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Abstract

The source of energy in the grid is transitioning from fossil fuels towards renewable energy
sources. With an increasing amount of electricity provided by offshore wind turbines, the source
of the electricity becomes more intermittent. These variations within the source of electricity
increase the challenge to match the supply and demand of electricity within the grid. To bal-
ance the supply and demand, electricity storage could be applied. To store electricity various
solutions could be applied like batteries or by the electrochemical reaction of hydrogen. The
electrolyser and fuel cell are the two components used to store and generate electricity by the
conversion of hydrogen. One of the types of electrolyser and fuel cell is the solid oxide cell.

Reversible solid oxide cells (RSOC) are cells capable of both electrolysis and fuel cell operation.
The RSOC is a promising solution for hydrogen storage due to its relatively high round-trip
efficiency. Literature regarding the RSOC is still limited. Some models have been developed for
the RSOC. However, models which include the balance-of-plant (BoP) required to operate the
RSOC are not considered in the literature. The RSOC technology itself is still in the development
stage and the development of variations in the BoP are limited. This study aims to develop and
compare different concepts of the BoP to improve its performance and economic viability. For
the comparison, a dynamic model for the BoP of the RSOC is developed.

For this purpose multiple variations of the BoP are described to be able to operate the RSOC.
These include BoPs based on electric heaters and boiler. The use of heat recovery units to im-
prove the performance of the system. The utilization of thermal energy storage (TES) and a
heat pump to reduce the power consumption for evaporation. A concept based on the use of
metal-hydride to store hydrogen and improve the thermal management. The dynamic model is
developed to determine the performance of the different described BoPs. The performance of
the different concepts is measured based on the efficiency and the levelized cost of electricity. It
was found that the sole use of electric heaters results in a low overall efficiency. The use of metal
hydrides to store hydrogen results in significantly higher costs. The differences in the levelized
cost of the other concepts are small and dependent on the cost at which the components are
obtained.

The developed model allows to determine the power consumption and required capacity of the
different concepts. The model is used to compare different concepts of the BoP of the reversible
solid oxide cell. However, for future elaboration of a single concept, a more detailed model
should be used. For the comparison of the levelized cost of electricity (LCOE) further research
and selection of components is required. Due to the range of the cost regarding components it
could not be determined which is economically the best-suited solution.
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1 Introduction

The increase of renewable energy sources like wind and solar requires challenges to be solved.
The availability of renewable energy sources fluctuates throughout the year. Therefore balanc-
ing/storage of electricity is necessary to match supply and supply. One of these storage solu-
tions is the conversion of electricity to hydrogen and vice versa by an electrochemical process.
The reversible solid oxide cell (RSOC) system, operating in both high-temperature electrolysis
and fuel cell mode, is a promising technology with low estimated cost of storage and potentially
large storage capacity [1]. TNO has performed economic studies which identified the cost-of-
storage to be 0.04 e/kWh, a round-trip efficiency of 50-55% and the potential of storage capa-
bilities over 100 GWh for RSOC systems [1]. TNO is working on a model to integrate the RSOC
into the electricity grid network. This requires a dynamic model which can be implemented in
the existing electricity market model of TNO. The RSOC functions both as an electrolyser and
fuel cell. Where in a solid oxide fuel cell an exothermic reaction takes place. While during elec-
trolysis the efficiency of the process taking place could be improved if electricity is supplied as
heat. This requires the balance-of-plant (BoP) to manage two scenarios for heat management.
To optimise the response time and round-trip efficiency different variations of heat management
within the BoP are investigated. Furthermore, a business case optimization should explore the
components of the heat management of the balance-of-plant to investigate the viability of the
different scenarios.

Research of TNO is focused on the design of the solid oxide cell to improve the durability and
efficiency of the stack. However, the effects of the balance-of-plant on the round-trip efficiency
are just as important. Prior to the investigation of a prototype of the balance-of-plant, it is de-
sired to investigate the effects of different components and certain parameters. These are the
temperature within the stack and the effects of pressure on the round-trip efficiency. The model
is used to identify the round-trip efficiency and the size required for different components to
determine the cost of the balance-of-plant.

The goal of this thesis is to select the optimal heat management scenario of the balance-of-plant
of a reversible solid oxide cell. The research questions are defined as:

• What heat management scenario has the highest round-trip efficiency?

• Which concept has the lowest levelized cost of energy?

• How can the balance-of-plant be dynamically modelled, and integrated with an electricity
market model?

To achieve the goals of this thesis and answer the research questions the thesis is divided into
two objectives. The first is to investigate different concepts of the balance-of-plant. The second
is to develop a dynamic model regarding the system.
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The system includes the solid oxide cell and the other components of the balance-of-plant. The
heat management scenarios assumes power generation by a wind park and the use of a base
load demand from the grid. To select the optimal concept for the heat management, a business
case analysis should be performed to include the economic aspects of the optimization of the
balance-of-plant. To achieve the research objectives this thesis focuses on:

• Define the operating conditions of the stack.

• Develop multiple concepts for the design of the balance-of-plant with a focus on the ther-
mal management of the balance-of-plant.

• Determine the expected response time for the different setups of the balance-of-plant

• The performance of the balance-of-plant in steady state and transient behaviour regarding
required heat duty and efficiency.

• Develop a dynamic model of the stack and balance-of-plant

• Techno-economic analysis for the comparison of the concepts

This thesis focuses on the annual energy production and consumption, the efficiency and cost of
the system. Therefore, different components of the balance-of-plant are assessed. These include
the RSOC, heat exchangers and compressor. These components are necessary to achieve the op-
erating conditions within the stack. A detailed description of each component is not part of the
scope of this thesis. Therefore, the models and thesis do not include the components’ detailed
transient response and control. The design of the RSOC stack is considered out of the scope of
this thesis. Except for general concepts which could alter the behaviour of the balance-of-plant,
for example changing the method of cooling of the stack.

This thesis is structured as follows: Chapter 2 is a literature review. Chapter 3 discusses mul-
tiple concepts regarding the balance-of-plant. These concepts include electrical heaters, heat
recovery, heat pumps and metal hydrides for hydrogen storage. Chapter 4 describes the models
used for the electrochemical reaction and the balance-of-plant. The results of the models are
presented in chapter 5 with a focus on the performance of the concepts. In chapter 6 the con-
cepts are compared with a techno-economic analysis. In chapters 7 and 8 the conclusions and
recommendations are formulated.
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2 Literature review

The aim of this literature study focuses on the following questions: How do the SOFC and SOE
work and how are these modelled, what are existing BoP designs for the SOFC and SOE, what
are thermal management strategies for the SOE and SOFC?

2.1 Hydrogen conversion

The use of renewable energy sources results in the necessity to balance the varying supply and
demand of electricity. To balance the supply and demand various storage solutions have been
proposed. One is the conversion from electricity to chemical energy. Different types of fuel cell
and electrolyzer designs exist and are described in the literature. These include the alkaline
fuel cell (AFC), phosphoric acid fuel cell (PAFC), solid oxide fuel cell (SOFC), molten carbonate
fuel cell (MCFC), proton exchange membrane fuel cell (PEMFC) and direct methanol fuel cell
(DMFC). All these different fuel cells operate in a similar manner [2]. However, each type of cell
has different advantages and disadvantages.

2.2 Solid oxide electrolysis and fuel cell

This section describes the use of solid oxide electrolyzer cells (SOEC) and SOFC. The SOEC is
an electrochemical device which converts energy and H2O into H2. The SOFC operates in the
opposite direction converting H2 into power, heat and H2O. Both solid oxide electrolysis (SOE)
and the SOFC operate at high temperatures of 600 to 1000 ◦C. At these temperatures, the RSOC
does not require a platinum catalyst [3], which results in lower cost. To become interesting for
commercial use, SOC requires a low internal resistance and long durability. However, only a
few reports on the durability are available in literature [4]. The operation of SOC is reversible,
which allows it to both produce hydrogen and generate electricity within the same device.

The RSOC has received limited attention in its role of large-scale energy storage. Where most
attention is given to the use of proton exchange membranes and alkaline cells [5]. In both of
these cases relatively large over-potentials are required to achieve sufficiently high current den-
sities [5]. SOFC has the potential to achieve an efficiency of 70-80% when using hydrocarbons as
a fuel [6]. Hydrogen-based fuel cells operating at high temperatures, like the SOFC and MCFC
could potentially achieve efficiencies up to 60 %. Compared to efficiencies of 40 to 50 % for
low and medium temperature AFC and PEMFC fuel cells. Another advantage of the SOC is the
ability to use the same cell for electrolysis and fuel cell operations. This allows for better system
integration for thermal management which favours the efficiency of the SOC. Mottaghizadeh et
al. [7] describe the possibility of a system integrating both SOE and SOFC modes in combina-
tion with thermal energy storage (TES), where heat is stored during SOFC mode and utilised
during SOEC. The SOFC operation is an exothermic process where heat is generated within the
stack. The heat could be used to supply heat during electrolysis if additional heat is required.
The disadvantage of the SOC is the high operating temperature required to achieve the optimal
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efficiency. This is due to the use of an oxide-ion conducting ceramic membrane which is in turn
sensitive to mechanical failure. Mechanical failure is caused by the thermal stress due to vari-
ations in temperature within the RSOC. Other disadvantages of the SOC are the high cost and
complexity of the SOC [8].

2.3 Modelling of SOC

The literature on the modelling of RSOC systems is limited and mostly focused on separate elec-
trolysis and fuel cells. Several attempts at modelling the dynamic behaviour of RSOC systems
can be found in the literature. Kazempoor and Braun present a 1D model for SOE based on
hydrocarbons [9]. This paper focuses on the validation and steady-state results of their model
regarding the electrolysis operation of a RSOC. This work is a continuation of a paper from the
same authors [10] where the focus is on the validation of the fuel cell mode. To include both
SOE and SOFC mode and the change of the current density Kazempoor and Braun [11] present
a model which includes the entire range from SOE to SOFC. This paper presents the validation
for the steady state of the voltage-current density relation over the entire range of a RSOC in
steady-state .

Kazempoor and Braun developed a continuous model over the entire range of operation which
simplifies the modelling. However, it is also possible to define an operator to model both modes
separately. Papers regarding the change between the operational modes are limited. Jin and
Xue [12] investigated the transient behaviour when switching between the electrolysis and fuel
cell mode using a discrete operator. The authors developed a transient 2D isothermal model to
investigate the switching between SOEC and SOFC and different compositions within the fuel
channel. This model was only used for comparison with steady-state results.
System level evaluations require reduced order models with less complexity. These models
should be detailed enough to accurately represent the electrochemical reaction and the flow and
pressure characteristic [10]. Motylinski et al. [13] developed a 0D model of a reversible solid
oxide cell, which is used for system-level modelling. To model the dynamic response of the
balance-of-plant Mottaghizadeh et al. used an area-specific resistance (ASR) based on experi-
mental results [7]. The ASR could be used to describe the polarization losses within the SOFC.
The models regarding the dynamic behaviour of the RSOC at the system level are limited and
are used for small periods of time. Furthermore, the literature considering the dynamic response
is focused on the RSOC cell itself with limited focus on the full BoP [13]. Additionally, the fo-
cus is on the transition between electrolysis to fuel cell operation and in the opposite direction
[12, 13].

2.4 Balance-of-plant of the RSOC

The described balance-of-plant found in the literature focuses on different applications for the
SOC such as the SOFC, SOEC and RSOC. Although SOFC and SOEC are the same electrochemi-
cal cell the opposite direction of the process results in different strategies for the management of
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the process. These different processes require different setups for the balance-of-plant. Therefore
all three applications of the RSOC are reviewed. Literature about the SOFC is the most prevalent
due to the use of fuel cells in combination with natural gas as a replacement for conventional
power generation.

2.4.1 Reversible solid oxide cell

The number of papers describing the BoP of a RSOC is limited. Therefore models for SOE and
SOFC are taken into account in this review. Several attempts can be found in the literature
on how to increase the efficiency of the system or to store heat and hydrogen. The dynamic
model presented by Motylinski et al. [13] utilized a BoP to satisfy heat demand and thermal
management of the stack. [7] et al. modelled both SOE and SOFC using a reversible solid oxide
cell. The designed BoP includes heat storage to increase the performance of the BoP. However,
the RSOC research is based on methane and carbon dioxide in contrast to hydrogen. Therefore
further research is required on whether or not the proposed BoP is suited for a process utilizing
hydrogen as the main component. Giap et al. [14] described a BoP using a different storage
method of hydrogen. Giap et al. make use of the metal hydride MgH2 for hydrogen storage
in contrast to most papers. These use the combination of a compressor and pressure vessels to
store hydrogen [7, 13, 15]. Metal hydrides absorb hydrogen and de-absorb hydrogen if below or
above a certain temperature. The use of metal hydrides is advantageous due to the high storage
density and the removal of the required high compression ratio for hydrogen storage [14].

2.4.2 Solid oxide fuel cell

SOFC systems have been extensively investigated for their high efficiency and low environ-
mental impact. SOFC can use different types of fuel such as natural gas or pure hydrogen. In
literature, different systems such as the BoP for SOFC are described [16, 17]. The use of SOFC
and the corresponding balance-of-plant are therefore more often described as RSOC systems.
The solid oxide fuel cell is not the only device mode to convert hydrogen to power. The proton-
exchange membrane fuel cell is developed for transportation. PEMFC and AFC operate at lower
temperatures and are more commonly investigated in steady-state and varying load conditions
[18].

2.4.3 Solid oxide electrolysis

The described solid oxide electrolyzers could be split into two variants. The first is based on
electrolysis which uses only water as fuel and converts the water to hydrogen. Papers which
propose an electrolysis system based on H2O are Alzahrani and Dincer [15], Mansilla et al. [19]
and Peter et al.[20]. The second variant is based on the co-electrolysis of CO2 and H2O resulting
in a syn-gas/methane. Systems for the co-electrolysis of CO2 and H2O are proposed by Ali et
al. [21] and Gotz et al. [22].

Alzahrani and Dincer [15] describe the BoP of a SOE system. However, this paper does not
include the models for components besides the solid oxide cell. The results are validated and
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show steady-state results relating to the current density and pressure. The BoP described is
similar to the BoP used for reversible operation by Motylinski et al. [13]. However, Alzahrani
and Dincer focus on the effects of pressure during SOE mode. Therefore only the mechanical
components such as the compressor and pump are included in the model. It was found that the
storage as compressed hydrogen might reduce the overall efficiency of the BoP, including the
RSOC, with 6% [15].

2.5 Durability and degradation

Research shows that the change in temperatures results in a different RSOC resistance over
time. The change in the temperature causes thermal stress. The thermal stresses within each
cell cause delamination between the different layers within the cell. The thermal stresses are
partly caused by the difference in thermal expansion coefficients of the materials used within
the RSOC [23]. The change in the cell resistance is investigated by Bujalski et al. where due to
the repeated temperature changes of the cell, small changes in cell resistance are observed over
time. Hereby a rate of change of the temperature of 2 ◦C/min is used [24]. For the design of the
RSOC thermal management is required to manage the temperatures and keep the temperature
within operational range. This is due to the thermal expansion coefficients change for different
temperatures [25]. The rate of temperature change is related to the increase or decrease of the
current within the cell. The current density could theoretically be increased rapidly. Xie et al.
put a SOC under a step change of the cell voltage and found that the current density changed
rapidly from 1.5 A/cm2 to 3.8 A/cm2 [26]. This paper does not investigate the degradation of
the cell due to temperature variations.
The response time of the RSOC stack depends on the ramp rate of the current density within
each cell. The change of temperature ( dT

dt ) is related to the ( dA
dt ), where a lower ramp rate for

the current density results in smaller changes in temperature per minute [13]. The literature
describes the effects of large temperature differences of the RSOC [23]. The effect of thermal
cycling reduces the cell potential over a period of time as ASR increases during the number of
cycles [23]. Reducing the change of the current density results in a lower temperature gradient
over time [13].

2.6 Thermal management of RSOC

Cooling of the fuel cell is required to manage the temperature distribution in the cell. The
most common method of temperature management in the SOFC is the use of increased airflow
through the cell. This is relative to the stoichiometrically required airflow. The availability of
literature about the other methods of cooling for the SOFC is limited. However, the air required
for the thermal management of the SOFC results in high parasitic electricity consumption. Due
to the low heat capacity of air, the required flow of air is large to limit the temperature rise of the
cell. Research has been summarized and could be categorized into three different types: Passive
cooling, liquid cooling and phase change materials [27, 28].
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2.6.1 Passive cooling

Passive cooling can reduce the temperature gradient in the cell. For PEMFC multiple passive
cooling techniques are described by Zhang [29]. Heat can be removed more easily from the
edges of the cell and does not require any circulation of coolant. The principle of passive cooling
is based on the conduction of heat from the central region of the cell to the edge of the stack.
Since solid oxide cells operate at a high-temperature, heat losses to radiation are inevitable.
However, the effects of the ambient temperature are minor on the cell’s performance. However,
heat losses due to radiation are minimal in a full stack of cells [30].

2.6.2 Liquid cooling

An external cooling solution may be favourable due to the reduction of the air required. The
BoP parasitic energy consumption is related to the increased airflow through the system during
SOFC. A possibility to cool fuel cells is the use of coolant liquids. The use of heat pipes for the
thermal management of SOE and SOFC is described by Dillig and Karl [31]. Their numerical
model showed that heat pipes can reduce the thermal temperature variation within the stack.
The use of heat pipes was experimentally validated. This shows that the use of heat pipes
reduces the temperature gradient [32, 33]. Furthermore, heat pipes can reduce the parasitic
electricity consumption of the RSOC and use the heat of secondary processes [34].

2.6.3 Phase change materials

The use of heat pipes or other liquid cooling requires the temperature of the coolant to increase
the removal of the heat. Promsen et al. [35] propose cooling using phase-change material (PCM).
The use of saturated water can significantly reduce parasitic power consumption. Saturated
water-cooled SOFC is not commonly used. However, cooling with saturated water can drasti-
cally reduce temperature variations in the stack; 295K to 62K at 3500 A/m2 for tubular SOFC
and 186K to 26K at 9000 A/m2 for planar SOFC [35]. Water cooling is a promising solution to
limit the temperature differences within the RSOC. However, there are challenges in applying
this and might lead to increased sizes, complexity and higher cost.

The cooling of the fuel cell stack by air is the most prevalent method of cooling the cell. The
use of secondary channels, heat pipes or phase change materials within the stack significantly
increases the complexity of the stack. However, the cost of the BoP components can be reduced
using dedicated cooling due to the reduction in parasitic power consumption.

