.75 24.74

FC-OUT5 0.08 0.59 0.04 0.29 0.00 0.00 0.00 0.00 7.75 24.74

FC-OUT6 0.08 0.59 0.04 0.29 0.00 0.00 0.00 0.00 9.37 24.74

FC-OUT7 0.08 0.59 0.04 0.29 0.00 0.00 0.00 0.00 23.88 24.74

FC-OUT8 0.08 0.59 0.04 0.29 0.00 0.00 0.00 0.00 49.51 24.74

FC-OUT9 0.19 0.00 0.10 0.71 0.00 0.00 0.00 0.00 27.39 34.27

FC-OUT10 0.19 0.00 0.10 0.71 0.00 0.00 0.00 0.00 27.56 34.27

FCAIRIN 0.00 0.00 0.00 0.00 0.00 0.13 0.87 0.00 8.75 28.52

FCAIROUT 0.00 0.00 0.00 0.00 0.00 0.04 0.96 0.00 7.34 28.18

FHPCMIA 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19 18.02

FHPCMIF 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19 18.02

FHPCMOA 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19 18.02

FHPCMOF 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19 18.02

FLPCMIA 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.21 18.02

FLPCMIF 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.21 18.02

FLPCMOA 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.21 18.02

FLPCMOF 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.21 18.02
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E.4. THERMODYNAMIC STREAM DATA FOR GAS GRID CONNECTED METHANE
BASED OPEN SYSTEM AT 1500 A/M2

E.4 Thermodynamic stream data for gas grid
connected methane based open system at 1500
A/m2

The enthalpy, entropy, pressure, flow rate and exergy flows are presented in the Table

E.4. The gas compositions, density and molecular weight of the streams are presented in

the Table E.5.
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Table E.4: Thermodynamic stream data for gas grid con-

nected methane based system at 1500 A/m2

Streams Total Flow Pressure Enthalpy Entropy Exergy

Thermomechanical Chemical Total

kg/s bar J/kg J/kg K kJ/kmol kJ/kmol kW

E-TANK 2.64E-03 25.01 -8394600.00 -235.02 62966.68 86461.09 11.45

E-TANK2 2.64E-03 25.01 -8394600.00 -235.02 62966.68 86461.09 11.45

E-TANK3 2.64E-03 25.00 -8055300.00 543.92 66647.33 86461.09 11.74

E-WATER 1.64E-03 24.99 -15885000.00 -9124.82 69528.47 900.00 6.42

E-WATER1 1.64E-03 24.99 -15885000.00 -9124.82 69528.47 900.00 6.42

E-WATER3 1.64E-03 1.00 -15887000.00 -9130.94 69531.27 900.00 6.42

EAIR-AMB 1.40E-02 1.00 0.00 151.91 57910.18 128.49 28.16

EAIR-IN1 1.40E-02 25.01 53045.40 -611.89 66010.57 128.49 32.09

EAIR-IN2 1.40E-02 25.00 53045.40 -611.88 66010.47 128.49 32.09

EAIR-IN3 1.40E-02 25.00 587457.00 326.29 73358.58 128.49 35.66

EAIR-IN4 1.47E-01 25.00 811264.00 605.79 78617.42 243.99 393.75

EAIROUT 1.76E-02 25.00 834870.00 631.01 79208.15 269.24 47.58

EAIROUT1 1.76E-02 25.00 410467.00 147.39 70957.08 269.24 42.64

EAIROUT3 1.76E-02 1.00 51458.41 347.26 58631.08 269.24 35.26

EAIRRECY 1.33E-01 25.00 834870.00 631.01 79208.15 269.24 358.26

EC-IN 6.31E-03 25.00 -10009000.00 -46.70 94986.94 22826.03 33.05

EC-IN-1 6.31E-03 25.00 -10654000.00 -784.81 85416.83 22826.03 30.36

EC-IN-2 6.31E-03 25.00 -10134000.00 -168.66 92994.80 22826.03 32.49

EC-IN-3 6.31E-03 25.00 -10134000.00 -168.68 92984.94 22826.03 32.48
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Table E.4: Thermodynamic stream data for gas grid con-

