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Abstract A theoretical mathematical model is established
to investigate the effect of pressure gradient on electro-
chemical characteristics of anode in solid oxide fuel cell
(SOFC) running on pre-reformed methane fuel. The mod-
el adopts micro modeling approach in which anode is
treated as porous composite structure of electronic and
ionic conducting particles. It includes mass conservation,
mass transfer, chemical and electrochemical reactions, and
charges transfer. Besides, the electrochemical characteris-
tics of anode have been discussed with and without pres-
sure gradient in the dusty-gas model. It can be found that
the pressure increases along the anode depth. The molar
fractions of fuel species are different under the consider-
ation of pressure gradient. The results revealed by the
developed model verify the point of treating a SOFC elec-
trode as two finite layers. Only in the reaction zone layer,
the pressure gradient can obviously influence electronic
and ionic current densities, electronic and ionic potentials,
and anode activation overpotential.

Keywords Solid oxide fuel cell . Micro modeling . Pressure
gradient . Two finite layers . Mass transfer

Introduction

Solid oxide fuel cell (SOFC) is a solid-state ceramic cell,
which has received more and more extensive attention for
use in the direct conversion of chemical energy of fuel
into electricity and heat due to its low pollutant emissions,
high energy efficiency, fuel flexibility, and co-generation

units power generation in both large central power plants
and decentralized generation facilities in the future [1].

Among various configurations in which SOFC exists,
two common ones are tubular and planar SOFC. Because
of higher power density and simplicity in manufacturing,
the planar-type design of SOFC has received more and
more attention lately [2, 3]. Although significant progress
has been made for the tubular-type configuration of
SOFC, this type of SOFC has lower power density due
to high electrical resistance caused by long current paths
[3]. In contrast, the planar-type configuration of SOFC is
capable of achieving higher power density [3, 4]. Besides,
anode-supported configurations in the planar-type SOFCs
are usually considered to be superior to electrolyte/
cathode-supported ones [5–8] and chosen as the model
configurations.

When SOFC is operating at high temperature (1,073–1,
273 K), it has a number of advantages over low-temperature
fuel cell: (1) the electrolyte has a higher ionic conductivity
at high temperature, then ohmic overpotential of electrolyte
can be minimized; (2) the electrochemical reactions are
rapid at high temperature, leading to low activation
overpotential and effective utilization of low cost catalyst,
for instance, Ni; and (3) direct internal reforming of hydro-
carbon fuels can be occurred in SOFC because of high op-
erating temperature, hence, a variety of fuels can be uti-
lized, such as H2, CH4, C2H6, C3H8, and so on. What is
more, CO also can be used, which is an unwished poison-
ous gas for low-temperature fuel cells, such as phosphoric
acid fuel cell; (4) waste heat from SOFC is high-quality and
can be recycled by using a bottoming cycle to increase the
system efficiency [9].

Whereas, the commercialization of planar-type SOFC has
some technical questions due to its high temperature. For ex-
ample, disadvantageous thermal expansion mismatch of
SOFC components, internal stresses in cell components
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caused by thermal shocks, or heat cycles and catalyst
sintering. Therefore, it is vital to reduce operating temperature
to an intermediate range (823–1,073 K), usually known as
intermediate-temperature SOFC [10].

Generally, SOFC anode is made of cermet of Ni/YSZ
(Nickel and YSZ, yttria stabilized zirconia), electrolyte con-
sists of YSZ (yttria stabilized zirconia), and cathode is com-
posed by electron-conducting electrocatalytic material (LSM,
strontium-doped lanthanum manganate) [11].

In the past few years, numerous models of SOFC exist in
the literatures [11–21]. The models can be categorized into
macro models [12–14, 16] and micro models [11, 15, 17,
22–24] depending on the treatment of electrode. For macro
modeling, the electrode is treated as porous structure of
electronic conducting particles along with electrochemical
reaction considered to occur exclusively at the electrode/
electrolyte interface. Most of them have not taken into ac-
count the effect of pressure gradient. However, the pressure
gradient has been discussed in the anode macro modeling of
a SOFC running on hydrocarbon fuels in literature from Ni
et al. [16]. For micro modeling, the electrode is treated as
porous structure of electronic and ionic conducting parti-
cles with electrochemical reaction considered to occur
throughout the electrode. In literature for micro-scale
modeling, the properties of porous electrodes and their ef-
fects on SOFC performance have been studied from differ-
ent aspects [15, 25–28]. However, none of them take into
account the role of pressure gradient during the process of
mass transport which means the pressure is constant,
whereas the pressure gradient exists in SOFC where the
pre-reformed methane is used [16]. It is still not understand
how and to what extent the existence of pressure gradient
affects the electrochemical characteristics of anode in micro
modeling. The study of the influence of pressure gradient in
micro modeling is necessary. Thus, taking the micro model-
ing as an example, the object of this study is to numerically
investigate whether the pressure gradient can influence the
electrochemical characteristics of anode by micro modeling
approach.

