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1. Introduction

Solid oxide fuel cell (SOFC) has been identified as a promising
clean energy technology for electricity generation [1–13]. The high
operating temperature of SOFC provides several advantages: (1)
electrochemical reactions take place at a fast rate, eliminating the
need of expensive noble metal catalyst, and thus, SOFC is poten-
tially cost-effective; (2) high temperature waste heat from SOFC is
of high quality and can be recovered to achieve high energy con-
version efficiency; (3) alternative fuels, such as methane, methanol,
ethanol, etc., can be directly used as fuels for SOFC without the need
of any external reforming processors. Due to its great prospect for
clean energy generation, SOFC has received more and more atten-
tion and extensive research works have been done in recent years
[14–19].

Conventional SOFCs are based on oxygen ion conducting elec-
trolyte (SOFC-O), i.e. yittria-stabilized zirconia (YSZ), because of its
high ionic conductivity and sufficient stability at high temperature.
Both experimental and mathematical modeling studies have been
performed to study the performance of SOFC-O fed with hydrogen
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developed to study the methane (CH4) fed solid oxide fuel cell (SOFC)
olyte (SOFC-H) and oxygen ion conducting electrolyte (SOFC-O). Both the
ing (MSR) and water gas shift (WGS) reactions are considered in the model.
the CH4 fed SOFC-H had significantly better performance than the SOFC-O.
veals that the actual performance of the CH4 fed SOFC-H is considerably
ue to higher ohmic overpotential of SOFC-H. It is also found that the CH4

gher cathode concentration overpotential and lower anode concentration
The anode concentration overpotentials of the CH4 fed SOFC-H and SOFC-
creasing temperature, which is different from previous analyses on the H2

erature is desirable for increasing the potential of the CH4 fed SOFC. It is
mal electrode porosities that minimize the electrode total overpotentials.
aper signify the difference between the CH4 fed SOFC-H and SOFC-O. The
can be extended to 2D or 3D models to study the performance of practical

© 2008 Elsevier B.V. All rights reserved.

or alternative fuels such as methane and ethanol [20–25]. Alterna-
tively, an SOFC can be built with a proton conducting ceramic as its
electrolyte (SOFC-H), such as BaCeO3-based ceramics [26–28]. The

use of proton conducting electrolyte in an SOFC-H is advantageous
because complete fuel utilization is possible, as H2O is produced in
the cathode. For comparison, H2O is produced in the anode of an
SOFC-O, which in turn dilutes the concentration of H2 at the anode
and raises the issue of gas separation [27]. In case ammonia is used
as a fuel, an SOFC-H has an additional advantage, as no harmful
nitrogen oxide gas will be generated [29–31]. For comparison, nitro-
gen oxide may be formed in the anode chamber of an SOFC-O as
oxygen ions transporting through the dense electrolyte may react
with N2 at the surface of the catalyst particles. More interestingly,
previous thermodynamic analyses have reported that an SOFC-H
fed with H2 or alternative fuels have a higher theoretical efficiency
than an SOFC-O [32–36]. The reason is generally due to a higher H2
partial pressure at the anode of an SOFC-H than an SOFC-O, leading
to higher Nernst potential. However, in the above-mentioned ther-
modynamic analyses, only Nernst potentials are considered and
no overpotentials are included. Therefore, the previous thermody-
namic analyses cannot reveal the actual performance of SOFC-H and
SOFC-O. In order to quantify the actual performance of an SOFC and
identify potential methods for performance improvement, detailed
electrochemical modeling analyses are desired. In literature, there

http://www.sciencedirect.com/science/journal/03787753
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Fig. 1. Schematics of CH4 fed SOFC (a) SOFC-H and (b) SOFC-O.

is only one study reporting the current density–voltage (J–V) char-
acteristics of the SOFC-H fed with ethanol [37]. In that study, both
activation overpotentials of the electrodes and ohmic overpotential
of the electrolyte are considered but the concentration overpoten-
tials are completely neglected. Ignoring the concentration loss can
greatly simplify the electrochemical model; however, the impor-
tant phenomena of transport and chemical reactions in the porous

electrodes cannot be obtained. More importantly, such a simplifi-
cation becomes invalid if the current density is sufficiently large
because the concentration overpotential will be significant at high
current density.