2.7 Heat management

Due to overpotential in the stack the SOC can operate in both endothermic as well as exothermic
modes [7]. The reaction taking place for SOFC is exothermic and requires cooling to remain
within the operational conditions of the fuel cell.
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2.7.1 Heat recovery

The air and fuel gasses leave the SOEC and SOFC at high temperatures. The heat within the
gasses could be used to pre-heat the incoming air and fuel streams through the use of heat
recovery units [15]. Heat recovery units have been used to heat the air and fuel entering the
RSOC in different studies [7, 13].

2.7.2 Heat storage

Due to the reversible operations of the RSOC, the exothermic SOFC and endothermic/thermoneutral
SOE, heat storage is investigated. The energy supplied by wind turbines varies throughout the
year. Because heat is required for the production of hydrogen, it is necessary to store thermal
energy for a long time. Different thermal energy storage methods have different properties and
thus advantages and disadvantages.

TES System Efficiency (%) Storage Period Cost (e/kWh)
Sensible 50-90 days/months 0.1 -10
Latent 75–90 hours/months 10–50
Chemical 75–100 hours/days 8–100

Table 1: Parameters thermal energy storage [36]

Novo et al. [37] states that seasonal heat storage can be provided by underground thermal
energy storage, by phase change materials or by chemical reactions.
A second criterion used for thermal energy storage (TES) is the response time of the storage
medium. The response time is the speed at which energy is released or absorbed. This varies
from a few seconds to minutes, depending on the medium [38].

TES System Response time Source
Sensible 2.5 [min] [39, 40]

PCM 5 - 20 [min] [41]
Thermochemical 10 -30 [min] [42]

Table 2: TES response time

Sensible heat storage is generally the cheapest form of thermal energy storage. In addition,
the response time of 2.5 min to tens of minutes is faster compared to latent heat storage and
thermochemical storage. However, the disadvantage of sensible heat storage is the low energy
storage density. Phase change materials and thermochemical storage have the advantages of
high storage density, long duration of storage and low losses of heat [43]. However, the low
thermal conductivity of PCM results in an increase in the response time. Since the heat transfer
is limited by thermal conductivity, this slows down the process of releasing and storing energy
[44].
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3 Proposed concepts

This chapter discusses the different scenarios developed for the balance-of-plant (BoP). The con-
cepts are required to achieve three operating conditions. Firstly the concepts have to increase
the temperature of the fuel and air flows to the operating temperature of the RSOC. In addition,
the temperature within the RSOC must be regulated. Finally, the hydrogen must also be pre-
pared for storage at a pressure of 350 bar. The goal is to design different concepts of the heat
management of an entire RSOC facility. The heat and flow management within the balance-of-
plant is necessary to ensure the operation conditions within the RSOC in both SOFC and SOEC
modes. For the thermal management within the stack, different techniques are used which al-
low a variety of thermal management scenarios. The different concepts are based on literature
and components that are identified to consume a large amount of electricity.

The concepts are assumed to be stand-alone systems connected to the grid and wind park.
Therefore no external heat sources are available. The power supplied and generated by the
RSOC is treated separately from the other components of the BoP as shown in figure 1.

Figure 1: To meet the requirements to operate the RSOC the fuel (H2 and H2O) and air are
pre-heated. The energy required to operate the RSOC stack is determined by the difference
between demand and supply from the grid and windpark (P). Power required to operate the
BoP, excluding the RSOC stack, is supplied by the grid(E).

To investigate different solutions to improve thermal management and round-trip efficiency five
concepts are developed. The concepts are developed for a specific set of requirements and fixed
parameters. Pre-defined parameters include the composition and minimum and maximum tem-
perature of the stack. The temperature of the RSOC is set to be between 700 and 750 ◦C. Where
the temperature of 700 ◦C is the operating temperature of the SOEC and the maximum temper-
ature is 750 ◦C during SOFC operational mode. The inlet composition for the evaluation and
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modelling is pre-defined and set by TNO [1]:

xSOFC,in =

{
xH2 = 0.95
xH2O = 0.05

For electrolysis, the inlet composition changes to increase the fraction of steam within the cell.

xSOEC,in =

{
xH2O = 0.9
xH2 = 0.1

The conversion between hydrogen and steam is constant for both SOFC and SOFC. The con-
version rate is set at a fuel utilization of Uf = 0.8. The pressure for each of the concepts is set
at atmospheric pressure. An increased pressure positively affects the Nernst-potential and po-
larization curve for fuel cells [45]. Mottaghizadeh investigated both the effects of pressure on
the fuel cell efficiency and the efficiency of the BoP. Where a higher operating pressure resulted
in an increased efficiency of the fuel cell [7]. Increased pressure can increase the cell efficiency
with 5-7% compared to atmospheric pressure [46]. However, the efficiency of the complete BoP
is found to be reduced. The reduction in the efficiency is attributed to the increased energy con-
sumption required to compress the air within the system [7]. The influence of these parameters
on the fuel cell’s performance is elaborated in appendix A.

An overview of the concepts is given below. A more detailed description can be found in this
chapter. The goal of these concepts is to identify possible improvements in the balance-of-plant.

• Concept 1: The simplest form of a system for a RSOC to be able to satisfy the requirements
concerning temperature and pressure. All heat is supplied by electric heaters or boiler.

• Concept 2: This is a variant which is more efficient due to the heat recovery taking place
of the outgoing streams of fuel and air.

• Concept 3: A more efficient SOC for power generation by including a thermal energy
storage solution, and a heat pump for steam generation as a replacement for the boiler.

• Concept 4: This is an iteration of concept 2, the attempt is to integrate high-temperature
heat storage as a replacement for electric boilers and heaters.

• Concept 5: This concept incorporates metal hydrides as hydrogen storage. The chemical
reaction of metal hydrides is exothermic when the hydride matrix absorbs H2. Metal hy-
drides can replace the high-pressure vessel and reduce the external energy required for
evaporation.

3.1 Concept 1: Electric heaters

The first concept is the most basic concept to achieve the inlet requirements for the RSOC. Fur-
thermore, the concept is used to investigate the energy consumption of different components of
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the BoP. The concept for the BoP aims to provide air and hydrogen at pre-set temperatures. Air
is extracted from the environment since if the air if the air is in a closed-loop cycle the air could
be depleted from or enriched with oxygen. Where the depleted air will not be able to satisfy the
stochiometric requirements of the reaction.

To be able to process the required air and fuel concept 1 consists of electric heaters. Water,
blue in figure 2, is supplied from the environment to provide sufficient steam for the process.
The water is pre-heated to the evaporation temperature by an electric heater. Where the evap-
oration of water takes place in the electric boiler. Similarly, the air is fed into the system from
the environment and pre-heated to 700 ◦C. The air is presented as the green line in figure 3. The
purple line represents the mixture of hydrogen and water. The mixture is super-heated to 700◦C
by the heater. After the reaction in the RSOC the hydrogen and water are separated. Before sep-
aration, the water vapour is condensed which allows the water to be removed from the system.
The hydrogen is subsequently compressed to 350 bar. The goal is to investigate the efficiency of
a RSOC without any heat recovery and to determine the components required to run the RSOC.
The BoP is shown in figure 2.

Figure 2: Schematic overview of concept 1, heat is provided for both flows by means of electric
heaters and boiler. Red represents the flow of H2, blue represents the flow of H2O, purple
represents the mixture (H2 and H2O) and green represents the flow of air. The corresponding
molar-flow rates and temperature is presented in table 11 in appendix B.1 for each part of the
BoP.

The system is based on the operation of a solid oxide cell connected to a grid. The flow dia-
gram is presented in figure 2 and the corresponding temperatures are shown in table 11. To
achieve the operating conditions water is heated from ambient temperature to the evaporation
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temperature of 100 ◦C and subsequently evaporated to generate steam. The hydrogen, stored
at a pressure of 350 bar, is extracted from the storage vessel. Subsequently, the hydrogen is
expanded to the operating pressure of the system and heated to the required temperature. The
expanded hydrogen and produced steam are mixed. The mixture of hydrogen and steam is then
superheated to a temperature of 700 ◦C with the use of electrical heaters. Depending on the op-
erational mode the RSOC consumes hydrogen or steam. Similarly to the fuel side of the BoP
air is fed from the environment into the system at ambient temperatures and is subsequently
heated. The amount of air required is determined by two criteria. Firstly, during electrolysis,
the molar flow of air is used to prevent the oxygen content from exceeding 23.5% of the air. Sec-
ondly, during SOFC operational mode the air is used to manage the heat within the stack and to
satisfy the stoichiometric requirement of the reaction. The airflow is used to manage the temper-
ate increase of the stack so it does not exceed a temperature of 750 ◦C. During electrolysis, the
stack operates at an endothermic voltage. Where the heat supplied is equal to the evaporation
of water. This means that the temperature inside the fuel channel will remain constant. The
amount of air required is therefore determined by the maximum oxygen content of the air. The
air is subsequently released into the environment. The fuel mixture is fed into a condenser. The
steam is condensed which is required to separate the two components. The condensed water
is extracted from the system. The hydrogen is cooled to 25 ◦C before entering the compressor
where the pressure is increased to 350 bar for storage. It is evident that using electric heaters and
boilers results in parasitic electricity losses. The use of steam instead of liquid water reduces the
required electricity input within the stack itself per mole of hydrogen produced. However, if the
steam is generated by an electric boiler the efficiency of the total concept does not improve. The
large energy consumption for the heaters and boilers could be reduced by the use of the heat
available at the outlet of the stack.

3.2 Concept 2: Heat recovery units

For concept 1 it is expected that a large part of auxiliary energy use is consumed by the elec-
tric heaters for heating air and fuel to operating temperatures. Commonly used for SOFC are
systems with integrated heat recovery to re-utilise the heat in the exhaust flow of the RSOC.
Heat recovery is assumed to be vital for the efficiency of the system due to the high flow rate
for both the fuel and air channels. Heat exchangers could provide the heat required for the in-
coming flow and can increase the overall efficiency of the BoP. In SOFC the outlet temperature
is expected to be 50 ◦C higher relative to the inlet temperature of the flows. The heat recovery
units are required to have at least a minimal temperature difference between the two flows. For
SOFC it is assumed the heat recovery can provide all heat required for heating the inlet streams
to operational temperatures. During SOE additional heat is expected to be required to reach
the operating temperature. The additional heat is provided by electrical heaters. The schematic
overview of the concepts including heat recovery is shown in figure 3, and the corresponding
temperature and compositions are shown in table 12.
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Figure 3: Schematic overview of concept 2, the heat is provided with the combination of electric
heaters and heat recovery units. Water is evaporated with an electric boiler. Red represents
the flow of H2, blue represents the flow of H2O, purple represents the mixture (H2 and H2O)
and green represents the flow of air. The corresponding molar-flow rates and temperature is
presented in table 12 in appendix B.1 for each part of the BoP.

Selecting a type of heat exchanger is important for the performance of the heat recovery unit.
The two main types of heat exchangers are parallel-flow and counter-flow heat exchanger se-
tups. The parallel-flow heat exchanger has the advantage of the possibility of a high heat flux
[47]. Whereas counter-flow heat exchangers have the potential for higher heat recovery. This is
advantageous as the outlet temperatures of the incoming streams require less additional heat to
reach the operational temperature. In case the heat is provided with electric heaters the round-
trip efficiency of the system drops.

3.3 Concept 3: Heat pump and heat storage

With heat recovery, the heat required for heating the air and fuel streams could be reduced.
However, to reduce the power required by the RSOC water could be supplied as steam to the
RSOC. In previous concepts, an electric boiler converts one unit of electricity into approximately
one unit of heat. However, this does not reduce the power consumption of the BoP. However,
both in SOEC and SOFC modes heat is released by the condensation of steam before separation
of H2 and H2O. Where during SOFC steam is generated within the SOFC. For SOE not all steam
generated in the boiler is used due to a fuel utilization of 80%. The temperature at which the
heat is released is insufficient to be reused for the evaporation process. However, the released
heat during condensation could function as a heat source for a steam-generating heat pump.
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The heat released by condensation during SOFC is sufficient to serve as a heat reservoir for
a heat pump. The heat recovery during electrolysis could provide approximately 15 to 20% of
the heat required for evaporation. The heat released by the condensation during SOFC is larger
than required for the evaporation of water. Thus further improvements regarding the efficiency
could be made by implementing thermal heat storage (TES). So the surplus of heat could be
stored and used during electrolysis where insufficient heat is available within the BoP.

The overview of the system is shown in figure 4. The heat is extracted from the mixture during
the condensation of the steam. During SOFC mode the heat available is sufficient to provide the
heat required by the heat-pump to evaporate water. The surplus of heat is stored in the TES.
The low-temperature storage stores the heat at temperatures below 100 ◦C. If required during
electrolysis the TES functions as the heat reservoir for the heat-pump.

Figure 4: Schematic overview of concept 3, the heat is provided with the combination of electric
heaters and heat recovery units. Water is evaporated with a heat pump. Excess heat is stored
to be used during electrolysis. Red represents the flow of H2, blue represents the flow of H2O,
purple represents the mixture (H2 and H2O) and the green represents the flow of air. The cor-
responding molar-flow rates and temperature is presented in table 13 in appendix B.1 for each
part of the BoP.

The use of an electrically driven heat pump could increase the performance of the system. Very
high-temperature heat pumps (VHTHP) release heat at temperatures above 100 ◦C and can op-
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erate with ambient temperature heat sources [48]. With the utilization factor Uf= 0.8 during both
SOFC and SOE heat is removed within the condenser which provides a high-temperature heat
source. Heat pumps can operate more efficiently if the temperate difference between evapora-
tion and condensation is small. The efficiency or coefficient of performance (COP) is used to
investigate the performance of the heat pump. The COP is calculated by the heat output and the
input.

COPheating =
Q̇H

Q̇H − Q̇C
(1)

Where Q̇H - Q̇C is equal to the additional power input. The maximum theoretical performance
of a heat pump is calculated by the Carnot Efficiency.

COPheating =
TH

TH − TC
(2)

A COP of 6.1 has been achieved using water as a refrigerant with an evaporation temperature
of 85 ◦C and condensation temperature of 117 ◦C [49]. Tveit et al. [50] presents a series of heat
pumps generating steam at 10 bar and a temperature of 184 ◦C with a source of 80-90 ◦C.
Equation (2) shows that the temperature of the heat source is an important factor for the per-
formance of the heat pump. With the heat extracted from the condensation of steam. Therefore
a small temperature difference between the flow of condensing steam and the cooling fluid is
desired. The condensation is theoretically possible at a small temperature difference. The use of
a logarithmic mean temperature difference (LMTD) of 9.5 ◦C is used for condenser for a power
plant [51]. The temperature of the lower reservoir heat pump is desired to be as high as possible.
However, the temperature of the lower reservoir is bound to at least two heat exchanges, Tcon

> Tcool > Tstorage > TC, where the storage might be used as the low-temperature reservoir A
more detailed description of the chosen type of heat pump and the order of the heat pump and
cooling is presented in appendix B.2.

The thermal energy storage can be implemented to store the excessive heat of condensation
not directly used by the heat pump. Two forms of TES are considered, sensible heat and latent
heat storage. Sensible heat storage can be a cost-effective method of storing heat. The drawbacks
of sensible heat are the energy density and thermal stability during discharging [43]. Water is
a solution for storing energy at the required range of temperature, especially for temperatures
below 100 ◦C [52]. The use of sensible heat storage gives additional design freedom since the
temperature of storage is variable. Another possibility is the use of latent heat storage. It is
advantageous that these materials have a higher energy density [52]. The major drawback of
latent heat storage is the low thermal conductivity of the phase change materials used, which
influences the response time of the TES. However, the charge and discharging can be improved
by the use of heat transfer enhancing methods [53]. The response time of heat-pumps is in gen-
eral much quicker than the response time of the heat storage [54]. However, MacArthur [55]
reports a time response of 5 minutes until the heat flux of the TES reaches a steady-state.
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3.4 Concept 4: Integrated cooling and heat storage

In this section, the fourth concept is described. The generated heat within the stack during
SOFC is partly lost due to temperature differences required within the heat recovery units. The
combination of a large airflow and these temperature differences result in high losses of heat.
Furthermore, this loss of energy could potentially be utilized for pre-heating of the air and fuel
flows during electrolysis. To transfer the heat over time heat storage should be implemented.
The stored heat could then be used during electrolysis where additional heat is expected to be
required.

Besides the use of TES, it is investigated whether the amount of air used for cooling can be
reduced during SOFC mode. The large airflow for cooling affects the required size of the heat
exchangers as the air must be heated to the operating range of the RSOC. By using different
cooling techniques, it is possible to extract high-temperature heat from the RSOC and reduce
the size of the heat exchangers. The cooling techniques are shown in section 2.6. Since air is not
used as the main component of the cooling the airflow could be reduced to the stoichiometri-
cally required flow rate of air. For air, the size of heat recovery units could thus be reduced. The
expected size of the heat exchanger is approximately four times smaller, based on the largest air
flows identified, as shown in table 14. For this purpose heat pipes will be used in this concept.
Which could be used as a closed environment for cooling. Therefore the coolant does not have to
be cooled to ambient temperatures for each cycle. Secondly, more of the heat recovered during
SOFC mode could be stored and utilized during SOE mode. This setup with a separate flow for
cooling allows for more high-quality heat to be stored.

The recovered heat is subdivided into two different thermal energy storages. Firstly, the heat
stored for heating the fuel and air flows should be above 700◦C. Which is shown in figure 5a as
the A section of the HT storage. It is expected that heat recovered during SOFC exceeds the ad-
ditional heat required during SOE. Therefore, TES can be used to replace the electrical heaters.
The second part of the TES is the heat stored for the evaporation of water. The heat provided
during SOFC mode is sufficient for the evaporation. However, during electrolysis additional
heat is required. The heat stored for the evaporation of water should be stored between 100
and 700◦C. The TES is denoted as section B of the heat storage in figure 5a. With a heat transfer
fluid (HTF) used within the heat pipes operating at 700 - 750◦C all heat generated by the SOFC
could be stored. The setup for this concept is shown in figures 5a and 5b for SOE and SOFC
respectively.

16



(a) Concept 4 in SOEC mode, the heat is provided with the combination of electric heaters and heat
recovery units. Water is evaporated with a heat exchanger. Heat is provided during electrolysis from the
heat storage.

(b) Concept 4 in SOFC mode, the heat is provided with the combination of electric heaters and heat
recovery units. During SOFC mode the heat-storage is charged.

Figure 5: Schematic overview of concept 4, Red represents the flow of H2, blue represents the
flow of H2O, purple represents the mixture (H2 and H2O) and green represents the flow of air.
The corresponding molar-flow rates and temperature is presented in table 14 in appendix B.1
for each part of the BoP.