In this paper, the pre-reformed methane is employed for
SOFC. Unlike other previous researches on micro modeling,
the change of pressure in the pore is considered (dP/dx≠0). A
dusty-gas model (DGM) that takes into account the diffusion
and pressure gradient throughout the anode will be applied to
describe the multi-component diffuse through the anode. This
work aims to study the effect of pressure gradient on the elec-
trochemical characteristics of anode. How the pressure varies
along the anode depth is investigated; how the pressure gra-
dient affects the molar fractions of species, the MSR reaction
rate, electronic and ionic current densities, electronic and ionic
potentials, and anode activation overpotential is also consid-
ered. The results can verify the concept of considering a SOFC
electrode as two finite layers [11] as well. Therefore, a more

accurate model can be proposed to predict and optimize the
SOFC anode performance.

Description of mathematical model

The geometry and principle of composite anode

The configurations of unit SOFC with single channel and its
two dimensional cross section can be simply described in
Fig. 1. Figure 2 shows the scheme of a SOFC composite
anode. The coupled models considering electrochemical oxi-
dation reactions, chemical reactions, mass transfer, and charge
transfer in composite anode will be described later. In most
studies [12, 14, 29–31], H2 is usually used as fuel for SOFC,
but SOFC also can be fed with hydrocarbon fuels, such as pre-
reformedmethane. In this study, pre-reformedmethane is used
as the fuel which consists of CH4, CO, CO2, H2, and H2O. In
addition, it is assumed that the reactant gas mixtures are ap-
proximated as ideal gases with negligible Dofour, Soret, and
gravity effects. The main chemical reactions involved are
methane steam reforming reaction (MSR) and water gas shift
reaction (WGS), given as follows:

CH4 þ H2O↔COþ 3H2 MSRð Þ ð1Þ

COþ H2O↔CO2 þ H2 WGSð Þ ð2Þ

When the SOFC is working, the transfer and reaction pro-
cesses in composite anode can be summarized as: (1) the fuel
transports from the anode surface to the active sites through
the void space accompanies with methane steam reforming
reaction and water gas shift reaction; (2) electrochemical ox-
idation reaction of H2 and O2− to form H2O and electrons at
the active sites; (3) transport of O2− from the electrolyte to the
active sites through the ion-conducting particles in the com-
posite anode; and (4) transport of electrons from the active
sites to current collector through the electron-conducting par-
ticles and transport of H2O from the active sites to the anode
surface through the void space in the composite anode. From
process (2), it can be seen that only H2 takes part in the elec-
trochemical oxidation reaction. It should be noted that both H2

and CO could be electrochemically oxidized at the three
phrase boundaries (TPBs) where the electrochemical reactions
are most active. However, it is reasonable to neglect the elec-
trochemical oxidation of CO, because: (1) The rate of CO
electrochemical oxidation is much lower than the electro-
chemical oxidation of H2; (2) The rate of CO electrochemical
oxidation is much lower than the chemical oxidation of CO by
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WGS [32, 33]. Electrochemical oxidation reaction of H2 can
be described as:

H2 þ O2−↔H2Oþ 2e−1 ð3Þ

The packed spherical shaped particles inside composite
anode form the void space, tortuous flow paths and inter-
facial surface between ionic and electronic conducting
particles. The composite anode is assumed to operate un-
der steady state, zero stress condition, without consider-
ation of NiO to Ni conversion and the parameters change
only in the x direction, shown in Fig. 2. Also, temperature
is assumed to be uniform throughout the whole anode.
Suwanwarangkul et al. [31] concluded that DGM is the
most appropriate model to simulate gas transport phenom-
ena inside SOFC electrode.

The mathematical model describing the processes in com-
posite anode is established by applying conservation equa-
tions of gas species along with the DGM for multi-
component gas diffusion, conservation equations of electronic
and ionic charge. The governing equations are described in the
following sections.

The model of mass conservation

The mass conservation equation in composite anode for each
component can be written as:

ε
RT

∂ yiPð Þ
∂t

¼ −∇⋅Ni þ S
•
s;i ð4Þ

The term on the left hand side vanishes under steady state
condition. Then Eq. (4) can be simplified as:

∇⋅Ni ¼ S
•
s;i ð5Þ

Where Ni (mol/(m2 s)) is the molar flux of species i; P(Pa)
is the total pressure throughout the anode; yi is the molar
fraction of species i; T(K) is the absolute temperature;
R(8.3143 J/(mol K)) is universal gas constant; S

•
s;i (mol/

(m3 s)) is the species source terms representing the rate of
production or consumption of species due to MSR, WGS
and H2 electrochemical oxidation reaction in the anode; ε is
the porosity.

