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a b s t r a c t

A comprehensive numerical model was developed to predict the electrochemical performance of solid
oxide fuel cell (SOFC). The multi-component Lattice Boltzmann (LB) model based on kinetic theory for
gas mixtures combined with a representative elementary volume (REV) scale LB algorithm based on the
Brinkman equation for flows in porous media, the ButlereVolmer equation and Ohm’s law were adopted
to deal with the concentration, activation and ohmic overpotentials, respectively. The volteampere
characteristics were calculated and compared with those obtained by the existing electrochemical
model, as well as the experimental data. It was shown that the electrochemical model given by this paper
was capable of describing the electrochemical performance much more accurately because of the kinetic
nature of the LB method which was based on microscopic models and mesoscopic kinetic equations for
fluids, and the accurate prediction of multi-component mass transfer in SOFC porous electrodes affected
the simulation of the cell electrochemical performance significantly. Moreover, the effects of different
electrode geometrical and operating parameters on the cell performance were investigated. The devel-
oped electrochemical model based on LB algorithm at REV scale is useful for the design and optimization
of SOFC.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Solid oxide fuel cell (SOFC), with advantages of high electric
efficiency, low pollutant emission, and high operating temperature
which allows a variety of cogeneration possibilities and fuel flexi-
bility, is identified as one of the most promising energy conversion
devices in future. However, several pressing technological barriers
related to energy conversion efficiency, fuel reforming techniques,
the use of novel materials, architecture design, and techniques for
improved fuel utilization, etc., which may result in high production
costs and reduced reliability of SOFC [1,2], still exist to its
commercialization. Because the problems concerning single cells
have not been totally eradicated, the design and optimization of
SOFC stack and relevant thermodynamic systems are caught in a
dilemma [3]. The electrochemical characteristics of the single cell
are very important for the SOFC design, which directly affect the
cell power generation performance, temperature management, etc.
and are influenced significantly by the three polarizations
(activation, ohmic and concentration polarization) within electro-
lyte and electrodes. Statistics show that the vast majority of the
published articles about SOFC are devoted to the research about
anode, cathode and electrolyte [3].

Numerical simulation is thought to be an important approach to
the research of SOFC. The accuracy of overpotential models directly
affects the precise simulation of the SOFC electrochemical perfor-
mance. Generally speaking, ButlereVolmer equation (or Achenbach
model) and Ohm’s law are usually used to determine the activation
and ohmic overpotentials, respectively. However, the research
about concentration overpotential is relatively rare, and it is un-
specified and not fully resolved in the literature concerning towhat
degree the mass transfer affects the electrochemical performance
of the SOFC [3]. There are three frequently used modeling ap-
proaches: (1) concentration overpotential is usually ignored
because the gas transport in the electrode is believed to be an
efficient process [4e6]; (2) the mass transfer in the porous elec-
trodes is not calculated, and the concentration overpotential is
predicted using limiting current density which is usually assumed
to be an estimated constant [7,8] or a function with respect to gas
concentration, pressure at the gas channel of fuel cell, effective
diffusion coefficient, temperature and geometrical structure of
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Fig. 1. Schematic of an SOFC representative element volume.
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electrodes [9e12]; (3) the mass transfer in the porous electrodes is
described by simplified macroscopic models [2,13,14] (extended
Fick’s model (extended FM), Dusty Gas model (DGM), and Stefan
Maxwell model (SMM)), and the concentration overpotential is
expressed in terms of the gas concentration difference between the
electrodes surface and three phase boundary (TPB) regions. It is
clear from our previous research that the concentration over-
potential reaches the same order of magnitude as the other two
overpotentials for low porosity, low reactant concentrations, and
high average current densities [15]. Therefore, the neglect of con-
centration loss is unreasonable for the fact that the reactant con-
centration and current density vary sharply along the flow channel
of fuel cell, and they achieve the minimum and the maximum at
where the electrochemical reaction occurs dramatically, respec-
tively. Meanwhile, the employed limiting current density and
aforementioned simplified macroscopic models (extended FM,
DGM, and SMM) for concentration overpotential may result in
imprecise prediction of the polarization loss of fuel cell because
they are not competent to study the gas transport accurately in the
porous electrodes at micro- or meso-scale.

