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A B S T R A C T

New technologies are being developed to produce electricity cleaner and more efficient. Promising technologies among these are the solid oxide fuel cell and the
supercritical carbon dioxide Brayton cycle. This study investigates the potential of integrating both technologies.

The solid oxide fuel cell is known as a potentially clean and highly efficient technology to convert chemical energy to electricity. The high operating
temperatures (600–1000 ◦C) allow the possibility of a bottoming cycle to utilize the high quality excess heat and also facilitate reforming processes, making
it possible to use higher hydrocarbons as fuel.

The supercritical carbon dioxide Brayton cycle has received attention as a promising power cycle. It has already been identified as a suitable cycle for relatively
low temperature, compared to traditional gas turbines, heat sources for several reasons.

Firstly because of the high efficiency, around 40%–45% for the common simple recuperative cycle. Secondly, because the turbine inlet temperature of a
supercritical carbon dioxide is around 700 ◦C is low, compared to well over 1000 ◦C for a common air Brayton cycle. This is especially of interest because
solid oxide fuel cell developers are targeting lower operating temperatures to avoid the use of exotic and expensive materials. And thirdly, the cycle can operate
entirely above the critical point. Therefore the temperature increases gradually with the energy added to the cycle. This is more suitable for waste heat because
the exergy loss decreases and more low temperature heat can be utilized compared to a steam Rankine cycle where most of the heat is added above the relatively
high boiling point of pressurized water.

A thermodynamic model of the solid oxide fuel cell- supercritical carbon dioxide Brayton cycle hybrid system is developed to explore and analyze different
concepts of integration.

Several conclusions are drawn. Firstly it is found that recirculating cathodic air increases the efficiency of the system and decreases the size of the heat
exchangers. Secondly, applying a pinch point optimization decreases the size of the heat exchangers but increases the complexity of the system while the efficiency
is not much affected. Thirdly, applying the recompression cycle in stead of a simple recuperative supercritical carbon dioxide cycle increases the efficiency of the
system but not as significantly when operating the supercritical carbon dioxide as a stand-alone system while the complexity of the system increases even more.
And finally, compared to a directly coupled solid oxide fuel cell-gas turbine system the solid oxide fuel cell- supercritical carbon dioxide Brayton cycle hybrid
system is more efficient but significantly more complex.
1. Introduction

On December 12, 2015, the United Nations Framework Convention
on Climate Change reached an agreement to mitigate climate change.
Key in reaching this goal is a cleaner and more efficient way of produc-
ing power. Traditional ways of power production will be phased out
and replaced by renewable energy sources and cleaner fuel conversion
systems.

The goal of this paper is to present the results and analysis of several
case studies of a solid oxide fuel cell- supercritical carbon dioxide
Brayton cycle hybrid system (SSHS).

Among other technologies, the solid oxide fuel cell (SOFC) has
received attention as a potentially clean and highly efficient method of
converting chemical energy to electricity. The high operating tempera-
tures (600-1000 ◦C) allow the possibility of a bottoming cycle to utilize
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the high quality excess heat and also facilitate reforming processes,
making it possible to use higher hydrocarbons as fuel [1].

Utilizing the waste heat of a SOFC system in a thermodynamic cycle
is a well known concept. Fig. 1 illustrates the general concept. Fuel is
consumed in a SOFC, producing electricity and heat. This heat is then
transferred to a power cycle where part of it is converted to electricity
and the remaining heat is rejected to the environment.

The sCO2 Brayton cycle has received attention as a promising power
cycle. It has already been identified as a suitable cycle for heat sources
such as nuclear [2], exhaust/waste heat [3,4], geothermal [5] and
concentrated solar power (CSP) [6,7].

These heat sources supply heat to a power cycle at lower temper-
atures than heat produced by combustion. The sCO2 Brayton cycle is
suitable for such a heat source for several reasons. Firstly because of the
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Fig. 1. General concept of a SOFC- bottoming cycle hybrid system.

Fig. 2. Schematic view of a directly and indirectly coupled hybrid system.

high efficiency, around 40%–45% for the common simple recuperative
cycle. Secondly, because the temperature range over which heat is
added to the cycle is low compared to a common air Brayton cycle. The
turbine inlet temperature (TIT) of a sCO2 is around 700 ◦C compared to
well over 1000 ◦C for a common air Brayton cycle. And thirdly, the cycle
can operate entirely above the critical point. Therefore the temperature
increases gradually with the energy added to the cycle. This is more
suitable for waste heat because the exergy loss decreases and more low
temperature heat can be utilized.

The sCO2 therefore combines the advantages of the steam Rankine
cycle, low compression work, and the air Brayton cycle, no phase
change, but does not need a high TIT to achieve high efficiencies. The
latter is especially of interest because SOFC developers are targeting
lower operating temperatures to avoid the use exotic and expensive
materials. Furthermore, the high density of the sCO2 also makes for
small and relatively simple turbomachinery [8].

Furthermore, carbon dioxide is abundantly available, cheap, stable
and non-toxic [2].

Different concepts of a SOFC- bottoming cycle hybrid system exist
and can be categorized based on several characteristics of the system.

Firstly, it is common to have a reformer as part of a SOFC system.
In a reformer, fuel such as methane, reacts with water to syngas. The
endothermic reforming process is driven by excess heat generated in
the fuel cell. Three methods for transferring the heat from the fuel
cell to the reformer are distinguished in general: Indirect internal
reforming (IIR), direct internal reforming (DIR) and external reforming
(ER). In case of IIR, the reformer is only thermally coupled to the
fuel cell. The catalyst required for the reforming process can also be
integrated into the anode. In such a setup, DIR, both the reforming- and
electrochemical reactions take place in the anode. Having a separate
reformer is an option as well, this is referred to as ER. The required
steam for the reforming process can either be supplied by recirculating
the outlet of anode, which contains steam, or externally by a heat
recovery steam generator (HRSG).

Secondly, a bottoming cycle can either be directly coupled to the
SOFC system or indirectly. In a directly coupled system, the exhaust
gas of the SOFC system is integrated in a recuperated gas turbine to
replace the combustor. In the GT the remaining fuel is combusted and
the flue gas is expanded through the turbine to produce power. For
this reason, the SOFC system is pressurized in a directly coupled setup.
In an indirectly coupled system, such as the SSHS, the working fluids
of SOFC system and the bottoming cycle are separated and the excess
heat of the SOFC system is transferred to the bottoming cycle in heat
exchangers (see Fig. 2).

Table 1 gives a summary of selected studies reviewed by Buono-
mano et al. [9] categorized by reforming method and thermal coupling
of the power cycle. All systems use methane as fuel. It shows that high
2

efficiencies of well over 60% are possible. Since not all studies have
the same parameters such as the TIT and pressure ratio (PR), as well as
different approaches to modeling and underlying assumptions it is hard
to draw conclusions. However, some general remarks can be made.

It can be said that directly coupled hybrid systems have higher ef-
ficiencies and are less complex than indirectly coupled systems. Hence
most research focuses on this type. Control strategies however prove to
be difficult, making these systems unattractive for part-load operation.
Conversely, indirectly coupled systems are more complex and less
efficient but are more flexible in operation.

Finally it shows that having a more directly thermally coupled
reforming system, DIR over IIR over ER, leads to higher efficiencies.

A sCO2 Brayton cycle in combination with another high temperature
fuel cell, a molten carbonate fuel cell (MCFC), has been studied. Bae
et al. [19] conclude that the sCO2 cycle is a more efficient bottoming
cycle for the MCFC than an air Brayton cycle cycle. Various cycle
layouts have been studied as a bottoming cycle for a MCFC system. The
heat available from the MCFC is considered as a design constraint that
is not varied. Consequently, integration concepts of the two systems and
variation in the MCFC’s operation and its effect on the sCO2 Brayton
cycle are not studied.

Integration of a SOFC system and a sCO2 Brayton cycle has, to the
authors knowledge, not been studied yet. This is of key importance
in assessing this potentially efficient hybrid system and especially of
interest because SOFC developers are targeting lower operating tem-
peratures to avoid the use of exotic and expensive materials [8]. The
novelty of this work is that is studies the integration of these two
systems by defining parameters that affect the interaction between the
two systems, vary these parameters and analyze their effect on the key
performance characteristics of a SSHS.

To identify the key characteristics of a SSHS this work focuses on
the interaction between the two systems. Since both system have been
studied separately in other studies, it is outside of the scope of this study
to investigate the effects of parameters that only affect one of the two
systems.

The remainder of the paper is structured the following way:

– Section 2 describes the SSHS in more detail and discusses the
thermodynamic model.

