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Based on a model of a porous electrode, we make a detailed numerical simulation on molten carbonate fuel cell �MCFC�
performance by using the lattice Boltzmann method �LBM�. We apply Brinkman-Forchheimer-extended Darcy equations �gener-
alized momentum equation� together with a reaction-diffusion equation with several reasonable assumptions and, to simulate more
realistic physical conditions, we consider a curved boundary lying between the nodes of equal lattice space. As an attempt to assess
the validity and efficiency of our model, two benchmark problems are investigated, including �i� the calculation of the dependence
of generated current density on averaged gas velocity and the comparison between the result obtained by the LBM and by some
other analytical solutions; �ii� the comparison between the result by the LBM calculation and the one by measuring experimentally
the current density of test series in an overall range of H2 concentration. An excellent agreement is found between the results from
the LBM calculation and those from the experiment. In addition, the dependence of CO2 removal rate on current density, the
contributions of CO2 concentration and O2 concentration on cell performance, and the relations of cell voltage and power density
with current density �load� are also studied.
© 2006 The Electrochemical Society. �DOI: 10.1149/1.2164807� All rights reserved.

Manuscript submitted August 30, 2005; revised manuscript received November 28, 2005.
Available electronically February 1, 2006.

0013-4651/2006/153�3�/A607/7/$20.00 © The Electrochemical Society
The molten carbonate fuel cell �MCFC� is an electrochemical
power generator with potential applications for attaining very high
electrical energy conversion efficiency while operating quietly with
minimal polluting emissions. In such a cell, the cathode is NiO, the
anode is Ni, and the electrolyte is a carbonate compound of alkaline
metals �Li2CO3, K2CO3, etc.�. Efficiency ranges from 60 to 80%,
and operating temperature is about 650°C. Units with output up to
2 MW have been constructed, and designs exist for units up to
100 MW. Considerable research and development of MCFC have
been carried out mainly in the United States, Japan, and Europe. A
successful application of MCFC requires accurate prediction of unit-
cell performance and operation characteristics. Generally, MCFC
operation can be characterized as fluid transport and transformation
of species by an electrochemical reaction. Numerical computation is
used to realize the quantizing prediction, emulation, and analysis of
MCFC performance under a large range of operation and different
transient conditions.

Usually, numerical models for MCFC can be categorized into
two classes: microscopic �porous-electrode models� and macro-
scopic �cell-performance models�.1,2 In this work, we focus on
porous-electrode model. Note that two well-known porous-electrode
models have been derived for MCFC. They are the thin-film model3

and the agglomerate model.4 Fontes et al.5 presented a steady-state
agglomerate model for a MCFC cathode, which takes into account
the heterogeneous structure of a porous electrode. In their approach,
the resulting model equations were solved by means of a finite-
element method, but their simulation results were limited to a small
agglomerate. Two years later, Fontes and co-workers6 analyzed ex-
perimental polarization curves by means of numerical modeling and
obtained, under more specific conditions, approximated linear polar-
ization curves for MCFC. Fehribach et al.7 obtained a numerical
model for the peroxide mechanism on electrochemistry of MCFC.
Their model has several advantages, including an elegant combina-
tion of chemical and electrical processes, a clear connection to the
underlying reaction stoichiometry, and the fewest equations required
to be consistent with stoichiometry. Subramanian8 developed a nu-
merical model by using a three-phase homogeneous approach. The
model indicates that the mass transfer effect becomes important at a
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high current density. Mangold and Sheng9 established a reduced
nonlinear numerical model with internal reforming. Fermeglia et
al.10 established a model for steady-state-process simulation, and
Yoshiba11 established a thermal model. Recently, our team has pro-
posed two different models for MCFC. The first is a voltage-drop
and recovery-analysis model, which can be used to estimate differ-
ent contributions to transient behavior.12 The second is a model of
current and overpotential distribution, which is based on the analysis
of electric conductance of the solution.13 However, even though
much work has been done, a satisfactory numerical analysis method
for MCFC is still needed due to extremely complicated physical
structures of porous electrodes.