In this paper, a detailed electrochemical model has been devel-
oped to predict the performance of methane fed SOFC-H and
SOFC-O. All possible voltage losses, i.e. activation overpotential,
ohmic overpotential and concentration overpotential, are consid-
ered in the model. Detailed comparisons between SOFC-H and
SOFC-O are made to better understand the working mechanisms
of SOFC-H and SOFC-O and to identify key sources of voltage loss
for further improvement.

2. Model development

The working mechanisms of the CH4 fed SOFC-H and SOFC-O
are illustrated in Fig. 1(a) and (b).

In the SOFC-H, methane–steam mixture and oxidant (air) are
fed to the porous anode and cathode, respectively. In the anode,
methane fuel undergoes direct internal methane steam reforming
urces 183 (2008) 133–142

(MSR) to produce H2 and CO on the surface of the catalyst particles

CH4 + H2O ↔ CO + 3H2 (1)

With sufficient H2O, the produced CO can undergo water gas shift
reaction (WGS) to produce CO2 and additional H2

CO + H2O ↔ CO2 + H2 (2)

The H2 fuel produced travels through the porous anode to the
triple-phase boundary (TPB) at the electrode–electrolyte interface,
where the hydrogen molecules are electrochemically oxidized to
produce protons and electrons. In addition to H2, CO can also be
electrochemically oxidized at the TPB. However, since the rate of CO
conversion via WGS is much higher than the rate of its electrochem-
ical reaction, the electrochemical oxidation of CO can be reasonably
neglected [38–40]. In the cathode, the oxygen molecules are trans-
ported through the porous electrode layer to the TPB, where they
react with the protons from the electrolyte and absorb the electrons
from the external circuit to produce H2O.

In the methane fed SOFC-O, the methane fuel undergoes similar
MSR to produce H2 and CO, which subsequently reacts with H2O
to produce additional H2 via WGS. However, unlike SOFC-H, H2O is
only produced electrochemically at the anode for SOFC-O.

2.1. Working potential of the CH4 fed SOFC-H

Considering all the overpotentials involved in the SOFC-H oper-
ation, the working potential (V) of CH4 fed SOFC-H can be calculated
as

V = E − �conc,a − �conc,c − �act,a − �act,c − �ohm (3)

where E, �conc,a, �conc,c, �act,a, �act,c, and �ohm are the equilibrium
voltage, anode concentration overpotential, cathode concentration
overpotential, anode activation overpotential, cathode activation
overpotential, and ohmic overpotential of the electrolyte, respec-
tively.

2.1.1. Equilibrium voltage
It is well known that hydrogen oxidation in the porous anode

is an electrochemical reaction process, while MSR and WGS are
chemical reaction processes. Therefore, the equilibrium potential of
the CH4 fed SOFC can be calculated in terms of the partial pressures
of the reactants/products of the electrochemical reaction according
to the Nernst equation:( )

E = E0 +

2F
ln

PH2O,c
(4)

where R is the universal gas constant (8.3145 J mol−1 K−1); F is the
Faraday constant (9.6485 × 107 C mol−1); T is the absolute tem-
perature (K); PH2,a, PH2O,c, and PO2,c are the partial pressures of
hydrogen, steam and oxygen, respectively. The subscripts a and c
refer to the anode and cathode, respectively. The reversible poten-
tial (E0) can be obtained from Ref. [41].

2.1.2. Concentration overpotential
The concentration overpotential measures the resistance of the

porous structure to the transport of reactants approaching the reac-
tion sites and the transport of products leaving the reaction sites.
In a CH4 fed SOFC-H, H2 and O2 are the reactants for the electro-
chemical reaction and H2O generated in the cathode is the product.
Therefore, the concentration overpotentials can be expressed in the
Nernst form as

�conc,a = RT

2F
ln

(
PH2

PI
H2

)
(5)
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NH2 |x=da = J

2F
(15)

where J is the current density (A m−2) and da is the thickness of
anode. As the remaining species are not involved in the electro-
chemical reaction, their fluxes at the electrode–electrolyte interface
are equal to zero (i.e. NH2O,a|x=da = 0; NCH4 |x=da = 0; NCO|x=da = 0;
NCO2 |x=da = 0).