The Lattice Boltzmann (LB) method is thought to be an efficient
tool for the simulation of multi-component mass transfer in porous
anode and cathode. It is deduced from the kinetic theory which
makes it capable of solving transport process at micro- or meso-
scale. Meanwhile, this algorithm is parallel in nature due to the
fact that all the information transfer is local in time and space, so
that it is relatively easier to implement and more suitable for the
massively parallel computation. Based upon the above mentioned
advantages of LB method, several references employed pore scale
LB method for the investigation of multi-component gas transport
in SOFC porous anode [16e23]. Compared with the pore scale LB
model in which detailed geometric information is needed and the
computation domain cannot be too large due to limited computer
resources, representative elementary volume (REV) scale LB model
can be used for systems of larger size and is muchmore competitive
for parametric study. In the researches using REV scale LB method
for the multi-component gas transport in porous media [24e29],
the majority have adopted single-fluid model employing single-
relaxation-time approximation which is restricted to unity
Prandtl and Schmidt numbers for themulti-species flow [24e28] or
taken the species concentration field as a passive scalar [29].
Nevertheless, the relatively more accurate two-fluid model, which
treats mutual collisions and self-collisions independently so that
the viscosity and diffusion coefficients can be varied independently
by a proper choice of mutual- and self-collision relaxation-time
scales, has not been adopted. Furthermore, the REV scale LB model
has rarely been applied to the simulation of mass transfer of SOFC
electrodes [15].

In our previous research, a two-dimensional (2D) multi-species
LB model based on the two-fluid theory coupled with a porous
model at REV scale was developed to study the multi-component
reactant gases transport in the porous anode and cathode of
SOFC, and the prediction of concentration overpotential agree
much better with the experimental data compared with those
obtained by extended FM, DGM, and SMM, which proves that LB
method is a muchmore accuratemethod for the simulation of mass
transfer within fuel cell electrodes [15]. This paper presents a
subsequent investigation of our previous work, in which a
comprehensive electrochemical model is established based on the
existing LB model developed by our group in Ref. [15] to study the
electrochemical characteristics of a planar anode-supported SOFC.
The influence of multi-component reactant gas mass transfer on
the electrochemical performance of SOFC is investigated. Further-
more, the established model is also applied to discuss the impacts
of geometrical and operating parameters on the cell
electrochemical performance, which is very useful for the design,
optimization and fabrication of SOFC.
2. Mathematical models

Fig. 1 illustrates the schematic of the representative element
volume of a planar SOFC which consists of a dense ceramic elec-
trolyte sandwiched between porous anode and cathode. At the
cathode, oxygen from the air channel diffuses to the TPB, and re-
ceives electrons to be reduced to oxygen ions which pass through
the solid oxide electrolyte to the anode. At the anode, hydrogen
from the fuel channel diffuses to the TPB, and reacts with the ox-
ygen ions to generate steam and electrons. Finally, the electrons
formed in the hydrogen oxidation reaction migrate to the cathode
by external circuit to meet the electrical load.
2.1. Conservation equations

Conservation equations for multi-species gas in porous anode
and cathode are given as follows.

Continuity equation:

V$ u! ¼ 0 (1)

Momentum equation:

Vp ¼ �m

K
u!þ meV

2 u! (2)

Species equations:

V$JA ¼ 0 (3)

where A represents H2 or H2O in the anode, and O2 or N2 in the
cathode.

In the LB method, Eqs. (1)e(3) are satisfied with calculations of
distribution functions by solving the LB equation, which has been
introduced in detail in Section 3.
2.2. Electrochemical model

Fig. 2 shows the equivalent circuit model for the calculation of
SOFC electrochemical characteristics, fromwhich we have obtained
some important equations as summarized in Table 1.



