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Abstract
Solid oxide fuel cell (SOFC) technology offers a promising way to reduce maritime greenhouse gas (GHG) emissions.
Integration with a proton exchange membrane fuel cell (PEMFC) allows unreacted hydrogen, produced in the SOFC stack,
to be reused and increase the electrical efficiency of the system. In this study, the Cycle Tempo software is used to model
a SOFC-PEFMC combined cycle system operating on methane. The system is thermodynamically analysed to reveal the
influence of SOFC fuel utilisation, cell voltage, operating temperature and PEMFC cell voltage on the system performance.
A multivariable parametric analysis is applied to generate contour plots of net electrical efficiency and fraction of total
power produced by the PEMFC. The analysis shows that increasing the cell voltage of both the SOFC and PEMFC has a
positive influence on efficiency, whereas increasing the fuel utilisation reduces the system efficiency. Efficiencies in the
range of 50-68% can be achieved. Model assumptions for PEMFC operating parameters are verified to exert little influence
on the system efficiency, which confirms the assumption of constant values for these parameters. This study highlights the
high-efficiency potential of the combined system and the difficulties that arise from thermally integrating an SOFC with a
PEMFC.
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1 INTRODUCTION

The maritime industry is responsible for roughly
three percent of global anthropogenic greenhouse
gas (GHG) emissions [1]. Therefore, the Interna-
tional Maritime Organisation (IMO) has imposed
several guidelines and regulations to achieve net-
zero GHG emissions by 2050 [2]. Solid oxide fuel
cells (SOFC) have been recognized as a promising
technology for use on board ships [3]. The SOFC
can achieve efficiencies of up to 60% in a stand-
alone configuration [4], [5], which is significantly
higher than that of conventional internal combus-
tion engines and gas turbines, as reported in [6]. In
addition, the internal reforming capabilities of the
SOFC make the system suitable for a variety of alter-
native fuels, such as methanol, ammonia, hydrogen
or (L)NG, while emitting little to no NOx and SOx
[7].

The stand-alone efficiency of an SOFC is already
high at 60% but can be further increased by reusing
the fuel and heat within the anode/cathode off-gas
streams [8], [9]. Integrating a pressurized SOFC
with a gas turbine (GT) increases the net electrical
efficiency to 70% [10]. However, direct coupling
between the SOFC and gas turbine requires match-

ing of operating points, limiting the system oper-
ating envelope and introducing significant control
challenges [11]. Another approach is the addition
of an internal combustion engine (ICE). The SOFC-
ICE combined system can theoretically achieve sim-
ilar efficiencies (∼70%), with the added benefit of
improved transient capabilities and better part-load
performance [12], [13] compared to SOFC-GT sys-
tems. However, the direct combustion of residual
fuel still generates significant amounts of emissions
such as NOx.

More recently, the combination of an SOFC and
proton exchange membrane fuel cell (PEMFC) has
surfaced as a viable alternative. This approach ben-
efits from both energy generation and hydrogen pro-
duction within the SOFC. Because the fuel utili-
sation is smaller than unity, ranging from 0.60 to
0.90, a significant amount of unreacted hydrogen is
present in the anode off-gas stream. This hydro-
gen can be used in a PEMFC to generate additional
electricity, thereby increasing the overall system ef-
ficiency [14], [15]. In addition to H2, the syngas
includes major species such as CO, CO2 and H2O.
Because the PEMFC has a limited CO tolerance, a
few parts per million (ppm) can already cause cell
performance degradation [16], this component must
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be removed from the syngas stream. The commonly
applied approaches are water gas shift (WGS), pref-
erential oxidation (PrOX) and pressure swing ad-
sorption (PSA) [6]. The combined SOFC-PEMFC
cycle system is reported to be potentially compet-
itive with other combined cycle systems in terms
of efficiency [17]. However, because this specific
system layout remains relatively unstudied, a struc-
tured review of its performance potential is lacking.
This represents the knowledge gap that this study
aims to address.

