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This paper presents a three-dimensional model of an anode-
supported planar SOFC with corrugated bipolar plates serving as 
gas channels and current collector above the active area of the cell, 
based on the direct internal reforming reaction of methane and the 
electrochemical reaction of hydrogen. A co-flow system with gas 
mixture of methane, water vapor and a small amount of hydrogen 
as anode gas and air as cathode gas fed at an inlet temperature of 
973K was modeled at a single cell unit level. A simple equation for 
the cell resistance with measured values for the quasi ohmic 
resistance is used for the calculation of the current density. The 
modeling results show the current density distribution and 
temperature profiles in the cell and gas concentrations profiles 
along the length of the cell channel. Furthermore, the temperature 
gradient inside the cell was investigated.  

Introduction 

Solid oxide fuel cells (SOFCs) operated at high temperature (normally 650-1100˚C) 
are attractive energy conversion devices which generate electricity and heat directly from 
a gaseous or gasified fuel by electrochemical combination of that fuel and oxidant 
efficiently without the restriction of Carnot’s law. In addition to the high efficiency of the 
SOFC itself, hybrid systems of the SOFCs with other power generation expected to be 
one of the most efficient power generation systems. Therefore, great attention has been 
paid to SOFCs in recent years (1, 2).  

In low temperature fuel cell systems, hydrogen as the preferred fuel is usually 
produced in an external reformer by steam reforming of hydrocarbons such as methane or 
natural gas. The endothermic steam reforming reaction takes place at high temperature 
over 800K and the required heat normally will be supplied by combusting part of the fuel.  
This endows the SOFCs with the possibility to have the reforming reaction occurring 
internally by utilization of the heat generated by SOFCs. Compared with other fuel cell 
types, a major advantage of the SOFCs is the flexibility in the choice of fuels. With direct 
internal reforming, efficiency and simplicity of the SOFC system can be maximized (3).        

However, the introduction of the internal steam reforming in SOFCs will bring the 
problem of large temperature gradients within the fuel cell. Steam reforming is a highly 
endothermic process, whereas the electrochemical oxidation is an exothermic reaction [4]. 
The reforming reaction for methane, the main component of natural gas, is shown in Eq. 
[1]. The associated water gas shift reaction [2] proceeds in parallel to reaction [1].  
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4 2 23CH H O CO H+ +�     298 206 /H kJ mol∆ = +                                [1] 

2 2 2CO H O CO H+ +�         298 41 /H kJ mol∆ = −                                 [2] 

The heat used for sustaining the endothermic reforming process is supplied by the 
exothermic electrochemical reactions (3) and (4). However, the available H∆  from the 
electrochemical reactions is only partly converted into heat, and most of the enthalpy 
change is used to generate electricity  

2 2 2

1

2
H O H O+ →                 298 241 /H kJ mol∆ = −                               [3] 

2 2

1

2
CO O CO+ →                 298 283 /H kJ mol∆ = −                               [4] 

The combination of the strongly endothermic steam reforming reaction, the exothermic 
waster gas shift and electrochemical reactions will cause significant temperature changes 
along the cell, which can result in steep temperature gradients. Temperature gradients can 
cause severe thermal stresses in the solid parts of the cell and potential system failure 
from crack formation which will seriously reduce the life time of SOFCs (5).  
      

In order to better understand the operation of SOFCs and predict the possible failure 
of it, a number of theoretical models have been developed. Studies of one, two or three 
dimensional models with various configurations and geometries have been published for 
either internal or external reforming (5-12). However, most of the models so far focus on 
only one or two dimensions; three dimensional models for complicated geometries are 
rarely reported. These models also have the deficiencies of assuming reactions taking 
place in the gas-phase or surface area instead of the solid-phase volumetric reactions. 
Some models only consider the cell as a single solid phase and neglect the effect of the 
diffusion of gases through the porous electrodes. The resistance used in the 
electrochemical model is calculated theoretically rather than experimentally.  The 
limitations of these models may affect the reliability of the results. 

In this study, a three-dimensional model of an anode-supported planar SOFC with 
direct internal reforming reaction of methane has been developed to investigate the 
temperature gradients within a single channel of a cell for the proposed design. The 
reforming process, electrochemical reactions, heat and mass transfer phenomena between 
the solid and gas phases have all been included in the cell model. The conservation 
equations are solved by using commercial computational fluid dynamics (CFD) software 
Fluent; the methane steam reforming kinetics and the electrochemical reaction are 
simulated by external user defined subroutines. The electrochemical model utilizes a 
simple equation for the cell resistance with experimentally determined values of the 
different parameters for calculating the electrochemical parameters. The detailed 
variation of species concentrations such as H2, CH4, CO, H2O and CO2, distribution of 
current density and temperature profile etc. over the cell are presented and discussed. 

SOFC Model Development 

Model Specifications 

The geometric model used in this work is shown in Fig. 1. The proposed 
configuration is based on anode-supported planar SOFC with corrugated bipolar plates 
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serving as gas channels and current collector above and below the active area of the cell. 
The model developed in this work considers a single cell unit in the stack. The simulation 
of the single channel is supposed to be representative for the behavior of the whole stack, 
except the channels at the edges of the stack where boundary conditions and active cell 
area could be different.  