nected methane based system at 1500 A/m2

Streams Total Flow Pressure Enthalpy Entropy Exergy

Thermomechanical Chemical Total

kg/s bar J/kg J/kg K kJ/kmol kJ/kmol kW

EC-OUT 2.68E-03 25.00 -5845200.00 1124.13 79150.64 259725.59 72.14

EC-OUT1 2.68E-03 25.00 -7407900.00 -811.53 66721.50 259725.59 69.49

EC-OUT2 2.68E-03 25.00 -7407900.00 -432.07 84751.62 286592.98 69.19

EC-OUT3 2.68E-03 25.00 -8471600.00 -1857.05 75543.00 286592.98 67.47

EC-OUT4 2.68E-03 25.00 -8471600.00 -1646.14 88631.29 309513.50 67.30

EC-OUT5 2.68E-03 25.00 -9103600.00 -2568.19 82967.08 309513.50 66.34

EC-OUT6 2.68E-03 25.00 -9103600.00 -2493.17 89610.45 322682.03 66.28

EC-OUT7 2.68E-03 25.00 -9383800.00 -2940.09 87155.38 322682.03 65.89

EC-OUT8 2.68E-03 25.00 -9383800.00 -2926.91 89333.52 327280.81 65.88

EC-OUT9 2.68E-03 25.00 -9717100.00 -3547.37 86813.99 327280.81 65.48

EC-OUT10 2.68E-03 24.99 -10777000.00 -5863.58 80537.46 327280.81 64.49

EC-OUT11 2.68E-03 24.99 -11594000.00 -8010.58 77534.37 327280.81 64.01

EC-OUT13 1.04E-03 24.99 -4822800.00 -6304.45 84714.11 776129.37 57.61

EC-OUT14 1.04E-03 25.00 -4822700.00 -6304.40 84715.92 776129.37 57.61

ECAIRIN 1.47E-01 25.00 811262.00 605.79 78617.43 243.99 393.75

ECAIROUT 1.50E-01 25.00 834870.00 631.01 79208.15 269.24 405.84

EHPCM1IF 3.32E-01 1.00 -11690000.00 249.76 94744.06 900.00 1762.61

EHPCM1OF 3.32E-01 1.00 -11692000.00 247.65 94715.42 900.00 1762.08

ELPCM1IF 1.42E+00 1.00 -11924000.00 31.59 91695.90 900.00 7316.58
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Table E.4: Thermodynamic stream data for gas grid con-