17



The temperatures for the steady state in both electrolysis and fuel cell mode are listed in table
14, appendix B.1. The use of heat storage to replace electrical heaters for heating the air and fuel
flows to 700 ◦C is required to satisfy TH > THTF > Tst > TC. Where TH is the temperature of
the stack which has a maximum of 750 ◦C. Where THTF is the heat transfer fluid, the cooling of
the stack can only be done up to the temperature of the HTF. The small temperature difference
between the inlet temperature and the stack temperature requires a TES with small temperature
fluctuations. Therefore, the use of the latent heat of phase change materials is investigated [56].
The PCM investigated are required to have a change in their phase between 700 - 750 ◦C.

Table 3: PCM material 700 - 750 ◦C [56]

Material Melting Temperature (◦C) ∆h (J/g)

LiF–30MgF2 728 520
NaF–23CaF2–12MgF2 743 568
LiF–33MgF2 746 947
LiF–13KF–13MgF2 749 860

The second heat storage is used for the heat required for evaporation. The TES used for evapora-
tion is expected to be larger compared to the TES used for heating the air/fuel stream. However,
the temperature difference between the SOFC and the evaporation temperature allows for a va-
riety of heat storage techniques. Including sensible heat storage where it is possible to leverage
the large temperature difference between the SOFC and evaporation temperatures.

3.5 Concept 5: Metal hydride storage of hydrogen

In this section, the fifth concept is described. This concept investigates the possibility of stor-
ing the excess heat generated during SOFC mode using thermochemical reactions to store and
release heat. For low-temperature thermal energy storage, two forms of thermochemical reac-
tions are considered. These are salt hydrates which react with H2O and metal hydrides which
react with H2. This could potentially remove the requirement for the condenser and separator.
Metal hydrides are applicable to store hydrogen since the metal hydrides react with hydrogen.
Therefore, the use of salt hydrates and metal hydrides is investigated for possible improvements
concerning evaporation and storage. The reaction of the salt hydrates and metal hydrides is in
general described as:

A(s) + B(g)←→ AB(s) + ∆E (3)

Salt hydrates
Salt hydrates react with H2O and are a possibility to store and release heat.

SrBr2 + H2O = SrBr2H2O + 72 kJmol−1 (4)
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The use of salt hydrates does not have an advantage over the use of condensation and evapo-
ration based on an integrated TES solution. It can be expected that salt hydrates release energy
during fuel cell operation and require energy for dissociation during electrolysis. However, the
heat required to release the H2O is supplied during SOE and that reduces the effect of the ther-
mochemical heat storage capacity of the salt hydrate.

Metal hydride
Metal hydrides are considered for the storage of hydrogen, primarily for mobility applications
due to their high energy storage densities. However, the use of metal hydrides could result in
a significant improvement of the balance-of-plant [14]. Metal hydride storage has a specific ad-
vantage over compressed hydrogen storage. Since the reaction is exothermic for the absorption
of hydrogen which results in a release of heat during electrolysis. Therefore, metal hydrides
could store the hydrogen and provide heat for the generation of steam. During SOFC mode
the metal hydride operates in an endothermic process. Where the process within the SOFC is
exothermic. The heat released within the SOFC could be used for the release of the hydrogen
from the metal hydride storage. For this concept, MgH2 is used due to the relatively low cost
[14]. The reaction of magnesium and hydrogen is described by [57]:

Mg + H2 → MgH2 + 75 kJmol−1 (5)

MgH2 is a very active material which self-ignites when exposed to air and does react with water
if it comes in contact [58]. Additional disadvantages are the slow kinetics and high energy
requirement for discharge [59]. The advantages of magnesium hydrides are low cost and good
reversibility. Besides the release of heat during electrolysis metal hydrides based on MgH2 could
provide hydrogen storage by the chemical reaction. Which allows the storage of hydrogen at
lower pressures. In contrast to previous concepts where hydrogen is stored at a pressure of
350 bar. This allows for a reduction of the consumed power required for the compression of
hydrogen. To be able to maximize the efficiency the metal hydride must satisfy:

RH2 ∆E ≤ Q̇SOFC (6)

If equation (6) is satisfied, the release of hydrogen does not require additional energy. Depend-
ing on the thermal management of the RSOC the available heat might not be sufficient. For low
current densities, the losses within the SOFC are low. Which results in less heat to be generated
by the SOFC.

During electrolysis heat is released during the process of charging the hydrogen storage. This
could be used for the evaporation of water to increase the efficiency of the system. Assuming
RH2 = RH2O the following expression has to be satisfied:

∆E ≥ hfg ∗ RH2O (7)
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∆E is the heat release of reaction and hfg is the latent heat of water at atmospheric pressure.
Since the MgH2 reacts with water, the exhaust gasses are to be condensed and separated before
entering the storage. The flow of water is heated in a separate system to prevent the water
from coming in contact with the metal hydride. The heat transferred between RSOC and metal
hydride is represented with the dotted line in figure 6b.

(a) Concept 5 in SOEC mode, metal hydrides react with hydrogen in an exothermic reaction. The heat
generated is sufficient for the evaporation of water.

(b) Concept 5 in SOFC mode, during SOFC heat is required to dislocate the hydrogen from the metal
hydride storage. The heat is supplied by the exothermic reaction of the SOFC.

Figure 6: Schematic overview of concept 5, Red represents the flow of H2, blue represents the
flow of H2O, purple represents the mixture (H2 and H2O) and green represents the flow of air.
The corresponding molar-flow rates and temperature is presented in table 15 in appendix B.1
for each part of the BoP.
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3.6 Comparison of concepts

The five concepts have different approaches to the thermal management of the balance-of-plant.
The concepts of the BoP have been investigated in steady-state and dynamic behaviour, of which
the results are presented in chapter 5. Furthermore, the economic viability is investigated in the
techno-economic analysis which is presented in chapter 6. Each of the concepts has advantages
and disadvantages, which are presented below.

1. The electricity consumption of concept 1 is expected to be substantial due to the use of the
electric heater to heat the air and fuel flow.

2. Concept 2 is expected to be an improvement compared to concept 1. The use of heat
recovery units reduces the electricity consumption of the electrical heaters. The concept is
slightly more complex as it increases the number of components. The combined size of the
electric heaters and heat recovery units is expected to be approximately equal to the size
of the electric heaters in concept 1.

3. Compared to concept 2, the third concept has the advantage of increased efficiency due
to the reduction of external energy required for the evaporation of water. The concept
is functioning similarly to concept 2. Disadvantages are the increasing complexity of the
system and higher initial costs due to additional components required.

4. A RSOC which uses heat pipes for cooling removes the need for cooling with the airflow.
This reduces the size of the heat recovery units to correlate to the stoichiometrically re-
quired flow for the electrolysis process. The separate cooling allows for heat to be stored
at higher quality. In previous concepts, the quality of the heat is degraded by the heat
recovery units. The expected disadvantage of this concept is the high cost of the adjusted
RSOC stack, which is not quantified in the literature.

5. Metal hydrides are a promising technique for hydrogen storage. This allows the removal
of the compressor and the electric boiler. However, the cost of metal hydride is substan-
tially higher compared to the pressurized storage of hydrogen.

With these five concepts, the impact of different solutions to improve the efficiency of the RSOC
balance-of-plant can be investigated. The dynamic model is described in section chapter4.

Based on the finding of the steady-state analysis it is decided to not dynamically model concept
1. Because it is judged to be inefficient compared to the other concepts. The required electric-
ity input for the electric heaters exceeds SOFC electricity output. The electricity generated by
the SOFC is thus all consumed by the BoP, see 5.1. The fifth concept is found to be an efficient
solution as will be shown in section 5.1. However, the cost of metal hydride is high compared
to pressurized hydrogen storage. The hydrogen storage is connected to a wind farm. The size
of the storage is determined by seasonal fluctuations in energy production. The combination
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of the large size of the storage and the high cost of metal hydrides make concept 5 economi-
cally unfeasible. Therefore concept 5 is not dynamically modelled. The comparison between the
storage techniques can be found in the techno-economic analysis presented in chapter 6.2. The
dynamic model used for concepts 2 to 4 is presented in 4. The results of the different concepts
are presented in section 5.2.
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4 Modelling RSOC and BoP

This chapter describes the model used for the RSOC and the auxiliary components of the balance-
of-plant. These include pumps, blowers, compressors, heat exchangers, condensers and the
evaporator. The dynamic model is used to find the overall efficiency of the proposed concepts.
Another aim of the model is to determine the allowable response time for the components, based
on the ability to cope with fluctuations in the load. Furthermore, the dynamic model is used to
determine the size of the heat storage and the capacity of the different components. The basis of
the different concepts is similar. Therefore, the second concept is used as a basis for the dynamic
model. For example concept 4, the components are similar except for the heat storage. Concept
3 requires an additional model for the heat pump. This chapter will start with a description of
the assumptions made to model the stack and other components in the BoP. Furthermore, the
assumptions regarding the inputs of the system are described, see figure 7.

Figure 7: The inputs of the model and respective output. Pin and Pout are the supplied electricity
from the wind and the load demand of the grid, C are parameters such as ambient temperature
and composition of the streams. Outputs are the different energy consumption of components
(Q̇), the maximum energy consumption of each component (Q̇max) and the efficiency of the
system (η).

4.1 Model assumptions

The following assumption has been made for modelling the RSOC stack and the BOP.

1. The stack is represented as one single cell. The stack’s performance can be characterized
by a single cell [60]. Udagawa et al. state that [61] a common method used to represent
large SOC stacks is to use a small cell with proper boundary conditions. It is assumed the
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modelled cell is at the centre of a large stack, so there are no effects of the surrounding
[7, 61].

2. Due to computational time, a 0D model of the stack is used. The stack is modelled as
a lumped model for the stack, which shows to be accurate [62]. Resulting in constant
conditions over the stack. However, since temperature and flow rates are of interest, the
air and fuel channels are modelled as 1D-model. Where it is assumed that air and fuel
outlet temperatures are equal [7].

3. Duration of charge is assumed to be equal to discharging [7]. The kinetics of the thermal
chemical process is faster than the temperature change of the stack [13].

4. The stack is perfectly insulated, so the losses to the surroundings due to convection and
radiation are disregarded [30]. The pressure drop within the stack is assumed to be 0.05
kPa [63].

5. Temperature of air and fuel does not exceed the temperature of the stack Tair ≤ Tstack.

6. The cooling of the stack is based on Newton’s Law of cooling [13], the thermal control
strategy regarding the removal from the stack is done by fuel and the airflow. The outlet
gasses for both SOE and SOFC consist of hydrogen gas and steam. The air is the main
contributor to the cooling of the stack. For thermal management, the flow of air is adjusted
based on the stack operational temperature and the heat flux from the stack to the fluids.

7. Inside the solid oxide cell it is assumed that the gas in both the air and fuel side of the cell
are of sufficiently high temperatures and low pressure. So that the behaviour of the gas
can be assumed to be described by the ideal gas law.

8. Heat exchangers are assumed to be perfectly insulated, and the pressure drop is assumed
to be zero. The heat exchangers are modelled as a zero-capacity model. The pressure drop
in the heat exchanger is neglected.

9. The mechanical components and electric heaters are assumed to be faster than the stack
and are therefore modelled as quasi-steady state components.

4.1.1 Model inputs

The dynamic model is required to be compatible with data regarding the power generation of
wind turbines and the demand of a grid. The demand of the grid is assumed to be a constant
load. Therefore the model’s input is based on data from the power production of the wind park
at IJmuiden provided by TNO.
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Figure 8: The required supply and demand of the RSOC based on the power production of the
wind park and a base load, January 2008.

The model uses the wind park’s power provided to the grid and a base load for power con-
sumption. The power provided by the RSOC is calculated as follows:

P = Pwp − Pbl (8)

P= Power of the RSOC, Pwp = power provided by the wind park and Pbl = Power consumed by
the grid. The input data from the wind park is measurements over one-hour intervals. Resulting
in power distribution for January 2008 as shown in figure 8.

4.1.2 Dynamic response time

This section discusses the response time of the different components. The limitation given to
the current density change reduces the system’s ability to cope with the variations in the supply
and demand of electricity.

The goal of the RSOC is to operate at maximum efficiency. It is assumed that information like
weather prediction and historical data on the demand of the grid are not available. This requires
a quick response time for all components within the BoP. It is assumed the response time of the
balance-of-plant should be faster than the RSOC stack. The response time is determined by the
ramp rate of the current within the stack. Motylinski et al. report an increase/decrease rate
of 5 A min−1 [13] as a maximum ramp rate for a 100x100 mm cell. Commonly used for SOFC
and SOE, like the boiler, compressor and heat recovery units are found to have a response faster
than the stack itself or are limited to start-up and shutdown of the components. However, the
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start-up and shutdown of the system are assumed not to be prevalent within the scope/goal of
the model. The heat recovery units remain at similar operating temperatures for SOE and SOFC.
Furthermore, the response times of the mechanical components like the blower and compressor
are assumed to be faster than the stack.

Concepts 3 till 5 propose a system which uses nonstandard components for both SOE and SOFC
namely: A heat pump, heat storage and metal hydrides. The three groups of heat storage are
sensible, latent and thermochemical heat storage. Sensible heat storage has the fastest response
time. The response of the latent heat storage depends on the thermal conductivity [64].

TES System Response time Source
Sensible 2.5 [min] [39, 40]

PCM 5 - 20 [min] [41]
Thermochemical 10 - 30 [min] [42]

Table 4: Response time TES

The metal hydride is assumed to be equal to the response time of thermochemical heat storage.
The range of the response time of metal hydrides is rather large, shown in table 5. Where most of
the are approximately papers report response times of 10 - 30 min for magnesium-based hydride
[59].

TES System Response time Source
Heat pump 15 [min] [55]

Metal hydride 0.45 - 1440 [min] [59]

Table 5: Response time for replacement of electric boiler.

Electric boilers have sufficiently fast ramp-up speeds [65]. Therefore it is assumed electric boilers
can cope with changes in the demand of the RSOC. Similarly, heat pumps are found to have
fast response time [66]. However, these numbers do not include the time for the subsequent
evaporation of water [55]. The components could potentially slow down the response of the
system. However, it cannot be concluded that either the methods for evaporation or the thermal
energy storage are increasing the response time. Therefore, the electric boilers and heat pump
are modelled as quasi-steady state.

4.2 Electrochemical model

The model used to describe the processes within the cell is described as a 0D model. Firstly,
the electrochemical model of the stack is modelled as a 0D model. Secondly, the heat and mass
transfer within the stack and channels is modelled. The RSOC stack is developed as a black box
model to determine the output in terms of temperature, flow rates and power. The electrochem-
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ical model relates the cell voltage and the current density.
The modelling convention regarding the current is that the current is positive during SOFC and
negative in SOEC mode. Furthermore, the voltage applied during electrolysis is equal to the
thermoneutral voltage. The thermoneutral voltage is the voltage at which the temperature does
not change.

4.2.1 Nernst equation

The open circuit voltage (OCV) is the voltage when no external load is applied. To determine
the OCV, the Gibbs potential and Nernst potential are used. The Nernst potential is used to
calculate the reversible voltage. The Nernst equation is used to calculate the cell potential for
non-standard cell conditions. The standard cell potential is based on the Gibbs free energy.

H2O→ H2 +
1
2

O2 (9)

And for the SOFC operation:

H2 +
1
2

O2 → H2O (10)

The thermodynamics of the cell can be described with equation (11). This shows that according
to Gibbs’s free energy equation, the temperature affects the required energy to be supplied as
electricity.

∆H = ∆G + T∆S (11)

Where ∆H is the enthalpy of the formation of water, ∆G is Gibb’s free energy, T is the temper-
ature, and ∆S is the entropy difference. The entropy calculation is described in appendix C.1.
The reaction enthalpy can be determined using Kirchhoff’s Law for the enthalpy:

∆Hf(T) = ∆H0(298K) +
∫ T

298 K
∆cpdT (12)

At 25◦C the ∆H is 285 kJ/mol for liquid water and 241 kJ/mol for steam. For the reaction during
SOE the thermoneutral voltage is used. The thermal neutral voltage is based on the enthalpy of
formation. The thermoneutral voltage can be determined using the reaction enthalpy:

Uth =
∆H
2F

(13)

The Gibbs potential is the open circuit voltage under standard conditions.

E0 =
∆G
2F

(14)

The OCV is calculated using the Nernst equation which accounts for the composition of the flow
and pressure. [9–11].

ENernst = E0 +
RT
2F

ln
(

xH2

√xO2

xH2O

)
+

RT
2F

ln
(

PA

Pamb

)
(15)
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4.2.2 Area specific resistance

The voltage of the cell is higher than the Nernst potential during electrolysis and lower during
fuel cell mode due to the ohmic, activation and concentration over-potentials.

Ecell = ENernst − ηohm − ηact − ηconc (16)

Where ηohm is the ohmic over-potential, ηact is the activation over-potential and ηconc the con-
centration over-potential [10]. The U-j curve for the electrolysis and fuel cell is for simplicity
approximated as a straight line. Modelling of the U-j curve using a simplified model substan-
tially reduces the computational time and can thus give more versatility to the model. The used
area-specific resistance (ASR) is assumed to be constant for SOE, SOFC and temperature for the
model.

ASR = rohm + ract + rconc (17)

The area-specific resistance includes the ohmic, activation and concentration overpotentials. The
ASR could be determined by experimental results. The Nernst potential and ASR show the
relation between the current and voltage of a cell.

Ecell = ENernst − (ASR)i (18)

Where i is the current density, ASR is the area-specific resistance. Figure 9 shows the U-j curve
with an ASR of 0.3 Ω/cm2, with composition as shown in equation (33) for SOE and for the
SOFC composition as shown in equation (32).

Figure 9: Cell potentials

28



4.2.3 Hydrogen to Power

The integration of the model with an external power source requires the model to convert power
input and outputs to current and voltage. Therefore the relationship between power and hy-
drogen consumption/production is determined. The reaction rate of the production and con-
sumption of hydrogen is dependent on the current. The relation between current and hydrogen
production and consumption is described by Faraday’s Law of electrolysis [67].

RH2 =
I

nF
(19)

Where n is the number of electrons transferred in the reaction (for water electrolysis n = 2), I
is the current, F is Faraday’s constant and RH2 is the rate of reaction. The relation between the
current density and voltage is determined in equation (18).
The relation between the power and hydrogen consumption and production is derived from the
relation between the power which is a function of voltage and current.

P = IV (20)

Dividing both sides of equation (20) with the area of the cell results in a relation between the
power density and current density.

p = iV (21)

Where p is the power density, i the current density and V is the voltage. Substituting the calcu-
lation to determine the cell potential, equation (18), in equation (21) the relation becomes:

p = i(ENernst − (ASR)i) (22)

Where p = P/Area (W/cm2) and i = I/Area (A/cm2). Note for SOE the voltage is determined
by the thermoneutral voltage.