Thermodynamic analysis is an established ap-
proach to compare the efficiency of combined sys-
tem architectures with stand-alone SOFCs or be-
tween different combined cycles. However, because
most thermodynamic analyses are performed at ar-
bitrary design points, it is difficult to compare these
systems. Therefore, van Biert et al. [9] investi-
gated the thermodynamic efficiencies of four dif-
ferent solid oxide fuel cell-combined cycle system
across their entire operating envelope. The selected
systems were a steam turbine combined cycle, two
gas turbine combined cycles at ambient and elevated
pressure, and a reciprocating engine combined cy-
cle. The operating parameters, e.g., fuel utiliza-
tion, cell voltage and stack temperature are varied
to achieve more meaningful results, as the stack
operating parameters are similar for all cases inves-
tigated.

To investigate the performance potential of the
SOFC-PEMFC combined cycle system, this study
follows a similar approach, by analysing the sys-
tems’ efficiency across an operating envelope of
typical SOFC operating parameters. To the best
of the authors knowledge, this is the first time that
such a complete analysis of the SOFC-PEMFC sys-
tem performance is performed.

The proposed configuration is presented and
modeled in sections 2-3. The results of the mul-
tivariable parameter analysis are analysed and dis-
cussed in section 4. Finally, the conclusions of the
preliminary analysis are presented in section 5 and
future work is discussed in 6. This work will thus
present a basis for the comparison of the SOFC-
PEMFC combined cycle performance with other
combined cycle systems and stand-alone configu-
rations.

2 CONFIGURATION OF THE PROPOSED
SOFC-PEMFC COMBINED CYCLE

A schematic of the SOFC-PEMFC combined cy-
cle system is shown in figure 1. The system con-

sists of different modules: the SOFC subsystem, gas
cleaning equipment and PEMFC subsystem.

Figure 1: SOFC-PEMFC combined cycle system
layout

The SOFC layout is based on the configuration
reported by Riensche et al. [18]. Air is supplied
by a compressor to overcome the pressure losses
in the system and is preheated before it enters the
SOFC cathode. The fuel, in this case methane, is
compressed, preheated, and partly reformed in a
pre-reformer (PR) before it is fed to the anode side.
Within the pre-reformer, methane steam reforming
and water gas shift reactions convert methane into
hydrogen. A pre-reforming temperature of 450°C is
chosen, such that it matches the pre-reformer outlet
temperature. A pre-reform ratio of 20% is assumed,
the minimum amount as specified by a SOFC manu-
facturer [19]. The anode and cathode off-gas (AOG)
and (COG) are reused to preheat the reactant flows.
The COG is used to preheat the airflow and super-
heat the water. In contrast to the stand-alone case,
the AOG is not recirculated and burnt but is used
to directly preheat the fuel and evaporate the wa-
ter. Subsequently, the AOG is cleaned and purified
such that the remaining chemical energy contained
within the hydrogen-rich gas is converted into elec-
tricity in the PEMFC. The generated steam is used
for methane reforming and water gas shift processes.
A steam-to-carbon ratio (S/C), the ratio of moles of
steam to moles of carbon at the anode inlet, of 2.25
is assumed to prevent the formation of solid carbon
inside the SOFC [20]. The AOG is cleaned to re-
move CO, CO2, and H2O before it can be fed to the
PEMFC. CO removal is achieved in a high- and low-



temperature water gas shift (WGS) reactor (350 and
180°C respectively) [21]. At higher temperatures,
the kinetics are faster, whereas at lower temperatures
the H2 yield is larger and the equilibrium concentra-
tion of CO is lower [6]. Because WGS alone cannot
meet the requirement of CO < 10 ppm [22], another
purification step is required to remove the remain-
ing trace CO. Various methods are available for this
purpose. However, because the identification and
analysis of the most suitable method is outside the
scope of this research, a general separator is as-
sumed. This component is modeled to remove 99.5
mole % CO2 and all the remaining CO. In the last
step, water vapor is separated from the gas flow in
a moisture separator. The purified gas flow (desig-
nated H2 in figure 2) contains a high concentration
of hydrogen and small concentrations of impurities
and water vapor. The compositions of the different
process flows shown in figures 1 and 2, are listed in
table 1.