nected methane based system at 1500 A/m2

Streams Total Flow Pressure Enthalpy Entropy Exergy

Thermomechanical Chemical Total

kg/s bar J/kg J/kg K kJ/kmol kJ/kmol kW

ELPCM1OF 1.42E+00 1.00 -11927000.00 29.34 91668.00 900.00 7314.37

EW-TANK 3.67E-03 1.00 -15885000.00 -9124.82 69528.47 900.00 14.36

EW-TANK1 3.67E-03 25.03 -15882000.00 -9113.94 69528.84 900.00 14.36

EW-TANK2 3.67E-03 25.02 -15107000.00 -7100.84 72674.94 900.00 15.00

EW-TANK3 3.67E-03 25.02 -14902000.00 -6707.19 74251.06 900.00 15.32

EW-TANK4 3.67E-03 25.01 -14440000.00 -5781.89 77600.90 900.00 16.00

EW-TANK5 3.67E-03 25.01 -13662000.00 -4217.99 83211.50 900.00 17.15

EW-TANK6 3.67E-03 25.00 -12520000.00 -2127.53 92563.12 900.00 19.05

F-RECYC 3.53E-03 24.90 -9542600.00 171.14 88854.70 33989.57 17.54

F-TANK 1.00E-03 25.00 -4645100.00 -6685.30 87810.19 831650.00 57.31

F-TANK1 1.00E-03 25.00 -4493900.00 -6227.44 88045.37 831650.00 57.33

F-TANK2 1.00E-03 25.03 -4493700.00 -6227.36 88048.99 831650.00 57.33

F-TANK3 1.00E-03 25.02 -3189600.00 -3903.10 97852.69 831650.00 57.94

F-TANK4 1.00E-03 25.02 -2506800.00 -3107.54 105001.45 831650.00 58.38

F-TANK5 1.00E-03 25.01 -2506800.00 -3107.47 105001.12 831650.00 58.38

F-WATER4 1.96E-03 24.90 -15541000.00 -8098.59 70205.68 900.00 7.75

F-WATER5 1.96E-03 24.90 -15541000.00 -8098.59 70205.68 900.00 7.75

F-WATER6 1.96E-03 1.00 -15543000.00 -8103.73 70202.51 900.00 7.75

FAIR-AMB 2.72E-02 1.00 0.00 151.91 57910.18 128.49 54.72
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Table E.4: Thermodynamic stream data for gas grid con-

nected methane based system at 1500 A/m2

Streams Total Flow Pressure Enthalpy Entropy Exergy

Thermomechanical Chemical Total

kg/s bar J/kg J/kg K kJ/kmol kJ/kmol kW

FAIR-IN 2.72E-02 25.00 53022.98 -611.90 66009.97 128.49 62.35

FAIR-IN1 2.72E-02 25.00 220736.00 -219.50 67473.30 128.49 63.73

FAIR-IN2 2.72E-02 25.00 636890.00 382.77 74298.88 128.49 70.17

FAIR-IN3 4.96E-02 24.91 725003.00 453.86 75735.38 149.39 131.29

FAIROUT1 4.59E-02 24.91 907268.00 591.77 79094.74 234.72 128.26

FAIROUT2 4.59E-02 24.91 832351.00 523.29 77545.85 234.72 125.75

FAIROUT3 2.36E-02 24.91 832103.00 523.06 77540.74 234.72 64.51

FAIROUT4 2.36E-02 24.91 351902.00 -52.93 68774.00 234.72 57.24

FAIROUT5 2.36E-02 24.90 351902.00 -52.87 68773.50 234.72 57.24

FAIROUT6 2.36E-02 1.00 16734.60 154.91 57487.31 234.72 47.87

FAIRRECY 2.24E-02 24.91 832103.00 523.06 77540.74 234.72 61.24

FC-FINAL 2.66E-03 25.00 -8446100.00 -222.43 63325.50 84325.64 11.50

FC-IN 4.53E-03 25.00 -7624900.00 86.60 92845.75 266130.45 76.72

FC-IN1 4.53E-03 24.90 -7990600.00 -320.93 93759.32 274884.85 75.61

FC-IN2 4.53E-03 25.00 -7990600.00 -300.88 87546.41 266130.45 75.58

FC-IN3 4.53E-03 25.00 -7624900.00 86.60 92845.75 266130.45 76.72

FC-OUT 8.16E-03 24.91 -9192100.00 505.66 95056.61 33989.31 42.55

FC-OUT1 8.16E-03 24.91 -9231400.00 471.06 94341.95 33989.31 42.31

FC-OUT2 8.16E-03 24.91 -9255700.00 449.33 93902.25 33989.31 42.17
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Table E.4: Thermodynamic stream data for gas grid con-