Fig. 2. Equivalent circuit of SOFC electrochemical model.
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3. Lattice Boltzmann method

The LB method adopts particle distribution function f sa ð x!; tÞ as
the primary variable which can be defined for every species ‘s’

moving in direction a with a velocity vector of e!s
a at each lattice

point x! and time t. The f sa ð x!; tÞ is solved by imposing streaming
and collision steps over a numerical grid that consists of discrete
and regularly spaced lattice points (the D2Q9 model with nine
velocity directions on the 2D square lattice for the 2D simulation
has been adopted in this study). The macroscopic quantities that
describe the fluid flow can be calculated as moments of f sa ð x!; tÞ.

The coupled LB model for multi-species gas transport in porous
media is composed of the LB model for multi-component flow and
the LB model for porous flow. As for the LB model that describes
porous flow at REV scale, the single-fluid model which is inferior to
the two-fluid model is applied for the multi-component flow in the
existing publications. Furthermore, it is rarely applied to SOFC. In
this paper, a LB model which is based on the two-fluid model
initially proposed by Luo and Girimaji [31] derived from the kinetic
model for gas mixtures given by Sirovich [32], and extended by
McCracken and Abraham [33] in order to model components with
different molecular weights is employed for the multi-component
flow. As for porous flow, the interaction force of fluid and solid
skeleton is included by Guo-Zheng-Shi (GZS) model [34] in which
the discrete lattice effect and the contribution of the force term Fsadt
to the momentum flux are both taken into consideration. The bi-
nary mixture is taken as an example to describe the coupled LB
model. The discrete equation of the species s is expressed as
follows:

f sa
�
x!þ e!s

adt; t þ dt
�� f sa ð x!; tÞ ¼ Jssa þ Jssa þ Fsadt (13)

The velocity set e!1
a for species 1 (having the least molecular

weight) is given according to the D2Q9 model. For the remaining
species, the discrete velocities are obtained by the different lattice
speed (DLS) scheme [33]. Streaming of species with different
discrete velocities is carried out via bi-linear interpolation [16].

Jssa is the self-collision term which is approximated by the
BhatnagareGrosseKrook (BGK) model. Jssa is the cross-collision
term which represents the effect of collisions between particles of
various species and arises onlywhen there is more than one species
and the relative velocity between particles of different species is
non-zero. Fsadt is the force term to describe the interaction force of
fluid and solid skeleton.

Jssa ¼ � 1
ss
h
f sa � f sð0Þa

i
(14)

Jssa ¼ � 1
sssD

rs
r

f sðeqÞa

c2s;s

�
e!s
a � u!�ð u!s � u!sÞ (15)
Fsa ¼ wars

�
1� 1

�"
e!s
a$ a
!

s þ
�
e!s
a$ u
!�� e!s

a$ a
!

s
�
� u!$ a!s

#

2ss c2s;s c4s;s c2s;s

(16)

where rs and rs, u!s and m!s are the mass densities and flow ve-
locities for species s and s, and they are moments of distribution
functions:

rs ¼
X
a

f sa (17)

rs u
!

s ¼
X
a

f sa e!s
a þ

dt
2
rs a
!

s (18)

where a!a ¼ �n=K u! represents the body force due to the presence
of a porous media which is needed to recover the Brinkman
equation.

f sð0Þa is the equilibrium distribution function, r and u! are the
mass density and the velocity of the mixture, ss is the relaxation
time of the self-collision term controlling the kinematic viscosity,
and sssD is the relaxation time of the cross-collision term deter-
mining the inter-species diffusivities. Much more model de-
scriptions and boundary condition implementation were
introduced in Ref. [15] in more details.

4. Results and discussion

4.1. Model validation

The LB model for the multi-component gas transport has been
validated with the extended FM, SMM and DGM, as well as the
experimental data published by Yakabe et al. at 3000, 7000 and
10,000 A m�2 in our previous study [15], and it is proved that the
present LB model is capable of simulating the multi-component
mass transfer much more accurately in the porous electrodes of
SOFC under a wider range of operating conditions. Then the vali-
dated LB model, coupled with ButlereVolmer equation and Ohm’s
law, is employed to simulate the concentration, activation, and
ohmic overpotentials. The SOFC volteampere characteristics are
used for the electrochemical model validation, and Table 2 de-
scribes relevant input parameters. Comparisons of the results ob-
tained by the present electrochemical model with those given by Ni
et al. [35] as well as experimental data measured by Zhao and
Virkar [36] are shown in Fig. 3. We can find that the calculation
result using the present model is almost overlapped with the
measured value when the current density is below about
15,000 A m�2 which includes the vast majority of the SOFC oper-
ation conditions. As the current density increases further above
15,000 A m�2, it is also closer to the experimental data in contrast
with that of Ni et al. [35].