For the PEMFC subsystem model, a simple ar-
chitecture is assumed that consists of a water-cooled
stack operating at 60°C, fed with reactant flows at
40°C. The air is compressed and preheated by resid-
ual heat in the PEMFC COG stream before entering
the cathode. The hydrogen-rich gas flow is cooled
to 40°C before being compressed, such that it can be
directly connected to the anode side. Because the
fuel utilisation in the PEMFC is lower than unity
(85% under nominal conditions), the anode off-gas
is recirculated and mixed with fresh gas at the anode
inlet. Consequently, CO2 in the anode gas stream
might accumulate in the system. While CO2 itself
is inert, the reverse WGS reaction can create CO in
such amounts (CO > 10ppm) that it can poison the
anode, thereby reducing the stack efficiency. To re-
move this CO2, a continuous purge is modeled, that
vents 20% of the anode off-gas to the environment.
This maintains the level of CO2 at the anode inlet at
such a level that the performance degradation is less
than 5% under nominal conditions [23]. Because
purging hydrogen also introduces system losses, the
chosen value of 20% represents an efficiency trade-
off.

3 METHODOLOGY

The flow-sheet program Cycle-Tempo, an in-
house software developed at TU Delft, is used for
the thermodynamic evaluation of this system. The
program contains a library of components such as
a pump, compressor, fuel cell stack, reformer, com-
bustor and heat exchangers. Combining these, a

complete fuel cell system is created. In Cycle-
Tempo, these components form a system matrix
consisting of mass and energy equations, which are
solved to determine the pressure, mass flow, tem-
perature and flow composition of each component.
The results can be used to analyse the performance
of power plants, for example, the system efficiency
and exergy analysis [24]. This modeling software
is commonly used in SOFC-based power plant re-
search [25]–[27]. The model assumptions and gov-
erning equations for the different subsystems are
given below. Cycle-Tempo employs a Gibbs free
energy minimisation routine for equilibrium calcu-
lations in the cell models.

3.1 Model assumptions

1. Pressure drops over the pipes are neglected.
2. The system operates in steady-state.
3. The fuel cell, heat exchanger and chemical re-

actor components are all assumed to be well in-
sulated. There is no heat transfer between those
components and the ambient.

4. Humidification of the PEMFC cathode is not in-
cluded.

5. 99.5 Mole % of CO2 is removed from the AOG
in the general separator.

6. 100 Mole % of CO is removed from the AOG in
the general separator.

3.2 SOFC model

The SOFC module uses the mole flow and con-
ditions (composition and temperature) at the cell
inlet to calculate the outlet mole flows and condi-
tions. The operating point of the fuel cell is defined
by specifying the power generation Pel,AC and the
cell voltage Vcell. The other parameters such as
current I and power generated by the stack Pel,DC

are calculated from the input data. These processes
are assumed to occur at constant internal pressure,
gas composition and temperature. The required fuel
mass flow at the anode inlet min

a is calculated from
the total current I , and fuel utilisation uf , according
to [25]

min
a =

IMa

2F (yinH2
+ yinCO + 4inCH4

)uf
(1)

where, yini is the anode gas concentrations at the
inlet, Ma the molar mass of the anode gas and F is
the Faraday constant. The oxygen mass flow from
the cathode to the anode mO2,c→a is also calculated



Figure 2: Schematic of the energy inputs and outputs of the SOFC-PEMFC combined system. AOG represents
the anode off-gas of the SOFC, that is being cleaned to generate a high-purity hydrogen mixutre (H2 stream).

from the total current I,

mO2,c→a = MO2

I

4F
(2)

where MO2 is the oxygen molar mass. The cathode
mass flow is determined from the energy balance
over the fuel cell because the temperature at the
outlet is an input and the anode and cathode outlet
temperatures are assumed to be identical.