– The electrochemical model is validated in Section 3.
– Different cases are studied in Section 4. These cases are chosen

to examine the effect of several design choices on the interaction
between the SOFC system and the sCO2 Brayton cycle.

– The paper ends with conclusions and recommendations in Sec-
tion 5.

2. Thermodynamic operation and model

The goal of this section is to explain the concepts of each system
separately and the integration between the two. Furthermore, the
thermodynamic model that is base for the case studies is discussed.

2.1. General assumptions

Before getting into the specifics of the two systems, the following
general assumptions are made for the thermodynamic model:

– All components are perfectly thermally insulated, therefore there
is no heat transfer with the environment

– Fluid properties are taken from Lemmon et al. [20] if tempera-
ture and pressure are within range of the database

– When temperature and pressure are out of range for Lemmon
et al. [20], the properties are determined by the GasMix method.
The GasMix method applies the ideal gas law and temperature
dependent specific heats

2 3
𝐶𝑃 = 𝐶1 + 𝐶2𝑇 + 𝐶3𝑇 + 𝐶4𝑇 (1)



Applied Energy 283 (2021) 115748S.I. Schöffer et al.
Table 1
Overview of selected studies reviewed by Buonomano et al. [9].

Reforming system SOFC hybrid setup TIT(◦C) Turbine PR Efficiencya

Calise et al. [10] DIR/Anode recirculation Direct 1250 7.8 67.5%

Chan et al. [11] DIR/Anode recirculation Direct 1193 4.58 62.2%

Chan et al. [12] DIR/HRSG Direct 948 3.71 61.9%

Song et al. [13] IIR/Anode recirculation Direct 840 2.9 60.2%

None 49%
Jia et al. [14] DIR/HRSG Direct 998 2.87 60.65%

Direct + Rankine cycle 965/340 2.83/254 60.40%

Yang et al. [15] IIR/Anode recirculation Direct 750–1150 3.5 42%–70%
ER/Anode recirculation 750–1150 3.5 32%–60%

Arsalis [16] DIR/Anode recirculation Direct + Rankine cycle 66%–74%

Park and Kim [17] IIR/Anode recirculation Direct 700–1350 3.5–10.5 55%–72%
Indirect air Brayton cycle 600–1050 3.5–10.5 47%–66%

Facchinetti et al. [18] ER/HRSG Anode couplingb 800/1200 2.4/2.3 66.0/68.0%
ER/HRSG Cathode couplingc 800/1200 5.0/5.5 63.8/65.5%

aElectric system efficiency.
bThe outlet of anode is connected to a compressor and turbine, the fuel cell operates at ambient pressure.
cThe outlet of cathode is connected to a compressor and turbine, the fuel cell operates at ambient pressure.
T

Constants are from Chase [21] and are valid from 300 to 5000K.
Switching in methods is done by calculating relative thermody-
namic properties, such as the enthalpy and entropy, for both
methods with the same temperature. In order to match the
thermodynamic values, the switch is done in temperature ranges
where both methods are valid.

– The fuel supplied to the SOFC system is pure methane
– Components are modeled by a lumped parameter approach
– A reference environment, standard air, is defined used. See

Eqs. (A.1)–(A.3) for more detail.

2.2. The solid oxide fuel cell system

Fig. 3 shows the key components of the SOFC system. Two main
processes take place in a SOFC system fed by methane. The reforming
and electrochemical process.

The amount of flue gas and its compisition are key in understandig
the thermodynamic coupling between the two systems. Therefore, tthe
operation of the SOFC system is modelled in detail as described in the
following sections.

2.2.1. Reforming process
Pure methane is fed to the SOFC system. However, this cannot be

converted to power by the SOFC. In order for the SOFC to work, it needs
hydrogen. Therefore, methane is converted to hydrogen or hydrogen
co-mixtures in the reformer and the fuel cell.

This process consists of two reactions, the strongly endothermic
methane steam reforming (MSR) reaction:

CH4 + H2O ⇆ CO + 3H2 (2)

And additional hydrogen is formed in the exothermic water-gas shift
(WGS) reaction:

CO + H2O ⇆ CO2 + H2 (3)

The MSR reaction only takes place in the presence of a catalyst around
the operating temperatures of 600 to 1000 ◦C. In case of an IIR setup,
the MSR reaction only takes place in the reformer. The WGS takes place
without a catalyst, so in case of an IIR setup in both the reformer and
anode [22].

As mentioned before, the reforming process is endothermic. Excess
heat from the fuel cell drives the process. In this paper, only IIR is
considered because of its high efficiency and the fact that it does not
suffer from problems typically associated with a DIR system, such as
carbon deposition and thermal management [23].
3

e

As can be seen, steam is required for this reactions to take place.
Steam can either be supplied by recirculating part of the exhaust of the
anode flow or by a separate HRSG attached to the outlet of the SOFC.
When recirculating part of the anode flow, steam produced in the anode
half reaction is supplied to the reformer. This paper only considers
anode recirculation since this is a simpler system, more efficient and
more common (Table 1).

In order to model the reforming process, the following assumptions
are made:

– The outlet of the reformer is the chemical equilibrium of the
MSR- and WGS reaction [22];

– The outlet of the anode is the chemical equilibrium of the WGS;
– The equilibrium constants are temperature dependent [24] (see

Table A.2);

log𝐾 = 𝐶1 + 𝐶2𝑇 + 𝐶3𝑇
2 + 𝐶4𝑇

3 + 𝐶5𝑇
4 (4)

– The reformer is at a constant temperature. This follows from the
lumped parameter approach;

– The steam to carbon ratio at the inlet of the reformer is 1.7 [22].

𝑆∕𝐶 =
�̇�H2O
𝑟𝑓 ,𝐸

�̇�CH4
𝑟𝑓 ,𝐸

(5)

2.2.2. Electrochemical operation
In the fuel cell itself, hydrogen is oxidized and reacts to water.

This electrochemical reaction consists of two half reactions, the anode-
and cathode half reactions. The electron that is formed in the anode
half reaction is not conducted by the electrolyte. It flows through an
external electrical circuit to the cathode where it reacts with the oxygen
in the air to oxygen ions.

The electrons flowing through the external electrical circuit sup-
ply power to an electrical load.1 The current is determined by the
amount of electrons that would flow through the electrical circuit if all
combustible products in the syngas, hydrogen, carbon monoxide and
oxygen, would be consumed and the fuel utilization ratio:

𝐼 = 𝑈𝑓 2𝐹 (�̇�H2
𝑟𝑓 ,𝐿 + 4�̇�CH4

𝑟𝑓 ,𝐿 + �̇�CO𝑟𝑓 ,𝐿) (6)

he fuel utilization ratio is assumed to be constant at 85% [25].

1 In this paper, the electrical load is an DC/AC converter which has an
fficiency of 97% [25].
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Fig. 3. SOFC system concept.
𝑚

The ideal potential is determined by the Nernst equation, Eq. (7)
[1].

𝐸𝑁 = −
𝛥𝐺0(𝑇𝐹𝐶 , 𝑃0)

2𝐹
+

�̄�𝑇𝐹𝐶
2𝐹

ln
𝑃H2

√

𝑃O2

𝑃H2O
(7)

The partial pressure of each component, used in the Nernst equa-
tion, is determined by Raoult’s law [26]. This law states that the partial
pressure of a component is proportional to its concentration.

Since a lumped parameter approach is applied, the temperature of
the SOFC, the current density and potential are constant across the fuel
cell.

The actual potential is not the ideal potential. Three mechanisms
cause losses: Ohmic-, concentration- and activation overpotential.

Concentration overpotential only becomes significant when the lim-
iting current density is approached [27]. It is assumed that the fuel cell
is operated far from this limiting current density. Therefore concentra-
tion overpotential is neglected.

Activation overpotential in high temperature fuel cells is very in-
significant [27] and therefore neglected.

Therefore, ohmic overpotential is the only loss considered to be
relevant. It is highly dependent on the geometry of the fuel cell and
its temperature. For stationary power production, ease of scaling up is
important. Therefore a cathode supported tubular model is chosen [28].
Table A.1 shows the dimensioning of the components. Since a tubular
model geometry is assumed the ohmic resistance is modeled by a
circular equivalent electrical circuit as depicted in Fig. 4.

Each ohmic resistance depends on the resistivity of the component,
surface and the path length of the electron (Eq. (8)) [29].

𝑅𝑘 =
𝛿𝑘𝜌𝑘

𝐴𝑘 (8)

The resistivity is temperature dependent (Eq. (9)) [30] (see Ta-
ble A.3).

