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Abstract

For an anode-supported planar SOFC, a single-unit with double channels was modeled for a counter-flow pattern, and the
concentration polarization at the anode was estimated. The flow phenomena were simulated using the finite volume method and the
distribution of the gaseous species was calculated. In the model, it was assumed that the gas flow in the porous anode is governed by
Darcy’s Law, and the reactant species are transported to the electrolyteranode interface mainly by diffusion in a multicomponent mixture
system. For binary H –H O and CO–CO systems, the calculated concentration polarization was found comparable to the experimental2 2 2

results. As an example for a multicomponent system, a model using steam-reformed methane as a fuel was employed to simulate the
concentration polarization at a high fuel utilization. From the simulated results, it was evident that the shift reaction effectively reduces
the concentration polarization when the fuel utilization is high. q 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Ž .Anode-supported solid oxide fuel cells SOFCs are
receiving considerable interest since they are suited for

w xoperation at lower temperatures 1 . By lowering the oper-
ating temperature of the SOFCs to around 7008C, conven-
tional stainless steel can be used for interconnectors or
auxiliary components with which high mechanical reliabil-
ity of a cell-stack and lower manufacturing costs can be
achieved. For the anode-supported cell, it is advantageous
that the ohmic resistance is lower than that of the elec-
trolyte-supported cell because much thinner electrolyte
films can be employed. However, the contribution of the
concentration polarization to voltage losses at high current
densities will be significant since the thick anode prevents
the supply of reactant gases to the electrochemical reaction
sites at the anoderelectrolyte interface. In thick porous
anodes, the momentum of fuel gas is nearly zero and the
fuel supply to the electrolyte is carried out mainly by

w xdiffusion of the reactant species 2 . Accordingly, the
electrode reaction at the electrolyteranode interface is
governed by the rate of the reactant diffusion when the
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current density or the fuel utilization is high. The diffusion
rates of the reactant gases in the anode are affected by the
structural nature of the anode, e.g., the pore size, the
volume fraction of the pores, and the tortuosity. In addi-
tion, they depend on the type of the individual reactant and
the whole fuel gas composition. The feed rate of the
reactant gas to the electrolyte is a function of the position
along the fuel flow over the anode, and, thus, the concen-
tration polarization is not the same throughout the anode.
The experimentally measured concentration polarization
will be the average value over the anode at a high current
density and a high fuel utilization. Thus, it is helpful to
model the performance of the anode-supported cell and
calculate the distribution of the concentration polarization
at the anode in order to understand the effects of the gas
composition and the anode structure on the concentration
polarization.

In the present study, we constructed a three-dimensional
model to estimate the cell performance. A simplified sin-
gle-unit model with bipolar channels for a counter-flow
pattern was employed, and the distribution of the gas
species and the concentration polarization at the anode
were calculated. The concentration polarization was esti-
mated for various fuel gas compositions and current densi-
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ties, and the simulated results were compared with the
experimentally obtained data.

2. Mathematical model

We modelled a single-unit with bipolar channels in the
one-cell stack and simulated the concentration overpoten-
tial h . The one-cell stack and the single-unit model arec

illustrated in Fig. 1. For the sake of simplicity in the
calculation, we analyzed half of the one repeating unit in
the centre part of the one-cell stack. The thermofluid
analysis was carried out using the finite-volume method.

In the model, in addition to the electrochemical reac-
tions

Ž .at electrolyteranode interface

H qO2y
™H Oq2ey 1Ž .2 2

COqO2y
™CO q2ey 2Ž .2

Ž .at cathode

1r2O q2ey
™O2y, 3Ž .2

the following shift reaction was taken into account:

H OqCOlH qCO . 4Ž .2 2 2

The electrochemical reactions were assumed to be instanta-
neous at both electrodes and occur at the interfaces be-
tween electrodes and electrolyte. The shift reaction was
supposed to be in chemical equilibrium at any point in the
anode.

For the flow analysis in the porous anode, it was
w xassumed from Darcy’s Law 3 that within the volume

Fig. 1. Schematic diagram of the one cell stack and the single-unit cell
model for the anode-supported SOFC.

