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A B S T R A C T

An increasing demand in the marine industry to reduce emissions led to investigations into more efficient
power conversion using fuels with sustainable production pathways. Solid Oxide Fuel Cells (SOFCs) are
under consideration for long-range shipping, because of its high efficiency, low pollutant emissions, and
fuel flexibility. SOFC systems also have great potential to cater for the heat demand in ships, but the heat
integration is not often considered when assessing its feasibility. This study evaluates the electrical and heat
efficiency of a 100 kW SOFC system for marine applications fuelled with methane, methanol, diesel, ammonia,
or hydrogen. In addition, cathode off-gas recirculation (COGR) is investigated to tackle low oxygen utilisation
and thus improve heat regeneration. The software Cycle Tempo is used to simulate the power plant, which
uses a 1D model for the SOFCs. At nominal conditions , the highest net electrical efficiency (LHV) was found
for methane (58.1%), followed by diesel (57.6%), and ammonia (55.1%). The highest heat efficiency was
found for ammonia (27.4%), followed by hydrogen (25.6%). COGR resulted in similar electrical efficiencies,
but increased the heat efficiency by 11.9% to 105.0% for the different fuels. The model was verified with a
sensitivity analysis and validated by comparison with similar studies. It is concluded that COGR is a promising
method to increase the heat efficiency of marine SOFC systems.
1. Introduction

The International Maritime Organisation (IMO) adopted a strategy
in 2018 to decrease emissions by the marine industry. An aim of
40% carbon dioxide emission reduction by 2030 was set with respect
to 2008 [1]. Moreover, limits on NOX, SOX and particulate matter
(PM) emissions were introduced, which are even stricter in dedicated
emission control areas [2]. Many alternative fuels (e.g., LNG, methanol,
FT-diesel, ammonia, and hydrogen) are under consideration to reduce
ship emissions [3]. However, using alternative fuels in marine en-
gines is not a straightforward choice. Firstly, there are still significant
NOX emissions due to the combustion process. Secondly, the use of
alternative fuels in internal combustion engines can cause lubrication,
cooling, ignition, and knocking problems, introducing new challenges
to combustion engine design [4,5]. Baldi et al. [6] identified Solid
Oxide Fuel Cell (SOFC) systems as a promising technology for emission
reduction in medium to long-distance ship applications. The efficiency
of SOFCs exceeds internal combustion engines, while barely emitting
NOX and PM emissions [7]. Electrical efficiencies up to 60% have been
reported for stand-alone cycles [8]. However, the application of SOFC
systems in ships is still limited because of their low power density,
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high investment cost, limited lifetime, and slow response to dynamic
loads. Nevertheless, fuel cell systems are characterised by good part-
load characteristics, high redundancy, little maintenance, and low noise
and vibrations, which are all beneficial for marine applications [9]. The
high operating temperature of SOFCs offers flexibility in terms of fuel
choice [10], which is perceived as a key aspect for the transition from
fossil to renewable fuels in ships [11]. State-of-the-art SOFC systems
can be fuelled with natural gas or hydrogen, but the conversion of
ammonia, methanol, and diesel has also been positively evaluated with
cell experiments [10]. However, it is not known which fuel could be
converted most efficiently in marine applications.

1.1. Heat integration of SOFC systems

Many researchers investigated use of the high temperature out-
lets streams of SOFCs to further increase the conversion efficiency,
for instance, with gas turbines [12], steam turbines [13], or ranking
cycles [14]. Although many combined cycle studies predict high ef-
ficiency, it results in a more complex power plant with large control
challenges and reduced part-load performance [7]. Ships often have a
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significant heat demand, which is usually met with exhaust gas recov-
ery supported by fuel or electric boilers. Baldi et al. [15] demonstrated
the significance of the heat demand in passenger ships, which can be
over 25% of the total yearly energy demand. The exhaust streams of
SOFCs contain much heat. Moreover, the waste heat recovery from
conventional diesel generators is limited by a minimum exhaust gas
temperature. The exhaust gas of sulphur-containing fuels should not be
cooled below 150 ◦C, because the formation of sulphuric acid would
corrode the exhaust system [16]. This means significant heat is present
in the emitted exhaust gas. All in all, applying SOFC systems to ships
fuelled with a sulphur-free fuel has the potential for high heat recovery.
However, the heat integration is barely covered in studies into marine
SOFC power plants [6].

1.2. Cathode off-gas recirculation

Cathode recirculation can be used to increase the heat efficiency
of SOFC systems. Mehr et al. [17] and Chen et al. [18] proposed
cathode off-gas recirculation (COGR) to preheat the inlet air of the
SOFC, thus increasing the heat efficiency. Liso et al. [19] mentioned
that the recycle loop reduces the primary airflow and thus reduces the
air pre-heater dimensions. Air blowers can be used to recirculate the
air and overcome the pressure loss of the SOFC [20]. However, the
use of a high-temperature air blower introduces design challenges [21],
and are not commercially available at operational temperatures above
300 ◦C [22]. Nevertheless, Tomberg et al. [23] recently demonstrated
successful operation of a high-temperature blower in an anode recircu-
lation configuration. Wang et al. [24] applied a low-temperature cath-
ode recirculation loop to avoid the HT-COGR challenges, but cooling
and reheating add to the thermal losses and system size. Alternatively,
ejectors can recirculate the cathode off-gas [18], but they are difficult
to control [25]. In the system analyses of Kazempoor et al. [26] and
Jia et al. [27], the lower primary airflow due to COG-R increased the
net electric efficiency due to a decrease in blower power, but no blower
was used in the recirculation loop.

In the present paper, COGR is investigated to enhance the heat qual-
ity of the exhaust stream to improve the heat regeneration capacity for
ship auxiliary systems. COGR reduces the primary airflow, which limits
the amount of heat needed for air preheating and improves the air-fuel
ratio in the combustor. This subsequently increases the temperature
of the flue gas, which is beneficial for heat regeneration. Moreover,
a smaller primary airflow is desirable in ships since it decreases the
volume required for air and exhaust piping.

1.3. Objective & outline

This study compares the performance of a marine SOFC power
plant for methane, methanol, diesel, ammonia, and hydrogen in terms
of electrical and thermal efficiency. COGR is investigated with the
aim of increasing the amount and quality of heat regeneration. The
contributions of this paper are as follows:

1. One of the main novelties of this work is applying cathode
off-gas recirculation to increase the heat recovery capacity in
an application where heat can be used efficiently. The effects
of COGR on oxygen utilisation and flue gas temperature are
quantified. The study shows that COGR strongly increases the
magnitude and quality of heat recovery and reduces the size
of the air pre-heater. Evaluation of COGR for five different
fuels showed that the benefits are the largest for methanol and
hydrogen.

2. This paper provides a systematical comparison of the conversion
efficiency of an SOFC power plant for five alternative marine
fuels. Comparing existing studies with different fuels was not
sufficient, because the results of other studies depend much on
2

the system architecture and operational parameters of the SOFC.
Fig. 1. Reference SOFC systems.

3. In this research suitable system architectures for a marine SOFC
power plant are generated for different fuels, taking into account
the reforming process and efficient heat regeneration.

4. The validation section provides an extensive comparison of the
present study with thermodynamic analyses of comparable sys-
tems. Besides validating the present study, this gives insight in
what assumptions other researchers used and how it influenced
their results.