The electrochemical model adopted by Ni et al. [35] and that in
this paper employ the same ohmic overpotential model, but
different activation and concentration overpotential models. As for
the activation model, both of them use ButlereVolmer equation,
but with different expressions of exchange current density. Ni et al.
[35] introduce exchange current density depending on gas con-
centration, operating pressure and temperature, and it is treated as
a fitting exponential function of temperature in this paper. How-
ever, both of the two expressions have the same anode and cathode
exchange current densities at 1073 K (about 5300 A m�2 for anode
and 2000 A m�2 for cathode [30,35]). Therefore, the better pre-
diction of the volteampere characteristics in this paper primarily
results from themuchmore precise simulation of the concentration
overpotential. The LB method and the extended FM are employed



Table 1
Summary of equations and parameters employed in the SOFC electrochemical model.

Output voltage
Vcell ¼ E � Vcon;a � Vact;a � Vohm � Vcon;c � Vact;c (4)

Electromotive force
E ¼ �Dg=2F (5)

where

�Dg ¼ �Dg0 þ RT ln

"
pH2

=p0
�
pO2

=p0
�1=2

pH2O=p0

#
(6)

Activation overpotential [14]

Vact ¼ RT
F
sinh�1

�
i

2io

�
(7)

where the ‘apparent’ exchange current density io is treated as an exponential function of temperature [30]
Ohmic overpotential

Vohm ¼
X

jrk ðk ¼ anode; electrolyte; cathodeÞ (8)

Concentration overpotential

Vcon;a ¼ �RT
2F

ln

 
yH2 ;A=EyH2O;bulk

yH2 ;bulkyH2O;A=E

!
(9)

Vcon;c ¼ �RT
2F

ln

 
yO2 ;A=E

yO2 ;bulk

!1=2

(10)

where the molar fraction distribution of each component is simulated by LB method

Cell power density
P ¼ iVcell (11)

Electrochemical efficiency
h ¼ Vcell=E (12)
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to describe themulti-component gas transport in porous electrodes
in this paper and Ref. [35], respectively. It has been proved in our
previous study [15] that the concentration overpotential described
by extended FM agrees the worst with the experimental results
compared with that given by SMM, DGM and LB method. The
extended FM has been proved to overestimate the concentration
overpotential, and the overestimation becomes increasingly greater
Table 2
Input parameters used in model validation and standard case.

Parameter Value

Operating pressure/bar 1
Fuel composition/air composition 97%H2, 3%H2O/21%O2, 79%N2

For model validation
Operating temperature/K 1073
Anode thickness/m 1000 � 10�6

Cathode thickness/m 20 � 10�6

Electrolyte thickness/m 8 � 10�6

Porosity 0.48
Tortuosity 5.4

Standard case
Operating temperature/K 1023
Average current density/A m�2 10,000
Anode thickness/m 750 � 10�6

Cathode thickness/m 50 � 10�6

Electrolyte thickness/m 50 � 10�6

Porosity 0.46
Tortuosity 4.5
Average pore diameter/m 2.6 � 10�6

Permeability 1.7 � 10�10
as current density rises, which is the reason that the cell voltage
predicted by Ni et al. [35] is lower than the experimental result and
the dissimilarity tends to be even more remarkable with the in-
crease of the current density. It is also suggested in our previous
study [15] that the concentration overpotential obtained by LB
model is almost the same as the experimental data in low current
density regions, and its underestimation will occur as the current
density is above 10,000 Am�2. That’s why the cell voltage predicted
Fig. 3. Comparison of volteampere characteristics calculated by the present model
with experimental data [36] and predictions given by Ni et al. [35].