nected methane based system at 1500 A/m2

Streams Total Flow Pressure Enthalpy Entropy Exergy

Thermomechanical Chemical Total

kg/s bar J/kg J/kg K kJ/kmol kJ/kmol kW

FC-OUT3 8.16E-03 24.91 -9458900.00 256.86 90292.42 33989.31 40.98

FC-OUT4 8.16E-03 24.90 -9542600.00 171.15 88854.87 33989.31 40.50

FC-OUT5 4.63E-03 24.90 -9542500.00 171.14 88854.98 33989.28 22.96

FC-OUT6 4.63E-03 24.90 -9824400.00 -153.71 84271.96 33989.28 22.11

FC-OUT7 4.63E-03 24.90 -10810000.00 -2010.00 73569.00 33989.28 20.11

FC-OUT8 4.63E-03 24.90 -11401000.00 -3387.28 69111.20 33989.60 19.27

FC-OUT9 2.66E-03 24.90 -8389800.00 -58.78 63578.28 84325.64 11.52

FC-OUT10 2.66E-03 25.00 -8389300.00 -58.63 63596.82 84325.64 11.53

FCAIRIN 4.96E-02 24.91 725020.00 453.87 75735.73 149.39 131.29

FCAIROUT 4.59E-02 24.91 932098.00 613.61 79615.38 234.72 129.10

FHPCMIA 4.80E-01 1.00 -11692000.00 247.65 94715.42 900.00 2547.58

FHPCMIF 1.35E-01 1.00 -11692000.00 247.65 94715.42 900.00 716.51

FHPCMOA 4.80E-01 1.00 -11690000.00 249.76 94744.06 900.00 2548.34

FHPCMOF 1.35E-01 1.00 -11690000.00 249.76 94744.06 900.00 716.72

FLPCMIA 1.49E+00 1.00 -11927000.00 29.34 91668.00 900.00 7667.89

FLPCMIF 8.60E-02 1.00 -11927000.00 29.34 91668.00 900.00 441.89

FLPCMOA 1.49E+00 1.00 -11924000.00 31.59 91695.90 900.00 7670.20

FLPCMOF 8.60E-02 1.00 -11924000.00 31.59 91695.90 900.00 442.03
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Table E.5: Gas compositions of streams for gas grid con-

nected methane based system at 1500 A/m2

Streams Mole Fraction Density Mol.wt

H2 H2O CO CO2 CH4 O2 N2 C

kg/m3 kg/kmol

E-TANK 0.19 0.00 0.11 0.70 0.00 0.00 0.00 0.00 34.70 34.40

E-TANK2 0.19 0.00 0.11 0.70 0.00 0.00 0.00 0.00 34.70 34.40

E-TANK3 0.19 0.00 0.11 0.70 0.00 0.00 0.00 0.00 17.29 34.40

E-WATER 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 998.77 18.02

E-WATER1 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 998.77 18.02

E-WATER3 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 999.19 18.02

EAIR-AMB 0.00 0.00 0.00 0.00 0.00 0.21 0.79 0.00 1.16 28.85

EAIR-IN1 0.00 0.00 0.00 0.00 0.00 0.21 0.79 0.00 24.75 28.85

EAIR-IN2 0.00 0.00 0.00 0.00 0.00 0.21 0.79 0.00 24.75 28.85

EAIR-IN3 0.00 0.00 0.00 0.00 0.00 0.21 0.79 0.00 10.16 28.85

EAIR-IN4 0.00 0.00 0.00 0.00 0.00 0.34 0.66 0.00 8.35 29.39

EAIROUT 0.00 0.00 0.00 0.00 0.00 0.36 0.64 0.00 8.20 29.45

EAIROUT1 0.00 0.00 0.00 0.00 0.00 0.36 0.64 0.00 12.67 29.45

EAIROUT3 0.00 0.00 0.00 0.00 0.00 0.36 0.64 0.00 1.01 29.45

EAIRRECY 0.00 0.00 0.00 0.00 0.00 0.36 0.64 0.00 8.20 29.45

EC-IN 0.05 0.73 0.03 0.19 0.00 0.00 0.00 0.00 6.39 22.49

EC-IN-1 0.05 0.73 0.03 0.19 0.00 0.00 0.00 0.00 9.55 22.49

EC-IN-2 0.05 0.73 0.03 0.19 0.00 0.00 0.00 0.00 6.81 22.49

EC-IN-3 0.05 0.73 0.03 0.19 0.00 0.00 0.00 0.00 6.81 22.49
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Table E.5: Gas compositions of streams for gas grid con-