The system designs for the selected fuels are described in Section 2.
Potential fuels for marine SOFC systems have been selected in earlier
research based on production capacity, stored energy density, techno-
logical readiness, safety, fuel cost, cost of the fuel storage system, and
environmental impact [28]. Section 3 explains the thermodynamically
modelling of the SOFC system. The results are presented in Section 4
with and without COGR. Verification and validation are provided in
Section 5, by reflecting on the model limitations, analysing the model
sensitivity, and comparing the results with comparable thermodynamic
analyses. Conclusions are drawn in Section 6.

2. Description of selected SOFC systems

A general reference model is defined based on system configurations
by Jia et al. [27], Kazempoor et al. [26], and Liso et al. [19], see
Fig. 1(a). The fuel is supplied by a pump, compressor, or blower and
is preheated before entering the anode. Air is supplied with a blower
and preheated. Co-flow planar SOFCs converts the fuel into power and
flue gas. The anode and cathode outlets flow directly into a combustor.
Its exhaust leads through the counterflow heat exchangers that preheat
the fuel and air. The flue gas flow is split to make sure the fuel and
air can both reach the required temperature at the SOFC inlets. This
is especially relevant for the carbon fuels, because additional heat is
required at the fuel side, since steam is necessary to prevent carbon
deposition and additional heat is needed for the reforming process.
Finally, the remaining heat is recovered from the exhaust stream to the
saturated steam net (180 ◦C at 9 bar) and the hot water net (90 ◦C at
ambient pressure). These are common temperatures and pressures for
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Fig. 2. SOFC system layout of SOFC for various fuels.
ship applications [16,29]. Additional components for the specific fuels
(e.g., evaporators, reformers, and heat exchangers) are added in the
order of required heat quality. For the COGR configuration, a variable
air blower is used in the recirculation loop to control the recirculation
ratio, see Fig. 1(b).

2.1. Methane system

The methane system layout is very similar to the configuration
presented by Jia et al. [27], see Fig. 2(a). Methane steam reforming
and the water gas shift (WGS) reaction convert part of the methane
to a hydrogen-rich gas (Eqs. (1) and (2)). An adiabatic pre-reformer is
3

applied to reduce stress on the fuel catalyst in the SOFC. The pre-reform
ratio is defined in Eq. (3) [30]. Much internal reforming results in a
higher net electric efficiency since less blower power is required for air
cooling. For this reason, the minimum pre-reform ratio as stated by the
SOFC supplier is used, which is 20%. The anode supply contains CH4,
H2O, H2, CO, and CO2. Water is required for the reforming, which is
heated and added as steam. A constant steam to carbon ratio (S/C) of
2.3 is used to prevent carbon deposition.

CH4 + H2O ⇌ CO + 3H2 (1)

CO + H O ⇌ H + CO (2)
2 2 2
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where 𝜒 is the molar fraction and �̇� the molar flow rate. An additional
heat exchanger is added to the exhaust stream after the reformer,
because the adiabatic pre-reformer reduces the fuel temperature. The
exhaust stream is also used to generate the required steam. Since the
fuel is usually stored cryogenically at −162 ◦C, remaining heat in the
xhaust stream is used to evaporate and preheat the fuel.

.2. Methanol system

Methanol is stored as a liquid at ambient temperature, so the
ethanol is supplied with a pump and evaporated by using heat of the

xhaust stream, see Fig. 2(b). Xu and Ni [31] positively evaluated direct
eed of methanol to SOFC, however, it is often concluded that extremely
igh temperatures are necessary for adequate methanol conversion [32,
3]. In order to use comparable operational conditions to the other
uels, the methanol is decomposed in an external reformer (Eqs. (4) and
2)), similar to the configuration by Cocco and Tola [34]. It is assumed
hat the gaseous methanol is fully converted to H2, H2, CO, and CO2.

After the exhaust stream of the combustor preheats the fuel and air,
heat is fed into the methanol reformer. Subsequently, heat is used for
steam generation, hot water generation and finally to evaporate the
methanol. The generated steam is fed to the methanol reformer.

CH3OH ⇌ H2 + CO (4)

2.3. Diesel system

A diesel pump feeds preheated diesel into an allothermal reformer,
see Fig. 2(c). Although, autothermal reformers are often considered in
combination with SOFCs for being relatively compact in terms of size
and weight, higher electric efficiencies can be reached with an allother-
mal reformer [35,36]. In this reformer, the diesel is converted to a
hydrogen-rich gas with steam reforming (Eq. (5)) and WGS reaction.
Similar to the methanol model, steam and exhaust heat are fed to the
reactor.

C𝑛H𝑚 + 𝑛H2O → (𝑛 + 𝑚
2
)H2 + 𝑛CO (5)

.4. Ammonia system

The ammonia layout is based on the configurations of Farhad and
amdullahpur [37] and Barelli et al. [38] and is shown in Fig. 2(d). The
mmonia is evaporated, preheated and fed directly into the SOFC stack,
here the ammonia is internally cracked (Eq. (6)). Direct feed of ammo-
ia is mostly assessed at single cell level [39–41], but recently Barelli
t al. [38] showed with stack experiments that external ammonia
ecomposition has a minimum influence on electric efficiency and
s disadvantageous for the system size. They concluded that internal
racking is a feasible solution. All ammonia is converted because the
perational temperature of the SOFCs is above 590 ◦C, the temperature
f complete conversion [42]. Since ammonia is stored as a liquid at
33 ◦C, remaining heat is used to evaporate and heat up the fuel.

NH3 ⇌ N2 + 3H2 (6)

.5. Hydrogen system

The hydrogen system is similar to the basic system layout of Peters
t al. [43]. The difference is that their configuration preheats the fuel
ith the anode off-gas instead of the flue gas, as was done by Sadeghi
t al. [44]. Naturally, hydrogen is fed directly to the SOFC, see also
ig. 2(d). Similar to the ammonia system, remaining heat is used to
vaporate and preheat the fuel from its liquid storage temperature
−253 ◦C).
4

Table 1
Used parameters for thermodynamic analysis.

General Symbol Value Unit

Environment temperature 𝑝𝑎𝑚𝑏 25 ◦C
Environment pressure 𝑇𝑎𝑚𝑏 1.013 bar

SOFC

Temperature both inlets 𝑇 𝑖𝑛
𝑆𝑂𝐹𝐶 680 ◦C

Temperature both outlets 𝑇 𝑜𝑢𝑡
𝑆𝑂𝐹𝐶 760 ◦C

Average cell temperature 𝑇𝐶𝐸𝐿𝐿 720 ◦C
Pressure difference anode 𝛥𝑝𝑎𝑛𝑜𝑑𝑒 0.02 bar
Pressure difference cathode 𝛥𝑝𝑐𝑎𝑡ℎ𝑜𝑑𝑒 0.015 bar
Nominal fuel utilisation 𝑈𝑓 80% –
Nominal cell voltage 𝑉 0.8 V
Heat dissipation 𝛷𝑆𝑂𝐹𝐶 1.5 kW
DC-AC conversion 𝜂𝐷𝐶|𝐴𝐶 0.96 –
Nominal AC power output 𝑃𝑆𝑂𝐹𝐶,𝐴𝐶 100 kW

Equipment

Pressure loss across equipment 𝛥𝑝 0.01 bar
Isentropic compressor efficiency 𝜂𝑖𝑠,𝑐𝑜𝑚𝑝 0.7 –
Mechanical compressor efficiency 𝜂𝑚,𝑐𝑜𝑚𝑝 0.8 –
Isentropic pump efficiency 𝜂𝑖𝑠,𝑝𝑢𝑚𝑝 0.85 –
Mechanical pump efficiency 𝜂𝑚,𝑝𝑢𝑚𝑝 0.6 –