Table 1
List of the Lennard–Jones potentials used in the simulation

Gas species

N O CH H O CO H CO Ar2 2 4 2 2 2

as 3.798 3.467 3.758 2.641 3.690 2.827 3.941 3.542i
a´ 71.4 106.7 148.6 809.1 91.7 59.7 195.2 93.3i

a w xTaken from Ref. 6 .

containing the distributed resistance, a local balance should
be maintained between pressure and resistance forces such
that

Ep
yK u s 5Ž .i i

Ej i

Ž .where j is1, 2, 3 represents the orthotropic direction,i

p is the pressure, and K and u are, respectively, thei i

permeability and the superficial velocity in direction j .i
w xUsing the parallel pore model 4 , the effective gas

diffusion coefficient for component i in the porous media
can be expressed as follows:

y1
´ 1ya y 1im i

D s q 6Ž .i e ž /t D Di ,m K i

where ´ is the volume fraction of pores, t is the tortuosity
factor, D is the molecular diffusion coefficient of thei,m

component i, y is the molar fraction, and D is thei K i

Knudsen diffusion coefficient. a is defined asim

1r2Mi
a s1y 7Ž .im ž /Mm

where M is the molecular weight of the component i, andi

M is the average molecular weight.m

The Knudsen diffusion coefficient for the component i
in the multicomponent mixture gas is written by

1r22 8 RT
D s r 8Ž .K i ž /3 p Mi

where R is the gas constant, T is the gas temperature, and
w xr is the average radius of the pore 4 . In a multicomponent

gas system, the molecular diffusion coefficient of the
component i is given by

1yyi
D s 9Ž .i ,m ykÝ

Dikk/i

where D is the binary diffusion coefficient in the systemi k
w xhaving components i and k 5 . Using the first order

Table 2
List of the parameters related to structural nature of the anode substrate

Porosity Average pore Tortuosity Permeability of anode
2 y1 y1Ž . Ž . Ž .% size mm m Pa s

a a y10a,b46 2.6 4.5 1.7=10

a Experimentally measured value.
b Measured using N gas at room temperature.2
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Fig. 2. Schematic diagram of the layout for the concentration overpoten-
tial measurement.

equation in Chapman–Enskog theory, the binary diffusion
w xcoefficient D is derived as follows 6 ,i k

1r23T M qM rM MŽ .i k i k
D s0.001858 10Ž .i k 2ps Vi k D

where s is the characteristic length, and V is thei k D

collision integral. Using the Lennard–Jones 12–6 potential
w xmodel 7 , V is given byD

A C E G
V s q q qD B exp DT exp FT exp HTT Ž . Ž . Ž .N N NN

11Ž .

where the constants A to H are As1.06036, Bs
0.15610, Cs0.19300, Ds0.47635, Es1.03587, Fs

1.52996, Gs1.76474, Hs3.89411, and T is definedN

by
kT

T s 12Ž .N
´ i k

where k is the Boltzmann constant and ´ is the charac-i k

teristic Lennard–Jones energy. From the usually employed
w xsimple rules 8 , s and ´ are given by,i k ik

s qsi k
s si k 2

1r2
´ s ´ ´ 13Ž . Ž .i k i k

where s is the diameter of the molecular collision. Thei

parameters used for the calculation of D in the simula-i,m

tion are listed in Table 1.
Using the Nernst equation, the concentration overpoten-

tial h was defined as follows,c

p0RT O 2
h s ln 14Ž .c 4F pO Ža.2

where F is the Faraday constant, p0 is the partial pres-O 2

sure of oxygen in the bulk of the fuel stream, p is theO Ža.2

partial pressure of oxygen at the electrolyteranode inter-
face. The cell operating temperature in the model was set
to 7508C.