nected methane based system at 1500 A/m2

Streams Mole Fraction Density Mol.wt

H2 H2O CO CO2 CH4 O2 N2 C

kg/m3 kg/kmol

EC-OUT 0.45 0.25 0.08 0.05 0.16 0.00 0.00 0.00 3.51 12.61

EC-OUT1 0.45 0.25 0.08 0.05 0.16 0.00 0.00 0.00 6.61 12.61

EC-OUT2 0.30 0.36 0.02 0.06 0.25 0.00 0.00 0.00 4.61 14.41

EC-OUT3 0.30 0.36 0.02 0.06 0.25 0.00 0.00 0.00 7.56 14.41

EC-OUT4 0.15 0.48 0.00 0.04 0.33 0.00 0.00 0.00 5.93 15.88

EC-OUT5 0.15 0.48 0.00 0.04 0.33 0.00 0.00 0.00 8.33 15.88

EC-OUT6 0.06 0.55 0.00 0.02 0.37 0.00 0.00 0.00 7.36 16.70

EC-OUT7 0.06 0.55 0.00 0.02 0.37 0.00 0.00 0.00 8.76 16.70

EC-OUT8 0.03 0.58 0.00 0.01 0.39 0.00 0.00 0.00 8.39 16.98

EC-OUT9 0.03 0.58 0.00 0.01 0.39 0.00 0.00 0.00 10.87 16.98

EC-OUT10 0.03 0.58 0.00 0.01 0.39 0.00 0.00 0.00 21.17 16.98

EC-OUT11 0.03 0.58 0.00 0.01 0.39 0.00 0.00 0.00 44.40 16.98

EC-OUT13 0.07 0.00 0.00 0.02 0.91 0.00 0.00 0.00 15.95 15.56

EC-OUT14 0.07 0.00 0.00 0.02 0.91 0.00 0.00 0.00 15.96 15.56

ECAIRIN 0.00 0.00 0.00 0.00 0.00 0.34 0.66 0.00 8.35 29.39

ECAIROUT 0.00 0.00 0.00 0.00 0.00 0.36 0.64 0.00 8.20 29.45

EHPCM1IF 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19 18.02

EHPCM1OF 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19 18.02

ELPCM1IF 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.21 18.02
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Table E.5: Gas compositions of streams for gas grid con-

nected methane based system at 1500 A/m2

Streams Mole Fraction Density Mol.wt

H2 H2O CO CO2 CH4 O2 N2 C

kg/m3 kg/kmol

ELPCM1OF 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.21 18.02

EW-TANK 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 998.77 18.02

EW-TANK1 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 998.02 18.02

EW-TANK2 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 819.70 18.02

EW-TANK3 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 775.16 18.02

EW-TANK4 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 43.41 18.02

EW-TANK5 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 16.31 18.02

EW-TANK6 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 7.18 18.02

F-RECYC 0.08 0.58 0.04 0.30 0.00 0.00 0.00 0.00 7.79 24.75

F-TANK 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 16.18 16.04

F-TANK1 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 13.27 16.04

F-TANK2 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 13.28 16.04

F-TANK3 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 6.21 16.04

F-TANK4 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 5.12 16.04

F-TANK5 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 5.12 16.04

F-WATER4 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 918.29 18.02

F-WATER5 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 918.29 18.02

F-WATER6 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 918.75 18.02

FAIR-AMB 0.00 0.00 0.00 0.00 0.00 0.21 0.79 0.00 1.16 28.85
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Table E.5: Gas compositions of streams for gas grid con-