Methane system

Storage temperature 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 −162 ◦C
Pre-reform ratio 𝑎𝑃𝑅 0.2 –
Steam reforming temperature 𝑇𝑟𝑒𝑓𝑜𝑟𝑚 725 ◦C
Steam to carbon ratio 𝑆∕𝐶 2.3 –

Methanol system

Reformer outlet temperature 𝑇 𝑜𝑢𝑡
𝑟𝑒𝑓𝑜𝑟𝑚 500 ◦C

Diesel system

Reforming temperature 𝑇𝑟𝑒𝑓𝑜𝑟𝑚 540 ◦C

Ammonia system

Storage temperature 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 −33 ◦C

Hydrogen system

Storage temperature 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 −253 ◦C

3. Methodology

A flow-sheet software (Cycle-Tempo) is used for thermodynamic
analysis of the fuel cell systems. Cycle-Tempo contains models for the
relevant system components, such as pump, compressor, evaporator,
reformer, fuel cell, combustor, and heat exchanger. Together, these
components form a system matrix of mass and energy equations, which
is used to calculate the mass flow, pressure, temperature and composi-
tion in all components. The ideal gas law and no losses in piping are
assumed. The used parameters for the thermodynamic simulation are
shown in Table 1.

3.1. SOFC model

The fuel cell and combustor use a Gibbs free energy minimisation
routine to calculate the chemical equilibrium composition. In the SOFC
model, the equilibrium compositions of the inlet gasses determine the
electrical current and electrical power output, for which the internal
temperature and pressures are assumed constant. Next, the required
fuel flow for this current is calculated with the following equation [45]:

𝑚𝑖𝑛
𝑎𝑛 =

𝐼 ⋅𝑀𝑎𝑛

2𝐹
(

𝑦𝑖𝑛H2
+ 𝑦𝑖𝑛CO + 4𝑦𝑖𝑛CH4

)

𝑈𝐹

(7)

where 𝑚𝑖𝑛
𝑎𝑛 is the mass flow of the anode inlet, 𝑀𝑎𝑛 is the molar mass

of the anode gas, 𝐹 is the Faraday constant and 𝑦𝑖𝑛𝑗 the molar concen-
tration of species 𝑗 at the anode inlet, and 𝑈𝐹 the fuel utilisation. A 1D
model is used to calculate the current density, voltage and electrical

power. This imposes the assumption that temperature, pressure and
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gas composition are constant over the cross-section perpendicular to
the fuel flow. Higher dimension models are more accurate, but they
strongly increase the computational time and are most relevant for
estimating the dynamic response of SOFCs [46]. Since this research
focuses on steady-state operation, a 1D model is sufficient. The particle
concentration, reversible voltage, and current density are calculated
through the fuel cell stack as a function of position 𝑥. The reversible
voltage at 𝑥 is calculated with the Nernst equation [45]:

𝑉𝑟𝑒𝑣,𝑥 = 𝑉𝑟𝑒𝑣,0 +
𝑅𝑇
2𝐹

ln

(
√𝑦O2 ,𝑐𝑎 ⋅ 𝑦H2 ,𝑎𝑛

𝑦H2O,𝑎𝑛
⋅
√

𝑝𝑐𝑒𝑙𝑙

)

(8)

where 𝑉𝑟𝑒𝑣,0 is the standard reversible voltage, 𝑅 the universal gas
constant, 𝑇 the temperature, and 𝑝𝑐𝑒𝑙𝑙 the cell pressure. The model
assumes no voltage losses at the electrode in 𝑥 direction, resulting in
the following current density at 𝑥:

𝑖𝑥 =
𝛥𝑉𝑥
𝑅𝑒𝑞

=
𝑉𝑟𝑒𝑣,𝑥 − 𝑉

𝑅𝑒𝑞
(9)

with 𝑅𝑒𝑞 being the equivalent cell resistance. The current density
depends on the fuel utilisation at position 𝑥, which is maximum at
the inlet and zero at the outlet. The average current in the stack is
shown in Eq. (10) [45]. The average current results from the integration
of the local current densities over the dimensionless reaction coordi-
nates 𝜆, which represents the part of the fuel that already has been
electrochemically converted.

𝐼𝑐𝑒𝑙𝑙 =
𝑈𝐹 ⋅ 𝑉𝑐𝑒𝑙𝑙 ⋅ 𝐴𝑐𝑒𝑙𝑙

𝑅𝑒𝑞 ∫
𝑈𝐹
0 𝑑𝜆∕

(

𝑉𝑟𝑒𝑣,𝑥 − 𝑉
)

(10)

where 𝐴𝑐𝑒𝑙𝑙 represents the cell area. Following, the power is directly
calculated from the current and voltage. From the required electrical
power and electrochemical balance, the required fuel flow is deter-
mined. The oxygen mass flow from the cathode to the anode is calcu-
lated using the determined current. Since the nominal inlet and outlet
temperatures were defined, the flow through the cathode depends on
the oxygen required for the reaction or the required cooling in the
stack. The required cooling was in every case the determining factor
for the cathode airflow.

Although SOFC stacks are well-insulated, some heat will dissipate
into the environment. A constant heat dissipation 𝛷𝑆𝑂𝐹𝐶 of 1.5 kW
is assumed, which resulted from steady-state testing. This assumption
can be justified because the stack temperature is kept constant in all
simulations in this research, as was done by Liso et al. [19].

3.2. Balance of plant components

It is assumed that the combustor converts all in-flowing combustible
gases [7]:

𝛼H2 + 𝛽CH4 + 𝛾CO +
(𝛼
2
+ 2𝛽 +

𝛾
2

)

O2 →

𝛼 + 2𝛽)H2O + (𝛽 + 𝛾)CO2

(11)

For compressors and pumps, the isentropic efficiency is used to
stimate the actual power required for the pressure increase, com-
ared with the amount of power required for ideal compression [47].
he isentropic and mechanical efficiency are assumed constant (see
able 1), and the values are based on literature with similar rated
ower [7,22]. The required power is calculated with Eq. (12) [7].

𝑐𝑜𝑚𝑝∕𝑝𝑢𝑚𝑝 = �̇�
ℎ𝑜𝑢𝑡,𝑖𝑠 − ℎ𝑖𝑛
𝜂𝑚 ⋅ 𝜂𝑖𝑠

(12)

where ℎ𝑜𝑢𝑡,𝑖𝑠 represents the enthalpy after isentropic pressure increase,
𝜂𝑚 the mechanical efficiency of the equipment, and 𝜂𝑖𝑠 the isentropic
5

efficiency of the equipment.
3.3. Cathode recirculation system

For the SOFC systems with COGR, the recirculation ratio (RR) is
defined as the mass flow in the circulation loop divided by the cathode
outlet mass flow, see Eq. (13).