As pointed out by Kazim et al.,14 in a fuel cell the limiting
current density, and thus the maximum power, can often be deter-
mined by the maximum species diffusion rate of reactants. Species
diffusion limitation depends on the porosity and tortuosity of porous
electrodes. Because these systems have intricate dynamical struc-
tures, it is necessary to develop powerful numerical methods to treat
such problems. In recent years, the lattice Boltzmann method
�LBM� has been proposed as an efficient numerical tool to investi-
gate fluid dynamics and various problems with highly complex ge-
ometries, such as porous media.15-19 The LBM allows a detailed
discretization of a porous geometry and hence one can have an exact
simulation of flows without using any of the semiempirical homog-
enization approaches. In some sense, the LBM may be considered as
a “numerical experiment” with many advantages. For example, it is
simple from the viewpoint of arithmetic calculation. It is suitable for
large-scale parallel computing, for handling multiphase flow with
phase transition, and even for making numerical computations with
moving boundaries without loss of computational speed.

It is known that Darcy’s flow model combined with the LBM
cannot predict correctly reaction-diffusion development in porous
media, while the numerical solutions of the Brinkman-Forchheimer-
extended Darcy model with LBM were found to compare well with
the experimental results for the range of porosity from 0.2 to 0.45
only at low Reynolds numbers, Rayleigh numbers, and Darcy
numbers.15-19 In this work, we shall develop a numerical model for
electrochemical kinetics, current density distribution, and species
diffusion in MCFC by combining LBM and general principles of the
Brinkman-Forchheimer-extended Darcy equations �generalized mo-
mentum equation� with the conservation equation of species in po-
rous electrodes. We begin by describing a physical configuration and
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the Brinkman-Forchheimer-extended Darcy equations together with
the reaction-diffusion equation in a porous electrode. Then we ex-
tend the LBM model proposed in Refs. 15, 17, and 18 to the MCFC
performance. We deal with the scheme for the treatment of boundary
conditions, and we give the computational details and validation
tests. Some numerical results are also shown. The final section pro-
vides a summary of our main results.

The Physical Configuration and Reaction-Diffusion Equation

A porous electrode can be taken as a gas-diffusion electrode due
to its large surface area for a charge-transfer reaction within the
electrode. To predict its performance and help to optimize its design,
much research effort has been devoted to developing an developing
an accurate model for porous electrodes.2 It has been demonstrated
that when a MCFC works, O2 and CO2 combine at the cathode to
form carbonate ions, and anode hydrogen combines with carbonate
ions from the cathode to form CO2 and water. A question of com-
mon interest is how an electrochemical process in the fuel cell links
with gas-dynamical processes of the transfer of reactant and reaction
products in the channel between separator plates and porous elec-
trodes. The dynamics of the oxygen reduction reaction at the porous
electrode is associated with physical fuel cell configuration. In the
present study, we consider a cross section of the porous electrode, as
shown in Fig. 1. It consists of an anode porous electrode, a cathode
porous electrode, a separator, and an electrolyte plate. In the figure,
L is the length of the fuel cell and H is the height. The subsequent
computational domain is therefore the rectangle �x,y� = �0,L�
� �0,H�. The primary reaction of the MCFC is similar to other fuel
cells. At the anode, H2 is oxidized electrochemically and CO2 is
generated

H2 + CO3
2− → H2O + CO2 + 2e �1�

At the cathode, O2 is electrochemically reduced and CO2 is con-
sumed

1

2
O2 + CO2 + 2e → CO3

2− �2�

The above reaction takes place at the interface between the porous
electrode and electrolyte. With the reaction going on, the products
accumulate and the reactants reduce. Therefore, gas diffusion takes
place in the electrode.

