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Abstract
A combined system including a solid oxide fuel cell (SOFC) and an internal combustion engine (ICE) is proposed in this paper. First, a 0-D 
model of SOFC and a 1-D model of ICE are built as agent models. Second, parameter analysis of the system is conducted based on SOFC and 
ICE models. Results show that the number of cells, current density, and fuel utilization can influence SOFC and ICE. Moreover, a deep neural 
network is applied as a data-driven model to conduct optimized calculations efficiently, as achieved by the particle swarm optimization 
algorithm in this paper. The results demonstrate that the optimal system efficiency of 51.8% can be achieved from a 22.4%/77.6% SOFC-ICE 
power split at 6 000 kW power output. Furthermore, promising improvements in efficiency of 5.1% are achieved compared to the original engine. 
Finally, a simple economic analysis model, which shows that the payback period of the optimal system is 8.41 years, is proposed in this paper.
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1  Introduction

Economic globalization is inevitable. Maritime trans‐
port has become an indispensable force in world trade due 
to its low costs. However, a large number of ships on the 
market are still propelled by burning heavy oil, which in‐
evitably leads to carbon and other emissions. The problem 
of other emissions has been addressed by some technolo‐
gies(Wang et al., 2020, Zhu et al., 2022). In recent years, 
the issue of carbon emissions has received increasing at‐
tention due to the worsening of the greenhouse effect. Car‐
bon neutrality has been proposed in many countries 
through legislation, policies, and recommendations (Tan et 
al., 2022a). Shipping accounts for 2.89% of global carbon 
emissions, which is significant in reducing carbon emis‐

sions from the marine environment (Netgel and Stepinski, 
2019). Therefore, the 72nd MEPC meeting was convened in 
2018 by the International Maritime Organization (IMO), 
where the greenhouse gas reduction strategy was proposed. 
This strategy aims to lower greenhouse gas emissions by 
50% by 2050 compared to those in 2008 (Joung et al., 
2020). In 2020, at the 75th Meeting of the MEPC of the 
IMO, the VI amendment to the Annex to the New MAR‐
POL Convention was formally approved by the conference, 
which proposed that the pre-initiation of Energy Efficiency 
Design Index Phase III on New Year’s Day 2025 be moved 
up to April 2022 in response to new requirements on green‐
house gas emissions (Prehn and Jensen, 2021).

Alternative fuels have been improved (Shi et al., 2023), 
which will be an effective way to reduce the carbon emis‐
sions of ships. As a low-carbon fuel, natural gas has prom‐
ising potential in the early stages of the carbon neutrality 
period (Wang et al., 2022a). Natural gas is mostly methane 
and has high purity, producing almost no sulfides (Gray et 
al., 2021). Natural gas emits approximately 25% less CO2 
when burned than diesel (Hall et al., 2021).

Fuel cells, a device that can directly convert chemical 
energy into electric energy without combustion (Wu and 
Bucknall, 2020), are also available to solve the problems 
of carbon emissions in ships due to their high efficiency as 
well as their clean and quiet operation (Kistner et al., 
2021; Biert et al., 2016; Wu and Bucknall, 2020). Solid ox‐
ide fuel cells (SOFCs) have the highest thermal efficiency 
and operate at remarkably high temperatures, enabling 
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combined heat and power in some scenarios, which can be 
fed by numerous kinds of fuels (Xu et al., 2022). Thus, 
SOFCs are highly suitable for shipping (Yuan et al., 2020; 
Pan et al., 2021; Rivarolo et al., 2021). Micoli et al. (Luca 
et al., 2021) reported a 20 MW-class SOFC for a cruise 
ship. The results showed that the SOFC consumes less nat‐
ural gas and has cleaner exhaust gas than a dual-fuel en‐
gine for the same power. Although employing an SOFC 
does not affect the ship’s flotation or stability, the large 
size and weight of the SOFC reduce the number of hotels 
on the cruise ship.

Several advantages of fuel cell ships have been report‐
ed. However, numerous disadvantages and technical diffi‐
culties hinder the use of SOFC ships, including lower pow‐
er density, larger size and weight, and higher cost com‐
pared to engines (Biert et al., 2016). In addition, SOFCs 
demonstrate poor transient performance (Sapra et al., 
2021). Chin et al. (2022) reported that a full fuel cell sys‐
tem is still only viable for small to medium vessels, while 
a hybrid system is practical for large ships. Furthermore, 
Xing et al. (2021) reported that reliability and durability 
will be achieved by integrating SOFC with batteries, pho‐
tovoltaics, turbines, and engines, which can also maximize 
efficiency.