𝑅𝑅 =
�̇�𝑟𝑒𝑐𝑦𝑐𝑙𝑒

�̇�𝑜𝑢𝑡
𝑐𝑎

(13)

The recirculation rate affects the overall oxygen utilisation in the
SOFC system, which in this paper excludes the combustion process:

(𝑈𝑂)𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = 1 −

(

𝜒O2
⋅ �̇�

)𝑖𝑛

𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑜𝑟
(

𝜒O2
⋅ �̇�

)𝑖𝑛

𝑎𝑖𝑟𝑏𝑙𝑜𝑤𝑒𝑟

(14)

where 𝜒 is the molar fraction and �̇� the molar flow rate. Peters et al.
[48] consider oxygen utilisation above 50% to be infeasible, because a
high oxygen utilisation reduces the equilibrium potential due to a lower
molar oxygen concentration, see Eq. (8). Ni et al. [49] mentioned 20%
as a suitable oxygen utilisation. In this study, the recirculation is set
such that the temperature after the combustor does not exceed 900 ◦C.
This limit is used to enable the use of gas-to-gas metal heat exchangers
for air and fuel pre-heaters [50], and was also applied by Cinti et al.
[51] and Liso et al. [19].

3.4. System performance

After subtracting the parasitic electrical power losses and converting
DC to AC power, the net electrical efficiency of the SOFC system is
based on the lower heating value [17]:

𝜂𝑛𝑒𝑡,𝐴𝐶 =
𝜂𝐷𝐶|𝐴𝐶𝑃𝑆𝑂𝐹𝐶,𝐷𝐶 − 𝑃𝑎𝑢𝑥

�̇�𝑓,𝑖𝑛 ⋅ 𝐿𝐻𝑉𝑓
(15)

here 𝜂𝐷𝐶|𝐴𝐶 represents the electrical conversion efficiency from direct
urrent to alternating current, 𝑃𝑆𝑂𝐹𝐶,𝐷𝐶 the electrical power generated
y the fuel cells, 𝑃𝑎𝑢𝑥 the parasitic power of pumps, blowers and
ompressors, �̇�𝑓,𝑖𝑛 the mass flow of the dedicated fuel 𝑓 , and 𝐿𝐻𝑉𝑓
he lower heating value of fuel 𝑓 .

Remaining heat in the exhaust stream is recovered for the hot
ater (HW) and saturated steam (ST) network with a pinch point

emperature of 10 ◦C. Subsequently, for the saturated steam network,
eat is subtracted from the exhaust stream up to 190 ◦C. For the hot
ater network, heat is subtracted from the exhaust stream up to 100 ◦C.
he amount of regenerated heat for hot water and saturated steam
etermines the heat efficiency:

ℎ𝑒𝑎𝑡 =
�̇�𝐻𝑊 + �̇�𝑆𝑇
�̇�𝑓,𝑖𝑛 ⋅ 𝐿𝐻𝑉𝑓

(16)

ith �̇� being the heat flow that is recovered from the exhaust stream.
eat exchangers are usually bulky and expensive equipment and their

ize and cost strongly depend on the required heat transmission [19].
eviations in mass flow influence the amount of transferred heat.
oreover, a higher flue gas temperature positively influences the heat

ransfer rate. The differences in heat exchanger size for the differ-
nt fuels and for employing COGR are taken into account in the
erformance evaluation. The increase in heat exchanger surface area
s estimated with the often used LMTD method, see Eqs. (17) and
18) [52]. This method assumes no heat loss to the surroundings,
teady flow conditions, constant specific heat, and constant overall heat
ransfer coefficient.

𝑆 [%] =

(

�̇�∕𝐿𝑀𝑇𝐷
)

𝐶𝑂𝐺𝑅
(

�̇�∕𝐿𝑀𝑇𝐷
)

𝑛𝑜 𝐶𝑂𝐺𝑅

(17)

𝐿𝑀𝑇𝐷 =
𝛥𝑇1 − 𝛥𝑇2
( ) (18)
ln 𝛥𝑇1∕𝛥𝑇2
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Fig. 3. Net electrical efficiency, heat efficiency and delivered SOFC power for the five selected fuels. Data is generated at nominal operation (𝑉 = 0.8 V and 𝑈𝐹 = 80%).
Table 2
Used parameters for simulations of all fuels.

Simulation Fuel utilisation Cell voltage RR
– V –

Nominal 80% 0.8 –

Operating range 70%–85%
𝛥 = 1%

0.6–0.85
𝛥 = 0.01

–

COGR 80% 0.8 0–0.77
𝛥 = 0.002

4. Results

The results are generated by simulating the presented model with
the parameters stated in Table 2. The main results regarding the
electrical and heat efficiency for the considered fuels without COGR
are presented in 3(a) and with COGR in 3(b). The results without COGR
will be discussed in Sections 4.1 and 4.2 and the effect of COGR will
be discussed in Section 4.3.

4.1. Electrical and heat efficiency

Fig. 3(a) compares the net electrical efficiency, thermal efficiency,
and delivered AC power for the different SOFC systems. Methane,
diesel, and ammonia resulted in high electrical efficiency. The electrical
efficiency for methanol and hydrogen was much lower.

In the presented model, the heat efficiency is defined by the amount
of heat that was regenerated for hot water and saturated steam pur-
poses. Subsequently, the heat efficiency depends on the temperature
and mass flow of the flue gas and the heat extraction by other compo-
nents. The diesel-fuelled SOFC system had the lowest heat efficiency.
This can be explained by a high heat consumption by the diesel
reforming process. Ammonia resulted in the highest heat efficiency,
because the ammonia is cracked internally. Moreover, the relatively
small airflow resulted in high flue gas temperatures. It must be noted
that not all supplied heat was of the same quality. Although hydrogen
resulted in high heat efficiency, the temperature of the exhaust stream
after fuel and air pre-heating was not sufficient to produce saturated
steam.

For the carbon-containing fuels (methane, methanol, and diesel),
the power density and thus delivered power was lower than for hydro-
gen and ammonia, which is illustrated with the yellow line in Fig. 3(a).
Since the equivalent cell resistance, temperature, and cell pressure were
assumed constant, the differences in power density can be explained by
differences in species concentrations through the cell, influencing the
reversible voltage, see Eqs. (8) and (9). Although the methane-fuelled
system resulted in the highest electrical efficiency, the delivered power
was 15% lower than when fuelled with ammonia or hydrogen. This
implies more modules would need to be installed to deliver the same
power.
6

4.2. Oxygen utilisation and blower losses

SOFCs are cooled with cathode air. The temperature difference
between the cathode inlet and outlet was limited to 80 ◦C to prevent
stress from large thermal gradients. Consequently, the required cooling
determined the airflow and thus, the oxygen utilisation, which was
generally much larger than the stoichiometric requirements. Large
differences were found in the oxygen utilisation and required airflow
for the different fuels. This can be explained by heat release differences
in the electrochemical and reform reactions in the SOFC for the dif-
ferent fuels. Since the air blower was amply the largest contributor to
the parasitic power consumption, oxygen utilisation had a significant
impact on the net electrical efficiency. Fig. 4 shows the net electrical
efficiency and the used air blower power over the delivered SOFC
power, both as a function of oxygen utilisation. The oxygen utilisation
reached fairly low values down to 5%, especially for methanol and
hydrogen. For low oxygen utilisation, a large share of the generated
power was demanded by the blower, which reduced the net electrical
efficiency.

4.3. Effect of cathode off-gas recirculation

Cathode off-gas recirculation is employed to improve the heat re-
generation from the exhaust stream. This section investigates the im-
pact of the amount of recirculated air and evaluates the SOFC system
with and without COGR.