𝜌𝑘 = 𝐶1 exp
𝐶2
𝑇𝐹𝐶

(9)

2.2.3. Mass and energy balance
Not all chemical energy in the fuel is converted to electricity. A

significant part is converted to heat. So the fuel cell has to be cooled.
However, it can’t be cooled with air of ambient temperature. The
fuel and air that enter the SOFC must be preheated to prevent large
temperature differences in the fuel cell. Large temperature differences
cause thermal stresses that will damage the fuel cell [1]. Consequently,
in order to cool the fuel cell, far more air than the stoichiometric ratio
is supplied to the cathode.

It is assumed that the entering temperature of both the anode and
cathode flow are equal, the temperature in the flows increases by 100 ◦C
and the temperature of SOFC is halfway between the entering and
leaving temperatures [31].
4

Fig. 4. Equivalent electrical circuit operation.

To determine how much air is needed to cool the fuel cell, the
energy balance of the fuel cell must be solved.

̇ 𝑎𝑛,𝐸ℎ𝑎𝑛,𝐸 + �̇�𝑐𝑎,𝐸ℎ𝑐𝑎,𝐸 = �̇�𝐹𝐶,𝑒 + �̇�𝑟𝑓 + �̇�𝑎𝑛,𝐿ℎ𝑎𝑛,𝐿 + �̇�𝑐𝑎,𝐿ℎ𝑐𝑎,𝐿 (10)

Furthermore, the mass balance must be solved. Specifically the mass
balance of the cathode.

𝑥O2
𝑎𝑖𝑟�̇�𝑎𝑖𝑟,𝑝𝑟𝑒,𝐿 + 𝑟𝑐𝑎𝑥

O2
𝑐𝑎,𝐿�̇�𝑐𝑎,𝐿 = 𝐼

4𝐹
+ 𝑥O2

𝑐𝑎,𝐿�̇�𝑐𝑎,𝐿 (11)

This is because oxygen from the cathode is transferred to the anode
and the fact that the oxygen concentration has an effect on the energy
balance of the fuel cell via its effect on the Nernst potential (see Eq. (7)).

2.3. The sCO2 brayton cycle

Two cycle setups are considered, the simple recuperative cycle and
the recompression cycle. The recompression cycle has received the most
attention for its relative simplicity and high efficiency [2,3,6,32–34].
Fig. 5 shows the simple recuperative cycle. In the simple recuperative
cycle, sCO2 is compressed from 80 bar, 32 ◦C (point 1) to 250 bar, 65 ◦C
(point 2). Heat is recovered from the low pressure (LP) flow in the
recuperator. This heats the high pressure (HP) flow from point 2 to
3 and cools down the LP flow from the outlet of the turbine (point 5)
to the inlet of the cooler (point 6). Finally, heat is added to the cycle,
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Fig. 5. Temperature-entropy diagram of the simple recuperative sCO2 cycle (𝛥𝑇ℎ𝑒𝑥 =
0 ◦C).

Fig. 6. Temperature - entropy diagram of the recompression sCO2 Brayton cycle
𝛥𝑇ℎ𝑒𝑥 = 10 ◦C).

ringing the temperature up to the TIT, limited by the material and
onstruction of the turbine, of 700 ◦C (point 4) [35].

In the recompression cycle, Fig. 6, part of the flow is compressed
t a higher temperature, adding a compressor (point 8 to point 3).
his also splits the recuperator into a low temperature (LT) recuperator
point 7, 8, 2 and 3) and a high temperature (HT) recuperator (point
, 7, 3 and 4). Consequently more heat can be recovered which raises
he temperature of point 4 compared to a simple recuperative cycle.
herefore, less heat is required to bring the same amount of sCO2
p to the TIT. When keeping the same TIT of 700 ◦C the mass flow
an increased. This increases the produced power by the turbine. The
dditional work of compressing sCO2 at a higher temperature partly
ff-sets this gain, but overall the efficiency increases.

Heat is supplied to the sCO2 Brayton cycle by integrating it with
he SOFC system and utilizing its waste heat. The operating conditions
f the turbomachinery define part of the boundary conditions for the
ntegration of the two systems. Section 2.4.1 covers the heat exchange
etween both systems.

Assumptions regarding the turbomachinery:

– The minimum pressure and temperature, the inlet of the com-
pressor, of the cycle is slightly above the critical point at 80 bar
and 32 ◦C to take maximum advantage from the reduced com-
pression work close to the critical point [2].

– A higher pressure and temperature at the inlet of the turbine
increase the efficiency of the cycle. The increase in efficiency of
a higher pressure becomes limited at a pressure of more than 250
bar [2]. Therefore the maximum pressure of the cycle is assumed
at 250 bar.
5

– The maximum temperature of the cycle is 700 ◦C. This corre-
sponds to the maximum TIT mentioned before [35].

– Isentropic efficiency of a compressor is 80% and assumed to be
constant for all operating conditions [36]

– Isentropic efficiency of a turbine is 90% and assumed to be
constant for all operating conditions [35]

– Efficiency of the generator is 95% and assumed to be constant
for all operating conditions [37]

– Mechanical losses in the shaft are assumed to be negligible.

It’s outside the scope of this work to study the effects of these
assumptions.

2.4. Thermodynamic coupling

2.4.1. Heat exchangers
Two types of heat exchangers are used. For the LP flows a common

shell and tube heat exchanger (STHE) is used [38]. The HP, HT flows
of the sCO2 require a different type of heat exchanger, a printed circuit
heat exchanger (PCHE). This is a compact and highly efficient heat
exchanger capable of operating at very high temperatures and pressures
(up to 1160K and 650 bar) [39,40].

The size of the heat exchangers is determined by Eq. (12) [41]. By
integrating this equation numerically, the non-constant specific heats
of the fluids are taken into account, which is specifically the case for
sCO2 near the critical point.

𝐴 = ∫

𝑋

0

𝑑�̇�
�̄� (𝑇𝐻 (𝑥) − 𝑇𝐶 (𝑥))

𝑑𝐿 (12)

ork on estimating the heat transfer coefficient of a PCHE has been
imited so far, is uncertain at best and only suitable for a sCO2 re-

cuperator [32,40,42]. The goal of this work is to compare different
setups with one another, not designing an actual system. It is therefore
outside the scope of this study to consider this in detail. Constant heat
transfer coefficients based on specifications of the manufacturer [39]
and literature [41,43] are used (see Table A.4).

The above equation is solved numerically. The more nodes are
used in the discretization, the more accurate the calculation will be.
Especially near the critical point this is important , since this is where
thermodynamic properties change the most. The effect of the number
of cells and the accuracy has been evaluated for a sCO2 cooler, most
near to the critical point. After 10 nodes the result converges. To be on
the safe side, 20 nodes are used in this work.

2.4.2. Balance of plant
Finally, some basic balance of plant (BoP) elements are modeled.
In the afterburner the mix of the anode and cathode exhaust is

combusted. Complete combustion of methane, carbon monoxide and
hydrogen is assumed.

To simplify the design process of a heat exchanger network, a
pressure drop is assumed that does not depend on the heat exchangers it
flows through. Instead, each flow, hot and cold, has an assumed relative
pressure drop. It’s outside the scope of this work to model pressure drop
more accurrately because it does not have a significant effect on the
integration of the two systems.

This pressure drop is linearly related to the change in enthalpy of a
flow. For example, a cold flow like the fuel that has to be preheated,
drops 50% of the specified pressure drop (50% of 2% in this case) when
50% of the required heat is added.

Furthermore, a relative pressure drop is assumed in the fuel cell,
reformer and afterburner. Mixing and splitting of flows is assumed to
cause no pressure drop (see Table 2).

3. Electrochemical model validation

This section discusses the validation of the electrochemical model
of the SOFC as described in Section 2.2. The results of this model of
the fuel cell are compared to other models found in research literature
in Section 3.1 and to experimental data in Section 3.2.
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Table 2
Pressure drop in different components.

Pressure drop (%)

Cold/Hot flows 2 [32]
Fuel cell/reformer 4 [37]
Afterburner 5 [37]
Mixing/splitting 0

Table 3
Comparison between the model and measured data.

800 ◦C 900 ◦C 1000 ◦C

Measured area specific
resistance (ASR) (Ωcm2)

1.673 0.9530 0.6342

Model ASR (Ωcm2) 1.416 0.925 0.656
Difference (%) −15.34 −2.89 +3.41

3.1. Comparison with literature

The model of this study is compared to other similar models. A
summary of the comparisons is given in Tables C.7–C.11.