The fuel gas flowing in the porous electrode can be described by
a continuity equation and Brinkman-Forchheimer-extended Darcy
equations �generalized momentum equation�20

� · v = 0 �3�

�v

�t
+ �v · � �� v

�
� = −

1

�
� ��P� + �f�

2v + F �4�

where � is density, � is porosity, v is volume-averaged velocity, P is
cell total pressure, and � is kinematic viscosity. F represents total

Figure 1. Schematic drawing of the MCFC. See text for explanation.
f

body force due to the presence of the porous medium and other
external force fields, expressed by

F = −
��

K
vf −

�F�

�K
�v�v + �G �5�

where G is the body force induced by an external force, and F� and
K are, respectively, the geometric function and permeability, which
can be estimated by using Ergun’s experimental results21 and are
expressed by22

F� =
1.75

�150�3
�6�

K =
�3dp

2

150�1 − ��2 �7�

where dp is the effective average diameter of the solid in the porous
electrode.

It is known that if concentration is different at different positions,
higher concentration gas species will move to lower ones through
the electrode that is made of porous media. This process is con-
trolled by the difference in gas concentration, the construction of
porous media, and the diffusivity of gas species. For simplicity, we
make the following assumptions: �i� The flow in the MCFC is con-
sidered steady. �ii� All changes in the concentration of the carbonate
ions are neglected. �iii� The concentration of the electrolyte does not
change. �iv� The system is in a steady state and all changes in the
cathode due to corrosion could also be neglected. �v� The change of
temperature in the cathode can be neglected. Based on these as-
sumptions, the reaction-diffusion equation in the porous electrode
can be written as

�Cs

�t
+ � · �vsCs� − Ds�

2Cs = Rs, 1 � s � M �8�

where M is the number of species, vs is the average velocity of
species s, Cs is the mean species concentration of species s at a cross
section of the MCFC, Rs is the reaction term depending on Cs and
the concentrations of the other species that reacts with s, and Ds is
the diffusivity of species s in the porous electrode, given by

Ds = Ds�
�

�
�9�

where Ds� is the diffusivity of species s in open void and � is the
tortuosity factor of the electrode. If permeability is in good condi-
tion, two kinds of diffusivity are approximately equal. The boundary
conditions are then given by

Cs�x2,t� = Cs�x5,t� = C0
s , 	 �Cs�x,t�

�x
	

y=L/2
= 0 �10�

and the initial condition reads

Cs�x,t� = Cs�x,t� = 0, x2 � x � x5 �11�
As reported in Ref. 23, the potential difference caused by differ-

ent carbonate concentrations at the anode and the cathode can be
neglected. Thus the Nernst equation can be written as

Ecell = E0 −
RT

2Fa
ln�CCO2

�a� CH2O
�a� p�a�� +

RT

2Fa
ln�CH2

�a�CO2

1/2�c�CCO2

�c� p3/2�c��

�12�

where Ecell is the cell voltage and E0 is the standard potential and is
equal to 1.2723 − 2.7645 � 10−4T for total reaction sum of Eq. 1
and 2, R is the universal gas constant, T is the temperature, and Fa is
Faraday’s constant. The superscripts �a� and �c� represent, respec-
tively, the anode and cathode, and p is the gas pressure.
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Numerical Scheme

Generally, the Boltzmann equation with single-relaxation-time
approximation can be written as24

�f

�t
+ � · � f = −

1

�
�f − feq� �13�

where � is the particle velocity, f is the particle distribution function,
feq is the equilibrium particle distribution function, and � is the
relaxation time. Discretizing Eq. 13 in the velocity space � and using
a finite set of discrete velocities ei, one obtains

�f i

�t
+ ei · � f i = −

1

�
�f i − f i

eq� �14�

In this work, we use the D2Q9 model.25 The discrete velocities are
given by

ei

= 

0 for i = 0

�cos
�i − 1�	

2
, sin

�i − 1�	
2

� for i = 1 � 4

�2�cos� �i − 5�	
2

+
	

4
, sin� �i − 5�	

2
+

	