A simplified isothermal model is used for the
fuel cell, to limit the computational time and con-
vergence to acceptable levels for flow sheeting mod-
eling purposes. The fuel cell model calculates the
local processes along the direction of the flow, with
all processes occurring at a constant temperature
T . Internal profiles are obtained for the concen-
trations and current density to determine the local
reversible voltage. To calculate these profiles, the
cell is discretised in the direction of the flow such
that pressure and gas composition are assumed con-
stant in the cross-section perpendicular to the flow.
The position of the local variables along the profiles
is indicated by subscript x. The reversible, no loss,

voltage Vrev,x is calculated according to [25]:

Vrev,x = V 0
rev +

R̄T

2F
ln

y
1/2
O2,c

yH2,a

yH2O,a
× p

1/2
cell


(3)

with standard reversible voltage V 0
rev, universal gas

constant R̄, temperature T , mole fraction y and
pressure pcell. In reality, irreversibilities that oc-
cur within the cell will result in a cell voltage, Vx,
smaller than the reversible voltage. This difference
is indicated by the voltage loss ∆Vx. Because the
model assumes that the voltage losses are negligi-
ble at the electrode level in the x-direction, the cell
voltage is assumed to be constant over the fuel cell:

V = Vx = Vrev,x −∆Vx (4)

The current density in the flow direction along the
cell is:

ix =
∆Vx

Req
(5)

where Req denotes the equivalent cell resistance.
Therefore, for the entire cell, the total current I is
calculated according to:

I =
ufA

Req

∫ uf

0 dλ/(Vrev − V )
(6)

Table 1: Composition of SOFC-PEMFC system process flows

Gas stream Composition [mole %]

Methane CH4=100%
Air Ar=0.92%, CO2=0.03%, H2O=1.01%, N2=77.29%, O2=20.75%
Water H2O (l)=100%
AOG H2O=66.29% , CO2=17.72%, H2=13.72%, CO=2.26%
H2 H2O=7.29%, CO2=0.58%, H2=92.14%
SOFC exhaust Ar=0.95%, CO2=0.03%, H2O=1.05%, O2=17.98%, N2=79.99%
PEMFC exhaust Ar=0.82%, CO2=0.03%, H2O=20.93%, O2=9.26%, N2=68.96%
PEMFC purge CH4=0.12%, CO2=15.55%, H2=84.32
General separator outlet CO=0.01%, CO2=99.99%
Moisture separator outlet H2O (l)=100%



where A is the cell area and λ is the dimensionless
reaction coordinate. The cell power can be calcu-
lated using the known current and voltage.

The system operates on pure methane, CH4, of
which 20% is bypassed to be converted externally in
an adiabatic pre-reformer. The remaining methane
is converted internally in the SOFC into a hydrogen-
rich gas. Methane reforming occurs through steam
reforming and the water gas shift reaction (Eqs. 7
and 8).

CH4 +H2O −−→←−− CO+ 3H2 (7)

CO+H2O −−→←−− H2 +CO2 (8)

The steam reforming reaction requires water, which
is vaporised by heat recovered from the SOFC ex-
haust stream.

3.3 SOFC anode off-gas cleaning model

In WGS reactors, the equilibrium water gas shift
reaction occurs (Eq. 8). The equilibrium is calcu-
lated by means of the equilibrium constant Kreact,
as a function of temperature Treact, according to

Kreact =
(∂pCO2 + y)(∂pH2 + y)

(∂pCO − y)(∂pH2O − y)
(9)

where y is the reaction coordinate of the water
gas shift reaction and ∂px is the partial pressure of
component x. The outlet temperature and gas com-
position are calculated using equilibrium, energy
and mass balances.
The flow is subsequently cooled in the moisture sep-
arator, where condensation occurs and is separated
via a separate pipe.