From the literature [34], different expressions of reaction
rate can be found. The expression of reaction rate averaged to
per unit volume for a planar anode-supported SOFC from
Lehnert et al. [35] is used in this study, as:

rMSR ¼ kþMSRpCH4
pH2O−k

−
MSR pCO p

3
H2

ð6Þ

rWGS ¼ kþWGSpCOpH2O−k
−
WGSpCO2

pH2
ð7Þ

Where pi(Pa) is the partial pressure of species i; kMSR
+

(mol/(m3 Pa2 s)), kMSR
− (mol/(m3 Pa4 s)), kWGS

+ (mol/
(m3 Pa2 s)), and kWGS

− (mol/(m3 Pa2 s)) are rate constants;

Fig. 1 a Structure of unit cell
with single channel. b Cross
section A-A of unit cell

Fig. 2 Scheme of a SOFC composite anode
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the superscripts B+^ and B−^ refer to the forward and
backward reactions, respectively; and rMSR(mol/(m3 s))
and rWGS(mol/(m3 s)) are the volumetric reaction rates
for the methane steam reforming reaction and water gas
shift reaction, respectively.

In terms of molar fractions, Eq. 6 and 7 can be
written as:

rMSR ¼ P2 kþMSRyCH4
yH2O−P

2k−MSRyCOy
3
H2

� �
ð8Þ

rWGS ¼ P2 kþWGSyCOyH2O−k
−
WGSyCO2

y3H2

� �
ð9Þ

In order to calculate rate constants, the equilibrium
constants Κp are introduced, which can be determined
from the following empirical relations [36] for the MSR
and WGS, as:

Κp;MSR ¼ kþMSR

k−MSR

¼ 1:0267� 1010

� exp −0:2531ξ4 þ 0:3665ξ3 þ 0:5810ξ2−27:134ξ
� �þ3:2770Þ Pa2

� �
ð10Þ

Κp;WGS ¼ kþWGS

k−WGS

¼ exp −0:2935ξ3 þ 0:6351ξ2 þ 4:1788ξ þ 0:3169
� �

ð11Þ

Where ξ ¼ 1000
T Kð Þ−1

The forward reaction rate constants for the MSR and WGS
can be described as [36]:

kþMSR ¼ 2395exp −
231266

RT

� �
ð12Þ

kþWGS ¼ 0:0171exp −
103191

RT

� �
ð13Þ

From Eqs. 10 to 13, we can obtain the forward reaction rate
constants and equilibrium constants for the methane steam
reforming reaction and water gas shift reaction. Hence, the
backward reaction rate constants can be calculated by using
equalities in Eqs. 10 and 11.

Therefore, the species source terms in the composite anode
due to MSR and WGS can be described as:

S
• 0

s;1
¼ −rMSR ð14Þ

S
• 0

s;2
¼ rWGS ð15Þ

S
• 0

s;3
¼ rMSR−rWGS ð16Þ

S
• 0

s;4
¼ −rMSR−rWGS ð17Þ

S
• 0

s;5
¼ 3rMSR þ rWGS ð18Þ

Where 1 to 5 are CH4, CO2, CO, H2O, and H2, respectively.
The numbers denote the same meaning in the sections blow.

The species source terms in the composite anode due to
electrochemical oxidation of H2 is related to volumetric cur-
rent density produced through the Faraday’s law of electro-
chemical oxidation reaction and is described as:
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S
• 0 0

s;i
¼ −

νiRa

ne F
ð19Þ

where ne is the amount of electrons participating in the elec-
trochemical oxidation reaction; F(96,487 C/mol) is the Fara-
day’s constant; and νi is the stoichiometric coefficient of spe-
cies i involved in the oxidation reaction expressed in the fol-
lowing form:

H2 þ O2−−H2O↔2e−1 ð20Þ

Besides, Ra(A/m
3) is the volumetric current density pro-

duced in the anode, which can be given by the general
Butler-Volmer equation:

Ra ¼ Avi
H2
0;re f

cH2

cH2;re f

� �γH2

exp
βneF ϕi−ϕeð Þ

RT

� 	

−exp −

1−βð ÞneF ϕi−ϕeð Þ
RT

� 	�
ð21Þ

where Av(m
2/m3) is the actual reactive surface area per unit

volume; iH2

0;re f (A/m
2) is the reference exchange current densi-

ty for hydrogen electrochemical oxidation reaction at refer-
ence hydrogen concentration cH2;re f (mol/m3); β is the charge
transfer coefficient, whose value lies between zero and one,
here β=0.5; ϕi (V) is the ionic potential; ϕe (V) is the elec-
tronic potential; and γH2

is the reaction order for H2 oxidation.