4
� for i = 5 � 8

�15�

The local equilibrium distribution function in Eq. 14 can be written
as

f i
eq = 
i��1 +

ei�v�

c2 +
v�v�

2c2 � ei�ei�

c2 − ���� �16�

where � and � denote components of Cartesian coordinates �with
implied summation for repeated indices�, c = x/t is the lattice
speed �with x and t being lattice distance and time step,
respectively�, the values of 
i are given by 
0 = 4/9, 
i = 1/9
for i = 1, 2, 3, 4, and 
i = 1/36, for i = 5, 6, 7, 8. The density �
and the velocity v of the fluid are, respectively, defined by

� = �
i

f i and v = �
i

f iei/� �17�

The lattice Boltzmann equation26 is obtained by further discretizing
Eq. 14 in space x and time t

f i�x + e1t,t + t� − f i�x,t� = −
1

�
�f i − f i

eq� �18�

where � = �/t is relaxation time. Using a multiscale technique one
can recover macroscopic Navier-Stokes equations. In this work, we
consider the drag effect of the medium and present the LBM equa-
tion by the form of the statistical average

f̄ i�x + eit,t + t� = f̄ i�x,t� −
f̄ i�x,t� − f̄ i

eq�x,t�
�

+ Fit �19�

where f̄ i�x,t� and f̄ i
eq�x,t� are volume-averaged distribution function

and equilibrium distribution function at representative elementary
volume scale, respectively �in the following, the overbars will be
omitted for the sake of convenience�, Fi is the force term for ith
particle of fluid. According to Ref. 27 and 28, Fi is defined as

Fi = 
i��1 −
1

2�
�� ei · F

c2 +
�ei · v��ei · F�

�c4 −
v · F

�c2 � �20�

The density and velocity of the fluid are defined by
� = �
i

f i, v = �
i

f iei/� +
t

2
F �21�

The macroscopic equations for fluid flowing in porous media may
be recovered by Taylor expansion and Chapman-Enskog expansion,
which read

��

�t
+ � · ��v� = 0 �22�

���v�
�t

+ � · ��vv

�
� = − � P + � · ���e��v + v � �� + F

�23�

where �e = �� − 0.5�RTt. We see that above equations recover Eq.
3 and 4 for � = const. Noting that as � = 1, Eq. 23 is reduced to the
standard lattice Boltzmann equation for the fluid flows in the ab-
sence of porous media. Another interesting feature of Eq. 23 is that
one can get Darcy’s law if the flow in porous media is very slow.

To obtain the solution of Eq. 8 for 1 � s � M, we define the
total number of particles of species s at time t and position x as

ns�x,t� = �
i

f s�x,i,t� �24�

It may be related to the mean species concentration Cs of species s
in Eq. 8

ns = Cs
��x�2

ms
�25�

where ms is the unit mass of species s. As usual, we impose the
following conditions on fs

eq

ns�x,t� = �
i

f s�x,i,t� = �
i

f s
eq�x,i,t� �26�

nsvs�x,t� = �
i

e1fs
eq�x,i,t� �27�

where vs�x,t� is the local velocity of species s. Equation 27 repre-
sents the conservation of local mass for a nonreactive system. For a
MCFC system, one can select the following simple equilibrium dis-
tribution function

fs
eq�x,i,t� =

ns

n0
f0

eq�x,i,t� �28�

where subscript 0 refers to the solvent, and f0
eq�x,i,t� is the same as

in Ref. 17. Using a multiscale technique we recover the following
reaction-diffusion equation

�Cs

�t
+ � · �Csv� − �s

2��s − 0.5��2Cs = Rs �29�

where �s is sound velocity, Cs is the concentration of the species s,
and Rs is the reaction rate for species s as in Eq. 3. The diffusivity of
species s is given by

Ds = �s
2��s − 0.5� �30�

Analysis of Boundary Conditions

It is well known that, in the simulation of diffusion in a MCFC,
boundary conditions are extremely important for obtaining accurate
results. Bouncing-back boundary condition29 is a primary method in
the lattice-Boltzmann simulation and has been proved to have a
first-order accuracy. To increase accuracy, more accurate boundary
conditions have been proposed in the past few years.30-33 In this
study, a curved boundary lying between the nodes of the equidistant
lattice space �x for a 2D model is proposed, which has been shown
in Fig. 2.
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To proceed, we take xb and xf to denote, respectively, the lattice
node for the solid side and fuel fluids side of the porous electrode.
Let ei = xb − xf and ei� = −ei and assume the filled small circle at
xw is the intersection with the physical boundary on the link be-
tween xb and xf. The fraction of an intersected link in the fuel fluid
is �, defined by