Ecell =
∆H(g)

2F
(23)

Substituting equations (24) and (23) describe the power consumption during electrolysis.

p = iEcell (24)

4.2.4 Molar balance

The molar balance is used to compute the composition of the air and fuel in the channels of the
RSOC. The molar balance is used to compute the exhaust composition of the air and fuel. The
ratio of the reaction between the components is defined as:

RH2 = −RH2O = 2RO2 (25)
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Where the rate of conversion of RH2 is calculated as shown in equation (19). The rate of pro-
duction and consumption of H2 is dependent on the current as described by Faraday’s Law of
electrolysis, shown in equation (19). The molar balance for the fuel channel is defined as:

dnfuel

dt
= ṅfuel,out − ṅfuel,in (26)

The total molar flow consists of the molar flow of H2 and the molar flow of H2O. Where ṅ is
the molar flow entering and leaving. The nfuel represents the number of moles within the fuel
channel of the RSOC.

ṅfuel = ṅH2 + ṅH2O (27)

Where ṅH2 and ṅH2O are flow of the number of moles of H2 and H2O respectively. The outlet
stream ṅfuel,out is determined based on equations (19), (34), (35) and (36). The number of moles
of H2 and H2O are determined using the rate of production of hydrogen RH2 and the relation
between the reaction rates RH2 and RH2O shown equation (25). The change of the hydrogen
within the fuel channel is determined by the conservation of mass.

d(xH2 nfuel)

dt
= ṅfuel,inxH2,in − ṅfuel,outxH2,in − RH2 (28)

Similarly the conservation of steam within the fuel channel.

d(xH2Onfuel)

dt
= ṅfuel,inxH2O,in − ṅfuel,outxH2O,in − RH2O (29)

The molar balance for the air side is defined as:

dnair

dt
= ṅair,in − ṅair,out − RO2 (30)

The restrictions regarding the oxygen content in the SOC and BoP requires management of the
air flow. The oxygen content within the air channel is determined as:

d(xO2 nair)

dt
= ṅair,inxO2,in − ṅair,outxO2,in − RO2 (31)

It is assumed the fraction of the oxygen content increases by electrolysis linearly over the length
of the channel. For the model the two situations for fuel composition are regarded. Firstly.
a fuel composition for operations during SOFC mode and secondly during SOE mode. The
composition used during fuel cell mode is:

xSOFC,in =

{
xH2 = 0.95
xH2O = 0.05

(32)
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During SOE, the inlet composition changes to increase the fraction of steam within the cell.

xSOE,in =

{
xH2O = 0.9
xH2 = 0.1

(33)

When the RSOC converts hydrogen and oxygen into water and electricity or in the reverse di-
rection, the composition changes. However, the cell is assumed not to be able to convert all
steam or hydrogen. Therefore the utilization factor is used to determine the total flow of fuel for
each of the modes.

Uf =
Ri

ṅi
(34)

For this project, the fuel utilization factor is assumed to be constant. The utilization factor (Uf)
is set as, Uf = 0.8.

SOFC : xH2,out = 1− xH2Uf − xH2O (35)

SOE : xH2O,out = 1− xH2OUf − xH2 (36)

The inlet molar fractions of hydrogen and steam and a utilization factor of 0.8 results in a com-
position at the outlet of the SOFC as:

xSOFC,out =

{
xH2 = 0.19
xH2O = 0.81

(37)

For SOE, the composition after the SOC changed to:

xSOE,out =

{
xH2O = 0.18
xH2 = 0.82

(38)

4.2.5 Energy balance

The energy balance is used to determine the effect of heat generation and heat consumption.
Since the model should obey the law of energy conservation, the temperatures of the exhaust
gasses can be determined.

dH = dU + VdP + PdV (39)

The energy balance over the fuel channel is:

d(nfuelhfuel)

dt
= ṅfuelhfuel,in − ṅfuelhfuel,out + ∆Q̇PEN,fuel + ∆Q̇int,fuel (40)

Where ∆QPEN,fuel and ∆Qint,fuel are the heat fluxes from the positive-electrolyte-negative (PEN)
and interconnect to the fuel channel. Similarly the energy balance of the air channel:

d(nairhair)

dt
= ṅairhair − ṅairhair + ∆Q̇PEN,air + ∆Q̇int,air (41)
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The heat transfer from and to the air channel from the PEN structure is defined ∆QPEN,air.
∆Qint,air is the heat-flux between the air channel and the interconnect. The temperature change
of the PEN is described by the conservation of energy:

ṅcp
dT
dt

= ∆HfRH2 −Vcelli− Q̇PEN,fuel − Q̇PEN,air (42)

The energy conservation for the interconnect is defined as:

ṅcp
dT
dt

= Q̇int,fuel + Q̇int,air (43)

For the model, the following assumptions regarding the temperature distribution and heat
fluxes are made. Within the cell the temperature of the PEN structure and interconnect are
assumed to be equal. Therefore, the heat exchange between the interconnect and PEN structure
through radiation could be disregarded [30]. The energy balance within the air channel follows
from:

ṅcp
∂T
∂t

= ∆Q̇− ṅcp
∂T
∂ x

L
+ RO2 hO2 (44)

Similar to the air channel the temperature of the fuel side can be determined. With the assump-
tion ṅfuel,in = ṅfuel,out the energy balance can be written as:

ṅcp
∂T
∂t

= ∆Q̇− ṅ
∂h
∂ x

L
(45)

Where h is the energy contained within the fuel.

4.2.6 Thermal management of RSOC

The thermal management used for SOE and SOFC is different. The thermal management of
the stack during electrolysis is determined by the thermoneutral voltage. The thermoneutral
voltage results in a constant temperature within the fuel channel. For modelling isothermal
conditions within the PEN and interconnect are assumed [12]. Furthermore, the temperature
within the PEN and interconnect is assumed to be equal.

TPEN(x, t) = Tint(x, t) (46)

It is further assumed that there are no heat losses to the environment [68]. Therefore all heat
generated and required by the electrochemical reaction is supplied and removed through fuel
and air flows. The rate of cooling is assumed to be determined by Newton’s Law of cooling
[13]. Furthermore, the outlet temperature of the fuel channel is equal to the outlet temperature
of the air channel [7, 13, 19]. The model is designed in a way that it calculates the amount of air
required to extract the heat released by the PEN during SOFC. And secondly, takes into account
the management of the airflow to control the oxygen content. The two possible scenarios SOFC
and SOE require different management strategies for the flow and heat. Both SOE and SOFC
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have to satisfy two requirements. Firstly, the temperature of the stack should be between 700 -
750 ◦C. Secondly, the oxygen content within the air channel should not exceed 23.5%.

The heat generated from within the PEN is calculated as:

∆Q̇gen =

(
∆H(l)

2F
− Ecell

)
i (47)

Where i is positive during SOFC and negative for SOE. A voltage larger than ∆Hg
2F during elec-

trolysis results in an exothermic reaction. If the voltage is smaller than ∆Hg
2F then the SOE process

is endothermic.

Fuel cell
The heat released during the fuel cell is partly consumed by the change in composition over the
fuel channel. However, the heat generated within the stack is calculated with the enthalpy of
the formation of water. However, due to the high temperature, it is assumed to be in the form of
steam at the outlet for both SOE and SOFC. The required energy to satisfy the water as steam is:

Q̇fuel = ṅfuel

[
hH2

∂xH2

∂
( x

L

) + hH2O
∂xH2O

∂
( x

L

) ]
(48)

The remainder of the heat, which corresponds to the ∆ H(g) is distributed over the two channels
where it satisfies Tfuel,in = Tfuel,out.

∆Q̇ = hA(Th − Tc) (49)

Where hA is assumed to be constant. The heat removed by air is determined as:

∆Q̇air = ∆Q̇− ∆Q̇fuel (50)

The energy balance over the air channel is described as:

ṅcp(T)
∂T
∂t

= ṅaircp(T)
∂T

∂( x
L )
− RO2 hO2(T)− ∆Q̇air (51)

Similarly the energy balance of the fuel channel:

ṅcp
∂T
∂t

= ṅfuelcp(Tin − Tout) + ∆Q̇fuel

cp = xH2 cp,H2
(T) + xH2Ocp,H2O(T)

(52)

The molar flow through the fuel channel is determined by the electrochemical reaction. The mo-
lar flow through the air channel is determined according to the boundary conditions regarding
the maximum temperature increase of the cell. This is given as Tout = Tin + 50 ◦C or equal to the
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cell temperature Tout = Tstack. For the electrolysis process, the requirement for the enrichment of
the air is taken into account.

The air is used to control the temperature within the stack. The molar flow required of the
air is determined as:

∆Q̇air = ṅaircp(T)
∂T

∂( x
L )
− RO2 hO2(T) + ncp(T)

∂T
∂t

(53)

The molar flow follows from:

ṅair =
∆Q̇air + RO2 cp,O2

(T)Tout − ncp(T) ∂T
∂t

cp(T) ∂T
∂( x

L )

(54)

Electrolysis
The second condition states that the airflow has to satisfy the maximum oxygen enrichment of
xO2 = 0.235 at the outlet. This condition is found to be critical for SOE due to the thermoneutral
voltage applied.

ṅO2

ṅair
=

ṅairxO2 − RO2

ṅair − RO2

(55)

The value at the outlet of the RSOC is defined as xO2,out = 0.235.

ṅair =
xO2,outRO2 − RO2

xO2,out − xO2

(56)

Furthermore, the thermoneutral conditions have to be satisfied. Since enthalpy of formation is
∆Hl. This is the energy required for one mole of water to be split into oxygen and hydrogen.
Since the thermoneutral voltage for the cell is related to the ∆Hg, additional heat is to be sup-
plied. The additional energy is supplied by the latent heat of steam which is released during
the reaction. With the assumptions of a constant temperature for the fuel side of the cell, the
required heat to sustain the constant temperature is shown in equation (48).

4.3 Model balance-of-plant

This section describes the models used for components besides the electrochemical model of the
RSOC.

4.3.1 Heat exchanger

This section describes the models used for the heat exchangers in heat recovery units. For the
transient behaviour of the heat exchanger, the heat exchange to or from a fluid is described by
the energy conservation laws [69]. The equations (57), (58) and (59) are used to define the final
equations used in the model.
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The change of energy over time in the wall:

MC
∂Tw

∂τ
− (hA)h (Th − Tw) + (hA)c (Tw − Tc) = 0 (57)

The heat exchange and corresponding change of a medium can be described as follows:

Cc
∂Tc

∂τ
− (hA)c (Tw − Tc) + (ṅcL)c

∂Tc

∂x
= 0 (58)

And the hot stream:
Ch

∂Th

∂τ
+ (hA)h (Th − Tw) + (ṅcL)h

∂Th

∂x
= 0 (59)

With the assumption of a zero capacity model for the heat exchangers equation (57) can be writ-
ten as equation (61). Since then an infinitely small amount of heat could change the temperature,
the transient behaviour of equation (57) becomes:

MC
∂Tw

∂τ
= 0 (60)

The change in temperature within the wall does not affect the heat transfer between the two
fluids.

(hA)h (Th − Tw) = (hA)c (Tw − Tc) = Q̇transfer (61)

And similarly, for equations (58) and (59).

Cc
∂Tc

∂τ
= Ch

∂Th

∂τ
(62)

Therefore equation (59) can be substituted in equation (58) and can be written as (63).

ṅccpc

∂Tc

∂
( x

L

) = ṅHcpH

∂TH

∂
( x

L

) (63)

The dynamic model for the cold size, note Cc is assumed to be infinitely small:

Cc
dT
dt

= (hA)h(Tw − Tc)− ṅcp,c
dT
( x

L )
(64)

Similarly, the Ch and Cw are assumed to be infinitely small.

(
Ch + Cw

)dT
dt

= ṅcp,h
dT
( x

L )
− (hA)h(Th − Tw) (65)

External heating
The heat provided is constrained by the temperature difference between the two streams within
the heat exchanger. The heat that is still needed to reach the desired inlet temperature of the
RSOC is to be provided by an additional heat source. For example an electric heater or heat

35



storage.
Q̇ext = ṅcp,c(Topr − Thex,out) (66)

4.3.2 Steam generation

The heat duty for the production of steam is split into two parts. Firstly the sensible heat is
required to preheat the water to a saturated liquid and secondly, the evaporator converts satu-
rated liquid into saturated vapour.

Pre-heating of water
The pre-heating of water consists of two parts. The re-circulation of water vapour in the exhaust
gas of the RSOC and additional water added to the system.

ṅRSOC,in =

{
ṅRSOC i f ṅ > ṅRSOC

ṅ i f ṅ < ṅRSOC
(67)

Electrolysis requires additional water to be inserted into the system since the system outlet
streams consist mostly of hydrogen gas.

ṅext =

{
ṅ− ṅRSOC i f ṅ > ṅRSOC

0 i f ṅ < ṅRSOC
(68)

In the case of a surplus of water, during SOFC, the redundant water is extracted from the system
and fed into the surroundings, resulting in thermal heat loss. The combined molar flow of water
fed into the system is described as follows:

ṅin = ṅRSOC + ṅext (69)

Prior to condensing, the exhaust gas does contains a fraction of the heat not recovered by the
heat recovery units. The remaining heat could potentially be utilized for the pre-heating of
hydrogen and water. The sensible heat could be used to increase the temperature of water up
to the saturation temperature of water. In the case Qsen > QH2O the remaining heat is used to
(partially) pre-heat the hydrogen stream as well. The additional heat required to pre-heat the
stream is calculated as:

Q̇req = Mccp,c
dT
dt

+ ṅccp,c
∂T

∂( x
L )

(70)

The available heat is defined as:

Q̇av = Mhcp,h
dT
dt

+ ṅhcp,h
∂T

∂( x
L )

(71)
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The heat is transferred between the outlet flow of the RSOC and the pre-heaters of water.

Q̇HEX =

{
Q̇av i f Q̇req > Q̇av

Q̇req i f Q̇req < Q̇av
(72)

The heat required if not sufficient heat is available, the heat is provided externally.

Q̇ext =

{
Q̇req − Q̇av i f Q̇req > Q̇av

0 i f Q̇req < Q̇av
(73)

Q̇PH = Q̇HEX + Q̇ext (74)

Steam generator
Steam is required to be condensed prior to the separation of H2 and H2O. Therefore no possi-

bility to reduce the energy consumption by re-circulating the steam into the system. The energy
balance over the evaporator, with the assumption of a perfect insulated system:

V
∂(ρH)

∂t
= ṅinhl − ṅouthg − Q̇ (75)

The assumption of zero capacity results in the following:

Q̇SG = (hg − hf)ṅ (76)

The additional energy required for the production of steam is calculated as:

Q̇ = Q̇PH + Q̇SG (77)

4.3.3 Pre-heating and storage and H2

To maximize the efficiency, hydrogen and water are recirculated to satisfy the demand of the
SOE/SOFC. Hydrogen is recirculated during both SOFC and SOE. During SOE, the hydrogen
produced is sufficient for the hydrogen needed in the cell. The composition of the flow of the
components leaving the cell is calculated. The hydrogen and water fractions within the exhaust
stream for electrolysis are described as follows:

ṅH2,RSOC = ṅH2OUf + ṅH2

ṅH2O,RSOC = ṅH2O(1−Uf)
(78)

Similar to the fuel cell, the composition of the exhaust gas is described as follows:

ṅH2O,RSOC = ṅH2Uf + ṅH2O

ṅH2,RSOC = ṅH2(1−Uf)
(79)
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Molar balance hydrogen
For electrolysis, the hydrogen used to satisfy composition requirements is extracted from the
exhaust stream of fuel, as shown in figure 10

Figure 10: Hydrogen distribution between use and storage during SOE.

Hydrogen consumption during SOFC is high. However, not all hydrogen is consumed. The
remaining hydrogen in the exhaust gas is separated from the water vapour after condensation.
All hydrogen within the exhaust gas is added to the hydrogen extracted from the storage vessel.
This hydrogen stream is mixed with the incoming steam, as shown in figure 11.

Figure 11: Hydrogen management to be used during SOFC.

The molar-flow rate recirculated within the system is determined as:

ṅRSOC,in =

{
ṅRSOC i f ṅ > ṅRSOC

ṅ i f ṅ < ṅRSOC

The additional flow of hydrogen is required to be pre-heated the hydrogen extracted from the
storage is defined as:

ṅst =

{
ṅ− ṅRSOC i f ṅ > ṅRSOC

0 i f ṅ < ṅRSOC

The total amount of hydrogen used is determined as:

ṅ = ṅRSOC,in + ṅst (80)
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In the case of SOE, the hydrogen available in the outlet stream is larger than required ṅRSOC >

ṅRSOC,in. The excess hydrogen is extracted from the system and stored.

Energy balance
The heat required for the pre-heating of the hydrogen is defined as:

ṅRSOC,incp∆TRSOC + ṅstcp∆Tst = Q̇PH (81)

ṅRSOC is the molar-flow from exhaust flow, ∆TRSOC = Tsat - Tcon, ṅin is the additional molar-flow
required, ∆Tst= Tsat - Tst. The system operates at increased temperatures relative to the sur-
roundings. Therefore the temperature of the fuel and air streams is elevated to 700 ◦C.

H2 storage
The hydrogen is assumed to be stored at 25 ◦C and a pressure of 350 bar. The temperature of
the hydrogen is cooled before entering the compressor to 25 ◦C which decreases the required
power consumption. The compression results in a pressure and temperature increase. After the
compression of the hydrogen, the temperature is again reduced to 25 ◦C. The compression and
subsequent temperature increase are described in section 4.3.5. The heat extracted during the
cooling of the hydrogen is described as:

Q̇ = ṅH2 cp∆T (82)

4.3.4 Condenser

Condensation of water is a critical step and is required to separate the hydrogen gas from the
water vapour. Before the separation of hydrogen and water, the water vapour is condensed.

V
∂(ρH)

∂t
= ṅinhg − ṅouthl − Q̇ (83)

The heat extracted from the stream is:

Q̇con = ṅfuel

(
(hg − hf)xH2O + cp,fuel∆T

)
(84)

Where cp,fuel = cpH2O
xH2O + cpH2

xH2 . Before condensation of the water vapour the sensible heat,
not extracted from the stream during the heat recovery, is used to preheat the water and hydro-
gen streams. The available sensible heat is described as:

Q̇sen = Mcp
∂T
∂t

+ ṅcp
∂T
∂ x

L
(85)
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The sensible heat available as shown in equation (85), is utilized to (partially) pre-heat the inlet
water and hydrogen gas to the saturation temperature of the water.