The cell performance of the anode-supported cell was
experimentally measured in H –H O and CO–CO sys-2 2 2

tems at 7508C. The single anode-supported cell used for
the measurement was prepared by co-firing a NiO-8YSZ
substrate dip-coated with 8YSZ slurry at 14008C. For the
cathode, a composite of Pr Sr MnO and Ce Sm O0.6 0.4 3 0.8 0.2 1.9

was screen-printed onto the electrolyte and fired at 11508C.
The anode thickness after the co-firing was about 2 mm.
The parameters for the simulation related to the structural

Fig. 3. Calculated profile of the velocity magnitude of the fuel in the channel and the anode.
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nature of the anode substrate are listed in Table 2. Fig. 2
shows the schematic diagram of the layout for the concen-
tration polarization measurement. The anode-supported cell
was sandwiched between alumina plates with channels.
Platinum wire meshes were used as current collectors. The
single cell was placed inside an alumina tube in a furnace,
and air and fuel gases were fed into the channels from the
top and the bottom of the furnace.

3. Results and discussion

From the simulation, it was evident that the velocity
magnitude of the fluid gas decreases rapidly in the porous
anode. Fig. 3 shows the calculated profile of the velocity

magnitude for the fuel flow in the channel and the anode.
In this simulation, the mixed gas of H rH Os80r202 2

with a velocity of about 2 mrs was introduced from the
fuel inlet. One can see that the velocity magnitude of the
fuel flow in the anode is reduced to about 1r106 of that in
the channel. From the calculated velocity value for the
fluid gas in the anode, the H feed rate to the electrolyte2

by fluid flow is estimated to be about 1=10y4 mol my2

sy1. The typical diffusion coefficient of H for the H –2 2

H O binary gas system in the porous anode is about2

5=10y5 m2rs. The calculated mole flux of H by diffu-2

sion is about 0.23 mol my2 sy1, which is four orders of
magnitude higher than that by the flow, and, thus, it can be
concluded that the reactant H is mainly transported to the2

electrolyte by diffusion through the porous anode.

Ž . Ž .Fig. 4. Calculated distribution of the H concentration in the channel and the anode; a for the H concentration of 0.8 and b for the H concentration of2 2 2

0.2.
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Ž . Ž .Fig. 5. Calculated Nernst potential profile at the electrolyteranode interface; a for the H concentration of 0.8 and b for the H concentration of 0.2.2 2

Fig. 6. Comparison of the measured and the calculated concentration
overpotential at 0.3, 0.7, and 1.0 Arcm2 in a H –H O–Ar system. The2 2

open symbols and closed symbols denote the measured and the calculated
results, respectively. The solid lines are for a guide to the eyes.

Fig. 7. Comparison of the measured and the calculated concentration
overpotential at 0.1, 0.3, and 0.5 Arcm2 in a CO–CO system. The open2

symbols and closed symbols denote the measured and the calculated
results, respectively. The solid lines are for a guide to the eyes.
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The concentration polarization at 0.3, 0.7, and 1.0
Arcm2 were calculated for the H –H O–Ar ternary gas2 2

system, and compared with experimentally measured val-
ues. In these measurements, to keep the open circuit

Ž .voltage OCV constant, the ratio of H rH O was fixed at2 2

80r20, and the H concentration in the fuel was modified2

by the degree of dilution of H rH O gas with Ar gas. The2 2

cell operating temperature was kept to 7508C in the mea-
surements, and, correspondingly, the simulation assumed
the temperature to be 7508C everywhere in the cell. The
velocity of the fuel introduced was set so that the fuel
utilization would be less than 5%, which is close to the
experimental condition. As well as the cell temperature,
the current densities were assumed to be uniform over the
entire electrolyteranode interface.

