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Abstract
During the operation progress of solid oxide fuel cell (SOFC), the performance and endurance are two major concerns 
significantly affected by gas flowing, charge transport, and chemical reaction. This paper presents a thorough research on 
the key parameters related to syngas and charge transport in the SOFC to reveal the intrinsic influence mechanism, includ-
ing electro conductibility, gas mixture concentration,  CH4 component ratio, temperature, and anode thickness, which is 
instrumental in improving the operational efficiency and applicability of SOFC. Firstly, the theoretical models of charge 
transport and multi-component mass transfer are established, respectively, and the two are coupled using the reaction rate 
calculation method. Then, employing an innovative combination of the representative elementary volume (REV) scale lattice 
Boltzmann method (LBM) and the finite-difference LBM, the potential and multi-component gases distributions are simu-
lated to calculate the evaluated indicators, namely activation and concentration overpotential. Finally, considering various 
operational conditions, the simulation experiments are conducted to investigate the parametric effect on the performance 
of SOFC fueled by syngas. The results demonstrate that compared to the direct reforming way, the external syngas with 
lower  CH4 component ratio is more favorable to the SOFC and the optimal ratio should be controlled within 0.2. The higher 
concentration of gas mixture and lower anode thickness both contribute to weakening the effect of concentration polariza-
tion. Especially, the performance of SOFC is improved when the concentration is 15 mol‧m−3 and the anode thickness is 
below 1.05 mm. With the increment of conductivity and operating temperature, the consumption of  H2 gradually increases, 
enhancing the efficiency of reaction gas and reducing the economic cost. And the optimal operation temperature of SOFC 
is about 1073 K. Moreover, the anode thickness is a trade-off between the electrochemical reaction conditions of anode and 
cathode, as its variation affects both of them.

Keywords Solid oxide fuel cell · Mass transfer · Charge transport · External syngas · Lattice Boltzmann method · 
Concentration polarization

Introduction

Underwater unmanned vehicle (UUV) with long endurance 
plays a core role in the deep-sea exploration. To meet its 
the power requirements, the solid oxide fuel cell (SOFC) 
with advantages of high electric efficiency and stable per-
formance stands out as a promising energy device. One char-
acteristic of the SOFC is simple structure, mainly consisting 

of the anode channels, porous anode, cathode channels, 
porous cathode and electrolyte [1]. According to the dif-
ferent thickness of porous anode and cathode, the SOFC 
can be classified into two types: anode-supported SOFC 
and cathode-supported SOFC. Especially, the former has 
gained increasing attention due to its superior operational 
performance [2]. The other characteristic is high fuel flex-
ibility. Apart from the hydrogen  (H2), the anode can also be 
supplied with a gas mixture of methane  (CH4) and steam 
 (H2O), as well as syngas.

When fuel gases are fueled to the cathode and anode, they 
flow into the triple phase boundary (TPB), that is, the inter-
face among gas species, charge conductor and catalyzer. At 
the TPB, an electrochemical reaction takes place to produce 
the electrons  (e−), which are collected to meet the energy 
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demand of external loads. In the electrolyte, only oxygen 
ions  (O2−) flow, while in the porous anode and cathode, 
both mass transfer and charge transport occur, resulting in 
a multi-physics field coupling and thus affecting the perfor-
mance of SOFC.

The performance of SOFC can be improved by supplying 
a gas mixture of  CH4 and  H2O or syngas in comparison to 
the  H2 only. However, the possibility of carbon deposition 
may increase owing to the gas mixture of  CH4 and  H2O, 
which leads to the structural damage of SOFC [3]. There-
fore, the syngas obtains extending application. To enhance 
the performance and efficiency of SOFC, it is crucial to 
investigate the coupled physical and chemical processes in 
the porous anode and cathode fueled by syngas, which is 
also beneficial to promote the application of SOFC in the 
engineering.

Nonetheless, it is very difficult to directly monitor the 
charge transport and mass transfer in the porous cathode and 
anode [4, 5]. In order to study the characteristic of multi-
physics field coupling in the porous cathode and anode, the 
computational fluid dynamic (CFD) based on the simulation 
model of SOFC proves to be an effective tool, including 
physical model and numerical method.