The above governing equations (Eqs. (9)–(14)) are inter-related
differential equations and can be solved by numerical method.
Finite difference method was used to discretize the governing equa-
tions. An iterative scheme was developed to obtain the solution at
the discrete grids. After obtaining the molar fraction/partial pres-
sure of each gas species inside the porous anode, the concentration
overpotential at the SOFC-H anode can thus be calculated with Eq.
(5).

2.1.2.2. Cathode concentration overpotential. In the cathode, O2 is
electrochemically consumed while H2O is electrochemically pro-
duced and no chemical reaction is involved. Therefore, the transport
M. Ni et al. / Journal of Pow

and

�conc,c = RT

4F
ln

(
PO2 (PI

H2O,c)
2

PI
O2

(PH2O,c)2

)
(6)

where PI
H2

, PI
O2

, and PI
H2O,c represent the interfacial partial pressure

of H2 at the anode–electrolyte interface, partial pressure of O2 at
the cathode–electrolyte interface, and partial pressure of H2O at
the cathode–electrolyte interface, respectively. In order to deter-
mine the unknown interfacial partial pressure, the mass transport
characteristics need to be determined.

2.1.2.1. Anode concentration overpotential. The reaction rates
(mol m−3 s−1) of MSR (RMSR) and WGS (RWGS) in the porous anode
can be written as [42]:

RMSR = k+
MSRpCH4 pH2O − k−

MSRpCO(pH2 )3 (7)

RWGS = k+
WGSpCOpH2O − k−

WGSpCO2 pH2 (8)

where p are partial pressures (Pa); k are rate constants for reforming
and shift reactions (mol m−3 Pa−2 s−1); the superscripts + and −
refers to the forward and backward reactions, respectively.

In a steady state, the transport of each participating component
is determined by the local conservation of mass:

dNCH4

dx
= −RMSR (9)

dNH2O,a

dx
= −RMSR − RWGS (10)

dNCO

dx
= RMSR − RWGS (11)

dNH2

dx
= 3RMSR + RWGS (12)

dNCO2

dx
= RWGS (13)

where Ni is the flux of species i (mol m−3 s−1); x is the depth mea-
sured from electrode surface. The subscript a refers to the anode.

For modeling of multi-component gas transport in a porous
medium, Fick’s model (FM), Stefan–Maxwell model (SMM), and
dusty gas model (DGM) are frequently used [43]. FM is the sim-
plest model and is widely used in literature. However, FM assumes
equimolar counter diffusion, which becomes invalid when the
gas species have considerably different molecular weights. SMM

relates the molar flux with molecular weights of gas species but
neglects the effects of Knudsen diffusion. For comparison, DGM
not only considers the effects of molecular weights of gas species,
but also includes Knudsen flow mechanism. Comparisons between
experiments and DGM simulation results have been conducted
extensively and very good agreements have been obtained [43].
Therefore, in this study, DGM is selected to study the multi-
component mass transfer within the porous SOFC electrodes.
According to DGM, the transport of gas species i is governed by

Ni

Deff
i,k

+
n∑

j=1,j �=i

yjNi − yiNj

Deff
ij

= − 1
RT

[
P

dyi

dx
+ yi

dP

dx

(
1 + B0P

Deff
i,k

�

)]
(14)

where yi is the molar fraction of species i; Deff
i,k

is the effective Knud-

sen diffusion coefficient of species i; Deff
ij

is the effective binary
diffusion coefficient of species i and j; P is the local pressure inside
the porous anode; B0 is the permeability; and � is the viscosity of
gas mixture. The calculation procedures of the diffusion coefficients
(Deff

i,k
and Deff

ij
), viscosity, and permeability can be found elsewhere

[44–46].
urces 183 (2008) 133–142 135

Fig. 2. Comparison between the present modeling results and literature data for
model validation.