4.3.1. Varying the recirculation ratio
Fig. 5(a) shows the impact of the recirculation ratio (RR) on the

overall oxygen utilisation. As was expected, a high recirculation rate
strongly increased the overall oxygen utilisation. For the methane,
ammonia, and diesel system, the overall oxygen utilisation became
particularly high (over 30%) when using recirculation ratios of 0.5 or
higher.

Cathode recirculation has additional advantages for the SOFC sys-
tem. Reducing the primary airflow lowers the required heat transfer in
the air pre-heater. The transmitted heat in the air pre-heater exceeded
the other heat exchangers by a factor of ten for the considered systems.
Consequently, the air pre-heater was the largest and costliest heat
exchanger in the system design. The striped lines in Fig. 5(a) show
that the required heat transfer in this heat exchanger decreased linearly
for an increasing cathode recirculation ratio. Large reductions in the
required heat transfer were found, especially for the hydrogen and
methanol system.

The striped lines in Fig. 5(b) show that a higher recirculation ratio
increased the temperature in the exhaust stream. This increased the
heat transfer potential for heat recovery. Despite the decrease in flow
rate of the flue gas this positively affected the heat efficiency for all
different fuels, which is shown with the solid line in Fig. 5(b).



Energy Conversion and Management 276 (2023) 116498

7

B.N. van Veldhuizen et al.

Fig. 4. Net electrical efficiencies and compressor power divided by delivered AC SOFC power, both plotted as function of the oxygen utilisation for the five selected fuels. Data
is generated at 𝑉 = 0.6–0.85 V and 𝑈𝐹 = 80%.

Fig. 5. Impact of cathode off-gas recirculation ratio for different fuels at a cell voltage of 0.8 V, 80% fuel utilisation, and oxygen utilisation up to 50%.
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Fig. 6. Delivered heat to hot water and steam net for original systems and systems including cathode of gas recirculation (COGR). Data is generated at nominal operation (𝑉 = 0.8 V
and 𝑈𝐹 = 0.8).
Table 3
Influence of cathode off-gas recirculation on oxygen utilisation and system performance for different fuels at a cell voltage of 0.8 V and 80% fuel utilisation. The recirculating
rate is maximised towards an upper limit by introducing a maximum flue gas temperature of 900 ◦C.

Without COGR With COGR Difference

𝑈𝑂 RR Single pass 𝑈𝑂 Overall 𝑈𝑂 𝑈𝑂 Elec. efficiency Heat efficiency Total efficiency

Methane 16.2% 19.6% 16.7% 20.0% 1.2× −0.1% +14.9% +2.7%
Methanol 7.5% 64.3% 8.3% 20.3% 2.7× +1.2% +103.3% +25.1%
Diesel 12.4% 39.8% 13.3% 20.3% 1.6× −0.3% +106.4% +10.2%
Ammonia 15.4% 26.7% 16.0% 20.3% 1.3× −0.1% +11.9% +3.9%
Hydrogen 7.2% 64.2% 8.0% 19.6% 2.7× −0.8% +61.0% +21.0%
Table 4
Airflow and heat transfer for air pre-heater for SOFC system without and with COGR for different fuels, at a cell voltage of 0.8 V and 80%
fuel utilisation. Difference in surface area is estimated with LMTD method.

Without COGR With COGR Difference

Transmitted heat Transmitted heat Primary airflow Transmitted heat LMTD Surface area
kW kW – – – –

Methane 171 133 −19.1% −21.9% +22.1% −36.1%
Methanol 373 101 −64.0% −72.8% +170.8% −90.0%
Diesel 227 125 −39.3% −44.9% +62.0% −66.0%
Ammonia 211 151 −25.2% −28.5% +32.0% −45.8%
Hydrogen 451 124 −63.7% −72.6% +175.1% −90.0%
s
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.3.2. With or without COGR
Table 3 shows the recirculation rates when the temperature in the

xhaust stream is kept under 900 ◦C. Although the recirculation ratio
aried much per fuel, the 900 ◦C limit resulted for all fuels in an overall
xygen utilisation of around 20%.

Fig. 3(b) shows the net electric efficiency, thermal efficiency, and
elivered AC power for the different SOFC systems when COGR is
pplied with the exhaust temperature limit. Comparing Figs. 3(a) and
(b) shows that employing COGR increased the heat efficiency by
1.9 to 105.0% for the different fuels. The large increase in thermal
fficiency for methanol and hydrogen can be explained by a large
ncrease in oxygen utilisation, which reduced the amount of preheated
ir. Table 3 displays a 2.7 times increase in oxygen utilisation in the
ystem for methanol and hydrogen, for the other fuels this factor is just
.2 to 1.6. Besides the increase in thermal efficiency, an improvement
n the heat regeneration quality of the exhaust stream can be observed
n Fig. 6. For the methanol and hydrogen system without COGR, the
uality of the remaining heat after fuel and air preheating was not
ufficient to generate any saturated steam. COGR strongly increased the
mount of available heat for saturated steam purposes due to a higher
lue gas temperature after heat subtraction for fuel and air, especially
or the methanol and hydrogen system. A large take-off capacity for
8

i

aturated steam (dark red in graph) is beneficial, since a surplus of heat
an be bypassed and used for the hot water demand, but not vice versa.

The differences in net electric efficiency were minor. The power
sed by the air blower for the systems without COGR was approxi-
ately equal to the used power by the combined primary air blower

nd the recirculation blower. Moreover, a change in the single-pass
xygen utilisation in the stack only leads to small deviations in the
tack’s current density. All in all, the addition of COGR resulted in an
ncrease in the total efficiency of 2.7% to 25.1% for the different fuels.

Table 4 shows the accomplished decrease in primary airflow and
ransmitted heat in the air pre-heater for COGR using the 900 ◦C flue
as limit. Moreover, the increase in flue gas temperature positively
nfluenced the heat transfer rate in the air pre-heater. Employing COGR
educed the surface area of the heat exchanger by 36.1% to 90% for the
arious fuels. Consequently, COGR positively affected the size, weight,
nd cost of the SOFC system.

. Discussion

This section reflects some of the assumptions in the thermodynamic
nalysis and discusses why these were made. Furthermore, the model
s verified and the results are validated with earlier research.
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Fig. 7. Net electrical efficiency for systems without COGR at cell voltages of 0.6–0.85 V and fuel utilisation of 70–85%.
5.1. Model limitations

During the thermodynamic modelling, several assumptions were
made:

• The cell resistance 𝑅𝑆𝑂𝐹𝐶 is kept constant for different fuels,
voltages and fuel utilisation values, because of the unavailability
of experimental data for all considered fuels with the same cell
architecture. This assumption only holds if the thermal balance
in the stack does not change significantly. Although the tempera-
tures of the inlets and outlets stay equal, it could be argued that
internal reforming significantly influences the thermal balance
in the stack. The kinetics of the electrochemical and reforming
reaction are affected by the local temperature and partial pres-
sure of reactants. However, as both reactions in turn affect the
spatial distributions of temperature and partial pressures, they are
strongly coupled [53]. Nevertheless, this assumption is necessary
9

to fairly compare the performance of the SOFC system for the
selected fuels.

• The SOFC model does not consider activation, ohmic, and con-
centration losses separately, but includes the losses as an average.
Activation losses dominate at low current densities and concentra-
tion losses start to dominate at high current densities. However,
it can be assumed that the presented average loss characteristic is
still representative since the SOFC operates in the ohmic region
of the polarisation curve for the used input ranges of voltage
(0.6–0.85 V) and fuel utilisation (70%–85%).