The physical models are generally employed to simulate 
the charge transport and mass transfer, such as dusty gas 
model (DGM), Stefan Maxwell model (SMM), Brinkman 
model and Fick’s model (FM) [6]. And the models, solved 
by adopting the traditional numerical methods like the finite 
difference method (FDM), the finite volume method (FVM) 
and the finite element method (FEM) are called the mac-
roscopic model. Kasra Nikooyeh et al. developed a three-
dimensional (3D) macroscale model to explore the thermal 
and electrochemical behavior of SOFC by directly reforming 
the  CH4 internally. The results concluded that the gas mix-
ture of  CH4 and  H2O can dilute the fuel concentration and 
the performance of SOFC is decreased. Even worse, there 
is a carbon deposition in the porous anode [7]. Through the 
combination of the DGM and the FVM, Meng Ni researched 
the transport and reaction processes of SOFC fueled by syn-
gas. They found that compared to the  H2-fueled SOFC, the 
performance of SOFC is slightly decreased with an increase 
of gas velocity [8], but the component ratio of  CH4 remained 
higher.

Since the mass transfer mainly involves Knudsen and 
molecular diffusion, which belong to the mesoscale mech-
anisms, the simulation results based on the macro-scale 
models exhibit comparatively low accuracy and are unsuit-
able for the in-depth study of mass transfer. Thus, adopting 
the lattice Boltzmann method (LBM) to solve the physi-
cal model attracts more and more prominence, which could 
improve the simulation accuracy of mesoscale models.

To validate the feasibility of LBM-based model 
for simulating the SOFC, Grew conducted a study of 

electrochemical and gas transfer in the anode using the 
LBM, which contributed to enhancing the accuracy of 
simulation results [9]. Aiming at the representative ele-
mentary volume (REV) of SOFC and concentration polari-
zation, Xu et al. designed a 2D multi-component LBM-
based model to simulate mass transfer in both the porous 
cathode and anode [10]. Furthermore, the LBM can be 
combined with other numerical methods to simulate the 
process of multi-component gas transport. Dang designed 
a binary gas mixture finite-difference LBM to study the 
 H2 transport, which has been proved to simulate the flow 
with larger ratio of molecular weights [11]. Xu built a pore 
scale LB model to predict the gas species distributions in 
the anode, fed with the gas mixture of  CH4 and  H2O [45]. 
However, the direct internal reforming in the anode would 
cause carbon deposition, which is detrimental to the per-
formance of SOFC.

The LBM-based models can also be used to simulate 
other physical fields. For example, Xu established a numeri-
cal LBM-based model to predict the potential distribution of 
the pattern anode and calculate the reaction current density 
at TPB [12], but the coupling between mass transfer and 
charge transport was not considered.

As previously mentioned, the mixture of  CH4 and  H2O is 
harmful to the performance of SOFC [20]. A more favorable 
approach is to externally reform  CH4 to produce the syngas, 
including  CH4,  H2,  H2O, CO and  CO2, and then supply the 
gas mixture to the anode, namely the external syngas, which 
can help to prevent the carbon deposition and maintain the 
performance of SOFC. Although the mesoscale models are 
widely employed to simulate the charge transport and multi-
component mass transfer in SOFC, there still exist some 
deficiencies. One of deficiencies is that there are limited 
researches on the external syngas flowing in the porous 
anode. The other is that the mesoscale model is usually used 
to model the charge transport or mass transfer in the porous 
electrode, while few researches focus on the multi-physics 
field coupling.

Aiming at the SOFC fueled by external syngas, this 
paper conducts a thorough research on the effect of key 
parameters on potential distributions and concentration 
polarization of SOFC, which can provide a theoretical 
support for the operation strategy and structure optimi-
zation of SOFC. Firstly, the physical models of charge 
transport and multi-component mass transfer are estab-
lished and coupled by means of the reaction rate calcula-
tion method. Secondly, innovatively combining the REV 
scale LBM with finite-difference LBM, the potential and 
gas species distributions in the porous cathode and anode 
are predicted. Based on this, three indicators, namely acti-
vation polarization, concentration polarization and ohmic 
polarization, are calculated to quantitatively evaluate the 
operational performance of SOFC. Finally, taking different 
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operational cases into account, the operation mechanism 
and performance of SOFC fueled by syngas are investi-
gated comprehensively.

Mathematical models

At present, the numerical model is based on the follow-
ing assumptions: isothermal, steady state, isotropic, and 
laminar flow in the gas mixture. By adding the reformer 
in the SOFC system, the syngas is supplied into anode. 
In the external syngas, there are five components, that is, 
 CH4,  H2, carbon monoxide (CO),  H2O and carbon diox-
ide  (CO2). The methane reforming reaction (MRS) occurs 
between  H2O and  CH4 [13, 14], and the water gas shift 
reaction (WGS) also occurs between  H2O and CO [15–19], 
expressed as follows.

According to the electrochemical reaction between  H2 
and oxygen  (O2) [20, 43, 44],  H2 is consumed to produce 
the  H2O due to the  O2− flowing, which can be written as 
follows.