Numerous studies on SOFC applied by a combined sys‐
tem such as SOFC-GT or SOFC-ST (Chan et al., 2002; 
Park and Kim, 2006; Biert et al., 2018) are already avail‐
able. The design concept of the SOFC-GT/ST combined 
system is the same as waste heat recovery. The SOFC-GT/
ST combined system can improve efficiency. However, 
off-design conditions have remarkably low efficiency and 
poor dynamic response characteristics (Chuahy and Kok‐
john, 2019).

On the contrary, ICE has excellent dynamic response 
characteristics and can achieve high thermal efficiency in 
any working condition (Chuahy and Kokjohn, 2019; Xia 
et al., 2023). Wu et al. (2020) reported superior dynamic 
performance based on a specific control strategy. More‐
over, the highly efficient SOFC could replace the part pow‐
er of ICE, which could increase the total efficiency of the 
combined system (Feng et al., 2023). In addition, cylinder 
combustion could be improved by SOFC anode off-gas, in‐
cluding H2. Several studies about combining forced com‐
bustion technology by SOFC anode off-gas with novel 
combustion technologies have been conducted.

Koo et al. (2021) established and jointly operated a 5 
kW SOFC-ICE test system. The exhaust gas from SOFC is 
rich in CO and H2 and is used as fuel for a homogeneous 
charge compression ignition (HCCI) engine, resulting in 
the ICE accounting for only 13% ‒ 15% of the combined 
system power. The cycle configuration of this scheme is 
the same as that of SOFC-GT/ST.

Kim et al. (2020) studied a 5 kW class SFOC-ICE com‐
bined system and employed a spark-assisted ignition (SAI) 

engine. The engine was then analyzed by experiment, 
while the SOFC subsystem was calculated by simulation. 
The SAI technology could stabilize and control the com‐
bustion of the anode off-gas. Their results showed that an 
indicated efficiency of approximately 61.6% was achieved 
because the engine can generate approximately 14.2% of 
system power.

Chuahy et al. (Chuahy and Kokjohn, 2019) studied the 
SOFC-ICE combined cycle based on the diesel model. 
Calculation and simulation verification showed that the 
1 000 kW-level combined system can achieve a thermal 
efficiency of 70%. The power of the reactivity-controlled 
compression ignition (RCCI) engine accounted for 15% of 
the combined system. In addition, the authors indicated 
that spark ignition can stabilize the combustion of ICE.

Sapra et al. (2021) proposed a new integrated SOFC –
ICE combined cycle using natural gas and applied an HC‐
CI engine. The 750 kW-level SOFC-ICE system power 
split of 67‒33 showed the highest efficiency improvement 
of approximately 8%, while UHC and NOx emissions were 
reduced by approximately 43% and 60%, respectively, 
compared to a conventional marine natural gas engine. 
The authors also indicated that the good dynamic perfor‐
mance of the integrated system appeared in the system.

Previous works proposed an SOFC-ICE system fueled 
with methanol (Qu et al., 2023) and ammonia (Qu et al., 
2023), showing high efficiencies of 55.6% and 70.53%, re‐
spectively.