• Although the SOFC is operated at different voltages, the effective-
ness deviations of the balance of plant components at different
operational conditions are not included. For instance, air blowers
operate at significantly lower efficiency below their operational
speed. For most balance of plant components, this has a rather
small influence on the net electric efficiency. However, Fig. 4
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Fig. 8. Net electrical efficiency for systems without COGR at cell voltages of 0.6–0.85 V and fuel utilisation of 70–85%.
shows that the contribution of the air blower to the net electric
efficiency is significant. Nevertheless, several configurations and
operational modes were investigated for the nominal operation
of a marine SOFC system. Different system configurations would
require different operational designs of the balance of plant com-
ponents to ensure they operate as much as possible in their
operational conditions. Consequently, this assumption holds for
the steady-state operation in this research. When the research
would be extended to part-load operation, it would be necessary
to include the part-load efficiency of at least the air blower.

• Heat loss in piping and components besides the SOFC are ne-
glected. This is a widely used assumption in SOFC system anal-
yses [54,55]. Although the system would be well insulated, in
practice, some heat would still dissipate. Becker et al. [56] as-
sumed fixed heat loss as a percentage of LHV for reformer,
combustor, and piping, which was estimated at only 1.5%. Holl-
mann et al. [22] estimated significant heat losses by modelling all
geometric and insulation properties in ANSYS. However, they ar-
gued that the high heat losses were caused by separate insulation
of all components to ensure quick accessibility during testing and
would be less significant in a commercial system.

• Pressure losses across all BOP components are simplified by as-
suming a constant pressure drop as was done by Liso et al.
[19], which is well-accepted in thermodynamic analyses. An un-
derestimation of the pressure drop across equipment could to
an overestimation of the net electrical efficiency, because more
parasitic power would be necessary for compressors or pumps.
Some researchers formulate the pressure drop as function of the
mass flow and a pressure drop correlation parameter [48,57].
However, the influence on the net electric efficiency is minor
and Tan et al. [58] even neglect pressure drop across equipment.
The assumption that the pressure drop in piping is negligible is
widely used [44] and is valid because the distance between all
components is short [19].

5.2. Model verification

A sensitivity analysis is performed for the operational conditions
of the SOFC to verify whether the model behaves similar to a real
10
SOFC system according to methods provided by Sargent [59]. The
voltage and fuel utilisation are varied from 0.6 to 0.85 and 70% to
85%, respectively, see Figs. 7 and 8. The results are in line with theory
and other thermodynamic analyses for all modelled systems. The net
electrical efficiency increases for higher fuel utilisation and voltages,
within the operational constraints of the SOFCs. Naturally, the highest
electrical efficiency is also accompanied by the lowest current density.

The net electrical efficiency of the SOFC system is approximately
linear to the voltage as to the fuel utilisation, since the stated ranges
are in the ohmic region of the polarisation curve of the SOFC. Appar-
ently, the other components in the system do not influence the system
efficiency sufficiently to deviate much from this linear SOFC relation,
taking into account that part-load effectiveness of the balance of plant
components is not included.

The sensitivity analysis showed that the methane-fuelled system
was not feasible for higher voltages, see Fig. 7(a). At higher voltages
(i.e., lower current density), less heat is produced in the stack. Heat is
required for the internal reforming of methane, and for high voltages,
this results in a heat deficit in the SOFC. The pre-reform ratio could
be increased to reduce the required heat in the stack and consequently
improve the operational range of the stack. This is shown in Fig. 7(b)
for a pre-reform ratio of 40%. Although this results in a slight reduction
in electrical efficiency and a significant reduction in heat efficiency
at equal operational conditions, the operational range is widened.
The small decrease in net electrical efficiency is the consequence of
a decrease in the endothermic internal reforming, which increases
the cooling requirement by the cathode air, subsequently increasing
the parasitic power of the blower [19,60]. For the other fuels, the
SOFC system is feasible over the full considered operational range, see
Figs. 7(c) to 8(b).

5.3. Result validation

The results are validated by comparison with other research. Specif-
ically, the net electrical efficiency, since the actual heat efficiency is not
often stated and depends much on the defined temperature at which
heat regeneration is deemed feasible. The net electric efficiencies are as
much as possible compared with research using similar process design,
plant size, and SOFC operating conditions. Although some significant



Energy Conversion and Management 276 (2023) 116498B.N. van Veldhuizen et al.

A

A
p
p

5

m
e
s
w
S
a
e
i
e
s
d
V
r
w

5

c
i
n
e
s
e
b
e
r
v

5

c
o
d
t
[
T
s
v
T
a
p
v
c
F
p
a

Table 5
Comparison of SOFC system analyses without COGR. Only comparable studies are
included, which means planar 𝑂2− conducting SOFCs operated on atmospheric pressure.

ll efficiency data is based on LHV.
Fuel Reference SOFC operation Performance

Voltage Fuel utilisation Net electric efficiency
V – –

Methane Kazempoor et al. [26] 0.7 80% 49.5%
Liso et al. [19] ? 80% 61.0%
Jia et al. [27] ? 85% 41.0%
Mehr et al. [17] 0.62 85% 41.8%
Ahmadi et al. [62] ? 80% 47.8%
This study 0.80 80% 58.1%
This study 0.80 80% 57.7%

Methanol Sangtongkitcharoen
et al. [63]

0.62 80% 45.0%

Cocco and Tola [34] ? 85% 50.0%
Leone et al. [33] ? 80% 51.0%
Rokni [64] ? 80% 51.9%
This study 0.80 80% 48.9%

Diesel Ezgi et al. [65] 0.80 90% 55.3%
Nehter et al. [66] 0.75 73% 55.0%
Huerta et al. [21] 0.75 85% 56.0%
This study 0.80 80% 57.6%

Ammonia Farhad and
Hamdullahpur [37]

0.73 80% 41.0%

Rokni [64] ? 80% 51.8%
Cinti et al. [51] ? 80% 55.0%
Barelli et al. [38] 0.78 80% 52.1%
Selvam et al. [67] 0.855 80% 59.8%
This study 0.80 80% 55.1%

Hydrogen Kazempoor et al. [26] 0.78 80% 37.5%
Botta et al. [68] 0.75 75% 40.0%
Peters et al. [43] 0.86 80% 48.0%
Sadeghi et al. [44] 0.85 85% 49.6%
This study 0.80 80% 47.1%

General: – = Not applicable, ? = Not reported by author.

discrepancies were found, they can all be explained by differences
in operating parameters or model assumptions. The comparison is,
without and with COGR, summarised in Tables 5 and 6, respectively.
An extensive comparison is provided in Tables 7 and 8 in the Appendix.
Here, the main parameters that influence the net electrical efficiency
are also listed, which are voltage, current density, fuel utilisation, stack
temperature, blower efficiency, and inverter efficiency [60]. Moreover,
the Appendix shows which systems use anode off-gas recirculation
(AOGR). AOGR is often proposed to increase the electrical efficiency
and reduce the steam generator requirements, and can be used in
combination with COGR [61].