� =
�xf − xw�
�xf − xb�

, 0 � � � 1 �31�

After a collision step, the distribution function at xf and t is given by
the following streaming step

f i�xf,t + t� = f i�xff,t� �32�

while f i��xf� can be obtained by

f i��xf,t + t� = f i��xb,t� �33�

However, the distribution function f i��xb,t� at boundary node is un-
known. According to Ref. 24, we assume that f i��xb,t� satisfies the
following linear interpolation formula

f i��xb,t� = �1 − ��f i�xf,t� + �f i
*�xb,t� + 6�iei� · vw �34�

where vw = v�vw,t� is the velocity at the physical boundary and � is
a parameter. f i

* is a fictitious equilibrium distribution function, given
by

f i
*�xb,t� = 
i��1 + ei� · v�bf +

v�f · v�f

2
�ei� · ei� − ����

�35�

where v�f = v��xb,t� and v�f = v��xb,t� are the fluid velocity near
the solid and vbf. vbf can be chosen as32

vbf = �� − 1�vf/� + vw/� and � = �2� − 1�/� for � �
1

2

�36�
and

vbf = vf and � = �2� − 1�/�� − 1� for � �
1

2
�37�

To improve the stability of the scheme, Eq. 31 can be replaced by34

vbf = vff and � = �2� − 1�/�� − 2� for � �
1

2
�38�

Figure 2. Layout of regularly spaced lattice and curved wall boundary for a
porous electrode in the MCFC.
The boundary conditions for species concentration can be imple-
mented in the following way.35 If the concentration on the boundary
node xb is known, the concentration distribution function can be
calculated by

Ci�xb� − Ci
eq�xb� = Ci�xf� − Ci

eq�xf� �39�

where Ci
eq�xb� is obtained from Eq. 28. Meanwhile, if we know the

concentration gradient on the boundary node xb, we can calculate
the concentration distribution function via the formula

Ci�xb� = 
i�Ci�xf� − �xf − xb� · � Ci�xb���� +
ei · v�xb�

c2 
+ Ci�xf,t� − Ci

eq�xf� �40�

Computational Results and Discussion

Comparison between simulation and analytical analysis.— In a
MCFC, the main properties of interest are the cell voltage, current
density, power density, removal of the CO2, and the contribution of
CO2 concentration on cell performance under different applied
loads. In our simulation, we suppose that the resistance in the cur-
rent collectors is negligible in order to avoid that the numerical
result might be different from the experimental values. Cell voltage
can be calculated from Eq. 12. With equilibrium potentials in the
cathode, Eeq,c, and the anode, Eeq,a, the potential drop in the cathode,
electrolyte matrix, and the anode can be calculated. Overall potential
drop can be determined by the deviation of the cell voltage from
equilibrium potential �Eeq − Ecell�.

To validate the numerical solution, necessary physical param-
eters and data are needed. Some of them can be found in Ref. 8, but
others are necessary to be measured experimentally. In Table I we
have listed all these parameters and some data we measured experi-
mentally. Note that the numerical solution should validate against
the analytical solution by Anisin et al.36 where a theoretical model
for MCFC was developed based on variable gas mixture composi-
tion, with inclusion of reactants and electrochemical reaction prod-
ucts between the separator plate and the anode. Their analytical
solution reads

C�x,y� = C0

=
4c0

	 �
n=0

�

�− 1�n

cos
�2n + 1�	y

2L

2n + 1
exp�−

	2Dx

4L2v
�2n + 1�2

�41�

where C0 is a constant. Relation 41 determines a stationary distri-
bution of gas concentration at any channel point in the absence of

Figure 3. Comparison of the dependence of generated current density on
averaged gas velocity between the LBM result �solid circles� and the theo-
retical solution using Eq. 41 �solid line�.
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gas friction at the separator walls and gas diffusion into separator
walls, with the gas moving along the channel at average speed v.
Our numerical simulation based on the LBM is performed with a
lattice size of 50 � 256. In Fig. 3 we present the numerical result
�solid circles� and make a comparison of the dependence of the
generated current density on averaged gas velocity between the

Table I. Parameters of the MCFC used in model simulation.