The novel combustion technologies, including SAI, HC‐
CI, and RCCI on natural gas or diesel engines, were em‐
ployed to improve the combustion stability of ICE in the 
combined SOFC-ICE systems in the aforementioned stud‐
ies. However, natural gas engines encounter some other 
problems. Natural gas engines have two technologies: 
high- and low-pressure injecting engines. The high-pres‐
sure injecting engines belong to MAN Diesel & Turbo’s 
ME-GI engines, which have high NOx and low CO2 emis‐
sions (Lars et al., 2011; Yu et al., 2022a). These engines al‐
so belong to the diesel cycle, leading to high efficiency (Yu 
et al., 2022b). Naturally, the Tier III standard cannot be 
achieved without any extra technology on MAN Diesel & 
Turbo’s ME-GI engines (Cong et al., 2022). The low-pres‐
sure injecting engines belong to DF engines of Winterthur 
Gas & Diesel, which have low NOx, CO, and CO2 emis‐
sions. The NOx emissions of DF engines of Winterthur 
Gas & Diesel can meet Tier III standards. However, natu‐
ral gas has a low flame propagation in the cylinder on the 
DF engine of Winterthur Gas & Diesel, leading to knock 
(Liu et al., 2022). Therefore, the compressor ratio of the 
DF engines of Winterthur Gas & Diesel should be low, 
which would cause low efficiency. This condition limits 
improvements in thermal efficiency. Therefore, Winterthur 
Gas & Diesel proposed the Intelligent Control by Exhaust 
Recycling (iCER) system (WinGD, 2020), which replaces 
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part of the air with CO2. As the high specific heat capacity 
molecule, the CO2 in recycling gas can decrease the tem‐
perature in the cylinder to inhibit the auto-ignition of natu‐
ral gas at the end-gas area to hinder knock, which could 
appropriately improve the compressor ratio. In addition, 
the exhaust gas of the engine contains harmful substances 
such as SOx and PM due to lube and diesel as pilot fuel, re‐
spectively, which can damage the cylinder during exhaust 
gas recirculation. Therefore, scrubbers are required (Wang 
et al., 2022b, Xia et al., 2023). SOFC anode off-gas, which 
includes CO2 as the most important substance in recycling 
gas, is clean. Furthermore, H2 exists in SOFC anode off-
gas, which could improve combustion, increase efficiency, 
and enhance flame propagation (Qu et al., 2022; Nguyen et 
al., 2019). Therefore, the combined SOFC-ICE system was 
proposed in this paper to replace the complex iCER system 
of low-pressure injecting natural gas diesel dual-fuel en‐
gines, which could uninstall scrubbers. Therefore, engines 
with a high compression ratio could be employed. A 0-D 
model of SOFC and a 1-D model of ICE were built. In addi‐
tion, deep learning successfully conducted system optimiza‐
tion, which belongs to the data-driven model (Yang et al., 
2018). Thus, a data-driven model of the SOFC-ICE system 
was built to achieve optimized calculation. The deep neural 
network (DNN) model was employed. Furthermore, parti‐
cle swarm optimization (PSO) was applied to complete sys‐
tem optimization (Dong and Zhang, 2022). Finally, a sim‐
ple economic analysis model was proposed to evaluate the 
economy of the system.

The main body of this paper is organized as follows. 
Section 2 describes the combined SOFC-ICE system and 
presents the assumption. Section 3 introduces the SOFC, 
ICE, DNN, and PSO models. Section 4 presents the results 
of the parameter analysis. This section also describes the 
optimization results using the PSO model and performs 

the economic analysis. Section 5 summarizes the study 
and presents the perspective.

2  System description and assumptions

An SOFC-ICE combined system is proposed in this pa‐
per, as shown in Figure 1. The part of natural gas is by‐
passed before entering ICE to the SOFC subsystem. The 
bypassed natural gas is then converted into H2 and CO in 
the reformer before entering SOFC. The heat necessary to 
heat natural gas before reforming is derived from SOFC 
anode exhaust gas, which can also cool the anode exhaust 
gas. In addition, SOFC anode exhaust gas preheats the wa‐
ter going into the reformer. The intake gas temperature of 
ICE should be low. Therefore, the anode exhaust gas is 
cooled thoroughly to eliminate the water and then enters 
the ICE. CO2 can reduce the combustion temperature to 
prevent knock. Meanwhile, H2 can promote combustion 
and increase flame propagation, which can also inhibit 
knock. The high compression ratio of the engine can then 
be applied. Similarly, the cathode exhaust gas preheats the 
air at the SOFC cathode. The 5RT-flex50DF low-speed 
two-stroke dual-fuel engine, which is manufactured by Yu‐
chai Marine Power Co., Ltd., was investigated in this pa‐
per, and its data are shown in Table 1.

The methane was applied to replace the natural gas for a 
simple calculation. In addition, methane can be nearly 
completely converted into steam reforming at tempera‐
tures above 700 ℃ (Chen et al., 2020). Therefore, meth‐
ane is assumed to be completely converted to H2 and CO 
in the reformer, which has a volume ratio of 3∶1. The ion‐
ic equation at the SOFC anode and the water-gas shift reac‐
tion exist in the SOFC anode, as shown in the following 
equations.

Figure 1　System layout
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O2 − + H2 → H2O + 2e−, (1)

CO + H2O ⇔ CO2 + H2. (2)

A natural gas mass flow rate of the system of 0.23 kg/s 
is set. Power split was achieved by controlling the natural 
gas bypass valve.