5.3.1. Methane
Liso et al. [19] studied natural gas-based combined heat and power

(CHP) systems in various configurations. When using steam reforming
and no recirculation streams, they found a net electrical efficiency
of 61% for a pre-reform ratio of 40%. This is similar to the 58%
electrical efficiency found in the present study for the same pre-reform
ratio, see Fig. 7(b). The stack temperature is also similar in both
studies (750 ◦C and 720 ◦C). Other studies have also found various
electrical efficiencies within the range of this study, which is 37% to
65% for voltages from 0.6 to 0.85 V. In a thermodynamic analysis for
residential applications using 30% pre-reforming and 60% anode off-
gas recycling, Kazempoor et al. [26] simulated a net electrical efficiency
of 49.5% at 0.7 V and 80% fuel utilisation. Using direct internal
reforming and no recirculation, Jia et al. [27] found 41% electrical
efficiency at 85% fuel utilisation, but the operating voltage is not given.
Without employing a pre-reformer, Mehr et al. [17] found a much
11

lower electrical efficiency (exergy) of 41.8% at 85% fuel utilisation, e
but the fuel cell was operated at 0.62 V. Ahmadi et al. [62] simulated
a CHP plant without a pre-reformer, operating at a lower temperature
(640 ◦C) and 80% fuel utilisation, which resulted in a net electrical
efficiency of 47.8%.

Opposed to this study, in the work of Liso et al. [19], Kazempoor
et al. [26] and Jia et al. [27] the net electrical efficiency strongly
improved when COGR was applied, which was a direct consequence
of a smaller air blower power. However, in their studies, no blower
was used in the recirculation loop, which explains the difference from
the present study. Wang et al. [24] studied energy storage systems using
reversible solid oxide cells using cathode off-gas recirculation. Their net
electrical efficiency ranged from 60.2% to 62.4% for current densities
of 4000 to 3000 A∕m2, which is slightly higher than 58.0% at 3465
∕m2 in this study. This can be explained since the cathode is fed with
ure oxygen, which results in a smaller airflow and thus a lower blower
ower.

.3.2. Methanol
Cocco and Tola [34] studied an SOFC-GT system fuelled by

ethanol. Although combined cycle systems often result in higher
fficiencies, the SOFC efficiency was reported separately at 50%. This is
imilar to the nominal electrical efficiency found in the present study,
hich is 49%. Leone et al. [33] thermodynamically analysed a CHP
OFC plant, which also resulted in a very similar efficiency of 51%
t 80% fuel utilisation. Wang et al. [24] have again reported higher
fficiencies in the range of 54% to 64%, compared with 30% to 55%
n the present study. Sangtongkitcharoen et al. [63] found a lower net
lectrical efficiency of 45% for a reformed methanol-fuelled SOFC at
imilar fuel utilisation and current density as the present study. This
ifference can be explained, since they operated the SOFCs on 0.62
. Although Rokni [64] employed a methanator and anode off-gas
ecirculation with an RR of 3%, their net electrical efficiency (51.9%)
as still very similar to the present study.

.3.3. Diesel
Most studies on diesel-fuelled SOFC systems report electric efficien-

ies similar to the present study (58%). Ezgi et al. [65] thermodynam-
cally modelled an SOFC system for auxiliary power generation on a
aval ship using autothermal reforming. They reported an electrical
fficiency of 55.3% at the same voltage as our study (0.8 V) and a
lightly higher operating temperature of 775 ◦C. The slightly lower
lectrical efficiency at even higher temperatures can be explained
y the use of autothermal reforming. Nehter et al. [66] and Huerta
t al. [21] both use steam reforming and anode off-gas recirculation,
eporting efficiencies of 55% and 56% respectively at a slightly lower
oltage of 0.75 V.

.3.4. Ammonia
Cinti et al. [51] studied an ammonia-fuelled system with internal

racking. At an operating temperature of 750 ◦C and fuel utilisation
f 80%, they found net electric efficiency in the range of 38% to 67%
epending on the power output. This is similar to the range found in
he present study (35% to 62%) for similar operating conditions Rokni
64] and Selvam et al. [67]. Also found efficiencies in the same range.
he results of Barelli et al. [38] were most in line with the present
tudy, they found a net electrical efficiency of 52.1% at a slightly lower
oltage (0.78 V) compared with 55.1% at 0.8 V of the present study.
heir model was also validated with short stack experiments. Farhad
nd Hamdullahpur [37] studied a portable power system with a similar
rocess design as this study. They found an efficiency of 41% at a
oltage of 0.73 V and a fuel utilisation of 80%. Under the same
onditions, the present study found an efficiency of around 50%, see
ig. 8(a). In the study of Farhad and Hamdullahpur [37], 20% parasitic
ower take-off was assumed for the control system since it is only
small system (100 W) and DC power is delivered. Together, this

xplains the 18% difference in net electrical efficiency compared with
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Table 6
Comparison of SOFC system analyses with COGR. Only comparable studies are included, which means planar 𝑂2− conducting SOFCs operated
on atmospheric pressure. All efficiency data is based on LHV. For diesel and ammonia, no representative studies with COGR were found.

Fuel Reference SOFC operation Performance

COGR type COG RR Voltage Fuel utilisation Net electric efficiency
– – V – –

Methane Kazempoor et al. [26] EJ 0.6 0.69 80% 53.7%
Liso et al. [19] EJ 0.75 0.80 80% 58.0%
Jia et al. [27] ? 0.5 ? 85% 51.0%
Mehr et al. [17] ? 0.3 0.60 85% 40.2%
Wang et al. [24] BL ? 0.83 90% 65.9%
This study BL 0.2 0.80 80% 58.0%

Methanol Wang et al. [24] BL ? 0.83 90% 60.2%
This study BL 0.64 0.80 80% 49.5%

Hydrogen Kazempoor et al. [26] EJ 0.6 0.78 80% 40.3%
Wang et al. [24] BL ? 0.859 90% 58.3%
This study BL 0.64 0.80 80% 46.8%

COGR type: BL = Air recirculation with blower, EJ = Air recirculation with ejector.
M

the present study. Wang et al. [24] used an external cracker and pure
oxygen to feed the cathode, finding net electric efficiency in the range
of 58.2% to 61.6% for current densities of 4000 to 3000 A∕m2. This
again is significantly higher than 55.1% at 4075 A∕m2 of the present
study.

5.3.5. Hydrogen
The present study found electrical efficiencies in the range of 30%

to 53% for a fuel utilisation of 80% and a stack temperature of 720 ◦C,
with a nominal efficiency of 47.1% at 0.8 V. Botta et al. [68] have
found an energy efficiency of 40% at an average cell temperature of
850 ◦C but at a lower fuel utilisation of 75% and a voltage of 0.75 V.
They did not use a combustor, but that should not affect the electrical
efficiency as long as preheating needs are met by recuperation. Peters
et al. [43] found a similar electrical efficiency of 48% at 80% fuel
utilisation and a slightly higher voltage. The analysis of Sadeghi et al.
[44] resulted in a slightly higher efficiency (49.6%), but they assumed
a fuel utilisation of 85% and used no inverter. Wang et al. [24] again
found higher net electric efficiencies in the range of 51% to 60% using
pure oxygen instead of air.

6. Conclusion

This study compared the thermodynamic performance of a ma-
rine SOFC power plant for methane, methanol, diesel, ammonia, and
hydrogen. A reference model was established, which was extended
with the necessary components for the different fuels. Additionally,
cathode off-gas recirculation (COGR) is investigated with the purpose
of improving heat regeneration. The thermodynamic model is verified
with a sensitivity analysis and validated by comparing the results with
thermodynamic analyses of similar SOFC systems.