3.4 PEMFC model

The PEMFC module calculations followed an
approach similar to that described in Section 3.2,
for the SOFC module. Only this time, the fuel mass
flow is specified instead of the power generation.
For low-temperature fuel cells, it is assumed that
only H2 is present in the fuel and that a shift reac-
tion does not occur. Equation 2 can be rewritten as
follows:

I =
ma,in

Ma
2Fy0H2

uf (10)

The PEMFC is modeled with a cooling circuit,
which is assumed to be under environmental con-
ditions at the inlet of the pump (20°C, pamb=1.103
bar).

3.5 System analysis

The main performance metric is the net electrical
efficiency of the combined system, ηel,AC , which is
calculated as

ηel,AC =
Pel,tot − Paux

mfLHVCH4

(11)

In Equation 11, Pel,tot is the net electrical power
output of the system, calculated from the direct cur-
rent (DC) power produced by both the SOFC and
PEMFC, multiplied by the efficiency of converting
DC into AC according to:

Pel,tot = (PSOFC,DC
+ PPEMFC,DC

)ηDC/AC

(12)
In addition, Paux is defined as the total power

consumption of all auxiliary components, such as
pumps and compressors used in both the SOFC and
PEMFC systems. The net electrical efficiency is
calculated based on the lower heating value (LHV)
of methane.

An additional metric of interest is the fraction of
the total power delivered by the PEMFC, defined as

fP,PEMFC
=

PPEMFC,AC

PPEMFC,AC
+ PSOFC,AC

(13)

An overview of the operating parameters used in
this study is provided in table 2.

3.6 Model verification

Figure 2 shows a schematic overview of the en-
ergy inputs and outputs of the combined cycle sys-
tem. The SOFC and WGS reactors are integrated
because the heat of the exothermic WGS reaction is
used to evaporate the water required for the steam
reforming reaction in the SOFC system. In figure 2,
AOG stands for the anode off-gas stream and syn-
gas containing residual hydrogen. The H2 stream
represents a high-purity hydrogen stream, which is
suitable for fueling the PEMFC.

Model verification can be achieved at various
levels. In this study, the energy balance of the com-
plete system is calculated as a verification method.
The SOFC power output is set to Pel,AC = 200 kW,
with the input parameters as presented in table 2, re-
sulting in a PEMFC power output of Pel,AC = 48,29
kW. It is verified that all components assumed adi-
abatic (e.g., nodes, reactors, heat exchangers) have
zero energy losses.



Table 2: Input parameters used for analysis of the
combined cycle system

Parameter Value

General

Heat exchanger pressure drop, ∆pHEX 0.05 [bar]
Economiser pressure drop, ∆pECO 0.5 [bar]
Isentropic efficiency compressor, ηis 0.7 [-]
Mechanical efficiency compressor, ηme 0.8 [-]
DC-AC converter efficiency, ηconverter 0.95 [-]

SOFC

Average stack temperature, Tstack,SOFC
700 [°C]

Stack inlet temperature, Tin,SOFC
Tstack,SOFC

-50 [°C]
Stack outlet temperature, Tout,SOFC

Tstack,SOFC
+50 [°C]

Anode pressure drop, ∆pan 0.03 [bar]
Cathode pressure drop, ∆pca 0.05 [bar]
Power output, PSOFC,AC

200 [kW]
Operating pressure, pSOFC 1.013 [bar]
Pre-reformer temperature, Treform 450 [°C]

Syngas cleaning

HT-WGS reaction temperature, THT−WGS 350 [°C]
LT-WGS reaction temperature, TLT−WGS 180 [°C]
Fraction of CO separated, χCO 100 [mole %]
Fraction of CO2 separated, χCO2

99.5 [mole %]

PEMFC

Average stack temperature, Tstack,PEMFC
60 [°C]

Anode pressure drop, ∆pan 0.03 [bar]
Cathode pressure drop, ∆pca 0.03 [bar]
Operating pressure, pPEMFC 1.013 [bar]
Fuel utilisation, uf 0.85 [-]
Oxygen utilisation, uox 0.5 [-]
Anode purge percentage xpurge 20 [%]

Moreover, comparing the energy inputs and out-
puts, an absolute error of 0.01 kW and a relative
error of 0.05% is observed. This is considered neg-
ligible small, such that the system is assumed to be
verified for the energy balance.