The charge transport and multi-component gas transfer 
are shown in Fig. 1. The gas concentration at the TPB 
is lower than at the inlet, which results in a decrease in 
potential. The drop potential is known as the concentra-
tion overpotential. Compared to lower current densities, 
the impact of higher current densities on the concentra-
tion polarization is more significant. Another two types 

CH4 + H2O → CO → H2O(Methane steam reforming, MRS)

CO + H2O → CO2 + H2(Water gas shif t, WGS)

H2 − 2e− → O2−
→ H2O(Anode)

1

2
O2 + 2e− → O2−(Cathode)

of polarization are activation overpotential and ohmic 
overpotential.

Charge transport model

It is appropriate to describe the process of charge transport by 
using the Poisson equation, which is as follows [1],

where φ is the electrostatic potential.

Multi‑component mass transfer model

In order to describe the mass transfer in the cathode and anode, 
the Brinkman model is employed. The continuity, momentum 
and species equation are as follows [10],

where 
⇀

u is the velocity of gas mixture, p is the pressure, K 
is the permeability, ν is the viscosity of gas, νeff is the effec-
tive viscosity, 

⇀

I A is the mass flux of gas species A, Ṡ is the 
source term.

Reaction rate calculation method

The current density at TPB is written as Eq. (5) [21],

(1)∇2� = 0

(2)∇ ⋅

⇀

u = 0

(3)∇p = −
�

K

⇀

u + �eff∇
2u

(4)∇ ⋅

⇀

I A = ṠA

(5)iTPB = iex

{
exp

(
anF

RT
�act

)
− exp

(
−anF

RT
�act

)}

Fig. 1  Schematic of charger 
transfer and multi-component 
diffusion through representative 
domain of SOFC
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where iTPB is the current density at TPB, iex is the exchange 
current density, α is the transfer coefficient, n is the elec-
tronic exchange coefficient, R is the universal gas constant, 
T is the operation temperature, F is the Faraday constant.

Because of electrochemical reaction, the consumption of 
 H2 is calculated based on the Faraday’s law, as follows [12],

where j is the molar flux of  H2,
The reaction rates of MSR and WGS are calculated by 

Eqs. (7) -(8) [15],

where

The reaction rates of five components at TPB are formu-
lated as follows [20].

Lattice Boltzmann method

The charge and multi-component conversation equations 
are solved by the REV scale LBM and the finite-difference 
LBM, respectively. In the finite-difference LBM, the conti-
nuity gas is regarded as a lot of gas molecules, and the gas 
flow is regarded as the irregular motion of gas molecules 
[22, 23].

LBM for charge transport

The individual movements of large number electrons and 
ions are paid more attention in the LBM. There are two steps 
to using the LBM, which are the collision and streaming. In 
this research, the  D2Q9 (2-dimensional 9-velocity) model is 
adopted [24, 25].

During the process of collision, Eq. (1) is solved by the 
following equation [26],

(6)jH2
=

iTPB

nF

(7)rr = p2
[
kfr�CH4

�H2O
− p2kbr�

3
H2
�CO

]

(8)rs = p2
[
kfs�CO�H2O

− kbs�CO2
�H2

]

(9)kfr = 2395 × exp
(
−
231266

RT

)

(10)kfs = 0.0171 × exp
(
−
103191

RT

)

(11)

⎧⎪⎪⎨⎪⎪⎩

ṠCH4
= −rr ×MCH4

ṠH2
= (3rr + rs − jH2

) ×MH2

ṠH2O
= (−rr − rs + 2jH2

) ×MH2O

ṠCO = (rr − rs) ×MCO

ṠCO2
= rs ×MCO2

where fy is the distribution function with velocity 
⇀

ey at the 
lattice site 

⇀

x y and time t, τc is the collision time. The equi-
librium distribution function fy

eq is calculated as,

where y is the streaming direction of electrons and ions, ωy is 
the weight function of every direction. For the  D2Q9 model, 
the streaming direction is shown in Fig. 2.

In different directions, the streaming numbers of electrons 
and ions are different. The weight function ωy is given in the 
following equations [4],

According to the specific direction, the distribution func-
tion at the different nodes can be obtained with the help of 
electrons and ions streaming processes. In order to recover 
Eq. (1), the moment of distribution functions is employed 
via Chapman-Enskog expansion, which is as follows,

At the interface between the porous electrodes and elec-
trolyte, the voltage difference is the activation polarization 
which is obtained [1],

where ηact,an is the activation polarization voltage of anode, 
ηact,c is the activation polarization voltage of cathode.