At the anode surface, the molar fractions of each species
are known. At the electrode–electrolyte interface, electrochemical
reactions take place and thus the flux of H2 can be related with the
current density as
Table 1
Input parameters used in the mathematical model [42,49,57]

Parameter Value

Temperature, T (K) 1073
Pressure, P (atm) 1.0
Coefficient of anode exchange current density, ka 325
Coefficient of cathode exchange current density, kc 1157
Activation energy for anode, Eact,a (J mol−1) 1.0 × 105

Activation energy for cathode, Eact,c (J mol−1) 1.2 × 105

Fuel composition (molar fraction) at the anode inlet
CH4 (%) 17.1
CO (%) 2.9
H2O (%) 49.3
H2 (%) 26.3
CO2 (%) 4.4

Electrode porosity 0.4
Electrode tortuosity 5.0
Electrode pore radius (�m) 0.5
Anode thickness, da (�m) 500
Cathode thickness, dc (�m) 50
Electrolyte thickness, de (�m) 50
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The activation overpotential is related to the electrode kinetics
136 M. Ni et al. / Journal of Pow
Fig. 3. Comparison of the operating voltage of SOFC-H and SOFC-O.

of gas species (O2, N2, and H2O) can be determined by

dNi

dx
= 0 (i = O2, N2, and H2O) (16)

The fluxes can be determined by the DGM (Eq. (14)). Similarly,
molar fractions of gas species at the cathode surface are given. At
the cathode–electrolyte interface, the fluxes of O2 and H2O can be
related to the current density as

NO2 |x=dc = J

4F
(17)

Fig. 4. Comparison of the overpotentials of CH4 fed SOFC-H and SOFC-H: (a) Ohmic ove
cathode concentration overpotential.
urces 183 (2008) 133–142

and

NH2O,c|x=dc = − J

2F
(18)

where dc is the thickness of the cathode.
After solving the governing equations (Eq. (14)) with the above

boundary conditions, the concentration overpotential at the cath-
ode can be obtained from Eq. (6).

2.1.3. Activation overpotential
at the reaction site. The electrode activation overpotential–current
density relationship can be expressed by the Butler–Volmer equa-
tion

J = J0

[
exp
(

˛zF�act

RT

)
− exp

(
− (1 − ˛)zF�act

RT

)]
(19)

where J0 is the exchange current density; z is the number of elec-
trons involved per reaction; and ˛ is the symmetrical factor. For
a SOFC, the values of z and ˛ are set to 2 and 0.5, respectively
[47]. Therefore, the activation overpotentials of anode (�act,a) and
cathode (�act,c) can be explicitly written as

�act,i = RT

F
sinh−1

(
J

2J0,i

)

= RT

F
ln

⎡
⎣ J

2J0,i
+

√(
J

2J0,i

)2

+ 1

⎤
⎦ , i = a, c (20)

where J0,i is the exchange current density that represents the readi-
ness of an electrode to proceed with electrochemical reaction and

rpotential; (b) activation overpotential; (c) anode concentration overpotential; (d)
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the subscripts a and c represent anode and cathode, respectively
[48]. The value of J0,i is proportional to the length of TPB, which
represents the number of electrochemically active sites [49–52]

J0,i ∝ LTPB (21)

Previous analyses have shown that the TPB length is related to
the electrode porosity (ε) and the pore radius (rp) [50–52]

LTPB ∝ 1 − ε

rp
(22)

In addition to the TPB length, operating temperature is also an
important factor governing the exchange current density. Includ-
ing the effects of both TPB length and operating temperature, the