In general, it can be concluded that the developed model in this
study performs well when compared to other works. Concentration
of components of the syngas do differ slightly in some comparisons
but not to such an extent that it is reason for concern. The small
differences can be explained by slightly different modeling approaches
and assumptions.

The overall performance of the cell differs very little in most com-
parisons. Compared to work from Campanari and Iora [29] the ohmic
overpotential is between 2.5 and 5% lower, the concentration of the
components in the syngas matches nearly perfectly but the power
density is around 7% higher.

Compared to work from Chan et al. [11], the efficiency is slightly
significantly higher. However, when compared to Asimptote [44] the
overall efficiency is slightly lower.

Compared to work from Aguiar et al. [45] and Aguiar et al. [46],
the concentration of the components in the syngas does deviate but the
overall efficiency of the fuel cell matches well.

These differences are not considered significant enough to adjust the
model.

3.2. Comparison with experimental data

The results of the model are compared to measured data from a
typical tubular SOFC [47]. The ASR is compared as a function of
temperature.2 Table 3 shows that the model has a higher voltage than
the test data does. One reason is that the model neglects activation
and concentration losses. Another is that in case of 800 and 900 ◦C,
the ohmic resistance is modeled lower than it is in the test.

A reason for this deviation is that in reality the temperature of the
fuel cell itself is probably not constant. This causes the ohmic resistance
to vary along the cells length. In the model, the ohmic resistance is
approached by assuming an average stack temperature. Finally, the
temperature dependence of the specific resistivity of the components
is an approximation as well.

The difference between the model and tested data is in some cases
quite significant. However, these deviations can be explained (at least
partly). The comparison does confirm however that the model shows a
performance in the same order of magnitude. In combination with the
fact that the model performs comparable to other models in research
literature there is enough reason to validate the model for its purpose.

2 The ASR of the test data is an approximation based on the test data.
6

4. Case studies

Four different cases of the SSHS are considered in this paper (and
a directly coupled GT as reference). Each case is chosen to analyze a
specific concept.

Firstly, a base case is defined, case I, Section 4.1. This layout is the
SSHS in its simplest form. A simple recuperative sCO2 Brayton cycle is
oupled to the SOFC system with one heat exchanger. The other three
ases in this paper are chosen to illustrate the effect of several design
arameters. Each case, except case V, is more efficient than the last but
lso more complex, demonstrating the trade-offs of a SSHS.

– Case II, Section 4.2, introduces the concept of cathode recircula-
tion. This new design parameter is studied and an optimal case
is defined.

– Case III, Section 4.3, discusses the pro’s and cons of a pinch point
optimization by applying this to case II.3

– Case IV, Section 4.4, explores what effect having a recompres-
sion cycle in stead of a simple recuperative cycle has on the
SSHS. When introducing the recompression cycle, the minimal
temperature difference in the heat exchangers has an effect on
the pinch temperature and therefore the design of the heat
exchanger network.

– Finally, case V, Section 4.5, briefly discusses a hybrid system
with a directly coupled GT to the SOFC system for comparison.

hese cases are highlights chosen from a more extensive case study
nalysis by Schöffer et al. [48].

This section ends with a comparison between the cases is in Sec-
ion 4.6.

Part of the operating conditions and characteristics are the same for
ach case:

– All setups are considered for a fuel feed of pure methane,
1mol s−1

– The current density. This results in a same number of cells for
each setup as well.

– In all setups the operating temperature of the SOFC is at
836.85 ◦C. Therefore, since it is assumed that the in- and outlet
temperature of the SOFC are 50 ◦C lower and higher than its
operating temperature, the outlet temperature equals the max-
imum operating temperature of the PCHE (1160K/886.85 ◦C).
This is done to take advantage of the decreasing ohmic resistance
with increasing temperature as much as possible. This outweighs
the reduction of the Nernst voltage as a consequence of a
higher temperature and therefore has a positive effect on the
performance of the SOFC. It is also because of this that the
afterburner is placed downstream of the afterburner. This cools
down the flue gas before increasing it again to the maximum
temperature.

Figs. 8, 9, 11, 17 and 18 schematically show the heat exchanger
network of different cases. In these figures, the process streams that
need to be heated are the blue arrows from right to left. The streams
that need to be cooled are the red arrows from left to right. These
streams are connected by heat exchangers which are marked by a tag
as well. Heat is rejected to the environment by exhausting flue gas or
cooling sCO2 with water. For example, in Fig. 8 heat exchanger A1
transfers heat from the hot flue gas to the cold air. And heat exchanger
C1 cools the sCO2 by rejecting it to the environment (via cooling water).

3 A simple example of a pinch analysis can be found in Appendix B.
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Fig. 7. PFD (Case I: Base case (purple (f) = fuel (methane), blue (a) = air, green (c) = sCO2, red (fg) = flue gas, dashed blue (w) is cooling water)). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
Table 4
Key performance data (Case I: Base case, 𝛥𝑇ℎ𝑒𝑥 = 10 ◦C).

Fuel cell power 380 kW
Generator power 155 kW
Auxiliary power consumption 53 kW
Net AC system power 482 kW
LHV AC efficiency 60.01%

Thermodynamic cycle efficiency 43.16%
sCO2 cycle flow 26.1mol s−1

Total PCHE area 29m2

Total STHE area 8109m2

Number of heat exchangers 5

4.1. Case i: Base case

To establish a base line, the most simple setup is considered first.
The excess heat of the SOFC system is transfered by one heat exchanger
to the sCO2 cycle. Fig. 7 shows that the exhaust gas of the anode that
is not recirculated mixes with the exhaust of the cathode and is used
to supply heat to the sCO2 cycle.

After this, the flue gas is combusted in the afterburner. It is not
combusted right after the SOFC because this would increase the tem-
perature to above the design temperature of the PCHE.

The temperature at point fg2 is chosen in such a way the tempera-
ture at point fg3 and fg4 is slightly higher than point a3.

𝑇𝑎𝑓𝑡,𝐿 = 𝑇𝑐𝑎,𝐸 + 𝛥𝑇ℎ𝑒𝑥,𝑚𝑖𝑛 (13)

The temperature difference in a heat exchanger is a trade-off between
efficiency and costs. An optimum is commonly found between 10 and
30 ◦C [38]. In this case, 10 ◦C is assumed to assess the most efficient
system within this range. A higher temperature will decrease the size of
heat exchangers and efficieny but not the integration of the two systems
qualitatively. Table 4 shows the key characteristics of case I and Table 7
shows the key performance data for this and all other cases.

The advantage of this case is its relative simplicity. The drawbacks
are the fact that not all excess heat is transferred to the power cycle
and the large air preheater (STHE A1 in Fig. 8) due to the relatively
low temperature difference (driving force). Furthermore, the heat that
7

is transferred to the cycle can be converted to power more efficiently
by applying a recompression cycle. These three issues will each be
addressed in the following three cases.

4.2. Case II: Cathode recirculation

In order to decrease the size of the air preheaters the exhaust of the
cathode can be recirculated. Before mixing the exhaust of the cathode
with that of the anode, the outlet of the cathode is split. Part of the
exhaust is mixed with the outlet of the air preheater. Fig. 3 shows
this schematically. The PFD in Fig. D.3 shows that compared to case
I, the outlet of the cathode is split, an air mixer downstream of the air
preheater is added and a fan upstream of this mixer. However, as Fig. 8
shows, the design of the heat exchanger network remains the same. It
is only the temperatures of the inlet of the air mixer and the in- and
outlet of the afterburner and the mass flows that change.

This has effect on several performance characteristics.
Firstly, since the mass flow in the air preheater (A1) and the

outlet temperature decrease, the heat exchanger becomes significantly
smaller, see Fig. 9. The total size of the PCHE increases because the inlet
temperature of the afterburner increases and therefore the temperature
difference at the LT end of the heater (H1) decreases.

Furthermore, more heat is transfered to the sCO2 Brayton cycle. This
can be understood by the fact that more heat is transfered to the air
flow directly which leads to more available excess heat. This is reflected
in the increasing mass flow in the sCO2 cycle. This also increases the
overall efficiency. The increasing mass flow in the sCO2 cycle increases
the power produced by the generator (the other operating conditions
remain constant) and the performance of the SOFC is only slightly
effected. This is because of the high equivalence ratio that limits the
decrease of the oxygen concentration, as well as the limited effect of
the oxygen concentration on the Nernst voltage.