Parameter

Diffusion coefficient of CO2 in the liquid phase in cathode, DCO2,c
1

Diffusion coefficient of O2 in the liquid phase in cathode, DO2,c
1

Diffusion coefficient of CO2 in the gas phase in cathode, DCO2,c
1

Diffusion coefficient of O2 in the gas phase in cathode, DO2,c
1

Diffusion coefficient of CO2 in the liquid phase in anode, DCO2,a
1

Diffusion coefficient of H2 in the gas phase in anode, DH2,a
1

Diffusion coefficient of CO2 in the gas phase in anode, DCO2,a
1

Diffusion coefficient of O2 in the gas phase in anode, DO2,a
1

Cathode conductivity, �c

Electrode conductivity, �
Length of fuel cell, L
Thickness of the anode, x3 − x2

Thickness of the cathode, x5 − x4

Thickness of the matrix, x4 − x3

Liquid porosity in the cathode, �c
l

Gas porosity in the cathode, �c
g

Solid porosity in the cathode, �c
s

Liquid porosity in the anode, �a
l

Gas porosity in the anode, �a
g

Solid porosity in the anode, �a
s

Liquid porosity in the electrolyte matrix, �e
l

Equilibrium potential of the cathodic reaction, Eeq,c

Equilibrium potential of the anodic reaction, Eeq,a

Rate constant of the molar flux of CO2 between the liquid and
gas phase in the cathode, kCO2,c

lg

Rate constant of the molar flux of O2 between the liquid and
gas phase in the cathode, kO2,c

lg

Rate constant of the molar flux of CO2 between the liquid and
gas phase in the anode, kCO2,a

lg

Rate constant of the molar flux of H2 between the liquid and
gas phase in the cathode, kH2,a

lg

Cathodic transfer coefficient in the cathode, �c,c

Anodic transfer coefficient in the cathode, �a,c

Cathodic transfer coefficient in the anode, �c,a

Anodic transfer coefficient in the anode, �a,a

Cell temperature, T

Figure 4. Comparison of current density between the result by simulation
�solid circles� and the ones through experimental measurement �solid tri-
angles and solid squares� in the overall experimental range of H2 concentra-
tion.
LBM result and the analytical solution using Eq. 41 �solid line�. We
see that the LBM result agrees well with that obtained by the ana-
lytical solution. To further validate our LBM model, we have mea-
sured the current density experimentally in an available range of H2
concentration and made a careful comparison between the experi-
mental result and the one by using the LBM model, which has been
shown in Fig. 4. In the figure, the triangles and squares are two
groups of experimental data and the solid circles represents the re-

Value Reference

1e−3 cm2/s 8
3e−3 cm2/s 8
1.16 cm2/s 8
1.16 cm2/s 8
1.0 cm2/s 8
1.0 cm2/s 8
4.625 cm2/s 8
4.625 cm2/s 8

13.0 S/cm 8
2.0�102 S/cm 8

0.52 cm Measured
0.1 cm Measured
0.1 cm Measured
0.12 cm Measured
0.31 Measured
0.39 Measured
0.31 Measured
0.22 Measured
0.38 Measured
0.33 Measured
0.7 Measured
0 V 8

−1.02 V 8
3�103 cm/s 8

2�103 cm/s 8

3�103 cm/s 8

2�103 cm/s 8

0.5 8
1.5 8
1.5 8
0.5 8

650°C Measured

Figure 5. The dependence of CO removal rate on current density.
2
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sult obtained through the LBM simulation. In our experiment, data
are collected on a sample of fuel cells, tests are performed at 650 K,
temperature keeps constant on the cell plane using heating plate, and
other operating conditions in the simulation are the same as those of
the measurement in Ref. 37. We see that there is an excellent agree-
ment between the LBM simulation and the experimental measure-
ment.