Fig. 5. Distributions of gas composition and pressure in the porous electrodes of SOFC-H
anode of SOFC-O; (c) molar fraction of H2O in the cathode of SOFC-H; (d) molar fraction o
urces 183 (2008) 133–142 137

exchange current density can be expressed as

J0,a = ka
1 − ε

rp
exp
(−Eact,a

RT

)
(23)

and

J0,c = kc
1 − ε

rp
exp
(−Eact,c

RT

)
(24)

where Eact,a (1.0 × 105 J mol−1) and Eact,c (1.2 × 105 J mol−1) are the
activation energy of anode and cathode [53,54], respectively; ka and
kc are the coefficients for exchange current density of the anode and
cathode, respectively. As recommended by Chan et al. [47], the val-
ues of J0,a and J0,c at a temperature of 1073 K are equal to 5300 and
2000 A m−2, respectively. Adopting these exchange current densi-

and SOFC-O: (a) molar fraction of H2 in the anode; (b) molar fraction of H2O in the
f O2 in the cathode; (e) pressure at the anode; (f) pressure at the cathode.



er So

The working temperature and pressure were 1123 K and 1.0 atm,
respectively. The thicknesses of the anode, electrolyte, and cath-
ode were 400, 100, and 100 �m, respectively. The pore radius was
1.07 �m. The ratio of porosity to tortuosity was 0.156.

As can be seen from Fig. 2, the present simulation results agreed
very well with the literature data and thus validated the present
model. The difference between the present simulatioin results and
Ivanov’s modeling data [55] was within 5%. The discrepancy could
be caused by different diffusion coefficients used. In Ivanov’s study,
binary diffusion coefficients at 1273 K were used to simulate the
performance of the CH4 fed SOFC-O at 1123 K. Since the diffu-
sion coefficients increase with increasing temperature [53], Ivanov
underestimated the concentration overpotentials by using higher
diffusion coefficients. For comparison, temperature dependence of
diffusion coefficients was fully considered in the present study as
the kinetic theory of gases was used to calculate the binary diffu-
sion coefficients [41]. Thus, the present model could predict more
accurately the multi-component gas transport as well as the con-
centration overpotentials of the SOFC-O anode.
138 M. Ni et al. / Journal of Pow

ties and typical values of porosity (0.4) and pore radius (0.5 �m),
the coefficients (ka and kc) can thus be determined from Eqs. (23)
and (24).

2.1.4. Ohmic overpotential
According to Ohm’s law, the ohmic overpotential of the SOFC

electrolyte can be expressed in terms of the electrolyte properties
by

�ohm = JdeRe (25)

where de and Re are the thickness and resistivity of the elec-
trolyte, respectively. The ohmic losses at the connecting plates and
electrodes are negligible compared with the ohmic loss at the elec-
trolyte [18,47,52] and are therefore not considered in the present
study.

2.2. Working potential of the CH4 fed SOFC-O

Similar to the SOFC-H, the working potential of the CH4 fed
SOFC-O can be calculated with Eq. (3). The calculation proce-
dures for equilibrium potential, activation overpotential, and ohmic
overpotential are similar to SOFC-H. However, as H2O is electro-
chemically produced in the SOFC-O anode, the mass transfer and
the resulting concentration overpotentials of the SOFC-O are differ-
ent from SOFC-H. Accordingly, the concentration overpotentials of
the CH4 fed SOFC-O can be expressed as

�O
conc,a = RT

2F
ln

(
PO

H2
PO,I

H2O,a

PO,I
H2

PO
H2O,a

)
(26)

�O
conc,c = RT

4F
ln

(
PO

O2

PO,I
O2

)
(27)

where �O
conc,a and �O

conc,c represent the concentration overpoten-
tials of anode and cathode of the SOFC-O, respectively; PO

H2
and

PO,I
H2

represent the partial pressure of H2 at the anode surface and

anode–electrolyte interface of the SOFC-O, respectively; PO
H2O,a and

PO,I
H2O,a represent the partial pressure of H2O at the anode surface

and anode–electrolyte interface of the SOFC-O, respectively. Sim-
ilarly, PO

O2
and PO,I

O2
refer to partial pressure of O2 at the cathode

surface and cathode–electrolyte interface, respectively.

Similar to the SOFC-H, molar fractions of gas species at the

electrode surface of the SOFC-O are given as known boundary con-
ditions. The fluxes at the electrode–electrolyte interface can be
given as below.