Fig. 4 exhibits the simulated H concentration profiles2

in the channel and the anode at 1.0 Arcm2 for H 2

concentrations of 0.8 and 0.2. In the porous anode, H 2

concentration decreases steadily as the fuel travels from
the channelranode interface to the electrolyteranode in-
terface. We can see that the gradient of the H concentra-2

tion along the y direction normal to the electrolyteranode
interface is more gradual near the electrolyteranode inter-
face than near the channelranode interface. This is be-
cause the diffusion coefficients depend on the gas compo-
sitions; the diffusion of H becomes more rapid near the2

electrolyteranode interface. The H concentration slightly2

decreases along the fuel flow path both in the channel and
the anode. Although the fuel utilization was chosen to be
less than 5%, a slight consumption of H due to oxidation2

Ž . Ž .Fig. 8. Calculated distribution of a H concentration and b CO concentration in the channel and the anode in the methane-reformed gas system.2
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Fig. 9. Calculated Nernst potential profile at the electrolyteranode interface with consideration of the shift reaction.

causes a decrease of the H concentration along the fuel2

flow. If the H concentration in the fuel introduced is so2

low that concentration polarization becomes critical, the
enhancement of concentration polarization arising from the
slight decrease of the H concentration downstream cannot2

be neglected; the concentration polarization increases sig-
nificantly along the fuel flow. Fig. 5 shows the Nernst
potential profiles at the electrolyteranode interface for the
H concentration of 0.8 and 0.2, which were calculated2

from the oxygen partial pressures at the cathode P andO Žc .2

the electrolyteranode interface P at 1.0 Arcm2. It isO Ža.2

Ž .seen that, at H r H qH O s0.8, the calculated Nernst2 2 2

potentials show only negligible changes along the fuel

Ž .flow. At H r H qH OqAr s0.2, on the other hand,2 2 2

the Nernst potential is seriously reduced with the fuel flow
distance, and, thus, an apparent distribution of the Nernst
potential appears at the anode. This is because the driving

Ž .force of H r H qH OqAr s0.2 is less than that for2 2 2
Ž .H r H qH O s0.8 and thus the mole flux H by2 2 2 2

diffusion is almost the same as the H consumption rate by2

electrochemical oxidation at the electrolyteranode inter-
face.

Because the experimentally measured concentration
overpotential is the average value over the anode, the
distribution of h at the anode will exhibit an increase inc

Ž .the h vs. H r H qH OqAr plot, which is less steep.c 2 2 2

Fig. 10. Calculated Nernst potential profile at the electrolyteranode interface without consideration of the shift reaction.
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Fig. 11. Comparison of the calculated Nernst potentials along the fuel
flow with and without consideration of the shift reaction. The filled and
open symbols denote the results with and without consideration of the
shift reaction, respectively.

Fig. 6 shows the comparison of the measured and the
simulated h in the H –H O–Ar system. For the calcu-c 2 2

lated results, the distribution of h at the anode was takenc

into consideration, and the average values over the anode
were employed. In Fig. 6, h yh , where h is thec 0 0

Ž .concentration overpotential at H r H qH O s0.8, is2 2 2

plotted as a function of the H concentration for various2

current densities. In the simulation, only the tortuosity was
treated as a variable parameter, and selected as 4.5 to fit
the experimentally measured results at 1 Arcm2. From
Fig. 6, it was found that the present model well simulates

Ž .the rise in the h vs. H r H qH OqAr plots. As canc 2 2 2

be seen in the plot, the rise of h with decreasing Hc 2

concentration in the fuel introduced is not so sharp for

both the measured and the simulated results, which might
reflect the above-mentioned h distribution at the anode.c

For a CO–CO system, h is large even at lower2 c

current densities as compared with the H –H O system,2 2

since the diffusion rate of reactant CO in the CO–CO2

system is lower than that of H in the H –H O system.2 2 2

Fig. 7 shows the comparison of the measured and the
simulated h yh for the CO–CO binary system, wherec 0 2

Ž .h is the concentration overpotential at COr COqCO0 2

s0.64. Similar to the simulation for the H –H O system,2 2

the calculated h is the average value over the anode.c

Although the magnitude of the calculated h yh is largerc 0

than the experimentally measured results when the current
density is 0.3 or 0.1 Arcm2, the critical CO concentration
at which the concentration polarization increases steeply
shows good agreement between the simulation and the
experiments. Even at a moderate current density of 0.3
Arcm2, we can see a steep increase of h yh whenc 0

decreasing the CO concentration to less than 0.2 for both
the simulated and the measured results. This means that if
a fuel gas contains only CO as the reactant, the concentra-
tion polarization must be serious at a high fuel utilization
of over 80%, even at 0.3 Arcm2. Hence, the fuel utiliza-
tion should be carefully controlled when a fuel containing
CO is used.