Fig. 5. Effects of anode thickness on concentration overpotential and electrochemical
efficiency.
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by LB model is much closer to the measured value compared with
the results given by Ni et al. [35], especially at low current densities,
and is increasingly higher than the measured value as the current
density increases.

There are three possible reasons making the present simulation
method a more robust model. Firstly, the LB model for the multi-
component mass transfer in porous electrodes adopted in this pa-
per takes into account both diffusion and convection transport;
nevertheless, extended FM in Ref. [35] neglects the convection
transport. Secondly, some geometrical parameters (e.g. average
pore size) obtained by experiments with several inevitable test
errors are needed in the extended FM; however, the LB model is
independent of these parameters. The less the parameters are
dependent upon the experiments, the more robust the model is.
Thirdly, unlike the conventional numerical methods based on dis-
cretizations of macroscopic continuum equations, LB method is
based on microscopic models and mesoscopic kinetic equations for
fluids, the kinetic nature of which enables it to be applicable for
micro-flow.

Therefore, the present electrochemical model showsmuchmore
excellent behavior under the vast majority of the SOFC operating
conditions because of the much more precise prediction of the
concentration overpotential using the LB method, and it also in-
dicates that the accurate simulation of mass transfer in the elec-
trode affects the overall overpotential greatly.

4.2. Parametric analysis

Although several papers have investigated the effects of
macroscopic geometrical and operating parameters on the cell
electrochemical performance, they are based on the traditional
mass transfer models and the accuracy of them calls for further
improvement [2,14,35]. Precise simulation of the SOFC electro-
chemical performance is the premise of the valid parameter study
which is the basis for cell design and operation. The validated
electrochemical model based on LB method in this paper is applied
to gain the understanding of cell performance under different
conditions, and it is also a further validation of the newly built
model.

4.2.1. Standard case
Since the performance of the anode-supported SOFC is more

desirable than that of both cathode- and electrolyte-supported
SOFC [13], the subsequent study is focused on an anode-
supported SOFC. The input parameters of the standard case are
described in Table 2 [35,37].
Fig. 4. Performance of anode-supported SOFC of the standard case.
Fig. 4 illustrates the performance of an anode-supported SOFC
of the standard case. The cell voltage presents a concave trend
due to the protruding tendency of both activation and concen-
tration polarizations. When the current density reaches approx-
imately 8000 A m�2, the cell voltage is 0.5 V, the electrochemical
efficiency is 45%, and the power density arrives at its maximum
(3974 W m�2). The cell voltage drops to zero when the current
density is about 17,600 A m�2. The maximum loss comes from the
electrolyte ohmic polarization. This is mainly because of the high
ionic resistivity of electrolyte and relatively low operating tem-
perature (1023 K). In contrast, the electronic resistivity of elec-
trodes is so low that the electrode ohmic polarization
approximates to zero. Meanwhile, the activation overpotentials of
both electrodes are also very high, especially the cathode polar-
ization due to its lower exchange current density. Concentration
polarization is relatively smaller, and the contribution of cathode
to it is close to zero because of its low thickness. It is also clear in
Fig. 4 that with the increase of the current density, anode con-
centration loss rises gradually due to the fuel starvation at
anodeeelectrolyte interface for the reactant gases fail to diffuse
through the electrode quickly in the high current density region.
Finally, it will be of the same order of magnitude of other over-
potentials, and neglecting it or employing fitted limiting current
density and relevant simplified macroscopic models (e.g.
extended FM, SMM and DGM) will undoubtedly cause inaccurate
results.
Fig. 6. Effects of anode thickness on cell voltage and power density.



Fig. 7. Effect of electrolyte thickness on ohmic overpotential and electrochemical
efficiency.