In the anode:

NO
H2

|x=da = J

2F
(28)

NO
H2O,a|x=da = − J

2F
(29)

In the cathode:

NO
O2

|x=dc = J

4F
(30)

where NO
H2

and NO
H2O,a are the fluxes of H2 and H2O in the anode;

while NO
O2

is the flux of O2 in the SOFC-O cathode.
Solving the governing equation (Eq. (14)), the concentration

overpotential of the CH4 fed SOFC-O can be obtained by substituting
the interfacial (electrode–electrolyte interface) partial pressures
into Eqs. (26) and (27).
urces 183 (2008) 133–142

3. Model evaluation

In the literature, there is no detailed experimental data on either
CH4 fed SOFC-H or CH4 fed SOFC-O. However, there are some simu-
lation data from literature on the CH4 fed SOFC-O. In this section, an
evaluation of the model was conducted by comparing the present
modeling results with the simulation data on CH4 fed SOFC-O
from literature [55]. The typical gas composition of pre-reformed
methane gas mixture was considered as the fuel for SOFC-O [55].
Fig. 6. Comparison of the performance of CH4 fed SOFC-H and SOFC-H at differ-
ent temperatures: (a) operating potentials of SOFC-H and SOFC-O and (b) Nernst
potentials of SOFC-H.
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4. Parametric analysis

The validated model was used to conduct parametric analysis
to compare the performance of the CH4 fed SOFC-H and SOFC-O.
As anode support is generally the most favorable design for SOFC
[44,47,48,53], the following analyses are conducted for the anode-
supported SOFC-H and SOFC-O. The values of input parameters
used in the parametric analysis are summarized in Table 1.

4.1. Comparison between CH4 fed SOFC-H and SOFC-O

The complete J–V characteristics of CH4 fed SOFC-H and SOFC-
O are shown and compared in Fig. 3. As can be seen, the working
potential of the CH4 fed SOFC-H is lower than that of the SOFC-O
at J < 7500 A m−2 and it quickly drops to zero at a current density

Fig. 7. Comparison of the overpotentials of CH4 fed SOFC-H and SOFC-H at different tem
tration overpotential; (d) cathode concentration overpotential; (e) distribution of H2 mol
urces 183 (2008) 133–142 139

of about 8600 A m−2, indicating the occurrence of limiting current
density. For comparison, the limiting current density for the SOFC-
O is about 7500 A m−2. Previous thermodynamic analyses have
revealed that the theoretical performance of the CH4 fed SOFC-H
was significantly higher than the SOFC-O. However, from this study,
it can be seen that the actual performance of the CH4 fed SOFC-
H is considerably lower than the SOFC-O under typical operating
conditions due to its considerably higher overpotentials.

In order to identify the key sources of voltage loss, separate over-
potentials of the CH4 fed SOFC-H and SOFC-O are studied and the
results are shown in Fig. 4. As expected, the ohmic overpotential
of the SOFC-H is much higher than the SOFC-O, due to lower ionic
conductivity of the present proton conducting materials (Fig. 4(a)).
As both the SOFC-H and SOFC-O undergo similar electrochemical
reactions, their activation overpotentials are identical (Fig. 4(b)).

peratures: (a) ohmic overpotential; (b) activation overpotential; (c) anode concen-
ar fraction in anode.
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As expected, the cathode activation is found much higher than the
anode activation overpotential, due to the slower electrochemical
reduction of O2 in the cathode than the reduction of H2 at the anode.