For incorporating micro structural effects into the model to
enhance its predictive ability, the expression used to model the
reactive surface area per unit volume is provided by
Costamagna et al. [25]:

Av ¼ πsin2θr2elntnelnio
ZelZio

Z
χelχio ð22Þ

Where θ is the contact angle between the electronic and ionic
conducting particles in the anode, as shown in Fig. 3; nt is the
total number of particles per unit volume; nel and nio are the
number fractions of the electronic and ionic conducting parti-
cles in the anode, respectively; Zel and Zio are the coordination
numbers of the electronic and ionic conducting particles in the
anode, respectively; Z is the total average number of contacts of
each particle; χel and χio are the probabilities of the electronic
and ionic conducting particles in the anode, respectively.

The parameters required to obtain the reactive surface area
per unit volume are calculated by adopting the following ex-
pressions [25, 37]:

nt ¼ 1−ε

4

3
πr3el nel þ 1−nelð Þ rio

rel

� �3
" # ð23Þ

nel ¼ Φ

Φþ 1−Φ
rio
rel

� �3
2
64

3
75

ð24Þ

Zel ¼ 3þ Z−3

nel þ 1−nelð Þ rio
rel

� �2� 	 ð25Þ

Zio ¼ 3þ
Z−3ð Þ rio

rel

� �2
nel þ 1−nelð Þ rio

rel

� �2� 	 ð26Þ

where Φ is the volume fraction of the electron-conducting
particles in the anode; Z is the total average coordination
number, equal to 6 [37].

χel ¼ 1− 2−Zel−el=2ð Þ2:5
h i0:4

ð27Þ

χio ¼ 1− 2−Zio−io=2ð Þ2:5
h i0:4

ð28Þ

Where

Zel−el ¼ nelZ2
el

Z
ð29Þ

Zio−io ¼ nioZ2
io

Z
ð30Þ

From the above description, the species source terms in
composite anode can be expressed as follows:

S
•
s;i ¼ S

• 0

s;i
þ S

• 0 0

s;i ð31Þ

That is:

S
•
s;1 ¼ −rMSR ð32Þ

S
•
s;2 ¼ rWGS ð33Þ

S
•
s;3 ¼ rMSR−rWGS ð34Þ

S
•
s;4 ¼ −rMSR−rWGS þ Ra

ne F
ð35Þ

S
•
s;5 ¼ 3rMSR þ rWGS−

Ra

ne F
ð36Þ

The model of mass transfer

There are different multi-component diffusion models in
chemical engineering literatures, for instance, the Fick’s mod-
el (FM), Stefan-Maxwell model (SMM), DGM, etc. Both FM
and DGM use mass transport equations taking into account
Knudsen diffusion, molecular diffusion and the effect of pres-
sure gradient. FM and DGM are used to describe the transport
of components within porous media while SMM is a well-
known mass transport model applied to nonporous media.Fig. 3 Scheme of particles contact
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The FM, the oldest approach to predict the diffusion, is appli-
cable for binary mixtures or dilute solutions but not for multi-
component mixtures. The SMM does not consider the colli-
sion of the gas molecules with the pore walls which is known
as Knudsen diffusion and cannot accurately describe gas dif-
fusion in porous media. Therefore, FM and SMM are not
discussed further in this study, DGM is adopted. DGM takes
into account the molecular diffusion, Knudsen diffusion, and a
finite pressure gradient for the multi-component mass transfer
in the porous electrodes, given as:

Ni

De f f
i;k

þ ∑
n

j¼1; j≠i

y jN i−yiN j

De f f
i j

¼ −
1

RT
P
dyi
dx

þ yi
dP

dx
1þ B0P

Def f
i;k μm

 !" #
ð37Þ

If the effect of pressure gradient is neglected, then Eq. 37 is
simplified to:

Ni

De f f
i;k

þ ∑
n

j¼1; j≠i

y jN i−yiN j

De f f
i j

¼ −
P

RT

dyi
dx

ð38Þ

Summation over the index i for Eq. 37, the second term on
the left hand side goes to zero, it can reach the pressure gra-
dient term:

∇P ¼ −

RT
Xn
i¼1

Ni

Deff
i j

1þ
Xn
i¼1

yiB0P

μmD
eff
i;k

ð39Þ

Taking Eq. 39 into 37, and rearranging Eq. 37:

∇yi ¼
RT

P

� � Xn
j¼1; j≠i

yiN j−y jN i

Deff
i j

−
Ni

Deff
i;k

−
yi
RT

1þ B0P

μmD
eff
i;k

 !
∇P

" #

ð40Þ

Where yi andDi,k
eff (m2/s) are the molar fraction and effective

Knudsen diffusion coefficient of species i; Dij
eff (m2/s) is the

effective binary diffusion coefficient of species i and j; P(Pa)
is total pressure; x is the depth measured from electrode sur-
face; μm (Pa s) is viscosity of the gas mixtures; and B0 is
permeability of the porous anode.