Fig. 9. Effect of porosity on concentration overpotential and electrochemical efficiency.
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4.2.2. Effects of anode thickness
Figs. 5 and 6 illustrate the impacts of anode thickness on con-

centration overpotential, electrochemical efficiency, cell voltage
and power density. With the rise of the anode thickness, higher
resistance to the reactant gas species transported in the porous
anode occurs, which brings about the increase of the concentration
polarization, as well as the decrease of the cell voltage, electro-
chemical efficiency, power density and the operating current den-
sity rangewith the subsequent inferior cell performance. Moreover,
the sensitivity of concentration overpotential to the anode thick-
ness reduces with the increase of the anode thickness. So an anode-
supported SOFC with a relatively thicker anode is acceptable since
the concentration polarization will not accrete excessively. How-
ever, for the sake of the improvement of the cell performance to the
greatest extent, the thinner the anode is, the better, as long as it is
thick enough to support the cell.
4.2.3. Effects of electrolyte thickness
The influences of electrolyte thickness on ohmic loss, electro-

chemical efficiency, cell voltage and power density are shown in
Figs. 7 and 8. When the electrolyte thickness goes up, the ohmic
loss increases; meanwhile, the cell voltage, power density and
electrochemical efficiency present inverse tendencies. According to
Eq. (8), ohmic polarization varies linearly with the electrolyte
thickness. So it is suggested that the electrolyte should be as thin as
possible only if it meets the mechanics requirements of the cell
Fig. 8. Effect of electrolyte thickness on cell voltage and power density.
structure, and the material with lower ionic resistivity is recom-
mended for the electrolyte so as to reduce the ohmic polarization.

4.2.4. Effects of porosity
Figs. 9 and 10 depict the effects of porosity on SOFC perfor-

mance. With the porosity increasing, the reduced concentration
overpotential and improved cell performance appear due to the
enhanced gas diffusion in the porous electrodes, and the sensitivity
of concentration polarization and cell performance to the increase
of porosity decreases gradually, which means that the precise
calculation of concentration is relatively more crucial in low
porosity regions. However, the increase of the porosity leads to the
reduction of the length of TPB where the electrochemical reaction
takes place. Hence, in a typical anode-supported SOFC, adjacent to
the electrolyte are electrocatalytic layers of anode and cathodewith
low porosity, which is helpful for the electrochemical reaction. In
contact with the electrocatalytic layers is the porous structure with
high porosity, which benefits the reactant gas transport.

4.2.5. Effects of fuel composition
Ref. [35] adopted the extended FM to calculate the concentra-

tion overpotential and indicated that the rise of the molar fraction
of hydrogen caused the reduction of the concentration polarization.
However, we’ve obtained different conclusions with LB model as is
illustrated in Fig. 11. When the molar fraction of hydrogen ascends,
the concentration polarization declines at first, and then goes up.
However, the EMF overlaps with each other at different current
Fig. 10. Effect of porosity on cell voltage and power density.



Fig. 11. Effect of hydrogen molar fraction on concentration overpotential and EMF.
Fig. 13. Effect of hydrogen molar fraction on electrochemical efficiency and its
gradient.

H. Xu et al. / Energy 67 (2014) 575e583 581
densities and increases all the way. As average current density in-
creases, both activation and ohmic polarizations present rising
tendencies and keep constant at different hydrogen molar fraction
according to Eqs. (7) and (8). So the cell voltage rises as hydrogen
molar fraction increases and falls as average current density as-
cends (see Fig. 12), and it changes even faster than EMF, which
brings about the increasing trend of electrochemical efficiency as is
shown in Fig. 13. It is also clear in Fig. 13 that the sensitivity of
electrochemical efficiency to hydrogen molar fraction initially re-
duces greatly, then slightly rises in regions of high hydrogen molar
fraction, and the value is much smaller when the average current
density decreases, which means that the accuracy of concentration
polarization prediction is much more crucial for low reactant
concentrations and high average current densities.