4 RESULTS

The performance of the combined SOFC-
PEMFC system is first evaluated for the nominal
operating conditions of the SOFC power output of
PSOFC = 200 kW, under nominal conditions (table 3).
This results in a methane mass flow rate of 0.00781
kg/s. The power output of the PEMFC is dependent
on the amount of H2 present in the SOFC anode
off-gas stream. For the nominal operating point, the
resulting hydrogen flow reads 0.00079 kg/s, pro-
ducing 48.29 kW of PEMFC power. The total net
power generated by the system Pel,tot = 200 + 48.29
= 248.29 kW. The net efficiency is ηel,AC = 59.7%
and the fraction of power produced by the PEMFC
is fP,PEMFC

= 0.19 [-].

4.1 Multivariable parametric analysis

The SOFC-PEMFC system is subjected to a
parametric analysis of typical SOFC and PEMFC
operating variables. For the SOFC, the cell voltage
is varied in the range 0.6-0.8 V, the fuel utilisation
in the range 0.6-0.9 [-] and the stack temperature is

between 600-900 °C; for the PEMFC, the cell volt-
age is varied in the range 0.6-0.8 V, while the stack
temperature is kept constant. The analysis is per-
formed with a finite parameter interval, the details
are provided in table 3.

Table 3: Overview of the parameters varied in the
analysis, with their respective range, interval and
nominal values.

Parameter Range Interval Nominal value

Vcell,SOFC
[V] 0.6-0.8 0.025 0.7

uf [-] 0.6-0.9 0.025 0.8
Tstack,SOFC

[°C] 600-900 50 700
Vcell,PEMFC

[V] 0.6-0.8 0.025 0.7

4.1.1 SOFC cell voltage

Figure 3a shows the contours of net electrical
efficiency and the fraction of total power delivered
by the PEMFC for various SOFC fuel utilisations
and cell voltages at a constant SOFC stack tempera-
ture of 700°C and PEMFC cell voltage of 0.7 V. At
lower fuel utilisation levels, the fuel flow increases
for a constant power output, enhancing the cool-
ing effect owing to the internal reforming process.
Therefore, less air is required to cool the stack such
that the airflow is reduced, which negatively affects
the waste thermal energy available in the cathode
off-gas. This trend is accelerated at higher cell volt-
ages because less waste heat is available owing to
the reduction in electrochemical losses in the fuel
cell. Consequently, the cathode off-gas stream does
not contain sufficient thermal energy to preheat the
cathode air stream and superheat the water stream.
Hence, the system is unable to sustain itself which
represents an invalid operating point. The entire in-
valid operating regime is indicated by the gray area
in figure 3a. Within the valid operating envelope,
the system efficiency is primarily affected by the cell
voltage, whereas it only slightly increases for a de-
crease in fuel utilisation. The electrochemical losses
in the SOFC are reduced by increasing the cell volt-
age. The required airflow is reduced by reducing the
fuel utilisation, lowering the power consumption of
the air compressors. Because the air compressor is
the primary power consumer, the net electrical ef-
ficiency of the system is increased. The fraction of
the total power produced by the PEMFC is primarily
affected by fuel utilisation as the hydrogen availabil-
ity for the PEMFC is increased for higher fuel flows.
The influence of cell voltage is less prominent. The
fPPEMFC

slightly reduces with an increase in cell
voltage because less fuel is required to achieve the
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Figure 3: Contour plots of net electrical efficiency and fraction of power delivered by the PEMFC for various
SOFC fuel utilisations, SOFC cell voltage (3a), SOFC stack temperature (3b) and PEMFC cell voltage (3c) at a
constant PEMFC stack temperature of 60°C

same power output at higher cell efficiency. The
maximum net electrical efficiency is 68.8%, for a
cell voltage of 0.8 V and fuel utilisation of 0.9 [-].
This corresponds to the minimum PEMFC power
production ratio of 0.085 [-].