Finite‑difference LBM for multicomponent flow

The relative molecular mass is different in the gas mix-
ture. For example, the ratio of relative molecular weight 
between the  H2 and  CO2 is the largest which is 22. In order 

(12)

fy(
⇀

x +
⇀

ey�t , t + �t) − fy(
⇀

x , t) = −
1

�c
(fy(

⇀

x , t) − f eq
y
(
⇀

x , t))

(13)f eq
y
(
⇀

x , t) = �y�(
⇀

x , t)

(14)�y =

⎧
⎪⎨⎪⎩

4

9
,y = 0

1

9
,y = 1, 2, 3, 4

1

36
,y = 5, 6, 7, 8

(15)�(
⇀

x , t) =
∑
y

fy(
⇀

x , t)

(16)�act,an = �an,TPB − �ele,a,TPB,�act,c = �ele,c,TPB − �ca,TPB

Fig. 2  D2Q9 velocity model
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to improve the LBM, the finite-difference LBM is used to 
simulate the mass transfer. The Boltzmann equation of 
every component is as follows [11],

where f is the distribution function of gas species A, 
⇀

�  is the 
velocity and ⇀a is the acceleration, JAA is the self-collision 
term which indicates the effect of collision between the 
same gas molecules, JAB is the cross-collision term which 
indicates the effect of collision between the different gas 
molecules.

In the  D2Q9 model, the gas molecular with smallest 
relative molecular mass has the fastest lattice speed which 
is given in the following equation [5],

where c is the lattice speed of gas species A, δx is the stream-
ing distance in the lattice unit, δt is the lattice time step, 

⇀

e
A

y
 

is the discrete velocity. The lattice velocities and discrete 
velocities of other gas molecules have the following form 
[11]:

where B represents the other gas species. The speed of sound 
of each gas species is as follows,

The Boltzmann equation of each gas species is discre-
tized which is given in the following form,

where

(17)
�f A

�t
+

⇀

� ⋅

�f A

�
⇀

x

+
⇀

a
A

⋅

�f A

�
⇀

�

= JAA +
∑

JAB

(18)cA =
�x

�t

(19)

⇀

e
A

y
= cA

⎧
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⇀

e
A

0
= (0,0)

⇀

e
A

1
= (1,0)

⇀

e
A

2
= ( − 1,0)

⇀

e
A

3
= (1,1)

⇀

e
A

4
= (0, − 1)

⇀

e
A

5
= (1,1)

⇀

e
A

6
= (1, − 1)

⇀

e
A

7
= ( − 1, − 1)

⇀

e
A

8
= ( − 1,1)

(20)cB =

√
MA

MB
cA

(21)⇀

e
B

�
= cB ⋅

⇀

e
A

�

(22)cA
sp
=

cA√
3
,cB
sp
=

1√
3

�
MA

MB
cA

(23)
�f A

y

�t
+

⇀

e
i

y
⋅ ∇f A

y
= JAA

y
+
∑

JAB
y

+
⇀

F

A

y

In the above equations, �A
f
 is the self-collision relaxation 

time, and �AB
f

 is the cross-collision relaxation time. The 
moments of the distribution function are used to obtain the 
concentration and speed of each gas species, and the equations 
are as following [27],

where m is the concentration of gas species A, 
⇀

uA is the 
velocity of gas species A. The concentration and velocity of 
gas mixture is calculated by the following equations.

The finite-difference theory and LBM are coupled to 
improve the accuracy of simulation result. First, Eq. (23) is 
divided into two parts which are collision and streaming term, 
respectively. The equations are as follows.

(24)JAA
y

= −
1

�A
f

(f A
y
− f A0

y
)

(25)f A0
y

=

[
1 +

1

RT
(
⇀

e
A

y
−
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ux) ⋅ (
⇀

u
A

−
⇀

ux)

]
f A,eq
y

(26)f A,eq
y
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⎡
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e
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y
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⇀
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(
⇀

e
A

y
⋅

⇀
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2
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−
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u
2

m

2RT
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y
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∑
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The explicit first-order Euler scheme is adopted to dis-
cretize Eq. (33).

Equation (34) is discretized by a second-order Lax-Wen-
droff scheme which is given in the following equation.

Concentration and ohmic polarization model

Due to the concentration difference, the polarization loss is 
described as follows [33],

where η_con_a is the concentration polarization voltage of 
anode, η_con_c is the concentration polarization voltage of 
cathode, γ is the molar fraction.

In order to establish the comprehensive simulation model 
of SOFC, the ohm’s law is used to calculate the ohmic polar-
ization. Because there is the higher electron conductivity 
of the electrode, the ohmic loss of the electrode is ignored 
[28–31]. Equation (42) is used to calculate the ohmic polari-
zation voltage of electrolyte [32].

where η_ohm is the ohmic polarization voltage of SOFC, Oe 
is the ohmic resistance of electrolyte, anode, and cathode.