Q̇sen,con =

{
Q̇sen − (Q̇H2 + Q̇H2O) i f Q̇sen > (Q̇H2 + Q̇H2O)

0 i f Q̇sen < (Q̇H2 + Q̇H2O)

The required heat removed from the outlet flow, necessary to fully condensate the water vapour,
is thus defined as:

Q̇con = ṅxH2O(hg − hf) + Q̇sen,con (86)

The change in the cooling liquid can be described as:

ṅ(hout − hin) = Q̇con (87)

4.3.5 Compressor & blower

A substantial part of the electric power is consumed by the BoP components. Motylinski et al.
found that 19-36 % of the electricity requirements of the BoP can be attributed to mechanical
components of the BoP [13]. The blower and compressor are modelled using the same expres-
sion. The compressor is used to pressurize the hydrogen. It is assumed that the mechanical
components of the balance-of-plant can be modelled as steady-state due to their fast response
time [13, 70]. The power consumption due to polytropic compression is:

W =

(
m

m− 1

)
z1

RTin

M

[(
Pout

Pin

) m−1
m

− 1
]

(88)

The corresponding pressure increases due to polytropic compression and can be determined
with equation (89).

Tout = T − in
(

Pout

Pin

) m−1
m

(89)

It is assumed that Tin and Pout
Pin

remain constant. Compression results in a temperature increase,
which does not have to be supplied by a heat exchanger. The efficiencies are shown in table 19.
With the storage pressure of 350 bar, the temperature increase can be calculated. To reduce the
temperature increase and improve the efficiency multiple stages are used. The use of the serial
setup allows for the inter-cooling of the compressor, which reduces the power consumption of
the compressor. For modelling purposes, a five-stage compressor is selected. A more detailed
explanation of the selection of the number of stages is presented in appendix C.2.

4.4 Evaluation of the model

The presented model is evaluated to determine whether it is compatible with the energy conser-
vation law. Therefore the model is applied to a steady-state scenario with an output of 10 kW
from the SOFC. The majority of the energy supplied is supplied as electricity during electrolysis.
For the fuel mixture, the composition at the inlet and outlet is taken into account to evaluate the
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energy conservation. Since the change in composition is significant. For airflow, the energy con-
tained at the inlet and outlet of the cycle is not taken into account. A slight deviation is observed
for SOE to hydrogen. This is caused by a difference between the heat used for evaporation and
the difference between LHV and HHV of hydrogen.

Figure 12: The Inputs and outputs of the balance-of-plant for a 10 kW output in SOFC mode.

To evaluate the model used for the electrochemical reaction the resulting round-trip efficiency is
compared to previous studies. The round-trip efficiency found for the RSOC is higher in com-
parison to previous modelling studies. The difference in performance is caused by a different
resistance within the cell. Mottaghizaed et al. use a higher value of the area-specific resistance.
As a result, the round-trip efficiency of the RSOC reaction is lower [7].
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5 Results

This chapter describes the results of the round-trip efficiency of the different concepts. First,
the steady state efficiency is determined including the use of TES. Secondly, the results of the
dynamic model are presented. Which includes the consequences of the selected control strategy
and discusses a method to improve the performance of the BoP. Furthermore, the effects of the
response time and size of the TES are discussed.

The results presented were described in chapter 3. These concepts are:

• Concept 1: Electric heater

• Concept 2: Heat recovery units

• Concept 3: Heat pump with TES

• Concept 4: TES with integrated cooling in RSOC

• Concept 5: Metal hydride hydrogen storage

5.1 Steady state

This section discusses the steady-state results of the five concepts presented in 3. The steady-
state calculations are made to give an initial estimation of the performance of the BoP. The re-
sults are based on calculations for a constant power output which are obtained with different
current densities. The amount of hydrogen converted is related to the applied current. Where
the amount of moles of hydrogen converted increases for an increasing current.

Since operating voltage is dependent on the current density, as shown in chapter 4.2, the increase
of the current reduces the performance of the cell. Therefore effect of the operating voltage on
the round-trip efficiency of the cell is investigated. The results are shown in 13. It is shown
that round-trip efficiency is reduced for a decrease in the voltage during SOFC. The decreasing
operating voltage corresponds with an increase in the current density. Therefore during SOFC,
to obtain a constant power output a decrease in the voltage results in an increase in the current
density and thus a higher hydrogen consumption.
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Figure 13: Relation between the voltage in SOFC mode and corresponding maximum electric
round-trip efficiency. The operating voltage is dependent on the current density.

The round-trip efficiency of the different concepts is investigated, the results are shown in figure
14. The assumption is that for concepts 3 and 4 the size and state of charge of the TES are
sufficiently large to obtain the maximum efficiency. The efficiency of the steady state calculation
based on input and output is defined as:

η =
Pout

Pin
=

PSOFC,out

PSOE,in + PSOFC,in
(90)

Since the required output of the SOFC is constant for the concepts the efficiency differs due to
different power consumption of the components within the BoP. The decrease in the efficiency
over the current density is caused by the lower performance of the RSOC.
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Figure 14: Relation between current density and round-trip efficiency for steady-state calcula-
tion.

The hydrogen required to generate a constant amount of electricity increases for higher current
densities during SOFC. Since higher current densities during SOFC mode result in larger losses,
see section 4.2. This reduction in the efficiency for increasing current densities is caused by the
lower performance of the cell in SOFC mode. The differences between the different concepts
are caused by the BoP, the performance of the BoP differs mainly during electrolysis. Except
for concept 1 where the BoP consumes more electricity during the SOFC mode. The power
consumption of the BoP at different current densities is shown in appendix D. During SOFC,
concepts 4 and 5 are found to have the least parasitic losses. Since both are assumed to provide
sufficient heat from the RSOC additional electricity for evaporation is not required. In figure 14
it is shown that the efficiency of concept 5 does not reduce at low current densities (0.25 to 0.5
A/cm2) in contrast to the other concepts. For the release of hydrogen from the metal hydride
storage during SOFC mode heat is required. The heat generated increases for higher current
densities since this increases the losses within the electrochemical process. At low current den-
sities, the hydrogen is converted more efficiently to electricity, as is shown in figure 13. At higher
current densities the less efficient conversion to electricity causes more heat to be generated.

Since the aim of the RSOC is to produce additional electricity during times when demand from
the grid exceeds supply from the wind turbines. The performance of the BoP during SOFC
mode is separately investigated. It is found that concept 1 does consume significantly more ex-
ternal energy compared to the other concepts. Therefore, concept 1 is disregarded due to the
low overall efficiency and high external energy consumption during SOFC mode.

The breakdown of the external energy input during SOE is shown in figure 15. Where the power
consumption by the RSOC is constant for the different concepts. Concepts 3 and 4 are assumed
to be operating with TES which could provide all heat required. Concept 5 does not require
additional heat for the heating of air and fuel due to the chemical storage with metal hydride.
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Furthermore, it is assumed that metal hydride storage operates at atmospheric pressure which
results in the omission of the compressor.

(a) Concept 2, total input 1.85 kW (b) Concept 3, total input 1.64 kW

(c) Concept 4, total input 1.47 kW (d) Concept 5, total input 1.44 kW

Figure 15: The breakdown of SOE the external energy input for concepts 2 to 5, for 0.5 A/cm2.

5.2 Dynamic model
Previous results were based on steady-state calculation. For the dynamic models, multiple vari-
ations are investigated. This includes the temperature management strategy within the stack
and the effects of the changing rate of the current density.

5.2.1 Thermal management strategy of the RSOC

The initial thermal management strategy of the stack was based on Newton’s law of cooling.
Where the airflow is adjusted to remove the exact amount of heat released by the stack. How-
ever, it is observed that the variations in the outlet temperature result in a reduction in the
performance of the heat recovery unit. Therefore the impact of a different thermal management
strategy is investigated. This strategy includes a constant temperature at SOFC independent of
the current and a constant temperature during SOE.
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The reduction in round-trip efficiency is caused by the lower outlet temperature of the RSOC
compared to the initial design temperature of 750 ◦C. Resulting in higher demand for electric
heaters for pre-heating air and fuel. The design temperature is not obtained due to the chosen
thermal management strategy and assumption of Newton’s law of cooling. The temperature
of the stack varies for different power densities, which occur due to varying loads. An exam-
ple is shown with the temperature profile shown in figure 16a which corresponds to the power
generation and cooling shown in figure 16b.

(a) Stack temperature

(b) Power generation and consumption

Figure 16: Example of stack temperature and Power, June 30th 2008.

The temperature is correlated to the power within the stack. Figure 16b shows SOFC mode for
the first half of the day. It shows that the temperature of the stack is increasing for higher power
outputs. During SOFC operations the temperature of the stack is managed by the varying in
the airflow. Where the outlet temperature of the air can not exceed the temperature of the stack.
The assumption to relate the temperature of the stack to the power generated in the stack is
found to cause an increase in energy consumption within the BoP. For small differences in tem-
perature between the air at the inlet and the stack the airflow is required to be large. Since for
small temperature differences the potential energy increase per mole is small. Which increases
the required airflow. Furthermore, the temperature of the hot airflow in the heat recovery unit
is not sufficiently high. Which requires the electric heaters to supply additional heat for the in
going airflow. In the initial design, the use of the electrical heaters was only expected during
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SOE mode. The electricity consumption of electric heaters during SOFC is the largest parasitic
consumer of electricity in the BoP, see figure 18. The parasitic electricity consumption by the
electric heaters should be kept to a minimum to increase the performance of the system.
Figures 17 and 18 show an example of high parasitic losses due to BoP electricity consumption
from the air heaters. The net power generation, in SOFC mode, between 0 and 5 hours is rela-
tively small see figure 18 for example. However the consumption of electricity by the air heater
is high, see figure 17. Between hours 5 to 10, the generated electricity by the SOFC is high. The
high power output increases the temperature of the outlet gasses, see figure 16. This results in
more efficient heat recovery which can be seen as the electricity consumption is reduced, shown
in figure 18.

Figure 17: Balance-of-plant & Air electric heater energy consumption June 30th.

The balance-of-plant power consumption due to the high energy consumption by the heaters
could exceed the power produced by the RSOC, as shown in figure 18.

Figure 18: Balance-of-plant & air electric heater energy consumption June 30th. Negative power
represents power generation and positive the consumption of electricity by the BoP or RSOC.

To reduce power consumption a different thermal management is applied. This thermal man-
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agement is not based on maximizing the cooling of the stack. However, this thermal manage-
ment strategy is based on a constant temperature of the stack for each mode. The stack temper-
ature is independent of the current density/power density by reducing the airflow rate, which
alters the cooling of the stack.

TRSOC =

{
700◦C i f i < 0
750◦C i f i > 0

(91)

The temperature of the stack remains constant after the required temperature is achieved. The
resulting power consumption of the balance-of-plant is subsequently reduced, due to the re-
duced airflow required for cooling and the increased temperature of the hot stream of the heat
recovery unit. The effect of the BoP on the power consumption and generation of the system
is shown in figure 19. The resulting power consumption of electrical heaters only increases for
larger temperature differences during electrolysis.

Figure 19: Balance-of-plant & air electric heater power consumption, June 30th.

The performance of the systems for the different concepts for different thermal management
strategies are presented in figure 20. The power input to the RSOC is substantially different for
the three concepts. However, the largest differences are a result of the different control strategies
to manage the temperature within the stack.

48



Figure 20: External power consumption of the BoP excluding the SOC, shown for SOFC and
SOE.

5.2.2 Effects of varying rate of change of the current density

The response time of the BoP is determined by the limitations of the rate of change of the current
density within the stack. Since all other components are assumed to have a faster response time
or are modelled as zero-capacity models see section 4. The effect is the rate of change of the
current is investigated with a sensitivity study the results are shown in figure 21. To determine
the effect of the dynamic model concept 2 is used for the sensitivity study.

Figure 21: The effect of an increasing rate of change of the current density concept 2a.

Increasing the rate of change of the current density results in an increase of the round-trip effi-
ciency. The delay in the response of the SOC results in electricity consumption while the grid
requires electricity. As the change of the current results in a temporary mismatch between sup-
ply and demand compared to the grid and wind park, see figure 22. The increased efficiency is
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a result of the faster response of the stack. This increases the amount of electricity produced at
a time when the base load exceeds the produced electricity. Similarly, the amount of electricity
consumed by electrolysis while the grid has a power deficit is reduced. Furthermore, the re-
sults do not include the additional power required for the deficit of actual power supplied and
required from the grid.

Figure 22: Required, actual and useful power.

5.3 Performance of concepts

In this section, concepts 2 to 4 are further investigated. This includes a breakdown of the elec-
tricity consumption. Furthermore, the effect of the size of the thermal energy storage on the
performance of concepts 3 and 4 is investigated.

5.3.1 Heat recovery units (Concept 2

The electric boiler is the largest contributor to the power consumption of the BoP. Followed by
the power consumed for the compression of hydrogen. The round-trip efficiency is determined
by the temperature difference in the heat recovery units and the response time of the current.
Based on a 25 ◦C difference over the stack and a rate of change of current rate of 5 A/min per
100x100mm. The round-trip efficiency of concept 2 is found to be 48.94%.
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Figure 23: The power input to the BoP of concept 2 total input 702 MWh.

5.3.2 Heat pump and heat storage (concept 3)

This section shows the influence of TES integrated within the BoP in combination with a heat
pump. The power consumption shown for systems with TES capacity up to 10 MWh of storage
is presented in figure 25. The reduction of the power consumption of the BoP is during SOE
mode. The breakdown of the power consumption is changed compared to concept 2. The power
consumption of the boiler is lower compared to concept 2. However, the power consumption
is increased by the heat pump. The overall BoP power consumption is reduced compared to
concept 2, shown in 23 and 24. Due to the set boundary condition regarding the fuel composition
and the set fuel utilization the SOC power requirement is reduced. The reduction compared to
concept 2 utilization of non-utilized steam which heat of condensation is used as a heat source
for the heat-pump. For SOFC mode sufficient heat is released due to condensation to function
as a heat source of the heat-pump. Similarly, during electrolysis, the non-utilized steam could
provide part of the heat required for evaporation even without heat storage. Figure 24 does not
include thermal energy storage.
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Figure 24: The power input to the BoP of concept 3 total input 618 MWh.

The effect of thermal energy storage on the performance of the SOE and SOFC is shown in figure
25. The effects of the size of the TES are affecting the required power consumption during SOEC
mode. The size of TES does not affect the power consumption during SOFC mode due to the
availability of heat during this time.

Figure 25: The effect of storage on the power consumption of BoP.

It is observed that the influence of increasing storage size diminishes for larger capacities of TES.

5.3.3 Integrated cooling and heat storage (concept 4)

Concept 4 uses two separate thermal energy storage tanks and integrated cooling. The first
TES is a high-temperature storage used as a replacement for electric heaters. The second TES
is a medium temperature storage between 100 - 700 ◦C to be used for the evaporation of water.
Since both TES are charged by the SOFC the capacity of the storage affects the performance of
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the other TES. This section describes the performance of multiple variations regarding storage.
Firstly, the BoP without storage is expected to reduce the electricity consumption for evaporation
during SOFC. Secondly, the variations in the capacity of the high and medium temperature
TES respectively with the other set at zero. Thirdly, the combination of both storage shows the
influence of one on the other.

Figure 26: The power input to the BoP of concept 3 total input 675 MWh.

The high-temperature TES is charged prior to the medium-temperature TES. Therefore the size
of the high-temperature TES affects the medium-temperature TES. The round-trip efficiency for
variations in the size of the medium-temperature TES, with the high-temperature TES set at
zero, is shown in figure 27.

Figure 27: Round-trip efficiency related to medium temperature TES.

The effect of increasing TES of the high-temperature TES on the efficiency is shown in figure 28.
The TES at medium temperature is set at zero.
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Figure 28: Round-trip efficiency related to the high-temperature TES.

Since both TES are charged by the RSOC during SOFC mode. The model is set so the high-
temperature TES is charged prior to charging the medium-temperature TES. So the capacity
of the high-temperature TES affects the input of the medium-temperature TES. The results for
varying sizes of the medium-temperature TES for different high-temperature TES are shown in
figure 29.

Figure 29: Round-trip efficiency for combined storage, for varying size of high-temperature over
the size of low-temperature storage.

The effect of the capacity of the TES on the efficiency show a diminishing return for increasing
the size of the TES. Furthermore, the effect of the capacity on the efficiency of the medium TES
is larger compared to the high-temperature TES. This is caused by the differences in energy con-
sumed for evaporation (medium-temperature TES) and superheating of the steam/hydrogen
mixture (high-temperature TES). The larger capacity of the TES results in an increase of the ef-
ficiency. However, the larger size of the storage results in an increase in the cost. The costs
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involved with the increased capacity are explained and evaluated in chapter 6.

5.4 Hydrogen production and consumption

The final component which is not included in the calculations of the BoP is the hydrogen storage.
Since the auxiliary power for BoP components is assumed to be extracted from the grid. The
hydrogen production and consumption are determined based on the power supply from the
wind-park and base load. The summation of each transformation results in an annual level of
hydrogen storage. The level of the storage of hydrogen is calculated as:

LH2 =
n=t

∑
n=1

Rn
H2

(92)

Figure 30 shows the storage level over the year. The data obtained is used to determine the
capacity of the storage. The level of hydrogen stored shows the seasonal behaviour of the gen-
erated power by wind energy to the base load of the grid.

Figure 30: The level of H2 required to be stored over a year.

The required capacity of the hydrogen storage is calculated at 15395 kg. The total amount of hy-
drogen produced is calculated at 50248 kg. The size of the storage is thus approximately 30% of
the annual hydrogen production. The large required storage capacity is a significant component
in the selection of the suitability of each concept. Two different solutions of hydrogen storage
are used, compressed hydrogen and metal hydrides. The cost of metal hydrides as storage (con-
cept 5) is substantially higher compared to concepts 2 till 4 and is therefore disregarded in the
results, see section 6.2 for the techno-economic analysis regarding storage techniques.
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6 Techno-economic analysis

An important aspect of the selection of the RSOC are the related costs. The goal of the chapter
is to present the differences in the costs between the concepts. The techno-economic analysis is
based on the required capacity.

6.1 Levelized cost

To be able to select the best economical suited option the method of levelized cost of energy is
used (LCOE). The LCOE is equal to the life cycle cost if applied to the energy produced by the
system during the analysed period [71].

LCOE =
Cc

El
(93)

Where E is the electricity generation of the SOFC minus the power consumed during SOFC by
the BoP (E = PSOFC - PBoP). Cc consists of the initial cost, operation and maintenance cost and cost
of electricity during SOEC mode. The analysis period is set as one year. For the comparison the
levelized cost is based on the annualized cost of the initial capital expenses, the cost of electricity
and the operation and maintenance cost.