Overall, cathode recirculation ratio has a positive effect. Recircu-
lating more cathodic air has a positive effect up to a certain point.
The limiting factor is maintaining a minimal temperature difference
in the fuel preheater. For a minimal temperature difference of 10 ◦C
this limit is at a recirculation ratio of 67.39%. Increasing the cathode
recirculation ratio more will decrease the outlet temperature of the
afterburner to such an extent that the minimal temperature difference
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Fig. 8. Heat exchanger network (Case I and II, 𝛥𝑇ℎ𝑒𝑥 = 10 ◦C; temperatures apply to case I/II).
Fig. 9. Heat exchanger area (Case II: Cathode recirculation, 𝛥𝑇ℎ𝑒𝑥 = 10 ◦C). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

in the fuel preheater is not maintained. Table 7 shows the specifics for
these design parameters.

4.3. Case III: Pinch point optimization

In order to maximize the amount of heat that is transfered to the
sCO2 Brayton cycle and minimize the waste of heat a pinch point
optimization is applied.

To apply a pinch point optimization in this case means to take a step
back in the design process. First, the effect of the cathode recirculation
ratio on the pinch temperature is considered. Fig. 10 shows that the
pinch temperature either corresponds to the interval temperature of the
outlet of the compressor or to the turbine outlet temperature (TOT). In
8

Fig. 10. Relation between the cathode recirculation ratio and pinch temperature (case
III: Pinch point optimization, numbered temperatures refer to Fig. 5).

the latter case, at a cathode recirculation ratio of 85.05% or higher,
less heat is transfered to the sCO2 Brayton cycle and the SSHS is less
efficient. It is found that this behavior of the pinch temperature is not
affected by the minimal temperature difference, therefore a minimal
temperature difference of 10 ◦C is assumed as before.

Next, consider the effect of the cathode recirculation ratio. It has
an effect on the design of the heat exchanger network. Table 5 divides
this case into 4 sub-cases based on the design of the heat exchanger
network. Fig. 11 shows the different designs for sub-case A to C, up to
the recirculation ratio where the pinch temperature jumps.

Firstly, consider sub-case B compared to case I and II. By applying
a pinch optimization, more heat is transfered to the sCO2 cycle, espe-
cially more LT heat from the flue gas. This does however require two
Fig. 11. Heat exchanger networks (case III: Pinch point optimization, 𝛥𝑇ℎ𝑒𝑥 = 10 ◦C, 0% ≤ 𝑟𝑐𝑎 ≤ 85.04%; heat exchanger A0 (yellow) only applies to sub-case III.A, heat exchangers
F2 and A2 (pink) only apply to sub-case III.C, the exhaust in green only applies to sub-case III.A and III.B; temperatures apply to a recirculation ratio of 50/74.86/80%). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 5
Division of heat exchanger network designs (Case III, 𝛥𝑇ℎ𝑒𝑥 = 10 ◦C).

Sub-case Cathode recirculation
ratio (%)

Number of heat
exchangers

A 0–73.49 8
B 73.50–74.86 7
C 74.87–85.04 9
D 85.05–87.30 7

Fig. 12. Power as fraction of LHV of methane (Case III: Cathode recirculation ratio,
𝑇ℎ𝑒𝑥 = 10 ◦C; From top to bottom: Net system AC power, SOFC power, generator power
nd auxiliary consumption, division between sub-cases marked by dashed lined).

Fig. 13. Effect of the cathode recirculation ratio on the area of the heat exchangers
(case III: Cathode recirculation, 𝛥𝑇ℎ𝑒𝑥 = 10 ◦C; division between sub-cases marked by
dashed lined.

additional heaters and the LT sCO2 flow has to be split before entering
the recuperator.

Sub-case B only applies to a small cathode recirculation ratio range.
Decreasing the recirculation ratio from sub-case B to sub-case A in-
creases the inlet temperature of the air mixer (𝑇𝑚𝑖𝑥,𝐸). Therefore more
HT heat is required to preheat the air feed, which is supplied through
and additional heat exchanger, A0, sub-case A.

Increasing the recirculation ratio from sub-case B to sub-case C
increases the water content in the flue gas to such an extent that
condensation would occur in the air (A1) and fuel (F1) preheater. To
avoid this, two additional heaters, one for each, are added to increase
the outlet temperature of the flue gas.

Sub-case D has, as mentioned before, a higher pinch temperature
and therefore a different heat exchanger network as well. The efficiency
however is considerably lower than sub-case A to C. See Fig. D.4 for the
heat exchanger network.

Fig. 12 shows that, similar to case II: Cathode recirculation, the
efficiency increases when increasing the cathode recirculation ratio.
This is true up to case D, where the pinch temperature jumps so that
it corresponds to the TOT. At this point the efficiency decreases. From
this it follows that the upper limit of sub-case C is the most efficient.

Fig. 13 shows that the area of the STHE decreases as the cathode
recirculation ratio increases, similar to case II. The area of the PCHE
starts to increase from sub-case B and decrease again from sub-case D.
9

Fig. 14. Relation between the minimum temperature difference and pinch temperature
(Case IV, 𝑟𝑐𝑎 = 0%, numbered temperatures refer to Fig. 6).

Table 6
Division of heat exchanger network designs (Case IV: Recompression
cycle, 𝛥𝑇ℎ𝑒𝑥 = 15 ◦C).

Sub-case Cathode recirculation
ratio (%)

Number of heat
exchangers

A 0–63.76 10
B 63.77–69.63 9
C 69.64–75.93 10
D 75.94–82.41 9
E 82.42–87.30 8

Even though the upper limit of sub-case C is the most efficient,
the two additional heat exchangers compared to sub-case B and the
increased PCHE area don’t seem to be worth it. Therefore, sub-case B
is considered the best of case III and is the only one to be considered
further in this paper. More specifically, the upper limit of sub-case B, a
recirculation ratio of 74.86%. See Fig. D.5 for a detailed heat exchanger
network of this case.

4.4. Case IV: Recompression cycle

Before considering the recompression cycle in combination with
cathode recirculation, the effect of only the recompression cycle is con-
sidered. Fig. 14 shows the effect of the minimal temperature difference
in the heat exchanger network on the pinch temperature. In case of
a low minimal temperature differences, the pinch temperature is not
directly related to the in- or outlet temperature of one the hot or cold
streams. Around 10 ◦C the pinch temperatures jumps and aligns with
the outlet temperature of the HT compressor.

This difference in pinch temperature has an effect on the design
of the heat exchanger network. Fig. 17 shows the two heat exchanger
networks that follow from this. Case IV.2 is more efficient, since the
minimal temperature difference is lower, 10 ◦C, but also more complex.
It has one more heat exchanger than case IV.1 (15 ◦C) and it has a more
complex setup in preheating the large airflow. Therefore, case IV.1 is
considered the better setup and the effect of cathode recirculation in
combination with a recompression cycle is examined for a minimal
temperature difference of 15 ◦C.

Similar to case III, the pinch temperature remains constant up to
a certain point, 75.93% in this case. Table 6 shows the five sub-
cases which have a qualitatively different design of the heat exchanger
network. Fig. 18 shows the different heat exchanger networks for sub-
case A to C. Sub-case D and E are not further considered in this because
of their much lower efficiencies (see Fig. 15).

Sub-case IV.A has the same design as when no cathode recirculation
is applied. This is possible up to a recirculation ratio of 63.77%, at this
point the temperatures in the heat exchangers have changed in such a
way that it is possible to cut out one fuel preheater (F0) from the design

and just use one fuel preheater, sub-case IV.B.
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Fig. 15. SSHS efficiency (case IV, 𝛥𝑇ℎ𝑒𝑥 = 15 ◦C).

Fig. 16. Effect of the cathode recirculation ratio (Case IV, 𝛥𝑇ℎ𝑒𝑥 = 15 ◦C)).

The upper limit of sub-case IV.B (69.63%) is reached when the tem-
erature difference at the LT end of heat exchanger H3 has decreased
o the imposed 15 ◦C.

Sub-case IV.C solves this problem by adding a heat exchanger (heat
xchanger H2.5 on Fig. 18), which makes the system more efficient
ut also significantly more complex. Sub-case IV.C is possible up to the
oint where the pinch jumps. Fig. 15 that Case IV.C has the highest
fficiency. However, as Fig. 18 shows, the heat exchanger network
esign is more complex compared to case IV.B, which has the second
ighest efficiency.

Fig. 16 shows that, similar to the other cases, the total area of
he STHE significantly decreases if more cathodic air is recirculated.
he area of the PCHE increases as the temperature difference become
maller. A significant reduction in the area of both types of heat
xchangers is observed when the pinch jumps (75.93%).