3  Research approach

The study in this paper was conducted by simulation, 
which was verified by tests. The 0-D model of SOFC and 
the 1-D model of ICE were regarded as agent models, 
while the DNN model was regarded as the data-driven 
model. The agent and data-driven models were employed, 
as shown in Figure 2.

3.1  SOFC model

A 0-D model of SOFC was established, and the methods 
are derived from the literature (Aguiar et al., 2004), as 
shown in Table 2. This model facilitates the calculation of 
the voltage, current density, power, efficiency, and various 
polarization losses. The polarization loss includes ohmic, 
concentration, and activation polarizations. Ohmic polar‐
ization comprises the resistance of ions to flow through 
the electrolyte and that of electrons to flow through the 

electrode. Concentration polarization comprises the limit 
of mass transfer of gas-phase materials through the elec‐
trode. Active polarization involves the charge transfer re‐
sistance of the electrochemical reaction between cathodes 
and anodes. The electrode is a good electric conductor; 
thus, the electric potential on the electrode surface is the 
same. Therefore, each control body is equivalent to a paral‐
lel relationship; that is, the output voltage of each control 
body is the same, which is equal to the output voltage of 
the fuel cell.

The accuracy of the model is verified by applying the re‐
sults of the test conducted by Zhao et al. (Zhao and Virkar, 
2005). The boundary condition is shown in Table 3, and 
the result is presented in Figure 3. The figure reveals that 
the polarization loss would increase due to a rise in current 
density. The activation polarization loss can be observed at 
low current density, the ohmic polarization loss can be ob‐
served at medium current density, and the concentration 
polarization can be observed at high current density. More‐
over, the maximum errors emerge at low current density, 
which was caused by numerical calculation. The model of 
activation polarization is a set of two-dimensional tran‐
scendental equations rather than a simple formula. There‐
fore, numerical calculations reveal a large error. The re‐
sults show that the simulation curve fits well with the ex‐
perimental results, whose average error is 5.87%, meeting 
the accuracy requirement of thermodynamic analysis. In 
addition, other studies have been applied to compare the 
models in this paper in the presence of good results.

3.2  ICE model

A 1-D model of ICE is established employing GT pow‐
er, as shown in Figure 4. The following five modules com‐
prise the model, including a turbocharger, intake/exhaust 
system, cylinder, crankcase, and intercooler. The test con‐
ducted by Yuchai Marine Power Co., Ltd. (Yuchai Marine 
Power Co., 2016) verified the model, and its results are 

Table 1　5RT-flex50DF engine parameters

Parameters

Engine type

Rated power (kW)

Rated speed (r/s)

Compression ratio

Emission standard

Value

5-cylinder dual-fuel engine

5 850

102

12

IMO Tier III

Figure 2　Research methodology
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shown in Figure 5 and Table 4. Table 5 shows the test envi‐
ronment. The test cylinder pressure curve fits well with the 
simulation cylinder pressure curve, whose maximum error 
is 3.53% at the highest pressure. Moreover, the maximum 
error is 3.85% at the parameter scavenging pressure at 
25% load in other data. The errors in power and break-spe‐

cific gas consumption (BSFC) are fewer. Therefore, the 
model meets the requirement of calculation accuracy.

Table 2　SOFC model

SOFC model

Open-circuit voltage

Actual voltage

Ohm polarization

Concentration polarization

Activation polarization

SOFC power

SOFC efficiency

UOCP =− ΔG
2F

U = UOCP − (ηOhm + ηconc, an + ηconc, ca

+ηact, an + ηact, ca )
ηOhm = j (

τan

σan

+
τel

σel

+
τca

σca

)

ηconc =
RTPEN

2F
ln ( pH2O,TPB

pH2O

⋅ pH2

pH2, TPB )
+

RTPEN

2F
ln ( pO2

pO2, TPB )
j = j0, ca

é

ë

ê
êê
êexp ( F

RTPEN

ηact, ca )
− exp ( − F

RTPEN

ηact, ca )ùûúúúú
PFC = j̄UfWFC LFC

ηFC =
j̄Uf LFCWFC

LHVin Ṅin, an

Table 3　Boundary condition

Parameters

Operating temperature (K)

Anode thickness (μm)

Cathode thickness (μm)

Electrolyte thickness (μm)

Panel length (m)

Panel width (m)

Fuel

Value

973

1 000

20

8

0.4

0.1

97%H2/3%H2O

Figure 3　Verification result (Wang, 2020)