Boundary conditions

In the charge transport model, the input boundaries of anode 
and cathode are given in the following form [1],

where Etheory is the theory potential. The equations of top 
and bottom boundary are as follows [1],

(34)
�f A

y

�t
= −

⇀

e
A

y
⋅ ∇f A

y

(35)f A+
y

= f A
y
+ �tJ

AA
y

+ �tJ
AB
y

+ �t

⇀

F

A

y

(36)
f A
y
(
⇀

x , t + �t) = f A+
y

(
⇀

x , t) − �t(
⇀

e
A

y
⋅ ∇)f A+

y
(
⇀

x , t)

+
1

2
�2
t
(
⇀

e
A

y
⋅ ∇)

2

f A+
y

(
⇀

x , t)

(37)�_con_a = −
RT

2F
ln(

�H2,TPB
�H2O,initial

�H2,initial
�H2O,TPB

)

(38)�_con_c = −
RT

2F
ln(

�O2,TPB

�O2,initial

)
1

2

(39)�_ohm = iTPB

∑
Oe

(40)�in,a = Etheory,�in,c = 0

At the TPB, the current density is continuous which can 
be described as follows [1],

where σ is the electrical conductivity.
As shown in Fig. 1, the total concentrations of external 

syngas and air are specified at the input of anode and cath-
ode. At the TPB, the mass flux is specified using Eq. (11). 
As for the top and bottom boundary, the periodic boundary 
is employed [34–38].

Model validation

The model validation consists of two parts. Firstly, the char-
acteristics of SOFC voltage-current between the numerical 
model and specific experimental setups are compared. Sec-
ondly, the relative error between the simulation and meas-
ured values is calculated. The model validation and subse-
quent simulation experiments are conducted by means of 
MATLAB.

Other parameters for planar anode-supported SOFC are 
listed in Table 1 [41, 42].

The comparison between the simulated and measured 
values is shown in Fig. 3, where the gas mixture only con-
tains  H2 and  H2O. The initial molar fractions of two com-
ponents are 0.97 and 0.03, respectively [39, 40]. In Fig. 3, 
it is found that the simulation data closely overlaps with 
the experimental data. When the current density is 0.75 A 
 cm−2, the experimental and simulation data are 0.6775 V 
and 0.64755 V, respectively, and the voltage difference is 
largest. Figure 3 also depicts the relative error between the 
simulated and measured values. The maximum relative 
error is about 4.42%, implying that this numerical model 
can accurately simulate the operation progress of SOFC.

Result and analysis

In order to investigate the operation mechanism of SOFC 
fueled with external syngas, the effect of operation and 
structure parameters on performance of SOFC is discussed.

Effect of external syngas on performance of SOFC

In the direct reforming experiment, the gas mixture includes 
the  CH4 and  H2O, with component ratios of 0.97 and 0.03 
[31], respectively. The initial component ratios of external 
syngas for  H2,  H2O,  CH4, CO, and  CO2 are 0.263, 0.493, 

(41)
��

�y
= 0

(42)�an∇�TPB,an = �ca∇�TPB,c
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0.171, 0.029, and 0.044, respectively [40–43]. The simula-
tion of performance with five components is performed, as is 
shown in Fig. 4. The voltage difference range is larger when 
the current density is from 0.33 A  cm−2 to 0.75 A  cm−2, 
about from 0.0577 V to 0.07 V. In comparison to supplied 
with the gas mixture of  H2O and  H2, the output voltage of 
SOFC supplied with the gas mixture of  H2O and  CH4 and 
the external syngas degrades. But compared to supplied with 
the gas mixture of  H2O and  CH4, the output voltage of SOFC 
supplied with the external syngas is higher. One of the pos-
sible reasons is that due to the existence of MRS and WGS, 
the partial chemical energy will be consumed during the 

direct internal reforming, which results in the decrease of 
chemical energy converting into electric potential. Mean-
while, the MRS and WGS processes are endothermic reac-
tions leading to the lower performance of SOFC. Another 
reason may be that there is more  H2 present in the external 
syngas than a gas mixture of  H2O and  CH4. More  H2 can 
arrive at the TPB, which can reduce the effect of concen-
tration polarization. Thus, the use of external syngas can 
enhance the performance of SOFC.