Table 6: Discount rate, O&M cost and electricity price

Discount rate 5%
O&M cost 2.5%
SOE electricity price ($/kWh) 0.05

6.2 Hydrogen storage

The cost of a storage vessel varies for different storage pressures. Whereas in general, the cost
of hydrogen storage vessels increases with increasing pressure. For storage vessels intended for
storage for mobility and transportation a low weight is desired. This weight reduction has con-
sequences on the cost per kilogram of hydrogen stored, the lower weight results in higher initial
cost [72]. It can be assumed that for the stationary situation, the weight of the storage vessel is
not of importance.

In the concepts, shown in section 3, two alternatives are used for the storage of hydrogen. Con-
cepts 1 to 4 use compressed hydrogen and concept 5 uses metal hydrides to store the hydrogen.
Therefore a comparison is made between the two alternatives. The alternatives are compared
based on the cost of storage. For the comparison, it is assumed that the exothermic reaction
within the metal hydride, which occurs during electrolysis is included in the comparison. Fur-
thermore, the cost related to the evaporation and compression is taken into account for storage
by a pressure vessel. The two alternatives include the following components:
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• Alternative 1: Compressor, pressure vessel and evaporator.

• Alternative 2: Metal hydride

Table 7: Initial cost of components

Component Cost ($/kW) Lifetime (years) Source

Compressor 40035 P0.6038 20 [73]
Evaporator 31 - 54 20 [74, 75]

Component Cost ($/kg) Lifetime (years) Source

Storage vessel 83- 574 25 [72, 75]
Metal hydride 2000-3025, 14285 25 [76, 77]

It can be expected that the storage costs of alternative 1 will vary for different electricity prices.
Similarly, the expected capital investment for alternative 1 is lower compared to alternative 2.
However, alternative 2 is assumed to be able to operate without additional electricity supply for
compression and evaporation. To determine the most economically viable storage solution the
electricity price at which the cost are equal is determined.

Table 8: Annualized costs of components

Component Cost ($/kW) ($) ($/year) O&M ($)

Compressor 9 196 376 728 30 229 9413
Evaporator 31 (Low) 2709 217.38 68
Evaporator 54 (High) 4719 378.66 117

Component Cost ($/kg) ($) ($/year) O&M ($)

Storage vessel (low) 83 1 277 743 102 529 31 944
Storage vessel (high) 574 8 836 443 709 059 220 911
Metal hydride (low) 2000 30 789 000 2 470 589 799 725
Metal hydride (high) 3025 46 568 362 3 736 765 1 164 209

To evaluate the cost of the different methods the levelized cost of storage (LCOS) is compared.
The LCOS is based on the initial purchasing price (CAPEX) and operation and maintenance cost
(O&M). The initial cost and O&M are presented in table 8. The initial costs are calculated based
on the size of the component and the cost per kW or kg found in the literature.

One of the methods used for the comparison of different alternatives is the annual worth or
the capital return factor (CRF) [71].

CRF =
i(1 + i)N

(1 + i)N − 1
(94)
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The discount rate for both alternatives is set at 5%. The operational and maintenance costs are
assumed to be 2.5 % of the initial investment.

The costs between the two storage solutions are compared to identify at which electricity price
the cost of pressurized storage equals that of metal hydride. For this comparison, equal elec-
tricity prices for both operational modes are assumed. The comparison is made based on the
Levelized cost of storage (LCOS) [71], which relates the cost to the amount of H2 stored over a
period of time.

LCOS =
Cc

Ṁ
(95)

Where Cc includes the initial investment, O&M cost and the cost of electricity (Cc) to power the
steam generator and compressor.

Cc = CAPEX ∗ CRF + O&M + CE (96)

Where CAPEX is the capital expenditure, and CRF is the capital return factor. The comparison
between the variations shows lower capital and O&M for the use of a compressor in combina-
tion with a pressure vessel. However, the cost of electricity consumed is higher compared the
use of a metal hydride storage. It is found that the use of metal hydrides becomes economically
feasible at a purchasing price of electricity of 4.31 $/kWh. It has to be noted that alternative 1
consumes most of the electricity during electrolysis (compressor & evaporator). As electrolysis
takes place during a period with a surplus of power provided by the wind turbines relative to
the demand of the grid. The cost of electricity provided by offshore wind energy parks is ex-
pected to be below 50 $/MWh or 0.05 $/kWh.

The cost of hydrogen storage by metal hydrides is therefore too expensive in comparison to
the use of compressed hydrogen storage. The levelized cost of the lower and upper bound of
compressed hydrogen is below the expected levelized cost of metal hydride storage. The effect
of electricity consumed for compression and evaporation on the LCOS is limited. Metal hydride
storage becomes the economically favourable solution at an electricity price of 4.31 $/kWh.
However, the cost of electricity provided by offshore wind energy is expected to be substan-
tially lower. Therefore concept 5 is expected to be not economically viable, due to the required
size and corresponding cost of the metal hydride storage.

6.3 Balance-of-plant

This section focuses on the levelized cost of the three remaining concepts utilizing compressed
hydrogen storage. Two of these concepts use thermal energy storage to optimize round-trip
efficiency. However, similar to the use of metal hydride storage the size of the TES is significant
compared to the power generated. Therefore, for concepts 3 & 4 the optimal size of the storage is
determined based on the levelized cost of energy. These results are compared to a BoP without
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energy storage. The concepts considered are:

• Concept 2: Heat recovery units

• Concept 3: Heat pump with TES

• Concept 4: TES with integrated cooling in RSOC

Table 9: Initial purchasing price and lifetime of components.

Component Cost ($/kW) Lifetime (years) Source

RSOC 166-5387 5 -30 [78–80]
Condenser 19 20 [74]
Evaporator 31- 54 20 [74, 75]
Heat exchanger 40 - 46 20 [74, 81]
Pressure vessel 83 25 [72]

Component Cost ($) Lifetime (years) Source

Blower 148 20 [74]
Heat pump αk(CAPbk)CAP 20 [82]
Electric heater αk(CAPbk) 20 [82]
Compressor 40035 P0.6038 20 [73]

The predicted cost of the RSOC varies greatly in the literature. However, it is assumed that the
initial capital investment of a RSOC stack is 500 $/kW [78]. With an expected lifetime of approx-
imately 10 years. To evaluate the cost of the BoP of the different concepts the levelized cost of
electricity is used, see equation (93). The LCOE of the BoP includes all components, including
the RSOC and the electricity consumed for the electrolysis process. The O& costs of the compo-
nents are assumed to be constant over the lifetime. Similarly, the price of electricity is assumed
to be constant over the lifetime of the BoP.

The additional costs for integrated cooling within the RSOC stack are not described in the liter-
ature. However, it will increase in complexity and costs [35]. Therefore the LCOE is calculated
with the assumption that the costs of the RSOC stacks are equal. The use of thermal energy
storage is excluded to determine the initial cost of the concepts. The levelized costs of electricity
of the concepts are shown in table 10. The cost of concept 4 is found to be the lowest. This
reduction in costs is a consequence of a different method of cooling the stack. This subsequently
reduces the required size of the other components within the BoP. Most notably the size of the
heat recovery units and blowers for the airflow.
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Table 10: Levelized cost of energy without TES

Concept LCOE ($/kWh)

2 0.1872
3 0.1833
4 0.1721

Since the costs of the RSOC are expected to increase for variation 3, due to the increased com-
plexity of the stack. A sensitivity study was performed to investigate the maximum initial capi-
tal cost compared to concepts 2 and 3. The maximum cost of the RSOC with integrated cooling
was found to be 700 and 750 $/kW for concepts 3 and 2 respectively, as shown in figure 32.

Figure 31: Effect of price per kW of the RSOC on the LCOE of concept 4. The price per kW of
RSOC of concepts 2 & 3 is constant at 500 $/kW.

6.4 Thermal energy storage
The cost of TES could potentially reduce the cost of concepts 3 and 4. However, the reduction of
the costs is limited and dependent on the cost of the TES. The energy storage could improve the
efficiency with 4 to 5%.

For concept 3 sensible heat storage is used which is expected to be between 1 and 10 $/kWh. The
found LCOE for different costs of storage and capacity of TES are shown in figure 32. The initial
increase is due to the increased size of the heat pump. The size of components is determined at
the maximum possible given the size of the heat storage.
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Figure 32: Effect of TES on LCOE of concept 3.

The energy storage for concept 4 is subdivided into two systems so that the storage can be set
at different temperatures, see section 3.4. The costs of the TES are evaluated for both sections of
the thermal energy storage. The cost of medium-temperature TES is expected to be equal to or
lower compared to the high-temperature storage. The results for the heat storage connected to
the evaporator are shown in figure 33.

Figure 33: Effect of size and cost of medium-temperature TES for evaporation on the LCOE for
concept 4.

The results for the heat storage connected to the fuel and air heaters are shown in figure 34.

61



Figure 34: Effect of size and cost of high-temperature TES for air and fuel flow on the LCOE for
concept 4.
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7 Conclusion

The goal of this thesis was to find the optimal heat management of the balance-of-plant for a
reversible solid oxide cell. This goal was subdivided into two objectives. The first objective is
the development of a dynamic model of the balance-of-plant. The purpose of the model is to
extract data regarding heat transfer and additional energy consumption. The second objective
is to develop and analyze different concepts regarding the design of the balance-of-plant. The
concepts are analyzed based on the round-trip efficiency of the BoP including the RSOC. In
addition a techno-economic analysis was performed to obtain an indication of the economic
feasibility.

7.1 Dynamic model

A dynamic model is developed with Matlab/Simulink. This dynamic model uses multiple sub-
models for: the electrochemical cell, compressor, heat exchanger, evaporator and condenser.
These are interconnected and dependent on each other. The developed model can perform
time-dependent simulations and determine temperatures and transferred energy. The model is
suitable to be incorporated into the electricity model. Since the model requires only a single
input of the power imbalance between the supply and demand of the grid and wind park.

Parameters related to the response time of the stack and components of BoP were identified. A
sensitivity analysis of the response time shows that the efficiency increase diminishes for the rate
of change of 2 A/min and 5 A/min, per 10x10cm2 cell. This is promising for the use of different
heat management scenarios, including TES. Because the response of these different components
is expected to be faster than the change of the current within the RSOC. Furthermore, the model
can perform calculations regarding flow rates, temperature and energy transfer. The thermal
management strategy of the air and cell temperature affects the round-trip efficiency. Because
these affect the performance of the heat recovery units. The performance of the heat recovery
units appears to have a major influence on the round-trip efficiency.

7.2 Concepts

Based on the dynamic model and steady-state calculations five different balance-of-plant con-
cepts were compared. If the operating conditions of the RSOC are to be satisfied solely by elec-
trical heaters the performance of the BoP is found to be low. During SOFC mode the required
power input of the BoP exceeds the power output of the SOFC. With the use of heat recovery
units and the management of exhaust gasses, the efficiency of the system could be increased.
The efficiency increases to 45-50% due to the reuse of heat available in the exhaust streams of
the RSOC. However, further improvements could be made to the BoP and stack. By implement-
ing a heat pump for steam generation to utilize the heat of condensation during SOE and SOFC,
the efficiency could be improved to 51%. The cooling with the airflow in the air channel requires
large heat duties within the heat recovery units. It is found that with the use of an integrated
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cooling system such as heat pipes, it is possible to remove the heat from the stack without in-
creasing the airflow. This leads to a round-trip efficiency of 49% and smaller heat recovery units.
The combination of TES and heat pipes results in the highest efficiency of 56%. Similarly, the
use of metal hydrides results in relatively high round-trip efficiencies for the BoP.

From the economic analysis it is concluded that the use of metal hydrides is not a viable so-
lution. Since the capacity of the metal hydrides is directly related to the hydrogen storage ca-
pacity. Literature shows that the costs of metal hydrides are significantly higher compared to
pressurized hydrogen storage. It is therefore concluded that the use of metal hydride is not an
economically viable solution for seasonal hydrogen storage.

The use of heat recovery is found to be of significance to operate efficiently and cost-effectively.
However, the LCOE could be reduced further with the use of TES and integrated cooling. TES
has however only a limited impact on the cost for each of the systems compared to a BoP only
using heat recovery units. The use of TES reduces the overall electricity input and related costs.
However, due to the increased initial cost of the TES, the price per kWh determines whether the
improved performance of the BoP is economically feasible. The use of integrated cooling with
heat pipes could reduce the cost of the BoP. However, the RSOC stack’s initial costs are required
to not substantially increase compared to an air-cooled RSOC stack. Based on the results of
the techno-economical analysis, it can be concluded that integrated cooling has the potential to
reduce the cost substantially. However, the sensitivity study shows that the cost of integrated
cooling should not exceed 200 $/kW compared to the cost of RSOC without integrated cooling.
The use of a heat-pump is economically possible if compared to a concept BoP using heat recov-
ery units. However, the lower LCOE obtained due to the reduction of electricity consumed for
evaporation is diminished by the higher initial cost related to the heat-pump compared to an
electric boiler.

Multiple heat management scenarios were identified, developed and compared. It is concluded
that the use of electrical heaters to achieve operational conditions is not a viable solution. The
use of metal hydride is considered to be too expensive for seasonal storage. The optimal round-
trip efficiency is achieved using integrated heat pipes and thermal heat storage. The costs are
compared based on the levelized cost. It is found that the LCOE of the BoP heat recovery units,
heat pump and heat pipes are too close. Due to the large uncertainty in the range of the initial
purchasing price of various components.
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8 Recommendations

This thesis contains an analysis of available information on thermal management in solid oxygen
cells. This information has been integrated into a model that has been used to analyze various
heat management concepts. This has increased the insight into how the heat management can
be arranged as adequately as possible. This thesis does not answer all questions. In this chapter,
recommendations are made to increase the knowledge of heat management.

8.1 Heat recovery units

The heat exchangers are modelled as zero-capacity models. However, the zero-capacity assump-
tion is not a physical phenomenon. The heat exchangers are found to have a significant impact
on the performance of the BoP. Therefore, the modelling of the heat exchangers should include
the transient behaviour which includes the mass and specific heat.

8.2 Validation of the model

The dynamic model is based on information from the literature. However, the literature on the
combination of multiple components within the RSOC balance-of-plant is limited. Furthermore,
the models of the combinations and interaction with each other have not been validated for
RSOC modelling. Therefore, it is recommended to experimentally determine the validation of
the developed model.

8.3 Techno-economical analysis

The techno-economical analysis indicates the costs of the various heat management scenarios.
It should be noted that several costs are not included like the piping between the components.
Or components have a wide range in the analysis like the RSOC and TES. Furthermore, the
differences in the levelized cost between the scenarios are found to be small. It is recommended
to make a more thorough techno-economical analysis before opting for a specific method of the
thermal management scenario.

8.4 Model RSOC

The electrochemical model is based on the ASR and current density. However, the model does
not include the non-linear behaviour of the cell potential at higher current density. Furthermore,
the model of the stack is modelled as a 0D model. This limits the ability to capture the varia-
tions within the stack. The variations may result in temperature variations within the stack,
which could change the outlet temperature of the air. Therefore it is recommended to further
investigate the effects of the model on the performance of the BoP.
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“A review on high temperature thermochemical heat energy storage,” Renewable
and Sustainable Energy Reviews, vol. 32, pp. 591–610, 2014. [Online]. Available:
https://www.sciencedirect.com/science/article/pii/S1364032113008289

[58] V. Yartys, M. Lototskyy, E. Akiba, R. Albert, V. Antonov, J. Ares, M. Baricco, N. Bourgeois,
C. Buckley, J. Bellosta von Colbe, J.-C. Crivello, F. Cuevas, R. Denys, M. Dornheim,
M. Felderhoff, D. Grant, B. Hauback, T. Humphries, I. Jacob, T. Jensen, P. de Jongh,
J.-M. Joubert, M. Kuzovnikov, M. Latroche, M. Paskevicius, L. Pasquini, L. Popilevsky,
V. Skripnyuk, E. Rabkin, M. Sofianos, A. Stuart, G. Walker, H. Wang, C. Webb,
and M. Zhu, “Magnesium based materials for hydrogen based energy storage: Past,
present and future,” International Journal of Hydrogen Energy, vol. 44, no. 15, pp.
7809–7859, 2019, a special issue on hydrogen-based Energy storage. [Online]. Available:
https://www.sciencedirect.com/science/article/pii/S0360319919300072

[59] B. Sakintuna, F. Lamari-Darkrim, and M. Hirscher, “Metal hydride materials for solid hy-
drogen storage: a review,” International journal of hydrogen energy, vol. 32, no. 9, pp. 1121–
1140, 2007.

[60] J. Larminie, A. Dicks, and M. S. McDonald, Fuel cell systems explained. J. Wiley Chichester,
UK, 2003, vol. 2.

[61] J. Udagawa, P. Aguiar, and N. Brandon, “Hydrogen production through steam electrolysis:
Model-based steady state performance of a cathode-supported intermediate temperature
solid oxide electrolysis cell,” Journal of Power Sources, vol. 166, no. 1, pp. 127–136, 2007.

[62] A. M. Murshed, B. Huang, and K. Nandakumar, “Control relevant modeling of planer solid
oxide fuel cell system,” Journal of Power Sources, vol. 163, no. 2, pp. 830–845, 2007.

71

https://www.sciencedirect.com/science/article/pii/S0360544216313688
https://www.sciencedirect.com/science/article/pii/S0360544216313688
https://www.sciencedirect.com/science/article/pii/S1364032113008289
https://www.sciencedirect.com/science/article/pii/S0360319919300072


[63] J. Kupecki, “Off-design analysis of a micro-chp unit with solid oxide fuel cells fed by dme,”
International Journal of Hydrogen Energy, vol. 40, no. 35, pp. 12 009–12 022, 2015.

[64] S. Jegadheeswaran and S. D. Pohekar, “Performance enhancement in latent heat thermal
storage system: a review,” Renewable and Sustainable energy reviews, vol. 13, no. 9, pp. 2225–
2244, 2009.

[65] C. Schoeneberger, J. Zhang, C. McMillan, J. B. Dunn, and E. Masanet, “Electrification
potential of u.s. industrial boilers and assessment of the ghg emissions impact,”
Advances in Applied Energy, vol. 5, p. 100089, 2022. [Online]. Available: https:
//www.sciencedirect.com/science/article/pii/S2666792422000075

[66] E. Rightor, A. Whitlock, and R. N. Elliott, “Beneficial electrification in industry,” in American
Council for an Energy Efficient Economy, 2020.