The simulation for a multicomponent system where a
methane-reformed gas is used as the fuel is considered
next. In a methane-reformed gas system, the concentration
polarization at a high fuel utilization must be significant
because the methane-reformed gas contains much CO as
reactant. For the methane-reformed gas system, it has been
reported that the electrochemical oxidation rate of H is2

w xabout two times higher than that of CO 9 , and, thus, more
H is consumed than CO at the electrolyteranode inter-2

Fig. 12. H production or consumption rate in the anode. The shift reaction was taken into account.2
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face. Besides, the diffusion of H is about two times faster2

than that of CO. As a result, H diffuses selectively to the2

electrolyteranode interface from the channelranode inter-
face, and the relative concentration of H to CO in the2

channel will become lower downstream. When the
fuel utilization is high, H will be depleted even in the2

fuel channel downstream while CO is not depleted in
this channel. In addition, a depletion of CO at the elec-
trolyteranode interface will occur because of the slower
CO diffusion rate. Thus, the concentration polarization will
be critical for the fuel circuit downstream even though
there is enough CO in the channel.

In the present calculation, the fuel gas contains CH s4
Ž . Ž . Ž .0.005 % , H Os15.9 % , H s63.8 % , COs14.92 2

Ž . Ž .% , and CO s4.76 % , which corresponds to the equi-2

librium composition of a mixture of CH and steam at4

H OrCH s2. The current density of 1 Arcm2 was2 4

assumed to be uniform everywhere at the electrolyteranode
interface, as in the study for the H –H O and CO–CO2 2 2

systems, whereas, the fuel utilization was selected to be
85%, which is significantly higher than in the simulation
for the binary gas systems. At such a high fuel utilization,
the concentrations of the reactant gases are found to be
low even in the channel, as illustrated in Fig. 8, and, thus,
the Nernst potential decreases in the fuel flow direction. In
Fig. 9, the Nernst potential profile calculated from pO Žc .2

and p is exhibited, and the Nernst potential in the fuelO Ža.2

path downstream is considerably lower than that for the
fuel upstream. The important point to note here is that the
shift reaction effectively hinders the depletion of the reac-
tant gases downstream. Fig. 10 exhibits the calculated
Nernst potential profile at the electrolyteranode interface
when the shift reaction is not taken into account. Com-
pared to the results with and without consideration of the
shift reaction, it is found that the difference of the Nernst
potential downstream cannot be neglected. Fig. 11 exhibits
the comparison of the calculated Nernst potentials along
the fuel flow direction with and without consideration of
the shift reaction. It is obvious that the Nernst potentials,
which consider the shift reaction, are higher than those
which do not consider the shift reaction, especially down-
stream. Besides, the concentration polarization down-
stream is reduced when the shift reaction is taken into
account. The higher Nernst potential and the lower concen-

tration polarization, which account for the shift reaction,
can be attributed to production of H in the fuel path2

downstream. Fig. 12 shows the production or consumption
rate of H in the anode. Much H is produced by the shift2 2

reaction near the channelranode interface, and the H 2

produced is transported by diffusion and supplied to the
electrolyte. The shift reaction is, thus, effective in prevent-
ing the depletion of the reactant gases near the elec-
trolyteranode interface.

4. Conclusions

A single-unit model with double channels of a counter-
flow pattern was constructed for an anode-supported SOFC.
The flow and electrochemical phenomena in the H –2

H O–Ar, CO–CO , and the methane reformed gas sys-2 2

tems were simulated, and the concentration overpotential
at the anode was calculated. For the H –H O–Ar and2 2

CO–CO systems, the calculated concentration overpoten-2

tial was in good agreement with the experimentally mea-
sured results. For the methane-reformed gas system, it was
apparent that the concentration polarization increases con-
siderably along the fuel flow path at a high fuel utilization.
The shift reaction was found to effectively reduce the
concentration polarization.
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