4.1.2 SOFC stack temperature

Figure 3b shows contours of net electrical effi-
ciency and the fraction of total power delivered by
the PEMFC for various SOFC fuel utilisations and
SOFC stack temperatures, at a constant SOFC cell
voltage of 0.7 V and PEMFC cell voltage of 0.7
V. At uf < 0.65 [-], the cathode off-gas did not
contain sufficient thermal energy to sustain stable
operation. In this case, this trend is enhanced by
increasing the stack temperature, because less air is
required for cooling. Owing to the reduction in the
cathode mass flow, insufficient energy is available to
preheat the airflow and superheat the water. Further-

more, the invalid operating regime extends over the
entire range of uf values, for TstackSOFC

< 650°C.
At these low temperatures, the anode off-gas does
not contain sufficient thermal energy to preheat the
fuel flow and evaporate the water stream. Increas-
ing the stack operating temperature has a negligible
effect on the system efficiency and power produc-
tion ratio. Because operational conditions imposed
on the stack, such as the operating temperature and
pressure, do not affect the cell voltage, this does
not affect the stack efficiency. This behaviour de-
viates from reality, where an increase in tempera-
ture will result in decreased voltage losses and an
increased efficiency. Nonetheless, a marginal ef-
ficiency increase is observed for increasing SOFC
stack temperatures, as less cooling air is required,
reducing the auxiliary power consumption. The
fraction of total power produced by the PEMFC is
only seen to increase with a reduction in fuel util-



isation, as more hydrogen is available to be fed to
the PEMFC. The maximum net electrical efficiency
(ηelAC

= 60.9%) is achieved for medium-low stack
temperatures (650-700°C) and low fuel utilisation
levels.

4.1.3 PEMFC cell voltage

Figure 3c displays contours of net electrical effi-
ciency and fraction of the total power produced by
the PEMFC as a function of SOFC fuel utilisation
and PEMFC cell voltage, for a constant SOFC cell
voltage of 0.7 V and SOFC stack temperature of
700°C. A fuel utilisation factor of 0.65 limits the
valid operating regime. Because the electrical ef-
ficiency is seen to increase with an increase in the
PEMFC cell voltage and a decrease in SOFC fuel
utilisation, the maximum efficiency (ηelAC

≈ 64%)
is achieved for the maximum cell voltage and mini-
mum fuel utilisation. At lower PEMFC cell voltages
(VcellPEMFC

<0.625 V), this trend is reversed. The
electrical efficiency decreases with a decrease in
fuel utilisation. This is because of the increased hy-
drogen flow to the PEMFC, which increases the
auxiliary power demand of the PEMFC system.
This trend is further enhanced by the reduction in
PEMFC efficiency with increased electrochemical
losses. Because the SOFC operating parameters are
kept constant in this case, the increase in net elec-
trical efficiency follows directly from an increase in
the PEMFC efficiency, combined with an increase
in the PEMFC power output. The fraction of total
power produced by the PEMFC primarily increases
with a reduction in fuel utilisation and only slightly
with an increase in the PEMFC cell voltage.