Figure 4　ICE model
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3.3  DNN model

The aforementioned model of SOFC includes three free 

variables, which are the number of cells, fuel utilization, 
and current density, which influence SOFC and ICE. If the 
combined model is employed to conduct optimization, 
then this model will increase the time cost. Therefore, the 
data-driven model by DNN is established to simulate the 
SOFC-ICE system, as shown in Figure 6. The 0-D model 
of SOFC and the 1-D model of ICE are applied as agent 
models to provide a dataset for DNN. The input parame‐
ters comprise the number of cells, fuel utilization, and cur‐
rent density, and the output parameters comprise the pow‐
er of SOFC and ICE. The mean absolute error is used in 
DNN as the loss function (Karunasingha, 2022), and the 
Adamax function is utilized as the optimizer (Kingma and 
Jimmy, 2014). Table 6 shows other information.

The range of input parameters is shown in Table 7 for es‐
tablishing the dataset, whose number is 1 780. The Z-score 
normalization method is employed to normalize data, as 
shown in the following equation:

xnew =
x − μ
σ

. (3)

The error analysis is conducted to verify the generaliza‐
tion capability of DNN, as shown in Figure 7. The errors 
of the training and test sets can decrease and converge ef‐
fectively, respectively, during model training. The average 
relative error of the model after 600 times of training is 
less than 0.2%, which meets the requirement of calculation 
accuracy.

Table 4　Comparison between the simulated and the experimental data

Load (%)

100

75

50

25

Parameters

Test

Simulation

Error

Test

Simulation

Error

Test

Simulation

Error

Test

Simulation

Error

Power 
(kW)

5 877

5 886

0.15%

4 388

4 448

1.36%

2 930

2 986

1.91%

1 459

1 424

2.40%

Maximum
pressure

(bar)

161.5

155.8

3.53%

122.4

123.3

0.81%

76.3

77.5

1.57%

42.8

42.3

1.17%

BSFC
(g/kW·h)

157.4

156.9

0.32%

154.2

156.4

1.43%

160.3

163.7

2.12%

175.8

172.0

2.16%

Scavenging
 pressure 

(MPa)

0.415

0.430

3.61%

0.305

0.316

3.61%

0.205

0.210

2.44%

0.13

0.125

3.85%

Figure 5　Comparison between the simulated and the experimental 
in-cylinder pressures

Table 5　Test environment

Parameters

Load (%)

Atmospheric pressure (kPa)

Intake air temperature (℃)

Intake air humidity (g/kg)

Atmospheric relative 
humidity (%)

Values

100

101.01

34.3

22.05

71.5

75

101.06

33.3

22.50

77.2

50

101.07

32.3

22.52

78.6

25

101.08

32.2

21.55

76.2

Figure 6　DNN layout
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3.4  PSO model

Table 8 presents the PSO model.

3.5  Evaluation parameters

The total efficiency of the SOFC-ICE combined system 
can be calculated using the following equation:

ηSOFC - ICE =
PSOFC - ICE

LHVin_sys Ṅ in_sys

, (4)

where ηSOFC - ICE is SOFC-ICE system efficiency, PSOFC - ICE 

is SOFC-ICE system power, LHVin_sys is the low heat val‐
ue of natural gas, and Ṅ in_sys is moles of natural gas enter‐
ing the system. The system is bound to encounter the over‐
weight problem due to the low gravimetric-specific energy 
of fuel cells. Therefore, the economic analysis includes the 
mass of SOFC. The saving of gas from the proposed sys‐
tem is calculated to evaluate its economy. Moreover, ex‐
cess weight from the system is offset by a decrease in 
goods. The gains in gas savings per year can be calculated 
using the following equation:

Gainsys = Costgas∑i
∆msaving, i timei −

( PSOFC ÷ GSOFC + PICE ÷ GICE )pricegoods,
(5)

where Gainsys is the gain of a single shipment, Costgas is 
natural gas price, msaving,i is saving of gas at load i, PSOFC is 
SOFC power, GSOFC is SOFC mass, PICE is ICE power, 
GICE is ICE mass, and pricegoods is the price of a single ship‐
ment. In addition, this paper employs a general technoeco‐
nomic analysis method to calculate the payment period. 
That is, the payment period is derived from investments in 
SOFC, considering the inflation rate divided by gains, as 
shown below:

PP =
priceSOFCPSOFC (1 + γ )PPtime

Gainsys × 24 × 365
, (6)

where PP is the payment period, priceSOFC is SOFC price, 
and time is the total operating time of the ship.