Also, as is known:

Xn
i¼1

yi ¼ 1 ð41Þ

The diffusion process within a pore can be typically divid-
ed into two diffusion mechanisms: molecular diffusion and
Knudsen diffusion. Molecular diffusion is dominant for large
pore sizes and high system pressures while Knudsen diffusion
becomes significant when the mean-free path of the molecular
species is much larger than the pore size. Di,k

eff and Dij
eff depend

on the micro structure of the porous electrode (porosity, par-
ticle size, and tortuosity) and the operating conditions (tem-
perature and pressure).

The model of charge transfer

The composite anode is porous structure which provides flow
paths for reactants to and products from the anode TPBs.
Besides, it also conducts electrons and ions through its solid
portion, thereby providing flow paths for the transport of elec-
trons and ions. So transport of electrons and ions in the solid
portion of porous structure are modeled by applying conser-
vation equations of charges. The conservation equations of
charges can be expressed in terms of current density or poten-
tial. The governing equations are described as follows:

Electronic charge:

2010 Ionics (2015) 21:2005–2017

∇⋅ie ¼ Ra ð42Þ

Ionic charge:

∇⋅ii ¼ −Ra ð43Þ

Where ie (A/m
2) and ii (A/m

2) are electronic and ionic
current density, respectively.

Expressing the electronic and ionic current density in terms
of electronic and ionic potential through Ohm’s law, we can
obtain:

∇⋅ σeff ∇ϕe

� � ¼ −Ra ð44Þ

∇⋅ κeff ∇ϕi

� � ¼ Ra ð45Þ

Where ϕe (V) and ϕi (V) are electronic and ionic potential,
respectively; σeff (S/m) and κeff (S/m) are the effective con-
ductivities of electron- and ion-conducting materials in



σeff ¼ Φ
1−ε
τ

� �
σ ð46Þ

κeff ¼ 1−Φð Þ 1−ε
τ

� �
κ ð47Þ

Where σ (S/m) and κ (S/m) are the conductivities of pure
electron- and ion-conducting materials (or the bulk electronic
and ionic conductivities), respectively.

From above model description, the governing equations in
composite anode are summarized in Table 1.

Definition of the coefficients

An empirical correlation [38] is used to obtain the binary
diffusivity:

Di j ¼ 1:43� 10−7
T1:75 1

2
1
Mi

þ 1
M j

� �h i1=2
P νi1=3 þ ν j

1=3
� 2 ð48Þ

Here νi and νj are the Fuller diffusion volume of two spe-
cies given in Table 2.

The Knudsen diffusivity is commonly calculated based on
literatures [31, 39, 40]:

Di;k ¼ dpore
3

ffiffiffiffiffiffiffiffiffi
8RT

πMi

r
¼ 97

dpore
2

� � ffiffiffiffiffiffiffi
T

Mi

r
ð49Þ

The effective binary diffusivity is defined as:

Deff
i j ¼ ε

τ
Di j ð50Þ

In a similar manner, the effective Knudsen diffusivity can
be written as:

Deff
i;k ¼ ε

τ
Di;k ð51Þ

For the dynamic viscosity of a pure component, a six-order
polynomial correlation from literature [38] is used:

μ0
i ¼

X6
k¼0

bkθ
k ð54Þ

Where θ ¼ T
1000K, μi

0 in the unit of μPoise=10−7 Pa s.
B0 is the permeability of the porous electrode in Eq. 37,

which can be calculated by the Kozeny–Carman relationship
[41]:

Table 2 The thermal properties data [38]

Species Molar mass
(gmol−1)

Fuller et al.
diffusion volume

b0 b1 b2 b3 b4 b5 b6

CH4 16.04 25.14 −9.9989 529.37 −543.82 548.11 −367.06 140.48 −22.92
CO 28.01 18.0 −4.9137 793.65 −875.9 883.75 −572.14 208.42 −32.298
H2O 18.01 13.1 −6.7541 244.93 419.5 −522.38 348.12 −126.96 19.591

H2 2.016 6.12 15.553 299.78 −244.34 249.41 −167.51 62.966 −9.9892
CO2 44.01 26.7 −20.434 680.07 −432.49 244.22 −85.929 14.45 −0.4564
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The dynamic viscosity in multi-component systems at low
pressure is described by Wilke’s method [38]:

μm ¼
Xn

i¼1

yiμ
0
iXn

j¼1

y jϕi j

ð52Þ

ϕi j ¼
1þ μ0

i =μ
0
j

� �1=2
M j=Mi

� �1=4� 	2
8 1þ Mi=M j

� �1=2� �h i ð53Þ

composite anode, respectively. The effective electronic and
ionic conductivity in composite anode are defined as:

Table 1 Governing equations in the composite anode

Governing
equations

Composite anode

Species ∇⋅Ni ¼ S
•
s;i

Dusty-gas
model

Ni

De f f
i;k

þ ∑
n

j¼1; j≠i

yiN j−y jN i

De f f
i j

¼ − i
RT Pdyi

dx þ yi
dP
dx 1þ B0P

De f f
i;k μm

� �� 	
Electronic
charge

∇⋅ie=Ra or ∇⋅(σeff∇φe)=−Ra

Ionic charge ∇⋅ii=−Ra or ∇⋅(κeff∇φi)=Ra



B0 ¼ ε3

72τ 1−εð Þ2 2dpore
� �2 ð55Þ

Boundary conditions

For computing mathematical formulation of SOFC anode mi-
cro model, the boundary conditions at anode surface where x=
0 and the interface between anode and electrolyte where x=la
are needed. At x=0, the boundary condition is a defined
boundary condition where the composition of species is spec-
ified, the pressure is barometric pressure, ionic current density
is zero, and electronic current density is equal to total current
density. At x=la, the molar flux and electronic current density
are zero and ionic current density is equal to total current
density. In term of mathematical form, the boundary condi-
tions are given as:

x ¼ 0 : yi ¼ species; ie ¼ i; ii ¼ 0;P ¼ 101325 Pa

x ¼ la : Ni ¼ 0; ie ¼ 0; ii ¼ i

The validation of the model

The solution obtained from the developed model is compared
with the one-dimensional numerical solution for multi-
component diffusion inside the porous SOFC anode provided
by Haberman and Young [36]. The parameters obtained from
Haberman and Young’s model are listed in Tables 3 and 4. In
the model of Haberman and Young [36], the Knudsen diffu-
sion was ignored and the electrochemical reaction was as-
sumed to occur exclusively at the interface between anode
and electrolyte. Besides, there were no chemical reactions in
the porous anode. For comparing the solution obtained from
the present model with the solution of Haberman and Young’s
model, the present model is changed accordingly.

Figure 4 shows the distribution of species inside porous
anode at 3 A cm−2. Obviously, the results obtained from pres-
ent model are in good agreement with numerical solution from
the model of Haberman and Young [36]. Therefore, it is rea-
sonable to use the developed model to study the characteristic
of SOFC and predict the cell performance.

Results and discussions

The established model can be used to investigate the effect of
pressure gradient on electrochemical characteristics of com-
posite anode. The basic parameters and fuel composition used
in the present mathematical model are listed in Tables 3 and 5.
Most of the parameters used in the model are representative
values reported in literatures [26, 27, 37, 38, 41–44]. Here,

Table 4 Parameters used in the
model validation Parameters Value

Operating temperature, T 1,123 K

Total pressure at the anode surface, P 1.0 atm

Anode thickness, la 1,500 μm

Porosity, ε 0.3 [38]

Tortuosity, τ 4.5 [43, 44]

Pore diameter, dpore 1.0 μm [42]

Contact angle between the electron and ion-conducting particles, θ 150 [37]

Radius of the electron-conducting particles, rel 0.1 μm [26, 38]

Radius of the ionic-conducting particles, rio 0.1 μm [26, 38]

Volume fraction of the electron-conducting particles, Φ 0.5 [27, 38]

Reference H2 concentration, cH2 ;re f 10.78 mol m−3

Reference exchange current density for H2 oxidation, i
H2

0;re f
1,320 A m−2 [42]

Reaction order for H2 oxidation, γH2
0.5

Resistivity of the electron-conducting particles, ρel 2:98� 10−5exp − 1332
T

� �
Ωm [41]

Resistivity of the ion-conducting particles, ρio 2:94� 10−5exp − 10325
T

� �
Ωm [41]

Total current density, i 30000 A m−2

Table 3 Fuel
composition at the anode
surface for the model
validation

Species Molar fraction

CH4 0.171

H2 0.263

H2O 0.493

CO 0.029

CO2 0.044

2012 Ionics (2015) 21:2005–2017



total pressure at the anode surface and the operating tempera-
ture are set as 1 atm and 1,073 K, respectively.tgroup