Owing to the existence of reforming reaction, the com-
ponent ratio of  CH4 plays a core role on the performance of 
SOFC. The effect of  CH4 molar fraction on the concentration 

Table 1  Input parameters used 
in the standard case and model 
validation

Parameter Symbol Unit Value
Operation temperature T K 1023
Operation pressure p pa, gauge pressure 101,325
Anode porosity εa % 5
Cathode porosity εc % 5
Anode thickness da m 1.05 ×  10–3

Cathode thickness dc m 5 ×  10–5

Electrolyte thickness de m 5 ×  10–5

Permeability of anode K_a m−2 1.76 ×  10–11

Permeability of cathode K_c m−2 2.33 ×  10–11

For model validation (Anode) Symbol Unit Value
Mixture concentration at inlet Ct,a mol‧m−3 11.3
Activation energy for anode E_a J‧mol−1 1.4 ×  105

Pre-exponential factor of anode A_a A‧m−2 6.54 ×  1011

For model validation (Cathode) Symbol Unit Value
Air concentration at inlet Ct,c mol‧m−3 22.6
Activation energy for cathode E_c J‧mol−1 1.37 ×  105

Pre-exponential factor of cathode A_c A‧m−2 2.35 ×  1011

N2 mole fraction at inlet γ1c % 79
O2 mole fraction at inlet γ2c % 21
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Fig. 3  Comparison of volt-ampere characteristics between the exper-
imental data [20] and predictions values by the present model with 
two components
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overpotential is shown in Fig. 5. The X-axis in Fig. 5 is 
along the thickness of porous electrode, which have been 
normalized. The equation is as follow,

where x is the distance between the inlet of porous electrode 
and calculation point, d is the thickness of porous electrode.

When the component ratio of  CH4 is 30%, the concentra-
tion overpotential is maximum at the TPB, about 0.0382 V. 
With the increment of initial molar fraction, the concen-
tration overpotential becomes larger. Because the loss of 
reactant will cause the output voltage to be lower than the 
theoretical voltage at the specific current density. By chang-
ing the molar fraction of  CH4, the concentration of  H2 will 
decrease. To meet the output power, the  CH4 is consumed to 

(43)X∗ =
x

d

generate more  H2. Nevertheless, the reaction rate of reform-
ing is lower, which makes it difficult to meet the consump-
tion of  H2, leading to the higher concentration polarization 
voltage. In Fig. 5, it is found that the lower molar fraction of 
 CH4 is beneficial for improving the performance of SOFC.

Effect of electro conductibility

Figure 6 illustrates the potential distribution of SOFC, 
which clearly demonstrates that the potential drops in both 
the anode and cathode are minimal. In the electrolyte, the 
potential drop ranges from 0.943 V to 0.115 V. Addition-
ally, the potential drops across the anode and cathode are 
approximately 0.002 V and 0.004 V. The potential differ-
ence at the interface between the anode and electrolyte 
measures 0.054 V, while the potential difference at the 
interface between the electrolyte and cathode is significantly 
larger, approximately 0.1112 V. The different materials of 
the electrolyte, the porous anode and the porous cathode 
leads to different electro conductivities, which results in the 
potential difference in the interface between electrodes and 
electrolyte. In Fig. 6, there is a rapid potential drop in the 
electrolyte because of lower conductivity compared to the 
anode and cathode. There are larger potential differences 
at the interfaces, particularly at the interface between the 
electrolyte and cathode. It is beneficial to decrease the poten-
tial difference at the interface by improving the electrolyte 
conductivity.

Figure 7 depicts the effect of electro conductivity of 
electrolyte on the electrochemical reaction. It is found in 
Fig. 7 that the reaction current density at the TPB increases 
with the increment of electro conductivity. At the middle 
region of TPB, the current density is lower. Especially, the 
minimum current density is about 3583.94 A  m−2 when the 
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electro conductivity is 2.382 ×  104 S  m−1. As the electro 
conductivity becomes larger, the performance of charge 
transport will become better, which can also promote the 
electrochemical reaction rate at the TPB. Nevertheless, the 
voltage difference will become larger by increasing the elec-
tro conductivity of the anode/cathode. Now, it is more dif-
ficult to improve the performance of charge transport for the 
electrolyte by decreasing the thickness of electrolyte during 
the manufacturing process. Thus, there are the technological 
barriers for the novel material of electrolyte.

Standard case

The initial component ratios of external syngas are reset, 
which is shown in Table 2.

Figure 8 demonstrates the change of five components in 
the standard case. The molar fractions of  CH4, CO, and  H2 
all decrease along the direction of gas mixture flow, while 
the molar fractions of  CO2 and  H2O increase. At the TPB, 
the molar fraction of  CH4,  H2,  H2O,  CO2 and CO are about 
0.00804, 0.37997, 0.41601, 0.11867 and 0.07731, respec-
tively. The maximum concentration overpotential is about 
0.00419.

In the standard case, the simulation results for the cath-
ode, including the concentration polarization and the molar 
fractions of  N2 and  O2 along the gas flow direction, are 
shown in Fig. 9. The maximum of concentration overpo-
tential is about 1.3 ×  10–4 V and the minimum of  O2 molar 
faction is about 0.2074. Because the supplied gas is usually 
excessive in the cathode, the effect of concentration polari-
zation is lower.