4  Results

4.1  Parameter analysis

Figure 8 shows the influence of current density on 
SOFC and ICE. As current density increases, SOFC power 
increases, but SOFC efficiency decreases. This phenome‐
non may be attributed to the increase in current density, 
which can raise the power and fuel consumption of SOFC. 
The increase in fuel consumption is higher than that in 
power. In addition, the increase in current density can re‐
duce ICE power because such an increase can reduce the 
fuel supply of the ICE. Thus, the current density has a neg‐
ative effect on ICE power.

Figure 9 shows the impact of fuel utilization. The calcu‐
lation of the open-circuit voltage of a fuel cell is mainly af‐
fected by the Gibbs free energy of hydrogen and the par‐
tial pressure of hydrogen and oxygen under a unit-mole 
electrochemical reaction. The former is the main factor af‐
fecting the open-circuit voltage, while the hydrogen and 
oxygen partial pressures have minimal effect on the open-
circuit voltage. Fuel utilization can affect the partial pres‐
sure of hydrogen and oxygen. However, the influence of 

Table 6　Information of DNN

Parameters

Loss function

Optimizer

Learning rate

Training dataset proportion

Test dataset proportion

Value

L1 loss function: L (Y, f ( x ) ) = |Y − f ( x ) |

Adamax function: ut = max ( βut − 1, | gt | )
0.001

80%

20%

Table 7　Input parameters

Parameters

Number of cells/ intervals: 1 000

Current density/ intervals: 0.05

Fuel utilization/ intervals: 0.05

Value

4 000‒10 000

0.1‒1

0.3‒0.85

Figure 7　Training and test of DNN

Table 8　PSO model

PSO algorithm

Main formula

Learning factor

Inertia weight

vd
i = wvd − 1

i + c1r1( pbestd
i − xd

i ) + c2r2(gbestd − xd
i )

xd + 1
i = xd

i + vd
i

vd
i = wvd − 1

i + c1r1( pbestd
i − xd

i ) + c2r2(gbestd − xd
i )

vd
i = wvd − 1

i + c1r1( pbestd
i − xd

i ) + c2r2(gbestd − xd
i )
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fuel utilization is ignored in the electrochemical calcula‐
tion of fuel cells in this paper. Therefore, in the calculation 
results of the 0-D model, the change in fuel utilization 
does not influence SOFC power. Moreover, the improve‐
ment of fuel utilization will enhance the thermal efficiency 
of fuel cells. This phenomenon is mainly due to the in‐
crease in the amount of hydrogen participating in electro‐
chemical reactions when fuel utilization rises and the fuel 
consumption reduction in fuel cells under the same power 
generation, leading to an increase in thermal efficiency. 
The decrease in fuel consumption of SOFC will lead to an 
increase in the fuel supply of ICE. However, the increase 
in fuel utilization will lead to a reduction in hydrogen in 
the exhaust gas of the anode.

Figure 10 shows the influence of the number of fuel 
cells. A resistance at the junction is observed when single 
cells are connected into a stack. However, this resistance 
can be ignored in the thermodynamic calculation. There‐
fore, the number of fuel cells does not affect the thermal 
efficiency of SOFC but only promotes power. On the con‐
trary, the increase in SOFC power will inevitably lead to a 
decrease in ICE power.

4.2  Optimization

Different power splits for the system will demonstrate 
different system performances. In addition, the parameter 

study shows that fuel utilization, current density, and the 
number of cells can affect the power split of the system. 
Therefore, PSO is used in this paper to realize the opti‐
mized calculation of the system.

The current density, fuel utilization, and number of cells 
are selected as optimized parameters, and the thermal effi‐
ciency of the system is chosen as the optimized objective. 
The range of optimized parameters is shown in Table 9. 
Figure 11 shows the optimized process. PSO found the op‐
timal solution after 30 iterations, at which point the ther‐
mal efficiency of the combined system was 51.8%. The 
original engine has a thermal efficiency of 46.7%, which 
is a 5.1% improvement over the original engine. The sys‐
tem parameters after the optimized calculation are shown 
in Table 10. The results show that the current density is 
0.65, the fuel utilization is 0.46, and the number of cells is 
9063. Interestingly, the power split under the optimal solu‐
tion was 22.4%/77.6%, with the engine operating within 
the maximum efficiency range. These results also meet the 
expected conjecture.