Figure 5 shows the distribution of pressure in composite
anode. The pressure in the composite anode is found to in-
crease observably along the depth of composite anode. From
Fig. 5, it can be seen that the pressure at the interface between
the anode and electrolyte where x=la is 127,599 Pa, about
25.93 % higher than the pressure at the anode surface where
x=0. The phenomenon can be explained by two reasons. On
the one hand, from Eqs. 1 to 3, the molar number of MSR
products is twice as many as that of reactants, while the molar
number of WGS products is equal to that of the reactants.
Meanwhile, during the electrochemical oxidation reaction,

one molar H2 can produce one molar H2O. So, the total molar
number ofMSR,WGS, and electrochemical reaction products
is larger than that of reactants. On the other hand, the diffusion
of H2O is more difficult than H2 due to its larger molecular
weight [45]. Since the pressure increases along the composite
anode, it means that the pressure gradient exists in the anode.
Thus, it is necessary to think about the pressure gradient in the
anode micro modeling. In the following, the influence of pres-
sure gradient on electrochemical characteristics of composite
anode will be discussed. Therefore, two cases are presented.
One is the mass transfer is described by DGM considering
pressure gradient, which is formulated in Eq. 37; another
one is the mass transfer is described byDGMwithout pressure
gradient, which is represented by Eq. 38.

Figure 6 shows the molar fractions of H2 and H2O, respec-
tively. Obviously, Fig. 6a shows the molar fraction of H2 is
lower if the pressure gradient is considered and Fig. 6b shows
the molar fraction of H2O is larger than the case neglecting the
pressure gradient. This is because of the fact that the pressure
gradient hinders the transport of H2 and favors the transport of
H2O. The two figures also show that the difference of molar
fraction between the case considering pressure gradient and
the case neglecting pressure gradient increases along the an-
ode depth. The molar fraction of H2 considering pressure gra-
dient is about 21.43 % lower than that without pressure gra-
dient at the interface between the anode and electrolyte; the
molar fraction of H2O considering pressure gradient is about
18.16 % higher than that without pressure gradient at the in-
terface between the anode and electrolyte.

Figure 7 shows the distribution of molar fractions of CO,
CO2, and CH4 in the composite anode. It can be concluded
that the molar fractions of CO and CO2 are lower than the case

Table 5 Parameters used in the
present mathematical model Parameters Value

Operating temperature, T 1,073 K

Total pressure at the anode surface, P 1.0 atm

Anode thickness, la 500 μm

Porosity, ε 0.3 [38]

Tortuosity, τ 4.5 [43, 44]

Pore diameter, dpore 1.0 μm [42]

Contact angle between the electron- and ion-conducting particles, θ 150 [37]

Radius of the electron-conducting particles, rel 0.1 μm [26, 38]

Radius of the ionic-conducting particles, rio 0.1 μm [26, 38]

Volume fraction of the electron-conducting particles, Φ 0.5 [27, 38]

Reference H2 concentration, cH2 ;re f 10.78 mol m−3

Reference exchange current density for H2 oxidation, i
H2

0;re f
1,320 A m−2 [42]

Reaction order for H2 oxidation, γH2
0.5

Resistivity of the electron-conducting particles, ρel 2:98� 10−5exp − 1332
T

� �
Ωm [41]

Resistivity of the ion-conducting particles, ρio 2:94� 10−5exp − 10325
T

� �
Ωm [41]

Total current density, i 5,000 A m−2

Fig. 4 Distribution of molar fractions of species through the porous
anode (The lines represent the molar fractions of the species predicted
by the present model, and the symbol represents the solution obtained
from Haberman and Young’s model)
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considering the pressure gradient, while the molar fraction of
CH4 is higher than the case which the pressure gradient is
taken into account. The results obtained are because the pres-
sure gradient favors the transport of CO, CO2, and H2O and

impedes the transport of H2 and CH4, in addition to this, the
result also caused by the interactions of chemical reactions,
electrochemical reaction, mass transfer, and charger transfer. It
also can be seen that the difference of molar fraction of each
component between two cases increases along the anode
depth, except for the difference of molar fraction of CO2.

Figure 8 shows the MSR reaction rate in the composite
anode. From Fig. 6, when the pressure gradient is considered,
the results show that there is larger H2O molar fraction and
smaller H2 molar fraction, thus higher rate of MSR can be
revealed in Fig. 8. From the curves in Fig. 8, it can be seen
that the rate of MSR decreases along the depth of anode ini-
tially and increases in anode near the interface between the
anode and electrolyte. The reason why the phenomenon ap-
peared is that the molar fraction of CH4 is decreased and the
molar fraction of H2O is increased. The decrease in H2 molar
fraction and augment in H2O molar fraction result in the in-
crease of the rate of MSR, then bring about the increase of
pressure gradient in the composite anode in turn, because only
MSR can change the pressure in the composite anode.