The difference in electrical and heat efficiency between the fuels
was significant. At a cell voltage of 0.8 V and a fuel utilisation of
80%, the highest net electrical efficiency (LHV) was found for methane
(58.1%), followed by diesel (57.6%) and ammonia (55.1%). The air
blower had a major influence on the net electrical efficiency, especially
for low oxygen utilisation. The carbon fuels (methane, methanol, and
diesel) resulted in a 15% lower power density, compared with ammonia
and hydrogen. The highest heat efficiency was found for ammonia
(27.4%), followed by hydrogen (25.6%). For both the methane and
ammonia system, the heat quality in the exhaust was sufficient for
the generation of hot water and saturated steam. Practically, this saves
additional fuel or electricity for boilers.

Without COGR, the heat quality was insufficient to generate sat-
urated steam for methanol, diesel, and hydrogen. COGR was used to
increase the oxygen utilisation and thus increase the temperature in
12

the exhaust stream. Increasing the recirculation ratio improved the heat
efficiency and reduced the required heat transfer in the air pre-heater.
Comparing the systems without and with COGR resulted in similar net
electrical efficiencies, but the systems with COGR demonstrated a large
increase the quantity and quality of the heat efficiency. This resulted in
an increase in the heat efficiency of 11.9% to 105.0% for the different
fuels. A smaller primary airflow also resulted in a decrease of heat
transfer in the air pre-heater of 21.9% to 72.6%, reducing the size,
weight, and cost of this heat exchanger.

Further research will be needed to tackle the design problems of a
high-temperature cathode recirculation loop, for which low-
temperature COGR or specialised high-temperature blowers are pos-
sible strategies. Nevertheless, COGR offers a promising method to
increase heat recovery, improving the total efficiency of the power
plant. The results of this study can be used to evaluate the fuel choice
of a marine SOFC power plant and to improve heat recovery, with the
overarching goal to reduce ship emissions.
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Table 7
Comparison of SOFC system analyses without COGR. Only comparable studies are included, which means planar 𝑂2− conducting SOFCs operated on atmospheric pressure. All
efficiency data is based on LHV. When no stack temperature is provided, the average between stack inlet and outlet is reported.

Fuel Reference SOFC operation System characteristics Performance

Reforming Pre-reform
ratio

Voltage Current
density

AOGR Overall
fuel
utilisation

Stack
temperature

Isentropic
blower
efficiency

DC/AC
inverter
efficiency

Net
electric
efficiency

– – V A∕m2 – – ◦C – – –

Methane Kazempoor
et al. [26]

SR 30% 0.7 5000 ✓ 80% 750 73% 92% 49.5%

Liso et al.
[19]

SR 40% ? ? – 80% 750 ? 92% 61.0%

Jia et al.
[27]

SR 50% ? ? – 85% 820 70% 98% 41.0%

Mehr et al.
[17]

SR 0% 0.62 6000 – 85% 727 85% 97% 41.8%a

Ahmadi et al.
[62]

SR 0% ? 5500 – 80% 640 85% 97% 47.8%

This study SR 20% 0.80 3483 – 80% 720 70% 96% 58.1%
This study SR 40% 0.80 3429 – 80% 720 70% 96% 57.7%

Methanol Sangtongk-
itcharoen
et al. [63]

SR 100% 0.62 3230 – 80% 900 ? 100% 45.0%

Cocco and
Tola [34]

SR 100% ? 3000 – 85% 900 82%b 95% 50.0%

Leone et al.
[33]

SR 100% ? 6600 – 80% 800 ? ? 51.0%

Rokni [64] ME 100% ? ? ✓ 80% 700 70% 97% 51.9%
This study SR 100% 0.80 3526 – 80% 720 70% 96% 48.9%

Diesel Ezgi et al.
[65]

ATR 90% 0.80 4000 – 90% 775 72%c 100% 55.3%

Nehter et al.
[66]

SR 100% 0.75 ? ✓ 73% 800 ? ? 55.0%d

Huerta et al.
[21]

SR 100% 0.75 ? ✓ 85% 775 65% ? 56.0%

This study SR 100% 0.80 3538 – 80% 720 70% 96% 57.6%

Ammonia Farhad and
Hamdullah-
pur
[37]

IC 0% 0.73 ? – 80% 800 55%e 100% 41.0%

Rokni [64] IC 0% ? ? – 80% 700 70% 97% 51.8%
Cinti et al.
[51]

IC 0% ? ? – 80% 750 80% 100% 55.0%

Barelli et al.
[38]

IC 0% 0.78 5000 – 80% 750 90% 95% 52.1%

Selvam et al.
[67]

IC 0% 0.855 2000 – 80% 800 80% 98% 59.8%

This study IC 0% 0.80 4075 – 80% 720 70% 96% 55.1%

Hydrogen Kazempoor
et al. [26]

– – 0.78 5000 – 80% 750 73% 92% 37.5%

Botta et al.
[68]

– – 0.75 8000 – 75% 850 80% 100% 40.0%

Peters et al.
[43]

– – 0.86 5000 – 80% 750 60% 95% 48.0%

Sadeghi et al.
[44]

– – 0.85 10 000 – 85% 750 85% 100% 49.6%

This study – – 0.80 4100 – 80% 720 70% 96% 47.1%

General: – = Not applicable, ? = Not reported by author.
Reforming: SR = Steam Reforming, ME = Methanation, ATR = Auto Thermal Reforming, IC = Internal Cracking.

OGR = Anode Off-gas Recirculation.

Net electric exergy efficiency.
Polytropic efficiency.
Overall efficiency.
Gross energy efficiency.
Overall blower efficiency.
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a

R

Table 8
Comparison of SOFC system analyses with COGR. Only comparable studies are included, which means planar 𝑂2− conducting SOFCs operated on atmospheric pressure. All efficiency
data is based on LHV. For diesel and ammonia, no representative studies with COGR were found.

Fuel Reference SOFC operation System characteristics Performance

Reforming Pre-reform
ratio

COGR
type

COG
RR

Voltage Current
density

Fuel
utilisation

Stack
temperature

Isentropic
blower
efficiency

DC/AC
inverter
efficiency

Net
electric
efficiency

– – – – V A∕m2 – ◦C – – –

Methane Kazempoor
et al. [26]

SR 30% EJ 0.6 0.69 5000 80% 750 73% 92% 53.7%

Liso et al.
[19]

SR 40% EJ 0.75 0.80 ? 80% 750 ? 92% 58.0%

Jia et al.
[27]

SR 0% ? 0.5 ? ? 85% 820 70% 98% 51.0%

Mehr et al.
[17]

SR 0% ? 0.3 0.60 6000 85% 727 85% 97% 40.2%a

Wang et al.
[24]

SR 80% BL ? 0.83 4000 90% 710 ? 100% 65.9%

This study SR 20% BL 0.2 0.80 3465 80% 750 70% 96% 58.0%

Methanol Wang et al.
[24]

SR 100% BL ? 0.83 4000 90% 710 ? 100% 60.2%

This study SR 100% BL 0.64 0.80 3464 80% 720 70% 96% 49.5%

Hydrogen Kazempoor
et al. [26]

– – EJ 0.6 0.78 5000 80% 750 73% 92% 40.3%

Wang et al.
[24]

– – BL ? 0.859 4000 90% 710 ? 100% 58.3%

This study – – BL 0.64 0.80 4039 80% 720 70% 96% 46.8%

General: – = Not applicable, ? = Not reported by author
Reforming: SR = Steam Reforming.
COGR type: BL = Air recirculation with blower, EJ = Air recirculation with ejector.
Net electric exergy efficiency.
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