Parametric analysis of anode

Several other key parameters also significantly influence 
mass transfer, including total concentration of external syn-
gas, operation temperature and thickness of anode.

Effect of gas mixture concentration

The effect of total concentration of external syngas on mass 
transfer is shown in Fig. 10. By analyzing the curve of five 
components along the gas flowing, it can be found that the 
molar fractions of the  CH4, CO and  H2 all increase with 
the increment of total concentration. The mole fractions 
of the  H2O and  CO2 become lower by increasing the total 
concentration. Moreover, the concentration overpotential 
becomes lower with the increment of total concentration. 
The consumption of  H2 and the concentration overpotential 
are two important parameters of simulations. When the total 
gas mixture concentration is 9 mol‧m−3, the  H2 molar frac-
tion and concentration overpotential are about 0.3746 V and 
5.321 ×  10–3 V at TPB. The molar fraction of CO changes 
from 0.1 to 0.07, indicating that the consumption of CO is 
also larger.

As the external syngas concentration increases, a greater 
number of reactant gas molecules can flow into the TPB, 
enhancing the potential for participation in both chemical 
and electrochemical reactions. Simultaneously, the concen-
tration difference between the inlet and TPB decreases with 
the increasing gas mixture concentration. However, the total 
concentration of the gas mixture cannot be added without 
restrictions, which will cause the waste of reactant gas lead-
ing to the lower working efficiency of SOFC.

Effect of anode temperature

The influence of operation temperature on mass transfer is 
illustrated in Fig. 11. With the increment of the operation 
temperature, there are significant changes about the molar 
fractions of  CH4,  H2 and  H2O. For example, when the opera-
tion temperature is 1073 K, the molar fractions of  CH4,  H2 
and  H2O are about 0.0076, 0.336 and 0.465 at the TPB. The 
variations of another two gases are insignificant by increas-
ing the operation temperature.
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Table 2  Initial molar fractions of external syngas used in the standard 
case

Parameter Symbol Unit Value

CH4 mole fraction at inlet γ1a - 0.01
H2 mole fraction at inlet γ2a - 0.4
H2O mole fraction at inlet γ3a - 0.4
CO mole fraction at inlet γ4a - 0.1
CO2 mole fraction at inlet γ5a - 0.09
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The possible reason is that the temperature requirements 
for different chemical reactions are different. By increasing 
the temperature, the electrochemical reaction rates between 

 H2 and  O2 become larger, consuming more  H2 and producing 
more  H2O. At higher temperature, the reforming reaction of 
 CH4 is intense, which results in the molar fraction drop of 
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 CH4 with the increase of temperature. The chemical reaction 
between CO and  H2O can take place at the lower tempera-
ture (< 973 K). Thus, the effect of increasing temperature on 
the chemical reaction is insignificant. However, at the higher 
temperature, the solid particles with catalysis may drop, 
leading to the decrease of SOFC performance. The tempera-
ture of SOFC cannot also be increased without limitations, 

because the thermal management plays an important role on 
the maintaining the output voltage of SOFC.

Effect of anode thickness

The effect of anode thickness on the concentration 
overpotential is shown in Fig. 12. When the thickness 
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of anode becomes larger, the concentration overpoten-
tial increases. The concentration polarization voltage is 
0.038 V when the anode thickness is 1.55 mm. The main 
reason is that the resistance flowing along the horizontal 
direction becomes larger by increasing the anode thick-
ness. Compared to increasing the anode thickness, the 

change of performance of SOFC is less by decreasing 
the thickness of anode although the resistance of gases 
flowing becomes lower.

(a) (b)

(c) (d)

0.0 0.2 0.4 0.6 0.8 1.0
0.33

0.34

0.35

0.36

0.37

0.38

0.39

0.40

0.41

H 2
noitcarFralo

M

X*

973K
1023K
1073K

0.0 0.2 0.4 0.6 0.8 1.0
0.39

0.40

0.41

0.42

0.43

0.44

0.45

0.46

0.47

H 2
noitcarFralo

M
O

X*

973K
1023K
1073K

0.0 0.2 0.4 0.6 0.8 1.0

0.075

0.080

0.085

0.090

0.095

0.100

noitcarFralo
M

OC

X*

973K
1023K
1073K

0.0 0.2 0.4 0.6 0.8 1.0

0.090

0.095

0.100

0.105

0.110

0.115

0.120

CO
2

noitcarFralo
M

X*

973K
1023K
1073K

(e)

0.0 0.2 0.4 0.6 0.8 1.0
0.0075

0.0080

0.0085

0.0090

0.0095

0.0100

CH
4

noitcarFralo
M

X*

973K
1023K
1073K

Fig. 11  Effect of temperature on the distributions of five components in the anode



2741Ionics (2024) 30:2729–2745 

Parametric analysis of cathode

In the cathode, the electrochemical reaction is simpler 
compared to the anode. Two main parameters are explored, 
namely the operation temperature and thickness of anode.