Figure 9 shows the distributions of non-dimensionalized
electronic and ionic current density in the composite anode,
respectively. From the distributions of electronic and ionic
current density, it can be seen that electronic and ionic current
density remain constant for most of the length of the anode
before starting to vary at the end of the anode thickness. It is
concluded that the pressure gradient has no obvious impacts
on the electronic and ionic current densities within a distance
which from the anode surface. However, it will affect the
electronic current density and ionic current density obviously
at the end of anode thickness. The electronic current density
and ionic current density in the anode have been discussed in
two cases. One case is the DGM neglecting the pressure gra-
dient, the other case is the DGM considering the pressure
gradient. The difference between the two cases reaches the

Fig. 7 Distribution of molar fractions of CO, CO2, and CH4 in the
composite anode

Fig. 6 Distributions of molar fractions of H2 and H2O in the composite
anode: a molar fraction of H2 and b molar fraction of H2O

Fig. 5 Distribution of pressure in the composite anode
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maximum at the distance about 91 % from the anode surface.
The electronic current density considering pressure gradient is
about 14.58% lower than the case without pressure gradient at
the distance about 91 % from the anode surface; the ionic
current density considering pressure gradient is about
14.58 % higher than the case without pressure gradient at
the distance about 91 % from the anode surface. The results
from Fig. 9a, b verify the concept of treating an SOFC elec-
trode as two finite layers which consist of electrode backing
layer that consists of electron-conducting particles only and
reaction zone layer that consists of electron- and ion-
conducting particles [11]. It means most electrochemical reac-
tion sites local at the reaction zone layer.

Similarly, the distributions of electronic and ionic potential
are shown in Fig. 10. It has the same trend with the distribu-
tions of electronic and ionic current density. The curves also
can verify the point of treating a SOFC electrode as two finite
layers and show that the pressure gradient only can affect a

Fig. 9 Distributions of non-dimensionalized electronic and ionic current
density in the composite anode: a electronic current density and b ionic
current density

Fig. 8 Distribution of MSR reaction rate in the composite anode

Fig. 10 Distributions of non-dimensionalized electronic and ionic poten-
tial in the composite anode: a electronic potential and b ionic potential

Ionics (2015) 21:2005–2017 2015

small portion of the anode evidently. Due to anode activation
overpotential ηa can be expressed by ϕi−ϕe, and the electronic



and ionic potential are different under the two cases, then the
anode activation overpotential is different. Under the influ-
ence of pressure gradient, the electronic potential is lower
and the ionic potential is higher. So the anode activation
overpotential is increased, which can be described in
Fig. 11. At last, it can draw a conclusion that the anode acti-
vation overpotential can be affected by pressure gradient.
From above curves, we can see that the pressure gradient only
affects the reaction zone layer obviously, while has little in-
fluence on the electrode layer. This is because the ionic con-
ductivity of ion-conducting particle is low, which restricts the
transport of oxide ions through the anode and then limits the
thickness of reaction zone layer. It means the number of active
TPB in electrode layer is smaller than that in reaction zone
layer.

In the end, it can be concluded that the pressure gradient
has a great effect in anode micro modeling of a SOFC running
on hydrocarbon fuels with internal reforming and water gas
shift, especially in the reaction zone layer.

Conclusions

A theoretical mathematical model has been constructed to
study the role of pressure gradient in anode micro modeling
of SOFC. The SOFC anode is modeled as porous composite
structure composed by electronic and ionic conducting parti-
cles where electrochemical reactions are considered to occur
throughout the anode, according with the micro modeling ap-
proach of treating electrodes. The results show that the pres-
sure increases along the anode depth. From the molar fraction
distributions of H2, H2O, CO, CO2, and CH4, it is known that
the molar fractions of H2 and CH4 are lower if the pressure
gradient is considered; the molar fractions of H2O, CO, and
CO2 are larger than the case of neglecting the pressure gradi-
ent. The results show that the composite anode can be

regarded as two parts, consists of electrode backing layer
and reaction zone layer, then verify the point of treating an
SOFC electrode as two finite layers exactly [11]. The pressure
gradient has no significant effect on electrode backing layer
and can influence the electronic and ionic current density
greatly in reaction zone layer. The model also can obtain the
electronic potential and ionic potential under the case of con-
sidering pressure gradient and the case that neglects the pres-
sure gradient, the difference of the characteristics of anode
between the two cases can be found. It means the anode acti-
vation overpotential, and then anode overpotential is different
if the pressure gradient is considered. So, the model can be
used to predict the characteristics of SOFC further. The model
proposed only discusses the effect of pressure gradient on the
anode micro modeling of SOFC. Therefore, the model devel-
oped can predict the characteristics of anode more accurately
and then help to improve the performance of SOFC.
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