The combination of increased efficiency, reduced area of STHEs and
limited increase of the area of the PCHEs makes the upper limit of

ub-case IV.B, a recirculation ratio of 69.63%, the most favorable setup.
eferences to case IV in other sections of this paper are to sub-case

V.B specifically unless mentioned otherwise. See Fig. D.6 for the heat
xchanger network.

Table 7 shows that this case has the highest efficiency of all even
hough the minimal temperature difference is higher than in other
ases. Furthermore the total area of the STHEs is the second lowest.

However, the total area of the PCHE is more than double as high as
he second highest and the this case has the most heat exchangers.

.5. Case V: Directly coupled GT

As mentioned in Section 1, a setup with a directly coupled GT is
onsidered as well for comparison. Table 1 shows different studies of
irectly coupled GT setups and varying efficiencies. In order to make
fair comparison, a directly coupled GT is studied under the same

perating conditions and assumptions as the SSHS. That means that the
sentropic efficiency of the turbomachinery is the same in both cases.
10
n additional parameter, the GT pressure ratio is required. From Yang
t al. [15] a pressure ratio of 3.5 is chosen.

Fig. D.7 shows the PFD of the directly coupled GT system. Part of the
athodic air has to be recirculated in order to increase the TOT above
he outlet temperature of the air feed. The cathode recirculation ratio is
hosen in such a way that the temperature difference at HT end of the
ir preheater is the imposed minimal temperature difference of 10 ◦C.

Table 7 shows that the net power produced by this system is very
similar to that of case II and III. The PCHEs are not necessary in this
system and the total area of STHEs is similar to case II.

Further analysis of this setup is outside of the scope of this study.
It only serves as a reference case to compare the different SOFC-sCO2
Brayton cycle hybrid system setups.

4.6. Comparison

All cases are compared on their efficiency, number of heat exchang-
ers and heat exchanger area of both types, PCHE and STHE. Three
effects are compared. Firstly, the effect of recirculating cathodic air,
case II, is compared to the basic SOFC setup, case I. Secondly, the
effect of a pinch point optimization by comparing case II to III. Thirdly,
the performance of the simple recuperative cycle is compared to the
recompression cycle by comparing case III and IV. Finally, case II, III
and IV are compared to the directly coupled GT setup, case V.

Firstly, consider case I and II to assess the effect of recirculating
cathodic air.

Cathode recirculation, case II, increases the performance of the
system. Firstly because more heat can be transferred to the sCO2
Brayton cycle. The reduction of the oxygen concentration in the fuel
cell is limited and the performance of the fuel cell is only very slightly
affected. Therefore cathode recirculation increases the efficiency of the
total system quite significantly. Furthermore, the air preheater becomes
significantly smaller. However, recirculating cathodic air does require
the outlet flow of the cathode to be split and mixed. This requires a high
temperature blower and large mixer, complicating the system. The total
area of PCHE is hardly affected.

Secondly, consider case II and III as a comparison of a pinch point
optimization.

The efficiency is slightly lower when a simpler design approach
(case II) is applied because less heat is transfered to the sCO2 Brayton
cycle. In the simpler approach, case II, two less heater exchangers are
required for transferring heat to the sCO2. This results in a considerably
simpler design. The total area of the PCHEs is smaller in case II because
less heat is transfered to the sCO2 and the driving force in the heaters
is also larger. However, the total size of the STHEs is more than double
that of case III. In case II, the temperature difference at the HT end of
the air preheater is only 10 ◦C, compared to 100 ◦C in the design of case
III. This much smaller driving force, combined with the large heat duty
required to preheat the air, leads to a much larger total area of STHEs.

This shows that designing a heat exchanger network along a pinch
point optimization instead of a simple approach does not only improve
efficiency, albeit slightly, but it also greatly reduces the size of the heat
exchangers. The increased complexity of the system seems to be worth
it, considering the general improvement of the system.

Thirdly, consider case III and IV as a comparison between the simple
recuperative cycle, case III, and the recompression cycle, case IV.

The recompression cycle converts heat more efficiently into work,
therefore the efficiency of the system also increases. This is still the case
even though the minimal temperature difference in IV (15 ◦C) is higher
than in case II (10 ◦C). An additional recuperator is necessary in the
recompression cycle, increasing the area of the PCHEs. Furthermore,
the higher pinch temperature linked to the outlet of high temperature
compressor (HTC) (Fig. 14) makes it that an additional air preheater is
required. These two effects increase the total number of heat exchang-
ers by two. The higher pinch temperature also reduces the driving force

in the air preheaters, resulting in a larger area of STHEs even though
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Fig. 17. Heat exchanger networks (Case IV: Recompression cycle, 𝑟𝑐𝑎 = 0%; heat exchangers R1 and F0 (yellow) only apply to sub-case IV.1 (𝛥𝑇ℎ𝑒𝑥 = 15 ◦C), heat exchangers H0,
A0 and A3 (pink) only apply to sub-case IV.2 (𝛥𝑇ℎ𝑒𝑥 = 10 ◦C; temperatures apply to case IV.1/IV.2). (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
Fig. 18. Heat exchanger networks (Case IV: Recompression cycle, 𝛥𝑇ℎ𝑒𝑥 = 15 ◦C, 0% ≤ 𝑟𝑐𝑎 ≤ %75.93; yellow applies to sub-case IV.A and IV.B, heat exchanger A0 (pink) only applies
to sub-case IV.A and heat exchanger H2.5 (green) only to sub-case IV.C; temperatures apply to a recirculation ratio of 50/69.63/72.5%). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
the recirculation ratio is higher, and thus the heat duty is lower, in case
IV compared to case III.

So, a recompression cycle does not only have an effect on the
equipment of the sCO2 Brayton cycle itself, it also complicates and
increases the size of the heat exchangers of the SSHS. The efficiency of
the SSHS is increased, but not by as much as when the sCO2 operates
as a standalone system. After all, most power is still produced by the
SOFC system and the efficiency of the sCO2 Brayton cycle only has an
effect on the conversion of the excess heat to power.

Finally, a comparison is made with the directly coupled GT.

Table 7 shows that all cases, except case I, of the SSHS have a similar
efficiency compared to the directly coupled GT. However, this comes
at a price. The total number of heat exchangers increases significantly
and a PCHE is necessary.
11
5. Conclusions and recommendations

5.1. Conclusions

This study has explored several design concepts of a solid oxide
fuel cell- supercritical carbon dioxide Brayton cycle hybrid system.
All concepts show efficiencies in the same range, but differ quite
significantly in the design and total size of the heat exchanger network.
Designing a solid oxide fuel cell- supercritical carbon dioxide Brayton
cycle hybrid system is not simply a matter of picking the setup with the
highest efficiency. It is a trade off between system complexity, size of
the heat exchangers and system efficiency.

Designing a solid oxide fuel cell- supercritical carbon dioxide Bray-
ton cycle hybrid system along the line of a pinch point optimization
or a simpler approach illustrates this trade off. A pinch point opti-
mization increases the efficiency but also the complexity of the system.
With more knowledge of practical operation and components cost an
optimized design can be found.
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Table 7
Comparison of considered cases.

Case

I: Base II: Cathode
recirculation

III: Pinch
analysis

IV: Recompression
cycle

V: Directly
coupled GT

Power (kW)

Fuel cell 380 377 375 376 372
Generator 155 185 189 212 186
Auxiliary consumption 53 54 54 54 39
Net system AC 482 507 510 534 519
LHV AC efficiency (%) 60.01 63.20 63.52 66.58 64.75

sCO2 Brayton cycle

Efficiency (%) 43.16 43.16 43.16 49.68 –
Mass flow (mol s−1) 26.1 31.1 31.8 41.4 –

PCHE areas (m2)

PCHE H1 3.0 8.4 3.1 7.8 –
PCHE H2 – – 4.3 1.0 –
PCHE H3 – – 1.0 10.0 –
PCHE R1 15.2 18.1 22.7 22.2 –
PCHE R2 – – – 47.4 –
PCHE C1 11.2 13.4 13.7 11.3 –
Total 29.4 39.9 44.8 99.7 –

STHE areas (m2)

STHE A1 8090 2430 488 428 2759
STHE A2 – – – 317 –
STHE F1 19 80 20 47 34
Total 8109 2510 508 792 2793
Total amount of hex 5 5 7 9 2
The differences between the cases are mainly in the design of the
eat exchanger network and size of the heat exchangers, less in their
fficiency. The recompression cycle clearly demonstrates this. Applying
t does not only add a recuperator and compressor to the system,
t complicates the solid oxide fuel cell- supercritical carbon dioxide
rayton cycle hybrid system as a whole.