[67] Q. Cai, C. S. Adjiman, and N. P. Brandon, “Optimal control strategies for hydrogen
production when coupling solid oxide electrolysers with intermittent renewable
energies,” Journal of Power Sources, vol. 268, pp. 212–224, 2014. [Online]. Available:
https://www.sciencedirect.com/science/article/pii/S0378775314008817

[68] Y. Komatsu, K. Otsuka, A. Kurosaki, C. Kaseda, and S. Kimijima, “Development of an sofc
dynamic simulation environment: Model extension for adopting heat loss analysis,” in
2012 Proceedings of SICE Annual Conference (SICE), 2012, pp. 1081–1090.

[69] T. Gao, B. G. Sammakia, B. T. Murray, A. Ortega, and R. Schmidt, “Cross flow heat ex-
changer modeling of transient temperature input conditions,” IEEE Transactions on Compo-
nents, Packaging and Manufacturing Technology, vol. 4, no. 11, pp. 1796–1807, 2014.

[70] M. Sorrentino and C. Pianese, “Model-based development of low-level control strategies
for transient operation of solid oxide fuel cell systems,” Journal of Power Sources, vol.
196, no. 21, pp. 9036–9045, 2011, fuel Cells Science Technology 2010. [Online]. Available:
https://www.sciencedirect.com/science/article/pii/S0378775311001017

[71] W. G. Sullivan, E. M. Wicks, and J. T. Luxhoj, Engineering economy. Prentice Hall Upper
Saddle River, NJ, 2003, vol. 13.

[72] E. Rivard, M. Trudeau, and K. Zaghib, “Hydrogen storage for mobility: a review,” Materials,
vol. 12, no. 12, p. 1973, 2019.

[73] R. P. Micena, O. R. Llerena-Pizarro, T. M. de Souza, and J. L. Silveira, “Solar-powered hy-
drogen refueling stations: a techno-economic analysis,” International Journal of Hydrogen
Energy, vol. 45, no. 3, pp. 2308–2318, 2020.

[74] V.-T. GIAP, Y. D. LEE, Y. S. KIM, and K. Y. AHN, “Techno-economic analysis of reversible
solid oxide fuel cell system couple with waste steam,” Transactions of the Korean hydrogen
and new energy society, vol. 30, no. 1, pp. 21–28, 2019.

72

https://www.sciencedirect.com/science/article/pii/S2666792422000075
https://www.sciencedirect.com/science/article/pii/S2666792422000075
https://www.sciencedirect.com/science/article/pii/S0378775314008817
https://www.sciencedirect.com/science/article/pii/S0378775311001017


[75] M. R. Akhtari, I. Shayegh, and N. Karimi, “Techno-economic assessment and optimization
of a hybrid renewable earth-air heat exchanger coupled with electric boiler, hydrogen, wind
and pv configurations,” Renewable Energy, vol. 148, pp. 839–851, 2020.

[76] G. Amica, P. A. Larochette, and F. Gennari, “Light metal hydride-based hydrogen storage
system: Economic assessment in argentina,” International Journal of Hydrogen Energy, vol. 45,
no. 38, pp. 18 789–18 801, 2020.

[77] K. Kumar, M. Alam, and V. Dutta, “Techno-economic analysis of metal hydride-based en-
ergy storage system in microgrid,” Energy Storage, vol. 1, no. 3, p. e62, 2019.

[78] M. Wei, G. Levis, and A. Mayyas, “Reversible fuel cell cost analysis,” Lawrence Berkeley
National Laboratory (LBNL), Berkeley, CA, USA. Available at: https://www. hydrogen. energy.
gov/pdfs/review20/fc332 wei 2020 o. pdf, 2020.

[79] R. Scataglini, M. Wei, A. Mayyas, S. H. Chan, T. Lipman, and M. Santarelli, “A direct man-
ufacturing cost model for solid-oxide fuel cell stacks,” Fuel Cells, vol. 17, no. 6, pp. 825–842,
2017.

[80] A. Chadly, E. Azar, M. Maalouf, and A. Mayyas, “Techno-economic analysis of energy
storage systems using reversible fuel cells and rechargeable batteries in green buildings,”
Energy, vol. 247, p. 123466, 2022.

[81] M. S. Peters, K. D. Timmerhaus, R. E. West et al., Plant design and economics for chemical
engineers. McGraw-hill New York, 2003, vol. 4.

[82] M. H. Abokersh, M. Valles, K. Saikia, L. F. Cabeza, and D. Boer, “Techno-economic analysis
of control strategies for heat pumps integrated into solar district heating systems,” Journal
of Energy Storage, vol. 42, p. 103011, 2021.

[83] L. Bi, S. Boulfrad, and E. Traversa, “Steam electrolysis by solid oxide electrolysis cells
(soecs) with proton-conducting oxides,” Chemical Society Reviews, vol. 43, no. 24, pp. 8255–
8270, 2014.

[84] Y. Luo, Y. Shi, Y. Zheng, Z. Gang, and N. Cai, “Mutual information for evaluating
renewable power penetration impacts in a distributed generation system,” Energy, vol.
141, pp. 290–303, 2017. [Online]. Available: https://www.sciencedirect.com/science/
article/pii/S0360544217315542

[85] M. Carmo, D. L. Fritz, J. Mergel, and D. Stolten, “A comprehensive review on
pem water electrolysis,” International Journal of Hydrogen Energy, vol. 38, no. 12, pp.
4901–4934, 2013. [Online]. Available: https://www.sciencedirect.com/science/article/
pii/S0360319913002607

[86] M. Henke, J. Kallo, K. A. Friedrich, and W. G. Bessler, “Influence of pressurisation on sofc
performance and durability: a theoretical study,” Fuel Cells, vol. 11, no. 4, pp. 581–591, 2011.

73

https://www.sciencedirect.com/science/article/pii/S0360544217315542
https://www.sciencedirect.com/science/article/pii/S0360544217315542
https://www.sciencedirect.com/science/article/pii/S0360319913002607
https://www.sciencedirect.com/science/article/pii/S0360319913002607


[87] J. Mougin, S. Di Iorio, A. Chatroux, T. Donnier-Marechal, G. Palcoux, M. Petitjean, and
G. Roux, “Development of a solid oxide electrolysis stack able to operate at high steam
conversion rate and integration into a soe system,” ECS Transactions, vol. 78, no. 1, p. 3065,
2017.

[88] S. D. Ebbesen and M. Mogensen, “Electrolysis of carbon dioxide in solid oxide electrolysis
cells,” Journal of Power Sources, vol. 193, no. 1, pp. 349–358, 2009.

[89] H. Yan, R. Wang, S. Du, B. Hu, and Z. Xu, “Analysis and perspective on heat pump for
industrial steam generation,” Advanced Energy and Sustainability Research, vol. 2, no. 5, p.
2000108, 2021.

74



A Solid oxide cell background information

To determine the heat and power consumption of the balance-of-plant the model of the solid
oxide cell is developed. The reversible solid oxide cell is able to operate in two modes. These
are electrolysis in which water and electricity are used to produce hydrogen. Secondly, the fuel
cell in which hydrogen and oxygen react to form water generates power and heat. The opera-
tional temperature of both the fuel cell and electrolyser is between 700 and 750 ◦C. The reaction
of hydrogen is dependent on multiple parameters, besides the physical parameters of the cell
and stack. The three main influences regarding the performance of the SOC are the temperature,
composition and pressure. Where increasing the pressure increases the potential electricity ex-
tracted from the hydrogen. However, for electrolysis, an increased pressure has the consequence
of higher cell potential for an equal current density. Higher pressure increases the efficiency of
fuel cells due to higher possible cell potentials. High temperatures reduce the cell potential
which is advantageous for electrolysis. The increased temperature possible used SOC allows
for the use of cheap nickel electrodes. Literature shows an increased cell potential for increasing
H2 fractions in the fuel channel within the stack [11].

Electrolysis is the operation in which H2O and electricity are utilized to produce H2. Due to
the thermodynamics a substantial part of the required can be supplied as heat. Furthermore,
the temperatures allow for water to be supplied as steam which reduces the required chemical
potential substantially [83].

H2O→ H2 +
1
2

O2 (97)

The reaction for oxygen and water molecules. The process of the SOE and SOFC are shown in
figure 35.

Figure 35: Schematic overview of Solid Oxide Electrolysis and the Solid Oxide Fuel Cell
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A.1 Electrochemical reaction

This section describes the effects of different parameters on the open circuit voltage (OCV). The
OCV is the difference in electrical potential between the anode and cathode without a current. To
calculate the cell potential the standard cell potential could derived from the Gibbs free energy.
Using the Gibbs free energy equation:

∆G = ∆H − T∆S (98)

A.1.1 Temperature

Both SOE and SOFC operate at high temperatures with temperatures of 600 to 1000 ◦C [3].
At these temperatures, the SOFC does not need a platinum catalyst [84], which consequently
reduces the cost. Furthermore, the temperature affects the amount of energy which is required
to be in the form of electricity. The additional energy could in this case be provided as heat.
Which could potentially improve the performance of the RSOC if the heat is provided from a
heat source within the stack or an external source. Due to the elevated temperatures, water
could be provided in the form of steam which further reduces the power consumption during
SOE. The effect of the temperature on the open circuit voltage is shown in figure 36, assuming
other properties like composition and pressure are at the standard reference values.

Figure 36: The effects of the temperature on the Gibbs free energy and thus the reversible energy

The resulting Gibbs free energy allows to calculate the maximum round-trip efficiency. Where it
is assumed that the power input is at the thermoneutral voltage or the corresponding enthalpy
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of formation ∆H. The effect of the temperature on the round trip efficiency is presented in figure
37. The round-trip efficiency decreases with increasing temperatures. The required energy is
lower if H2O is fed into the cell, ∆Hgas < ∆Hliquid, however the difference between ∆Hgas and
∆Hliquid equals the latent heat.

Figure 37: Maximum round trip efficiency related to temperature

A.1.2 Fuel composition

The open circuit voltage (OCV) for non-standard conditions is calculated with the Nernst Po-
tential. The Nernst equation takes into account the non-standard conditions regarding pressure,
temperature and composition of the electrochemical process.

ENernst = E0 +
RT
2F

ln
(

xH2

√xO2

xH2O

)
+

RT
2F

ln
(

PA

Pamb

)
(99)

Where the standard cell potential (E0), ∆G follows from equation 98, F is Faraday’s constant
and R is the university gas constant. x is the molar fraction, P and T are the pressure (Pa) and
temperature respectively (K).

E0 =
∆G
2F

(100)

The effect of the composition of the fuel on the OCV voltage is as follows, where the composition
of hydrogen and water are related:

xH2 = 1− xH2O (101)
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Figure 38 shows the effect of the hydrogen content on the open circuit voltage of the cell.

Figure 38: The open circuit voltage calculated at 700 ◦ at ambient pressure

The OCV increases for an increasing hydrogen fraction within the fuel. Therefore it is favorable
to increase the hydrogen content in fuel cell mode and decrease the fraction of hydrogen during
electrolysis.

A.2 Pressure effect

The pressurized operation of an electrolyzer has the advantage of delivering hydrogen at high
pressure for the end user. Thus requiring less energy to compress and store the hydrogen.
Another advantage is that it reduces the volume of the gaseous phase at the electrodes thus
improving product gas removal which follows Fick’s Law of diffusion [85]. Secondly, the ef-
ficiency of the fuel cell is improved if operated at higher pressures [11]. Since the increase of
pressure positively affects the Nernst-potential and polarization curve for fuel cells [45]. Henke
et al. state that increased pressure can reduce the concentration and activation overpotentials
[86]. However, it states the increased pressure is a potential threat to the durability of the cell.
Furthermore, the increased pressure requires the fuel and air to be pressurized. This requires
additional energy consumption from the compression of air and fuel. Increased pressure can
increase the cell efficiency with 5-7% points efficiency [46]. Mottaghizadeh investigated both
the effects on cell efficiency as well as for the total BoP. They found a higher cell efficiency for
higher pressure however the system efficiency is lower, this is attributed to the air compressor
[7].
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A.2.1 V-I curve

The V-I curve is the relation between the current density and the cell potential. This is related to
the power density and thus the overall power. The V-I curve is dependent on multiple parame-
ters, temperature, composition and pressure, as physical proprieties of the cell. For low current
density as used in this model (i ≤ 1 A/cm2) the V-I curve can be assumed to be linear [87].
The approximation of the cell is the area-specific resistance (ASR) which can be experimentally
determined, the ASR mainly varies for different compositions and temperatures [88].

B Concepts

This appendix includes the temperature and molar flow-rates corresponding to figures 2 to 6b.

B.1 Temperature & flow-rate of the concepts

Table 11: Temperature and molar-flow of concept 1 for SOEC and SOFC.

Stream SOE SOFC SOE SOFC
Temperature [◦ C] ṅ xH2 xH2O ṅ xH2 xH2O

1 20 20 0.1 1 0 0.95 1 0
2 100 100 0.1 1 0 0.95 1 0
3 20 20 0.9 0 1 0.050 0 1
4 20 20 0.9 0 1 0.050 0 1
5 100 100 0.9 0 1 0.050 0 1
6 100 100 0.9 0 1 0.050 0 1
7 100 100 1 0.1 0.9 1 0.95 0.05
8 700 700 1 0.1 0.9 1 0.95 0.05
9 700 750 1 0.82 0.18 1 0.19 0.81
10 100 100 0.82 1 0 0.19 1 0
11 25 25 0.82 1 0 0.19 1 0
12 192 192 0.82 1 0 0.19 1 0
13 25 25 0.82 1 0 0.19 1 0
14 20 20 11.01 - - 39.85 - -
15 20 20 11.01 - - 39.85 - -
16 700 700 11.01 - - 39.85 - -
17 700 700 11.01 - - 39.85 - -
18 100 100 0.18 0 1 0.81 0 1
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Table 12: Temperature and molar-flow of concept 2 for SOEC and SOFC

Stream SOE SOFC SOE SOFC
Temperature [◦ C] ṅ xH2 xH2O ṅ xH2 xH2O

1 20 20 0 1 0 0.760 1 0
2 100 100 0 1 0 0.760 1 0
3 100 100 0.1 1 0 0.950 1 0
4 20 20 0.9 0 1 0.050 0 1
5 100 100 0.9 0 1 0.050 0 1
6 100 100 0.9 0 1 0.050 0 1
7 100 100 1 0.1 0.9 1 0.95 0.05
8 594 700 1 0.1 0.9 1 0.95 0.05
9 700 700 1 0.1 0.9 1 0.95 0.05
10 700 750 1 0.82 0.18 1 0.19 0.81
11 132 288 1 0.82 0.18 1 0.19 0.81
12 100 100 0.821 1 0 0.190 1 0
13 100 100 0.721 1 0 0 1 0
14 25 25 0.721 1 0 0 1 0
15 192 192 0.721 1 0 0 1 0
16 25 25 0.721 1 0 0 1 0
17 100 100 0.1 0 1 0.190 1 0
18 100 100 0.179 0 1 0.810 0 1
19 20 20 11.01 - - 39.85 - -
20 20 20 11.01 - - 39.85 - -
21 675 700 11.01 - - 39.85 - -
22 700 700 11.01 - - 39.85 - -
23 700 750 11.01 - - 39.85 - -
24 49 70 11.01 - - 39.85 - -
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Table 13: Temperature and molar-flow of concept 3 for SOEC and SOFC

Stream SOE SOFC SOE SOFC
Temperature [◦ C] ṅ xH2 xH2O ṅ xH2 xH2O

1 20 20 0 1 0 0.760 1 0
2 100 100 0 1 0 0.760 1 0
3 100 100 0.1 1 0 0.950 1 0
4 20 20 0.9 0 1 0.050 0 1
5 100 100 0.9 0 1 0.050 0 1
6 100 100 0.9 0 1 0.050 0 1
7 100 100 1 0.1 0.9 1 0.95 0.05
8 594 700 1 0.1 0.9 1 0.95 0.05
9 700 700 1 0.1 0.9 1 0.95 0.05
10 700 750 1 0.82 0.18 1 0.19 0.81
11 132 288 1 0.82 0.18 1 0.19 0.81
12 100 100 0.821 1 0 0.190 1 0
13 100 100 0.721 1 0 0 1 0
14 25 25 0.721 1 0 0 1 0
15 192 192 0.721 1 0 0 1 0
16 25 25 0.721 1 0 0 1 0
17 100 100 0.1 0 1 0.190 1 0
18 100 100 0.179 0 1 0.810 0 1
19 20 20 11.01 - - 39.85 - -
20 20 20 11.01 - - 39.85 - -
21 675 700 11.01 - - 39.85 - -
22 700 700 11.01 - - 39.85 - -
23 700 750 11.01 - - 39.85 - -
24 49 70 11.01 - - 39.85 - -
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Table 14: Temperature and molar-flow of concept 4 for SOEC and SOFC

Stream SOE SOFC SOE SOFC
Temperature [◦ C] ṅ xH2 xH2O ṅ xH2 xH2O

1 20 20 0 1 0 0.760 1 0
2 100 100 0 1 0 0.760 1 0
3 100 100 0.1 1 0 0.950 1 0
4 20 20 0.9 0 1 0.050 0 1
5 100 100 0.9 0 1 0.050 0 1
6 100 100 0.9 0 1 0.050 0 1
7 100 100 1 0.1 0.9 1 0.95 0.05
8 594 700 1 0.1 0.9 1 0.95 0.05
9 700 700 1 0.1 0.9 1 0.95 0.05
10 700 750 1 0.82 0.18 1 0.19 0.81
11 132 288 1 0.82 0.18 1 0.19 0.81
12 100 100 0.821 1 0 0.190 1 0
13 100 100 0.721 1 0 0 1 0
14 25 25 0.721 1 0 0 1 0
15 192 192 0.721 1 0 0 1 0
16 25 25 0.721 1 0 0 1 0
17 100 100 0.1 0 1 0.190 1 0
18 100 100 0.179 0 1 0.810 0 1
19 20 20 11.01 - - 2.50 - -
20 20 20 11.01 - - 2.50 - -
21 675 700 11.01 - - 2.50 - -
22 700 700 11.01 - - 2.50 - -
23 700 750 11.01 - - 2.50 - -
24 49 70 11.01 - - 2.50 - -
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Table 15: Temperature and molar-flow of concept 5 for SOEC and SOFC

Stream SOE SOFC SOE SOFC
Temperature [◦ C] ṅ xH2 xH2O ṅ xH2 xH2O

1 20 20 11.01 - - 2.50 - -
2 20 20 11.01 - - 2.50 - -
3 675 700 11.01 - - 2.50 - -
4 700 700 11.01 - - 2.50 - -
5 700 750 11.01 - - 2.50 - -
6 45 370 11.01 - - 2.50 - -
7 100 100 0.10 1.00 0.00 0.19 1.00 0.00
8 287 287 0.10 1.00 0.00 0.19 1.00 0.00
9 100 287 0.72 1.00 0.00 0.76 1.00 0.00
10 100 100 0.18 0.00 1.00 0.81 0.00 1.00
11 20 100 0.72 0.00 1.00 0.76 0.00 1.00
12 20 100 0.90 0.00 1.00 0.05 0.00 1.00
13 287 287 0.90 0.00 1.00 0.05 0.00 1.00
14 287 287 1.00 0.10 0.90 1.00 0.95 0.05
15 610 700 1.00 0.10 0.90 1.00 0.95 0.05
16 675 700 1.00 0.10 0.90 1.00 0.95 0.05
17 700 750 1.00 0.82 0.18 1.00 0.19 0.81
18 312 392 1.00 0.82 0.18 1.00 0.19 0.81
19 100 287 0.82 1.00 0.00 0.81 0.00 1.00

B.2 Elaboration on the heat pump

The use of an electrically driven heat pump could increase the performance of the system. Very
high-temperature heat pumps (VHTHP) release heat at temperatures above 100 ◦C and can op-
erate with ambient temperature heat sources [48]. During both SOFC and SOE heat is removed
within the condenser which could provide a high-temperature heat source. Heat pumps operate
more efficiently when the temperate difference between evaporation and condensation is small.
To determine the performance the coefficient of performance (COP) is used to investigate the
performance of the heat pump. The COP is calculated by the heat output and the power input.