Figure 11　Optimized process

Figure 8　Influence of current density

Figure 9　Influence of fuel utilization

Figure 10　Influence of the number of cells

Table 9　Optimized parameters

Parameters

Current density

Fuel utilization

Number of cells

Value

0.1–0.7

0.4–0.8

4 000–10 000
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The CO2 concentration ratio of engine inlet gas versus en‐
gine outlet gas is 38.9% due to the 0.16 kg/s mass flow rate 
of CO2, which achieves a low NOx emission of 1.5 g/kWh. 
However, the forced combustion by H2 has improved com‐
bustion, which will prevent the extra-low NOx emission. 
Moreover, a high compression ratio can be employed, as 
shown in Figure 12. The indicated efficiency of ICE will 
be improved with the increase in compression ratio. The 
compression ratio can also affect cylindrical pressure, as 
shown in Figure 13. The high compression ratio can cause 
a high peak pressure and pressure raising ratio, which can 
contribute to high power output and high indicated effi‐
ciency, respectively.

Furthermore, an increase in compression ratio can 
change NOx emissions. Figure 14 shows that NOx yields in‐
crease with the compression ratio. Specifically, the NOx 
concentration rapidly rises as the compression ratio is in‐
creased from 14 to 16. This finding contributes to the differ‐
ent variations of specific NOx emissions. Figure 15 shows 
that the specific NOx emissions increase first and then de‐
crease. This trend is due to the rising ratio of power, which 
cannot follow the increasing ratio of NOx concentration.

4.3  Economic analysis

The economy of the optimal system is calculated ac‐
cording to Equations (5) and (6). The bulk carrier from Fu‐
zhou, China, to Taiwan, China, is proposed as an example. 
The parameters are shown in Table 12. The power density 
developed by Bloom Energy is 300 kW, whose gravimetric-
specific energy is 18.99 kW/t (Bloomenergy, 2022). In ad‐
dition, Wartsila reported that the weight of ICE is 200 t; 
therefore, the gravimetric-specific energy is 29.25 kW/t 
(Yuchai Marine Power Co., Ltd., 2016). The transportation 
time from Fuzhou, China, to Taiwan, China, is assumed to 
be 100 h, and the 4.54 $/ton price of goods is proposed. In 
addition, the SOFC price was set at 1 500 $/kW (Thijssen, 

Figure 14　NOx concentrations at different compression ratios

Table 10　Optimal results

Parameters

Current density

Fuel utilization

Number of cells

CO2 mass flow rate/(kg/s)

CO2 concentration ratio

NOx emission of ICE/(g/kWh)

Power split of SOFC/ICE

Value

0.65

0.46

9 063

0.16

38.9%

1.55

22.4%/77.6%

Figure 12　Influence of compression ratio

Figure 13　Cylindric pressure of different compression ratios

Figure 15　Specific NOx emissions at different compression ratios
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2007). In addition, the operating hours of the ship’s power 
system are shown in Table 11. The table also reveals the 
savings in gas at different loads employing the proposed 
system. The results reveal that the application of this sys‐
tem can save $3.963 for short-distance logistics, and the 
investment of an SOFC system can make a return in 8.41 
years if the ship continuously operates. Moreover, long-
distance logistics will provide a short payback period. Fur‐
thermore, the low price of transporting goods will have a 
short payback period.

5  Discussion

A combined system including SOFC and ICE that can 
be applied to marine environments in the future is pro‐
posed in this paper. The load characteristics of the low-
speed engine demonstrate that when the power increases, 
the thermal efficiency first increases and then decreases, 
and the power range with the highest thermal efficiency is 
called the economic load range. Therefore, a high-efficien‐
cy SOFC is proposed to replace a part of the ICE load and 
ensure its highly efficient working range. Simulation and 
optimized calculation reveal that the results are consistent 
with expectations, and the thermal efficiency of the opti‐
mized system is increased by 5.1% compared with the 
original ICE. In addition, the use of the proposed system 

could usually save natural gas consumption and money on a 
bulk carrier. The results show that the payback period 
through the short-haul cargo transport system is 8.41 years, 
while that for long-haul cargo transport will be even short‐
er. This finding demonstrates the good economy of the 
proposed system. Enhanced combustion exists in ICE, 
which can also improve efficiency. Only a steady perfor‐
mance analysis is conducted in this paper. However, the 
SOFC-ICE system must also conduct a dynamic perfor‐
mance analysis. Moreover, only one load is studied in this 
paper; therefore, the other load should be investigated in 
the future. Furthermore, only system weight was consid‐
ered in the simple economic analysis model proposed in 
this paper. However, other influential factors that can af‐
fect the economy also exist. Therefore, a comprehensive 
and detailed economic analysis model should be studied 
for SOFC systems.