Cathode recirculation clearly is preferable from a thermodynamic
oint of view as well from the point of view of the number and
ize of heat exchangers. However, it does require a blower at high
emperatures and a large mixer.

Depending on which design criteria are most important, one of the
olllowing setups should be considered. For the highest efficiency, a
ecompression cycle in combination with a pinch point optimzation is
he best option. For the smallest heat exchangers, a simple recuperative
ycle in combination with a pinch point optimization is the best. For
relatively simple system, a simple recuperative cycle without a pinch
oint optimization is the best option.

Compared to a more simple, directly coupled gas turbine, the
olid oxide fuel cell- supercritical carbon dioxide Brayton cycle hybrid
ystem:

– Shows similar efficiencies. Keeping in mind that the case for the
directly coupled gas turbine is not optimized;

– Is potentially easier to operate.

For an indirectly coupled system, such as the solid oxide fuel
ell- supercritical carbon dioxide Brayton cycle hybrid system, this is
emarkable since these systems are generally less efficient than directly
oupled systems. If it is indeed easier to operate is not clear yet. The
igh operating pressures of the supercritical carbon dioxide Brayton
ycle, the not so straightforward design of the heat exchanger network,
he required mixers and necessary high temperature blowers involved
ake it hard to judge at this point.

.2. Recommendations

Since the main potential of this system is its potential ease of
peration compared to a directly coupled system, this is what future
12

esearch and practice should be focused on. Practical feasibility of
cathode recirculation and off-design operation should be investigated in
order to determine if a solid oxide fuel cell- supercritical carbon dioxide
Brayton cycle hybrid system has a future.

Off-design operation is especially important when taking into con-
sideration that increased production by renewable energy sources re-
quires more flexibility from other sources. Therefore it is important to
analyze the turbomachinery in part-load operation, thermal manage-
ment of the fuel cell and the possibility to easily start and stop the
system completely.

Also, it seems likely that a lower operating temperature of the
solid oxide fuel cell will benefit the integration of the two systems.
In this study, the flue gas is first cooled down before the temperature
is increased again in the afterburner so that it doesn’t exceed the
maximum temperature of the heat exchangers. Lowering the outlet
temperature of the solid oxide fuel cell would eliminate this extra step
and fits well with the development towards lower temperature solid
oxide fuel cell’s.

Furthermore, all components in this system, the solid oxide fuel cell,
the supercritical carbon dioxide turbomachinery and the printed circuit
heat exchanger, are all relatively undeveloped and expensive technolo-
gies. The potential advantages of this system might not outweigh the
probable high costs. A cost estimation would therefore be valuable.

Finally, the operating conditions of the simple recupartive cycle and
recompression cycle are constant in this work. A sensitivity analysis on
these conditions is recommended to fully understand the integration
between the two systems.
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Appendix A. Additional data and equations for thermodynamic
model

𝑇 = 298.15K (A.1)
0
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Table A.1
Component sizes of a tubular cell.

Cell length 150 cm [27]
Cell outer diameter 2.2 cm [27]
Cathode thickness 2 mm [27]
Electrolyte thickness 40 μm [27]
Anode thickness 150 μm [27]
Interconnection thickness 100 μm [27]
Interconnection angle 30◦ [30]

Table A.2
Constants for Eq. (4) [24].

MSR reaction WGS reaction

𝐶1 1.950 28 × 10−1 −3.915 × 10−2

𝐶2 −2.252 32 × 10−4 4.637 42 × 10−5

𝐶3 1.240 65 × 10−7 −2.574 79 × 10−8

𝐶4 −2.631 21 × 10−11 5.473 01 × 10−12

𝐶5 -66.1395 13.2097

Table A.3
Constants for Eq. (9) [30].

𝐶1 (Ωcm) 𝐶2 (K)

Anode 2.98 × 10−3 -1392
Cathode 8.114 × 10−3 600
Electrolyte 2.94 × 10−3 10350
Interconnect 1.256 × 10−1 4690

Table A.4
Estimated overall heat transfer coefficients.

�̄� (Wm−2 K−1)

PCHE recuperator (sCO2 to sCO2) 754
PCHE heater (flue gas to sCO2) 500
PCHE cooler (sCO2 to water) 7000
STHE gas to gas 20
STHE gas to water 30

𝑃0 = 1.013 25 bar (A.2)

[𝑥N2
0 , 𝑥O2

0 , 𝑥H2O
0 , 𝑥CO2

0 ] = [0.7649, 0.2035, 0.0313, 0.0003] (A.3)

Appendix B. Example of a pinch analysis

The example in this section is taken from Kemp [49].
This example considers four stream, two hot and two cold, with

a constant heat capacity are considered. A minimal temperature dif-
ference of 10 ◦C is imposed. Table B.5 shows the streams and their
specifics. Besides the actual temperature of the streams, an interval
temperature of each stream is defined. For hot stream this is the actual
temperature minus half of the minimum temperature difference, for
cold stream half of the minimum temperature difference is added to the
actual temperature. This is done to define intervals in which stream are
able to exchange heat with one another.

Next, the problem is split into intervals based on the interval
emperatures of each stream. For each interval a net enthalpy change is
etermined. This is positive in the case that the heat supplied by cooling
own the hot streams is greater than the heat required by the cold
tream in that specific interval. Excess heat from higher temperature
ntervals can be transfered to lower temperature intervals. Adding this
xcess heat produces the fourth column in Table B.6. The interval from
40 to 85 ◦C still has a deficit of 20 kW, making the system infeasible. In
rder to make the system feasible, a hot utility of 20 kW must be added

to the system, column 5. This produces a surplus of energy in every
interval except one, which is where the pinch is, 85 ◦C in this case. The
urplus in the lowest interval represents cooling that must be supplied
y an external source.

The resulting pinch diagram of the system, Fig. B.1, illustrates the
hanging heat capacities at the interval temperatures and the pinch
13
temperature, where the imposed minimal temperature difference of
10 ◦C applies. The cold and hot utility are the horizontal difference
between the hot and cold temperature-enthalpy curves.

The system can now split in two, one subsystem above the pinch
and one below, Fig. B.2. From this picture the hot need for a hot and
cold utility can be confirmed as well. A pinch analysis does not lead to
a design of a heat exchanger network. It does however provide a very
useful starting point for a design. It minimizes the need for hot and cold
utilities, thus maximizing thermodynamic efficiency. The choice of the
minimal temperature difference is a trade off between thermodynamic
efficiency and size of the heat exchangers/cost.

Contrary to this example, the problems analyzed in this work differ
on a few points. Firstly, the streams do not have constant heat capaci-
ties. As a consequence, the pinch temperature does not always coincide
with an interval where a flow is begins or ends as is the case for
constant heat capacities. Therefore, the problem should be evaluated
at a more regular temperature interval than only the shifted in- and
outlet temperature of each stream.

Secondly, the mass flow through the sCO2 Brayton is an unknown
variable in the problem that is to be solved by the pinch analysis. The
same principles apply, but the analysis must be done in a different order
of steps.

Finally, in order to solve the problem with this unknown variable,
an additional constraint must be imposed. No external heat utility is
possible.

Appendix C. Additional data for model validation

See Tables C.7–C.11.

Appendix D. Additional data for case studies

See Figs. D.3–D.7.

Appendix E. Acronyms

SOFC Solid Oxide Fuel Cell

MSR Methane Steam Reforming

WGS Water-Gas Shift

sCO2 Supercritical Carbon Dioxide

IIR Indirect Internal Reforming

DIR Direct Internal Reforming

PCHE Printed Circuit Heat Exchanger

ASR Area Specific Resistance

LHV Lower Heating Value

HHV Higher Heating Value

MCFC Molten Carbonate Fuel Cell

LMTD Logarithmic Mean Temperature Difference

GT Gas Turbine

CHP Combined Heat and Power

CSP Concentrated Solar Power

TIT Turbine Inlet Temperature

HRSG Heat Recovery Steam Generator
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Fig. B.1. Pinch diagram (pinch analysis example).

Fig. B.2. Heat flows (pinch analysis example).