4.2 Sensitivity analysis

The PEMFC operating parameters that were kept
constant during the foregoing analysis are investi-
gated to analyse their influence on the system perfor-
mance. The parameters investigated are the anode
purge percentage xpurge as well as the fuel utilisa-
tion uf,PEM . The influence of these parameters on
the net electrical efficiency ηel,AC and the fraction
of power delivered by the PEMFC fPPEMFC

is pre-
sented in table 4. For every parameter, the nominal
values and variations are provided. The last two
columns provide the percentage changes according
to

Percentage change =
Xnew −Xnominal

Xnominal
× 100%

(14)

with X representing the system performance indi-
cators ηel,AC and fPPEMFC

.
Both the PEMFC purge percentage and fuel util-

isation are verified to have little influence on the
system efficiency. At xpurge=0 and uf,PEM=0.9,
the net electrical efficiency is 60.3%, which is only
slightly higher that under nominal conditions. The
influence on the PEMFC power production is larger.
As expected, the power produced by the PEMFC is
directly influenced by the fuel utilisation and purge
percentage. Nonetheless, varying these parameters
did not change the conclusions presented in this
study. Owing to the lack of physical feedback from
the PEMFC to the SOFC, the PEMFC can be op-
timised without affecting the SOFC performance.
Based on these observations, the assumed constant
parameter values are considered acceptable.

5 CONCLUSION

A thermodynamic analysis of the SOFC-PEMFC
combined cycle system is presented in this paper.
The SOFC fuel utilisation, cell voltage and oper-
ating temperature were varied in addition to the
PEMFC cell voltage. The calculated net electri-
cal efficiency ηelAC

, varies in the range of 50-68%.
The net electrical efficiency increases with SOFC
and PEMFC cell voltages as electrochemical losses
are reduced. The efficiency further increases with
a decrease in SOFC fuel utilisation, as less air is
required to cool the stack. The fraction of the total
power produced by the PEMFC is seen to decrease
with an increase in SOFC cell voltage and fuel util-
isation, as the SOFC losses are reduced and less
hydrogen is available for the PEMFC. An increase
in the PEMFC cell voltage results in an increase in
the power produced by the PEMFC. This analysis
shows the high-efficiency potential of the combined
SOFC-PEMFC system and highlights the interac-
tion between SOFC and PEMFC. The PEMFC is in-
fluenced by changing the conditions upstream in the
SOFC; however, because there is no physical feed-
back from the PEMFC to the SOFC, the PEMFC can
be optimised independently of the SOFC. The hy-
drogen purification system presented herein is based
on WGS reactors and a general separator. Details
on the specific method or approach for trace CO
and CO2 removal are not included. As the choice
of AOG post-treatment and purification method is
beyond the scope of this research, this level of detail
is deemed sufficient. However, in future research,
the model should be expanded with a more detailed
purification system to improve the credibility of the



Table 4: Percentage change in net electrical efficiency and fraction of total power produced by the PEMFC
compared to nominal values as a function of xpurge and ufPEM

.

Parameter Nominal value Set value Percentage change ηel,AC [%] Percentage change fPPEMFC [%]

xpurge 20
0 0.754 3.063
10 0.353 1.396
30 -0.342 -1.356

uf,PEM 0.85

0.6 -1.774 -7.092
0.7 -0.944 -3.770
0.8 -0.282 -1.121
0.9 0.257 1.032

proposed setup. Figures 3(a-c) show the invalid op-
erating regimes (gray areas) to cover significant sec-
tions of the simulation matrix. This highlights the
precarious balance between increasing the SOFC
efficiency (reducing thermal losses) and retaining
sufficient waste energy in the anode/cathode off-gas
streams for preheating the different reactant flows.
This shows the trade-off that must be made between
optimising the design point efficiency and retaining
a sufficiently large operating envelope.

6 FUTURE WORK

This work presents a basis for the comparison
of the SOFC-PEMFC combined cycle with other
SOFC-based combined cycle systems and different
stand-alone SOFC system layouts. In future re-
search, the purification step should be modeled in
more detail, after which a more in-depth analysis
can be performed, such as an investigation of ex-
ergy losses in the system. Moreover, the effects of
using different alternative fuels other than methane
will also be included in the next stage of this re-
search. To do this, different fuel pre-processing
models will be developed and included within the
currently developed model. Moving forward, off-
design conditions such as part-load operation will
also be investigated to identify the operating enve-
lope and operational constraints of the system.
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