nected methane based system at 1500 A/m2

Streams Mole Fraction Density Mol.wt

H2 H2O CO CO2 CH4 O2 N2 C

kg/m3 kg/kmol

FAIR-IN 0.00 0.00 0.00 0.00 0.00 0.21 0.79 0.00 24.75 28.85

FAIR-IN1 0.00 0.00 0.00 0.00 0.00 0.21 0.79 0.00 16.87 28.85

FAIR-IN2 0.00 0.00 0.00 0.00 0.00 0.21 0.79 0.00 9.66 28.85

FAIR-IN3 0.00 0.00 0.00 0.00 0.00 0.16 0.84 0.00 8.82 28.65

FAIROUT1 0.00 0.00 0.00 0.00 0.00 0.10 0.90 0.00 7.56 28.42

FAIROUT2 0.00 0.00 0.00 0.00 0.00 0.10 0.90 0.00 8.01 28.42

FAIROUT3 0.00 0.00 0.00 0.00 0.00 0.10 0.90 0.00 8.02 28.42

FAIROUT4 0.00 0.00 0.00 0.00 0.00 0.10 0.90 0.00 13.40 28.42

FAIROUT5 0.00 0.00 0.00 0.00 0.00 0.10 0.90 0.00 13.40 28.42

FAIROUT6 0.00 0.00 0.00 0.00 0.00 0.10 0.90 0.00 1.09 28.42

FAIRRECY 0.00 0.00 0.00 0.00 0.00 0.10 0.90 0.00 8.02 28.42

FC-FINAL 0.20 0.00 0.09 0.71 0.00 0.00 0.00 0.00 32.06 34.17

FC-IN 0.13 0.35 0.03 0.21 0.27 0.00 0.00 0.00 6.23 21.21

FC-IN1 0.06 0.41 0.03 0.21 0.30 0.00 0.00 0.00 6.98 22.10

FC-IN2 0.13 0.35 0.03 0.21 0.27 0.00 0.00 0.00 7.35 21.21

FC-IN3 0.13 0.35 0.03 0.21 0.27 0.00 0.00 0.00 6.23 21.21

FC-OUT 0.08 0.58 0.04 0.30 0.00 0.00 0.00 0.00 6.46 24.75

FC-OUT1 0.08 0.58 0.04 0.30 0.00 0.00 0.00 0.00 6.59 24.75

FC-OUT2 0.08 0.58 0.04 0.30 0.00 0.00 0.00 0.00 6.67 24.75
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Table E.5: Gas compositions of streams for gas grid con-

nected methane based system at 1500 A/m2

Streams Mole Fraction Density Mol.wt

H2 H2O CO CO2 CH4 O2 N2 C

kg/m3 kg/kmol

FC-OUT3 0.08 0.58 0.04 0.30 0.00 0.00 0.00 0.00 7.42 24.75

FC-OUT4 0.08 0.58 0.04 0.30 0.00 0.00 0.00 0.00 7.79 24.75

FC-OUT5 0.08 0.58 0.04 0.30 0.00 0.00 0.00 0.00 7.79 24.75

FC-OUT6 0.08 0.58 0.04 0.30 0.00 0.00 0.00 0.00 9.42 24.75

FC-OUT7 0.08 0.58 0.04 0.30 0.00 0.00 0.00 0.00 23.86 24.75

FC-OUT8 0.08 0.58 0.04 0.30 0.00 0.00 0.00 0.00 49.33 24.75

FC-OUT9 0.20 0.00 0.09 0.71 0.00 0.00 0.00 0.00 27.42 34.17

FC-OUT10 0.20 0.00 0.09 0.71 0.00 0.00 0.00 0.00 27.51 34.17

FCAIRIN 0.00 0.00 0.00 0.00 0.00 0.16 0.84 0.00 8.82 28.65

FCAIROUT 0.00 0.00 0.00 0.00 0.00 0.10 0.90 0.00 7.42 28.42

FHPCMIA 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19 18.02

FHPCMIF 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19 18.02

FHPCMOA 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19 18.02

FHPCMOF 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19 18.02

FLPCMIA 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.21 18.02

FLPCMIF 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.21 18.02

FLPCMOA 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.21 18.02

FLPCMOF 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.21 18.02
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