One important finding is that the CH4 fed SOFC-H has lower
anode concentration overpotential and larger limiting current den-
sity than the SOFC-O (Fig. 4(c)). More importantly, the CH4 fed
SOFC-H is found to have much higher cathode concentration over-
potential and relatively smaller limiting current density than the
SOFC-O (Fig. 4(d)). In the SOFC-H, H2O is electrochemically pro-
duced in the cathode while it is produced in the SOFC-O anode. The

production of H2O in the anode not only dilutes the concentration
of H2, but also slows down the transport of H2 fuel from the anode
surface to the TPB. Thus, the molar fraction of H2 in the anode of
the SOFC-H is higher than the SOFC-O (Fig. 5(a)). In addition, this
dilution effect increases with increasing current density, leading to
higher H2O molar fraction and lower H2 molar fraction at larger cur-
rent density (Fig. 5(a)–(c)). Therefore, the use of proton conducting
electrolyte is beneficial to increase the H2 molar fraction and this
is the reason that the SOFC-H has considerably higher performance
than SOFC-O [56]. On the other hand, the presence of H2O decreases
the molar fraction of O2 and impedes the transport of O2 from the
cathode surface to the TPB (Fig. 5(d)).

In addition to the gas molar fraction, the pressure distributions
in the CH4 fed SOFC-H are quite different from the SOFC-O (Fig. 5(e)
and (f)). In the anode of the CH4 fed SOFC-H, there are two com-
peting mechanisms governing the pressure distribution: chemical
reactions (MSR and WGS) and electrochemical reaction (consump-
tion of H2). Due to MSR, the pressure tends to increase, as the molar
number of gas generation is higher than the molar number of gas
consumption. Due to electrochemical reactions, H2 is consumed in
the anode while the product (H2O) is present in the cathode of the

Fig. 8. Comparison of the performance of CH4 fed SOFC-H and SOFC-O at different elec
overpotential.
urces 183 (2008) 133–142

SOFC-H, leading to lower pressure in the anode. As the chemical
reaction (MSR) is insignificant at a temperature of 1073 K, the pres-
sure decreases with anode depth in the CH4 fed SOFC-H (Fig. 5(e)).
For comparison, the electrochemical reaction does not change the
pressure distribution in the CH4 fed SOFC-O since the molar pro-
duction of H2O is equal to the molar consumption of H2. Therefore,
the pressure in the anode of the SOFC-O increases with the anode
depth due to chemical reaction (MSR) (Fig. 5(e)). On the other hand,
the presence of H2O in the cathode increases the pressure in the
SOFC-H cathode while the pressure decreases with cathode depth

in the SOFC-O (Fig. 5(f)). The anode pressure reduction and cathode
pressure increase also contribute to the lower anode concentra-
tion overpotential but higher cathode concentration overpotential
of the CH4 fed SOFC-H than the SOFC-O (Fig. 4(c) and (d)).

From the above analyses, it can be seen that the use of differ-
ent electrolytes in the CH4 fed SOFC not only cause different ionic
conduction mechanisms of the electrolyte, but also cause quite dif-
ferent mass transfer characteristics of the porous electrodes, thus
leading to considerably different concentration overpotentials and
J–V characteristics.

4.2. Comparison between the CH4 fed SOFC-H and SOFC-O at
different operating temperatures

The SOFC performance is greatly affected by its operating and
structural parameters. The following analyses are conducted under
typical working conditions, i.e. a current density of 5000 A m−2.
The effect of operating temperature on the performance of the CH4
fed SOFC-H and SOFC-O is shown in Fig. 6. With an increase in
temperature, the working potentials of both the SOFC-H and SOFC-
O are increased (Fig. 6(a)), despite of the reduction in reversible

trode porosity: (a) SOFC potential; (b) activation overpotential; (c) concentration
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(equilibrium) potential (Fig. 6(b)). This is because the total overpo-
tentials decrease with increasing temperature (Fig. 7). As expected,
both ohmic and activation overpotentials decrease with increasing
temperature due to enhanced ionic conductivity of the electrolyte
and facilitated electrochemical reactions at the TPB (Fig. 7(a) and
(b)).