4.2.6. Effects of operating temperature
Figs. 14 and 15 describe the effects of operating temperature on

SOFC performance. In Fig. 14, ohmic overpotential declines
dramatically with the increase of the operating temperature
because the ionic resistivity of the electrolyte is very sensitive to the
temperature and drops rapidly with the rising temperature. Simi-
larly, the activation overpotential presents the same tendency as
that of ohmic overpotential because a higher operating tempera-
ture leads to more reactive electrodes. Conversely, the concentra-
tion polarization shows an increasing tendency when the operating
temperature rises. However, the magnitude of the increase of
concentration overpotential is relatively small compared with the
decrease of ohmic and activation overpotentials. As a result, a
Fig. 12. Effect of hydrogen molar fraction on cell voltage and power density.
better cell performance can be obtained in higher operating tem-
perature regions (see Fig. 15). It is also clear in Figs. 14 and 15 that
the operating temperature has the most significant effect on the
cell performance compared with other parameters. In general,
during the operation process of SOFC, the cell operating tempera-
ture is directly affected by the three polarization losses, which in-
dicates the importance of more accurate prediction of
concentration polarization once again.
5. Conclusions

An electrochemical model is developed and well validated to
investigate the performance of an anode-supported SOFC. Unlike
other existing electrochemical models, the present simulation has
employed a LB model based on two-fluid theory at REV scale to
describe the multi-component gas transport and the concentration
polarization in porous electrodes of SOFC. The impacts of geomet-
rical and operating parameters on overpotentials, electrochemical
efficiency, cell voltage and power density of a planar type anode-
supported SOFC are discussed, which also serves as a further vali-
dation of the present electrochemical model.

The volteampere characteristics of the SOFC obtained by the
present electrochemical model based on the LB algorithm at REV
scale almost overlap with the experimental data [36] under the
bulk of the SOFC operating conditions (below about 15,000 A m�2),
and also agree better with the measured value [36] than the results
Fig. 14. Effect of operating temperature on overpotentials.



Fig. 15. Effects of operating temperature on cell voltage, electrochemical efficiency and
power density.
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given by Ni et al. [35] for high current densities (above about
15,000 A m�2), which not only confirms the reliability of the pre-
sent electrochemical model, but also proves that the precise
simulation of mass transfer affects the accurate prediction of the
SOFC electrochemical performance greatly.

The anode and electrolyte are suggested to be as thin as possible
as long as meet the mechanics requirements for the cell structure,
and the electrolyte material of low ionic resistivity is recommended
to reduce the ohmic polarization; with the porosity increasing, the
decreased concentration overpotential and the better cell perfor-
mance appear; when the hydrogen molar fraction rises, the con-
centration polarization of SOFC initially declines, and then goes up,
and the electrochemical efficiency represents an overall increasing
tendency; enhancing the operating temperature, the activation and
ohmic overpotentials fall markedly, the concentration over-
potential experiences a slight rise, and thus the cell performance
improves.

The accurate prediction of concentration polarization is of great
importance for the cell performance simulation, especially for
thicker electrode, low porosity, low reactant concentrations and
high average current densities.

The developed electrochemical model based on LB algorithm at
REV scale is capable of studying the macroscopic performance of
SOFC accurately and effectively because of its kinetic nature at
microscale or mesoscale, and proves to be beneficial for the design
and optimization of SOFC.
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Nomenclature
e! discrete lattice velocity
E electromotive force, V
f particle mass distribution function
f sð0Þa equilibrium distribution function in two-fluid model
f sðeqÞa equilibrium distribution function
F Faraday constant, 96,485 C mol�1

Dg molar Gibbs free energy change, J mol
i current density, A m�2

j current, C s�1

J mass flux, kg m�3 s�1
Jssa self-collision term
Jssa cross-collision term
K permeability, m2

p pressure, Pa
P power density, W m�2

r resistance, U
R gas constant, J mol�1 K�1

T temperature, K
u! velocity of fluid, m s�1

Vact;a activation overpotential of anode, V
Vact;c activation overpotential of cathode, V
Vcell output voltage, V
Vcon,a concentration overpotential of anode, V
Vcon,c concentration overpotential of cathode, V
Vohm ohmic overpotential, V
x! position vector
yi molar fraction of component i

Greek symbols
a lattice direction
dt time step
3 porosity
h electrochemical efficiency
m viscosity of fluid, kg m�1 s�1

r density, kg m�3

ss relaxation time of self-collision term
sssD relaxation time of cross-collision term

Subscripts
a anode
A/E interface between anode and electrolyte
c cathode
C/E interface between cathode and electrolyte
e electrolyte
eff effective

Superscripts
s species s
s species s
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