Fig. D.3. PFD (Case II: Cathode recirculation).
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Fig. D.4. Heat exchanger network (case III.D: Cathode recirculation ratio, 𝛥𝑇ℎ𝑒𝑥 = 10 ◦C, 𝑟𝑐𝑎 = 86%).
ER External Reforming

ORC Organic Rankine Cycle

PR Pressure Ratio

BoP Balance of Plant

DC Direct Current

AC Alternating Current

LP Low Pressure

HP High Pressure

TOT Turbine Outlet Temperature
15
STHE Shell and Tube Heat Exchanger

ST Steam Turbine

LTC Low temperature compressor

HTC High Temperature Compressor

LTR Low Temperature Recuperator

HTR High Temperature Recuperator

PFD Process Flow Diagram

HT High Temperature

LT Low Temperature
Table B.5
Stream data (pinch analysis example).

Stream 𝐶𝑃 (kW∕◦Celsius) Actual temperature (◦C) Interval temperature (◦C)

Inlet Outlet Inlet Outlet

1 (hot) 3 170 60 165 55
2 (hot) 1.5 150 30 145 25
3 (cold) 2 20 135 25 140
4 (cold) 4 80 140 85 145
Table B.6
Interval data (pinch analysis example).

Interval temperature
(◦C)

Streams 𝛥𝐻 𝑖𝑛𝑡 (kW) 𝛴𝛥𝐻 𝑖𝑛𝑡 (kJ) Shifted 𝛴𝛥𝐻 𝑖𝑛𝑡 (kJ)

165 +20
145 1 +60 +60 +80
140 1+2–4 +2.5 +62.5 +82.5
85 1+2-3–4 −82.5 −20 0
55 1+2–3 +75 +55 +75
25 2–3 −15 +40 +60



Applied Energy 283 (2021) 115748S.I. Schöffer et al.
Table C.7
Comparison with Campanari and Iora [29].
Input (𝑇𝐹𝐶 (◦C)/𝑖(Am−2)) Output (Ohmic overpotential (mV))

Campanari and Iora This study Difference (%)
706/1635 169 164.5 −2.48
754/2135 178 173.7 −2.54
836/2321 161 152.8 −4.92
891/2099 132 127.7 −3.06
939/1481 89 86.1 −3.70

Input Output

Campanari and Iora This study Difference (%)

Operating pressure, anode- inlet
flow composition and outlet
temperature and fuel utilization
ratio

𝑥CH4
𝑎𝑛,𝐿 = 0.00 0.00 0.00

𝑥H2O
𝑎𝑛,𝐿 = 0.5128 0.5075 −1.04

𝑥CO𝑎𝑛,𝐿 = 0.0853 0.0772 −9.48

𝑥CO2
𝑎𝑛,𝐿 = 0.2420 0.2466 +1.88

𝑥H2
𝑎𝑛,𝐿 = 0.1143 0.1171 +2.45

𝐼 = 1.72 × 105 A 1.72 × 105 A 0.00

Input (𝑇𝐹𝐶 (◦C)/𝑖(Acm−2)a Output (Power density (mWcm−2))

Campanari and Iora This study Difference (%)
796.5/179.2 123.6 133.23 +7.77
739/179.2 123.6 132.54 +7.22
835/179.2 123.6 132.37 +7.08

aConcentration of hydrogen, water and oxygen as well as total current is as calculated in present work
Table C.8
Comparison with Asimptote [44].

Input Output

Asimptote This study Difference (%)

Reformer inlet conditions, fuel
cell and reformer operating
pressures and temperatures, fuel
utilization ratio, ohmic
resistance and current density

𝑥CH4
𝑎𝑛,𝐿 = 0.0018 0.0019 +5.56

𝑥H2O
𝑎𝑛,𝐿 = 0.6005 0.6005 0.00

𝑥CO𝑎𝑛,𝐿 = 0.0387 0.0385 −0.52

𝑥CO2
𝑎𝑛,𝐿 = 0.2940 0.2942 +0.07

𝑥H2
𝑎𝑛,𝐿 = 0.0650 0.0649 −0.15

�̇�𝐹𝐶,𝑒 = 442.86 kW 400.11 −9.65
Table C.9
Comparison with Chan et al. [11].

Input Output

Chan et al. This study Difference (%)

Operating pressure, anode inlet
flow composition, anode outlet
and stack temperature, fuel
utilization ratio and number of
cells

𝑥CH4
𝑎𝑛,𝐿 = 0.0006 0 –

𝑥H2O
𝑎𝑛,𝐿 = 0.6175 0.6553 +4.42

𝑥CO𝑎𝑛,𝐿 = 0.0499 0.0414 −17.8

𝑥CO2
𝑎𝑛,𝐿 = 0.1619 0.1733 +7.02

𝑥H2
𝑎𝑛,𝐿 = 0.1569 0.1268 −19.17

𝑖 = 141.6Am−2 154.3Am−2 +8.94

𝐸𝐹𝐶 = 0.738V 0.7367V −3.56

𝜂𝐹𝐶 = 52.19% 54.83% +5.06%
Table C.10
Comparison with Aguiar et al. [45].

Input Output

Aguiar et al. This study Difference (%)

Operating pressure, reformer
inlet composition, reformer and
anode outlet temperature, cell
operating voltage and current
density

𝑥CH4
𝑟𝑓 ,𝐿 = 0.00 0.00 0.00

𝑥CO𝑟𝑓 ,𝐿 = 0.25 0.32 +28.4

𝑥H2
𝑟𝑓 ,𝐿 = 0.45 0.37 −17.01

𝑥CH4
𝑎𝑛,𝐿 = 0.00 0.00 0.00

𝑥CO𝑎𝑛,𝐿 = 0.12 0.09 −26.00

𝑥H2
𝑎𝑛,𝐿 = 0.15 0.13 −14.27

𝜂𝐹𝐶 = 46.5% 46.45% −0.1
16
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Table C.11
Comparison with Aguiar et al. [46].
Input Output

Aguiar et al. This study Difference (%)

Operating pressure, anode inlet
composition, anode outlet
temperature, cell operating
voltage and current density

𝑥CH4
𝑎𝑛,𝐿 = 0.00 0.00 0.00

𝑥H2O
𝑎𝑛,𝐿 = 0.65 0.63 −2.36

𝑥CO𝑎𝑛,𝐿 = 0.04 0.035 −13.42

𝑥CO2
𝑎𝑛,𝐿 = 0.16 0.17 +3.35

𝑥H2
𝑎𝑛,𝐿 = 0.15 0.17 +10.24

𝜂𝐹𝐶 = 46.8% 47.8% +2.18
Fig. D.5. Heat exchanger network (case III: Cathode recirculation ratio, 𝛥𝑇ℎ𝑒𝑥 = 10 ◦C, 𝑟𝑐𝑎 = 74.86%).
Fig. D.6. Heat exchanger network (Case IV, 𝛥𝑇ℎ𝑒𝑥 = 15 ◦C).
SSHS solid oxide fuel cell- supercritical carbon dioxide Brayton cycle
hybrid system

hex Heat Exchanger

Appendix F. Nomenclature

𝐴 area
𝐶𝑃 isobaric heat capacity
𝐶𝑃 specific isobaric heat capacity
𝛿 electron path length
𝛥𝐻0 enthalpy of formation
17
𝛥𝐺0 Gibbs free energy of formation
𝜂 efficiency
𝐸 potential
𝐹 Faraday constant
𝑖 current density
𝐼 current
𝐾 chemical equilibrium constant
𝐼, 𝐼𝐼, 𝐼𝐼𝐼, ... rank in temperature from low to high
𝐿 flow length
�̇� molar flow rate
𝑁 number of
𝑃 pressure
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Fig. D.7. PFD (Case V).
�̇� heat
�̄� universal gas constant
𝑅 ohmic resistance
𝜌 resistivity
𝑟 recirculation ratio
𝑆∕𝐶 steam to carbon ratio
𝑇 temperature
�̄� overall heat transfer coefficient
�̇� work
𝑈𝑓 fuel utilization ratio
𝑉 volume
𝑥 concentration
𝜉 extent of reaction
0 environment
𝑎𝑓𝑡 afterburner
𝑎𝑛 anode
𝑖𝑐 interconnection
𝑒 electric
𝐸 entering stream
𝐹𝐶 fuel cell
𝑓𝑑 feed
𝑝𝑟𝑒 preheater
ℎ𝑒𝑥 heat exchanger
𝑟𝑓 reformer
𝐶 cold stream
𝑐𝑜𝑚 compressor
𝐻 hot stream
ℎ specific isobaric heat capacity
𝑐𝑎 cathode
𝑡𝑢𝑟 turbine
𝑁 Nernst
𝑔𝑒𝑛 generator
𝑓𝑙𝑢𝑒 flue gas
𝑘 component k
𝑐𝑜𝑚 compressor
𝑖𝑛𝑡 interval
𝛺 ohmic
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