The economic analysis in this paper considers the sav‐
ing of gas on a voyage based on operating load characteris‐
tics. The shaft generator (Chin et al., 2022) can be used be‐
cause the excess power could replace a diesel or dual-fuel 
generator at full load operating SOFC and ICE, which will 
save additional money.

This generator can realize a CO2 concentration ratio of 
38.9%. Therefore, a low NOx emission has been observed, 
while a high compression ratio could be employed. Inter‐
estingly, high compression ratios will also introduce en‐
gines with high efficiency in diesel mode. However, a sim‐
ple calculation of the compression ratio was conducted in 
this paper. Therefore, the optimization of compression ra‐
tio considering knock must be performed in future studies 
of low-pressure injecting diesel-natural gas engines in the 
SOFC-ICE system.

In addition, the popularity of ammonia and methanol as 
non-carbon and carbon-neutral fuels, respectively, increas‐
es in the next stage toward carbon neutrality. The proposed 
system also has a guiding significance in the future, with 
the development of SOFC and ICE fed by ammonia, meth‐
anol, and other non-carbon or carbon-neutral fuels. The 
proposed system in this paper can provide references for 
follow-up research, such as enhanced combustion technol‐
ogy (Liu et al., 2021; Wu et al., 2022) and fuel adaptability 
of SOFCs (Wan et al., 2021).

6  Conclusion

An SOFC-ICE combined system was proposed in this 
paper. The 0-D model of SOFC and the 1-D model of ICE 
were built as agent models based on the previous test to 
produce the dataset. Moreover, DNN was used to simulate 
the SOFC-ICE system. PSO was then applied to achieve 
optimized calculations. Finally, an economic analysis was 
conducted. The main conclusions are presented as follows.

Table 11　 Characteristics of power system operating hours and 
saving of gas

Load (%)

100

75

50

25

Percentage of 
operating hours (%)

7

40

35

18

Operating 
hours (h)

7

40

35

18

Saving gas 
(kg/h)

21.59

10.27

11.06

34.16

Table 12　Boundary condition of economic analysis

Parameters

Price of natural gas ($/t)

Time of transporting goods (h)

Gravimetric-specific energy of SOFC (kW/t)

Gravimetric-specific energy of ICE (kW/t)

Price of transporting goods ($/t)

SOFC price ($/kW)

Gainsys ($/time)

Inflation rate

payback period (year)

Value

807

100

18.99

29.25

4.54

1 500

3 963

0.035

8.41
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First, the current density can directly and indirectly af‐
fect the power of SOFC and ICE, respectively, by influenc‐
ing the anode exhaust gas component. In addition, the cur‐
rent density can promote power but inhibit the thermal effi‐
ciency of SOFC. Second, after ignoring the slight effect of 
fuel utilization on the open-circuit voltage, fuel utilization 
only affects the thermal efficiency of SOFC and the power 
of ICE. Finally, the number of cells can only influence the 
power distribution between SOFC and ICE when the resis‐
tance at the cell connection is ignored.

The SOFC-ICE system enables high thermal efficiency. 
The thermal efficiency of the SOFC-ICE combined system 
can reach 51.8% after optimization, which is 5.1% higher 
than the original engine. In addition, the power split be‐
tween SOFC-ICE in the system is 22.4%/77.6% at the 
highest efficiency, which is the highly efficient working 
range of ICE.

Such an integration can improve the compression ratio 
with the avoidance of knock. The results show that high ef‐
ficiency, power output, and NOx yields can be obtained. 
However, the lowest specific NOx emissions occur at a 
compression ratio of 14, in which the efficiency is 47.5% 
and the NOx emissions are 1.499 g/kWh.

Taking Fuzhou, China, to Taiwan, China, as an exam‐
ple, calculations reveal that the proposed system can save 
$3.963 in one shipment. In addition, the system has a pay‐
back period of 8.41 years. If ships take long routes or 
transport low-priced goods, then the savings will be high, 
and the payback period will be short.

Future studies should develop the engine model with the 
knock model to optimize the compression ratio precisely 
with an acceptable knock range.
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