An interesting finding is that the anode concentration over-
potentials of the CH4 fed SOFC-H and SOFC-O are both found to
decrease with increasing temperature (Fig. 7(c)). This is different
from previous analysis on the H2 fed SOFC-O, in which the electrode
concentration overpotential increases with increasing temperature
[57]. In the H2 fed SOFC-O, the molar diffusion rate decreases with
increasing temperature due to reduced gas density, although the
effective diffusion coefficients increase with increasing tempera-
ture. As a result, the concentration overpotentials are found higher
at a higher temperature. In case CH4 is used, the MSR and WGS
reactions are favored at higher temperature, leading to more H2
production and higher H2 molar fraction (Fig. 7(e)). Therefore, the
anode concentration overpotential decreases with increasing tem-
perature (Fig. 7(c)). However, it should be mentioned that the anode
concentration overpotential does not reflect the actual mass trans-
fer loss for the CH4 fed SOFC. It represents the combination effect
of the chemical reactions (MSR and WGS) for H2 production and
mass transfer loss. In the cathode, the concentration overpoten-
tials are found to increase slightly with increasing temperature for
both SOFC-H and SOFC-O, being consistent with previous analyses
[57].

The above analysis reveals the difference between the CH4 fed
SOFC-H and SOFC-O. It can also be seen that the use of different fuels
(H2 or CH4) can result in quite different operating mechanisms and
performance characteristics.

4.3. Comparison between the CH4 fed SOFC-H and SOFC-O with
varying electrode porosity

The electrode microstructures, such as electrode porosity, pore
size, and tortuosity, also influence the performance of SOFC. Fig. 8
shows the effect of electrode porosity on the CH4 fed SOFC per-
formance. Optimal porosities at about 0.4 are found for both
the SOFC-H and SOFC-O, which minimize the working potentials
(Fig. 8(a)). This is because the electrode porosity has opposite
effects on activation overpotentials and concentration overpoten-
tials. On the one hand, reducing electrode porosity can increase the

length of TPB, which in turn increases the rate of electrochemical
reactions and thus lower its activation overpotentials (Fig. 8(b)).
On the other hand, reducing electrode porosity increases the resis-
tance against the gas transport through the porous electrode,
leading to higher concentration overpotentials (Fig. 8(c)). The com-
bined effects of electrode porosity on activation overpotential and
concentration overpotential can thus result in optimal electrode
porosities. Therefore, in practice, the electrode microstructures of
the SOFC need to be carefully designed to minimize the total over-
potentials of the electrodes.

5. Conclusions

An electrochemical model has been developed to predict the
performance of the CH4 fed SOFC-H and SOFC-O. Comparison
between the simulation results based on the present model and
modeling results from literature validated the model developed in
this paper.

It is found that although the CH4 fed SOFC-H has higher the-
oretical performance than the SOFC-O, its actual performance is
considerably lower than the SOFC-O, before the occurrence of lim-
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iting current density. The use of proton conducting electrolyte
leads to significantly higher ohmic overpotential than conventional
oxygen ion conducting electrolyte. In addition, the mass trans-
fer characteristics of the SOFC-H are totally different from that
of the SOFC-O, resulting in different concentration overpotentials.
Although the anode concentration overpotential of the SOFC-H is
found considerably lower than that of the SOFC-O, the cathode con-
centration overpotential of the former is remarkably higher due to
the presence of H2O in its cathode.

Increasing temperature is found beneficial to enhance work-
ing potentials of SOFC-H and SOFC-O as the total overpotentials
decrease with increasing temperature. Different from previous
study on the H2 fed SOFC-O, the anode concentration overpoten-
tials of both the CH4 fed SOFC-H and SOFC-O are found to decrease
with increasing temperature. The difference between the present
and the previous study is due to the fact that H2 is produced in
the CH4 fed SOFC via MSR and WGS. Since the rates of both the
MSR and WGS increase with increasing temperature, more H2 can
be produced at elevated temperatures, and as a result, leading to
higher H2 molar fraction and lower concentration overpotentials.

There exist optimal electrode porosities that minimize the total
overpotentials of the electrodes. Reducing porosity of electrodes
decreases their activation overpotentials but increases their con-
centration overpotentials. Therefore, the microstructure of the
SOFC needs to be carefully optimized to attain better performance.

The present study signifies the differences between the CH4
fed SOFC-H and SOFC-O and provides better understanding on
the working mechanisms of SOFC fed with hydrocarbon fuels. The
model developed in this paper can be extended to 2D or 3D models
to study the performance of actual SOFC systems.
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