COPheating =
Q̇H

Q̇H − Q̇C
(102)

Where Q̇H - Q̇C is equal to the additional power input. The maximum theoretical performance
of a heat pump is calculated by the Carnot Efficiency.

COPheating =
TH

TH − TC
(103)
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Literature indicates the performance achieved for steam-generating heat pumps. A COP of
6.1 has been achieved using water as a refrigerant with an evaporation temperature of 85 ◦C
and condensation temperature of 117 ◦C [49]. Tveit et al. [50] present a series of heat pumps
generating steam at 10 bar and a temperature of 184 ◦C with a source of 80-90 ◦C. Figure 39
shows that the temperature of the heat reservoir is an important factor for the performance of
the heat pump. Where the temperature difference between the condensing flow of steam and
the cooling fluid is desired to be small. The condensation is theoretically possible at a small
temperature difference. The use of a logarithmic mean temperature difference (LMTD) of 9.5 ◦C
is within the condenser of a power plant [51].

Figure 39: COP for varying temperatures of the lower reservoir (TC), TH = 120 ◦C

It is shown that an increase in the temperature of the lower reservoir increases the potential
performance of the heat pump. However, the temperature of the lower reservoir is bound to
at least two heat exchanges, Tcon > Tcool > Tstorage > TC, where the storage might be used as
the low-temperature reservoir. Equation 103 shows the COP is reduced by a larger temperature
difference between the two reservoirs.

A second path for steam generation is reducing the pressure and subsequently reducing the
boiling temperature of the water. This reduces the required temperature of the high-temperature
reservoir of the heat pump. This increases the performance of the heat pump shown in equation
102. Yan et al. [89] propose a steam-generating heat pump which uses sub-atmospheric pres-
sure to provide the latent heat for the transition from liquid to vapour. After which the vapour
is pressurized by a compressor. This consequently reduces the absolute increase in performance
of the steam generation process.

Both atmospheric and sub-atmospheric heat pumps might use a TES followed by a heat pump.
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However, the response time of the heat pump increases as the heat is not directly available at the
desired temperature for evaporation. A third option of steam generation is to change to order of
the process of storage and the temperature elevation. The temperature is increased directly after
condensation and stored at temperatures above the boiling temperature of the water vapour.
The two orders of operation are:

• Condensation→ TES→ Heat pump→ Evaporator (figure 40)

• Condensation→ Heat pump→ TES→ Evaporator (figure 41)

The first possibility is that the heat of condensation is stored at a temperature below the temper-
ature of the condenser. The stored heat is the reservoir of the heat pump from which the heat is
extracted to increase the performance of the heat pump.

Figure 40: Path from condensation to evaporation, thermal energy storage followed by the heat
pump

The second possibility to store heat is by increasing the temperature before storage of the ther-
mal energy. This removes the response time of the heat pump if the heat is consumed by the
evaporation.

Figure 41: Path from condensation to evaporation, heat pump followed by thermal energy stor-
age

Increasing the temperature before storage is not favourable due to higher losses during stor-
age and the requirement of heat pump operations during SOFC. This increases the power re-
quirement during a period when the demand from the grid requires additional electricity to
be supplied. Water is selected as the favourable storage medium for this concept. Because of
the relatively low temperatures required, low costs, fast response time and long-term storage
possibilities.
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C Additional equations for modelling

The additional equations related to various components of the modelling are presented in this
appendix.

C.1 Calculation of the entropy

The entropy of the components at a reference temperature of 25 ◦C are given in table 16.

Table 16: Entropy of different components used within the model

∆S
H2 131 J/molK
O2 205 J/molK

H2O(l) 69.9 J/molK
H2O(g) 188.7 J/molK

The energy requirement and entropy difference of the reaction at the reference temperature at
25 ◦C are shown in table 17.

Table 17: Enthalpy and Entropy change in electrolysis operation

Phase Enthalpy [kJ/mol] Entropy [kJ/molK]

H2O(l)→ H2 +
1
2O2 -285.8 - 0.163

H2O(g)→ H2 +
1
2O2 -241.8 -0.045

The value Cp can be determined as a function of the temperature using:

Cp = A + Bt + Ct2 + Dt3 +
E
t2 (104)

In which t = T
1000 with T is the temperature in Kelvin.

Table 18: Parameters specific heat capacity

H2O (500-1700K) O2 (700-2000K) H2 (298-1000K) N2 (500-2000K)

A 30.092 30.032 33.066 19.506
B 6.833 8.773 -11.363 19.887
C 6793 -3.988 11.433 -8.599
D -2534 0.788 -2.773 1.3698
E 0.082 -0.742 -0.159 0.528
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C.2 Calculation compressor

Figure 42 shows the power consumption of the compressor for an increase from 1 to 350 bar
with an inlet temperature of 25 ◦C.

Figure 42: The energy required to increase the pressure from 1 to 350 bar is related to the number
of stages in the compressor including inter-cooling

The reduction after five compressor stages is below 5% relative to a four-stage compressor.
Therefore, a compressor with five stages is selected. The corresponding outlet temperature of
the compressor is 192 ◦C as shown in figure 43 based.

Figure 43: The outlet temperature of a compressor including the use of inter-cooling
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The final power consumption for the compressor and blower are calculated with:

P =
ρQW

ηmηtηmechηh
(105)

Which include the efficiencies of the compressor. These include the mechanical efficiency (ηmech),
motor efficiency (ηm), hydraulic efficiency (ηh), and transmission efficiency (ηt). The efficiencies
used are presented in table 19.

Table 19: Efficiencies compressor

ηpol 0.85
ηhyd 0.95
ηmech 0.98
ηt 0.98
ηm 0.9

C.3 Algorithm heat storage

This section describes the algorithms used for the process of storing heat within the TES.

C.3.1 Concept 3: Heat storage

To model the storage levels of the heat storage the following algorithm is used. Firstly, the model
is used to determine whether charging or discharging of the heat storage is required. The heat
pump uses a fixed COP of 4, therefore three-quarters of the energy is supplied as heat from the
heat storage or heat of condensation. The heat input of the heat pump is defined as:

Qreq = QSG −W (106)

The required heat from the heat storage is calculated as the difference between the required heat
input of the heat pump and the heat of condensation. In general, the heat of condensation is
sufficiently large during SOFC therefore the heat storage is charged during SOFC. During SOE
the heat required for evaporation exceeds the heat of condensation therefore heat is extracted
from the heat storage.

Q = Qcon −Qreq (107)

Where Q is the heat charging or discharging the heat storage. However, the capacity of the heat
storage is limited. There are two boundary conditions set at the heat storage. No heat could be
used if the storage is empty thus the heat storage cannot be below zero. Furthermore, the heat
stored cannot exceed the maximum storage capacity of the storage.

xSOFCin =

{
Lmin = 0
Lmax = Lmax
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Where Lmin and Lmax are the minimum and maximum state of charge. L is the new state of
charge, Ln−1 is the previous state of charge. The state of charge cannot be below the minimum.

Qst =

{ −Q i f Ln−1 −Q > Lmin

Ln−1 − Lmin i f Ln−1 + Q < Lmin
(108)

Where if Qst cannot satisfy the required heat all heat is supplied by the electric boiler.

Qext = Q−Qst (109)

Similarly, the heat supplied to the heat storage should not exceed the maximum capacity of the
storage.

Qst =

{
Lmax − Ln−1 i f Ln−1 + Q > Lmax

Q i f Ln−1 + Q < Lmax
(110)

If the addition of heat results in a state of charge the storage is charged to the maximum. The
excess heat is assumed to be waste released to the environment.

C.3.2 Concept 4: Heat storage

To model the storage levels of the heat storage the following algorithm is used. Firstly, the
model is used to determine whether charging or discharging of the heat storage is required. The
required heat from the heat storage is calculated as the difference between the required heat for
heating and the heat generated by the SOFC. The RSOC only generated heat during SOFC mode.
The model prioritizes the direct use of the heat for both heating the inlet flows and evaporation.
The use of heat is used as follows for utilization and storage:

1. Pre-heating fuel and air flows

2. Heat for evaporation

3. Charging high-temperature TES

4. Charging medium-temperature TES

The direct use of heat for pre-heating of fuel and air flows is only used during the transition
from SOE and SOFC and vice-versa. Heat generation and evaporation both take place during
SOFC and therefore influence the amount of heat available for charging the TES.

Q = QSOFC −Qreq,A −Qreq,B (111)

Where Q is the heat charging or discharging the heat storage. Qreq,A is the heat required for
pre-heating, Qreq,B is the heat for evaporation and QSOFC is the available heat from the SOFC. It
could be possible that the heat is only sufficient to supply heat for the pre-heating of fuel and
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air.

QA =

{
0 i f QSOFC > Qreq,A

Qreq,A −QSOFC i f QSOFC < Qreq,A
(112)

If QSOFC < Qreq,A all heat for evaporation of water is supplied by electric boilers.

QB =

{
0 i f QSOFC −Qreq,A > Qreq,B

QSOFC −Qreq,B i f 0 < QSOFC −Qreq,A < Qreq,B
(113)

Like the heat storage of concept 3, there are two boundary conditions set at the heat storage.

Lmin = 0
Lmax = Lmax

Where Lmin and Lmax are the minimum and maximum state of charge. L is the new state of
charge, Ln−1 is the previous state of charge. The state of charge cannot be below the minimum.

Qst,A =

{
QA i f Ln−1 + QAA > Lmin

Ln−1 − Lmin i f Ln−1 + QA < Lmin
(114)

Where if Qst cannot satisfy the required heat all heat is supplied by the electric boiler.

Qext,A = QA −Qst,A (115)

Similarly, the heat supplied to the heat storage should not exceed the maximum capacity of the
storage.

Qst,A =

{
Lmax − Ln−1 i f Ln−1 + Q > Lmax

Q i f Ln−1 + Q < Lmax
(116)

If the addition of heat results in a state of charge the storage is charged to the maximum. The
excess heat is assumed to be used for charging the medium-temperature storage.

Qav,B = Q−Qst,A (117)

Where Qav,B is the heat available to be used for charging the medium-temperature storage. Sim-
ilar to the high temperature storage the level of the medium temperature storage.

Lmin = 0
Lmax = Lmax

Qst,B =

{
QB i f Ln−1 + QB > Lmin

Ln−1 − Lmin i f Ln−1 + QB < Lmin
(118)
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Where if Qst cannot satisfy the required heat all heat is supplied by the electric boiler.

Qext,B = QB −Qst,B (119)

Similarly, the heat supplied to the heat storage should not exceed the maximum capacity of the
storage.

Qst,B =

{
Lmax − Ln−1 i f Ln−1 + Qav,B > Lmax

Qav,B i f Ln−1 + Qav,B < Lmax
(120)
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D Steady-state Results

The efficiency is thus defined as: Figures 44 to 46 show the power input from external sources
during SOE and SOFC. The reduction in power consumption is caused by lower flow rates in
both the fuel and air sides of the BoP. The lower flow rates are a result of a change in the effi-
ciency of the electrochemical process. The higher efficiency of the SOC results in less hydrogen
and steam being produced and thus improves the relative performance of the BoP. For concepts
2 to 4 the power input required during SOFC is caused by the blower and evaporation. The
increase in required power for concept 5 is a result of the increasing efficiency of the SOFC. The
generated heat as shown in equation 47 is lower than the required heat, see equation 7. For low
current densities and high cell potential equation 6 is not satisfied. To release hydrogen from
the metal hydride storage additional energy is required.

Figure 44: Power consumption for a current density of 1 A/cm2

Figure 45: Power consumption for a current density of 0.5 A/cm2
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Figure 46: Power consumption for a current density of 0.25 A/cm2
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E Performance of varying variables

E.1 Pinch point of the Heat exchangers

Figure 18 shows the energy consumption of the BoP for a temperature difference within the heat
recovery units of 25 ◦C. However, the first method of reducing the parasitic power consump-
tion by the electric heaters is by reducing the required temperature difference within the heat
recovery units. The effects of different temperature differences within the stack are presented in
tables 20 and 21. The heating of air requires substantially more electricity for larger temperature
differences within the heat recovery units. These results are representative of the heat recovery
units required for concepts 2 & 3.

Table 20: The size and energy transfer by heat recovery and electric heaters respectively used
for pre-heating the airflow for concepts 2 & 3

Temperature
Difference (◦C)

Energy
Transfer (kWh)

Maximum
Power (kW)

Electricty
Consumption (kWh)

Maximum
Power (kW)

0 16247183.34 3785.40 0 0
10 16172749.82 3785.37 74433.53 56.1
25 15971426.36 3785.13 275756.99 144.74
50 15472826.31 3704.64 774357.04 291.79

Table 21: The size and energy transfer by heat recovery and electric heaters respectively used
for super-heating the H2 and H2O for concepts 2 & 3

Temperature
Difference (◦C)

Energy
Transfer (kWh)

Maximum
Power (kW)

Electricity
Consumption (kWh)

Maximum
Power (kW)

0 341285.91 104.24 32748.32 8.13
10 338290.66 104.25 35744.66 8.85
25 333098.82 104.24 40935.07 9.92
50 321796.09 104.24 52237.42 11.70

The results show increasing demand for electrical heaters for increasing temperature differences
in heat recovery. For fuel, a second aspect is of importance, which is the changing composition
of the fuel. The high-temperature stream entering the heat recovery during SOE contains less
heat than is required to heat the inlet stream. This results in additional heat being supplied by
electrical heaters even when a zero temperature difference is allowed.
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Table 22: The size and energy transfer by heat recovery and electric heaters respectively used
for pre-heating the airflow for concept 4

Temperature
Difference (◦C)

Energy
Transfer (kWh)

Maximum
Power (kW)

Electricty
Consumption (kWh)

Maximum
Power (kW)

0 2693912.04 550.53 0.00 0.00
10 2659280.99 541.92 34632.82 8.61
25 2607412.67 529.03 86501.07 21.49
50 2505314.79 507.63 188598.96 42.89

Table 23: The size and energy transfer by heat recovery and electric heaters respectively used
for super-heating the H2 and H2O for concept 4

Temperature
Difference (◦C)

Energy
Transfer (kWh)

Maximum
Power (kW)

Electricity
Consumption (kWh)

Maximum
Power (kW)

0 341285.91 104.24 32748.32 8.13
10 338290.66 104.25 35744.66 8.85
25 333098.82 104.24 40935.07 9.92
50 321796.09 104.24 52237.42 11.70

E.2 Efficiency of different thermal management scenarios

Table 24: Energy consumption System

Concept
Number

Energy
Input SOE (kWh)

Energy
Input SOFC (kWh)

Energy
Output SOFC (kWh)

Efficiency
(-)

Concept 2a 2395675.16 207638.41 1176922.72 45.21
Concept 2b 2378557.22 26291.26 1176922.72 48.94
Concept 3a 2325317.26 193711.87 1176922.72 46.72
Concept 3b 2308199.31 12365.88 1176922.72 50.72
Concept 4a 2376636.81 7668.33 1176922.72 49.36
Concept 4b 2377438.48 1264.87 1176922.72 49.48

Since the required power supplied and consumed by the grid and wind-park varies over the
year an investigation of the annual performance is executed. The annual output of the stack
is determined as P = 1.18 GWh. The efficiency of the system is determined by the net power
output, Pnet = P - PSOFC and the power input during SOE (PSOE). This method of determining
efficiency gives a better representation of the performance. The method presented in equation
121 is the round-trip efficiency of the entire system.

η =
P− PSOFC

PSOE
(121)
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F List of variables

Latin symbols
A area cm2

∆E energy released J
F Faraday’s constant C/mol
∆G molar gibbs free energy J/mol
h molar enthalpy J/mol
∆H molar enthalpy of formation J/mol
i current density A/cm2

I current A
∆S molar entropy J/(mol K)
C specific heat capacity J/(kg K)
CE cost of electricity input $
Cc all cost involved for the generation of electricity $
cp molar heat capacity J/(mol K)
E0 open circuit voltage under standard conditions V
Ecell cell potential V
n number of moles mol
ENernst open circuit voltage under non-standard conditions V
El Power generated kW
ṅ molar flux mol/s
M mass kg
N time periods years
p pressure Pa
P power W
Q heat transfer J
Q̇ heat flux W
r specific resistance Ω/cm2

RH2 hydrogen consumption rate mol/s
RH2O water consumption rate mol/s
RO2 oxygen consumption rate mol/s
R universal gas constant J/(K /mol)
t time s
T temperature K
Uf utilization factor -
Uth thermoneutral voltage V
V voltage V
x molar fraction

96



Greek symbols
ηact activation losses V
ηconc concentration losses V
ηohm ohmic losses V
η efficiency -
ρ density kg/m3

G Abbreviation list

ASR area specific resistance
BoP balance of plant
CAPEX capital expenditure
CRF capital return factor
HEX heat exchanger
HHV higher heating value
int interconnect
LCOE levelized cost of electricity
LCOS levelized cost of storage
LHV lower heating value
OCV Open circuit voltage
O&M operation and management cost
PEN positive-electrolyte-negative
PH pre-heating
RSOC reversible solid oxide cell
SG steam generation
SOC solid oxide cell
SOE solid oxide electrolyser
SOFC solid oxide fuel cell
TES thermal energy storage
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