Effect of temperature

The simulation results at different temperatures are 
described in Fig. 13, which illustrate that the consumption of 
 O2 becomes larger and the component ratio of  N2 increases 
by improving the temperature. The concentration polariza-
tion voltage increases with the increment of temperature. 
When the operation temperature is 1073 K, the molar frac-
tion and concentration overpotential of cathode are about 
0.1992 ×  10–4 V and 5.558 ×  10–4 V. The main reason is 
that it is useful to improve the electrochemical reaction rate 
between the  H2 and  O2 by increasing the temperature. In 
Fig. 13, it is also found that the effect of changing the opera-
tion temperature from 1023 to 1073 K on the mass transfer 
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is more significant. The possible reason is that the electro-
chemical reaction between  H2 and  O2 is close to the theory 
ideal state at 1073 K.

Effect of anode thickness on mass transport of cathode

Figure  14 describes the effect of increasing the anode 
thickness on the mass transfer in the cathode. By adjust-
ing the thickness of anode, there is a change in the con-
sumption of  O2. When the anode thicknesses are 0.55 mm, 
1.05 mm and 1.55 mm, the concentration overpotentials are 
2.702 ×  10–4 V, 2.452 ×  10–4 V and 1.467 ×  10–4 V, respec-
tively. In Fig. 14, it is found that the consumption of  O2 and 
the concentration overpotential of cathode both decreases 
with the increase of anode thickness. It is because that the 
resistance of gases flow in the anode becomes larger with the 
increasing of thickness, resulting in the decrease of reactant 
gas molecular quantity at the TPB of anode. The consump-
tion of  O2− and the consumption of  O2 both decreases in 
the anode, leading to the drop of concentration polarization 
voltage. The change of operation performance in the cathode 
should be considered if the researchers want to improve the 
performance of SOFC by employing the strategy of adjust-
ing the anode thickness.

Conclusions

To gain a deeper understanding of the multi-physics fields 
coupling in SOFC fueled by external syngas, a comprehen-
sive numerical model for SOFC is designed and validated. 
In this model, the charge transport and mass transfer are 
simulated based on the REV scale LBM and the finite-dif-
ference LBM, respectively. Based on the parameter analysis 
of SOFC, some important conclusions are as follows:

(1) The multi-physics fields coupling model is useful to 
predict the gas components, potential and polarization 
loss distributions in the SOFC.

(2) Due to the low electric conductivity, there is a signifi-
cant drop in electrostatic potential within the electro-
lyte, and increasing conductivity of electrolyte is ben-
eficial for improving the electrochemical reaction rate.

(3) Compared to the gas mixture of  H2O and  CH4, supply-
ing the external syngas to the anode helps to improve 
the performance of SOFC. To enhance the output volt-
age of SOFC, the  CH4 component ratio should be con-
trolled within a lower range, which is less than 0.2.

(4) By increasing the concentration of the external syngas, 
the concentration polarization decreases. However, the 
consumption of  H2 and production of  H2O will become 
larger by increasing the temperature, which results in a 
decrease in the performance of SOFC.

(5) The gas transfers in both the cathode and anode are 
influenced by changing the anode thickness. The con-
sumption of  O2 decreases with an increase of anode 
thickness.

Findings
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c  Lattice sound speed (m‧s.−1)

Etheory  Theory potential (V)

e  Discrete lattice velocity

F  Faraday constant (96,485 A‧s‧mol.−1)

f  Lattice Boltzmann distribution function

I  Mass flux (kg‧m−2‧s.−1)

i  Current density (A‧m.−2)

J  Collision term

j  Molar flux (mol‧m−2‧s.−1)

k  Reaction coefficient (mol‧m−3‧Pa−2‧s.−1)

M  Molecular weight (kg‧mol.−1)

m  Lattice molar concentration of gas

n  Electronic exchange coefficient

O  Ohmic resistance (Ω)

Q  External force term

p  Pressure (pa)

R  Universal gas constant (8.314 J‧mol−1‧K.−1)

S  Source term

T  Operation temperature (K)

t  Time (s)

u  Velocity of gas (m‧s.−1)

x  Coordinate along the direction of electrode 
thickness

Greek symbols

γ  Molar fraction

ν  Kinematic viscosity  (m2‧s.−1)

φ  Electrostatic potential (V)

η  Polarization voltage (V)

τ  Relaxation time

α  Transfer coefficient

ξ  Lattice velocity of gas (m‧s.−1)
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