In the MCFC, the removal of CO2 is very important. Generally,
the CO2 removal rate QCO2

is evaluated by measuring the flow rate
of cathode exhaust gas with each current density, which is defined
by38

QCO2
= 0.667�VOCV − V1� �42�

where VOCV means flow rate of cathode exhaust gas at open-circuit-
voltage and V1 is the flow rate of cathode exhaust gas at on-load.
Figure 5 shows the dependence of CO2 removal rate on current
density when fuel gas utilization is 75% and oxidant gas utilization
is 50%. The removal rate increases with increasing current density,
indicating a strong dependence of CO2 removal rate on the current
density.

Effect of CO2 and O2 concentration on cell performance.— To
understand further the effect of CO2 and O2, we have made simula-
tions on the cell performance against different gas concentrations.
The results are presented in Fig. 6 and Fig. 7. The parameters used
in the simulations are tabulated in Table II. Figure 6 shows the
influence of CO2 concentration on cell voltage. One sees that a
sharp decrease occurs when the CO2 concentration is 10% or less.

Figure 6. Effect of CO2 concentration on cell performance.

Figure 7. Effect of O concentration on cell performance.
2
Figure 7 shows that the cell voltage decreases as O2 concentration is
lowered, and there is also a sharp decrease when the O2 concentra-
tion becomes nearly 30%. From the results given by Fig. 6 and Fig.
7, we see that the O2 species is a dominant factor for the cell per-
formance, consistent with the result by Uchida’s group.39-41 In ad-
dition, the cell voltage can be improved by decreasing the partial
pressure ratio.

Finally, the results of the cell voltage and the power density as
functions of the current density are illustrated in Fig. 8. We see that
the cell voltage drops almost linearly with the increasing of applied
current density. This was observed both in our simulations and the
experimental measurement. Such behavior is expected because the
activation polarization, observed in the low-temperature fuel cell at
low current density, vanishes in a high-temperature cell.8 Power
density is defined as the product of the applied current density and
the voltage. One sees from the figure that the power density curve
against current density is a quasi-parabolic one, which increases
initially with the current density, reaches a peak, and then decreases.
The maximum power density is about 180 mW/cm2 at the current
density around 350 mA/cm2.

Conclusions

In this work, a LBM model is proposed to simulate MCFC per-
formance. Detail computational results have been provided, which
lead to the following conclusions.

1. The result of a simulation on the dependence of the generated
current density on averaged gas velocity agrees well with that ob-
tained by an analytical analysis.

2. To test the simulating result on the current density, related
experimental measurement has been conducted. A quite good agree-
ment between the experimental result and the computational one is
found in the overall experimental range of H2 concentration.

3. The result of the dependence of CO2 removal rate on current
density reveals that the stronger the current density, the higher the
removal rate, indicating the amount of CO2, which moves from the
cathode to the anode, is an important factor for the cell performance.

4. It is found that the cell voltage decreases as CO2 concentra-
tion and O2 concentration are lowered, while the O2 species is a
dominant factor for the cell performance.

Table II. Parameters used in the analysis on the effects of CO2
concentration and O2 concentration on the cell performance.

Current
density

�mA/cm2�

Partial
pressure

ratio
�pCO2

/pO2
�

Fuel gas
utilization

�%�

CO2
gas

utilization
�%�

Oxidant gas
utilization

�%�

100 0.5, 1.0, 2.0 45 50 40

Figure 8. The functional relations of cell voltage and power density with
current density �load�.



A613Journal of The Electrochemical Society, 153 �3� A607-A613 �2006� A613
5. In the MCFC, the cell voltage drops almost linearly with the
increase of applied current density. This has been observed both in
the model simulation and the experimental measurement. The
power-density curve displays a parabolic behavior, i.e., as current
density increases, it increases initially, reaches a peak value, and
then decreases.
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