Figure 1. Geometric model: (a) three dimensional view of the modeled one single unit 
channel in the cell (b) the front view of the model with grids 

TABLE I.  Model specifications and input parameters.
Specifications Input data 

Anode thickness (τa) 0.55 mm 
Cathode thickness (τc) 0.03 mm 
Electrode thickness (τe) 0.01 mm 
Interconnect thickness (τi) 0.2 mm 
Cell length (L) 112 mm 
Unit channel width (W) 4 mm 
Fuel channel height (hf) 0.6 mm 

Geometric 
parameters 

Air channel height (ha) 0.6 mm 
Anode density (ρA) 7740 kg m-3 

Anode thermal conductivity (λA) 6 W m-1 K-1 

Anode heat capacity (Cp,A) 0.6 kJ kg-1 K-1

Anode porosity (γ) 30% 
Cathode density (ρC) 5300 kg m-3

Cathode thermal conductivity (λC)  10 W m-1 K-1 

Cathode heat capacity (Cp,C) 0.607 kJ kg-1 K-1

Cathode porosity (γ)  30% 
Electrolyte  density (ρE) 6000 kg m-3 

Electrolyte thermal conductivity (λE) 2.7 W m-1 K-1 

Material 
properties 

Electrolyte heat capacity (Cp,E) 0.4 kJ kg-1 K-1

Pressure (P) 1 bar 
Fuel inlet temperature (Tf, inlet) 973K 
Air inlet temperature (Ta, inlet) 973K 
Top and bottom external wall Adiabatic 
Operating voltage (Vcell) 0.8 V 
Fuel feed 30% CH4, 60% H2O, 10% H2

Air feed 21% O2, 79% N2

Air to fuel ratio 10 

Operating 
parameters 

Fuel utilization (Ufuel) 0.85 
Activation energy (Ea) -101248 J mol-1 K-1

Empirical parameter (k0 ) 1.8870e-10 ohm m2

Faraday constant (F)  96485 c 
Electrochemical 

parameters 
Universal gas constant (R) 8.314 J mole-1 K-1

As shown in Fig. 1a the present model is based on the co-flow design, in which anode 
gas and cathode gas flows on both sides of the cell in the same direction. Fig. 1b shows 
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the cross section of the single cell unit and resulting grids for the calculation. The mesh is 
locally refined at the regions where the geometry changes dramatically. The cell is in the 
middle of the corrugated plates. The fuel gas channel is between the anode and the 
corrugated separator plate and on the other side the corresponding air channel is located 
between the cathode and separator plate. The specifications and some input data of the 
present model are summarized in table I.  

Thermo-fluid Model

In this three-dimensional CFD modeling work, the solid and fluid (including porous 
part) domains are divided into many discrete meshes, shown in Fig. 1b. In each 
computational grid, the following conservation equations of mass, momentum, species 
and energy are solved by finite volume method.  

( ) massv Sρ∇ =�i                                                             [5] 

( ) 2
[ ( ) ]

3
T

Mvv p v v vI S
µρ µ∇ + ∇ − ∇ ∇ + ∇ − ∇ =�� � � �i i                                 [6] 

The conservation equations of mass and momentum are shown in Eq. [5] and [6], 
respectively, where massS is the mass source added to the continuous phase using user-

defined sources. The electrodes in the cell are treated as porous media. The additional 
momentum source caused by the porous media in the model is contained in the term MS .  

Generally, the gas species transfer mainly by convection in the flow channels and 
diffusion in the porous electrodes. The species conservation can be expressed in Eq. [7]. 

( ) ( )eff
i i i ivY D Y Sρ ρ∇ = ∇ ∇ +�i i                                               [7] 

where iS  is the species sources in the model, which include the net rate of the production 

of species i (H2, O2, H2O, CH4, CO, CO2, N2) and the rate of the additional creation from 
user defined sources. eff

iD is the effective diffusion coefficient.  

Energy conservation equation is expressed as Eq. [8], where keff is the effective 
thermal conductivity of the medium. For instance, in the porous electrodes the keff can be 
calculated by using Eq. [9], where the kf and ks are the thermal conductivities of fluid and 
solid, and γ is the porosity of the porous medium.  

( )( ) ( )eff
eff i i i eff h

i

v E p k T h D Y v Sρ ρ τ⎛ ⎞∇ + = ∇ ∇ + ∇ + +⎜ ⎟
⎝ ⎠

∑� �i i i                   [8] 

(1 )eff f sk k kγ γ= + −                                                      [9] 

For the mass balance in the model the chemical species of CH4, H2O, CO, H2 and 
CO2 are considered in the anode side and O2 and N2 are at the cathode side. The steam 
reforming reaction [1] and water gas shift reaction take place in the anode of the cell 
under the formation of hydrogen. The electrochemical reaction of hydrogen occurs at the 
interface between the anode and the electrolyte.  
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As for the heat balances, the single unit channel simulated in this work is assumed to 
be thermally isolated from bottom and top sides. The left and right sides of the cell unit 
are treated as symmetric boundaries. Heat is generated or withdrawn from the reaction in 
the anode and the reaction zone mentioned previously. No reaction takes place in the gas 
phase at the temperature of interest for this study. Heat is exchanged between the solid 
and the gas streams by convection and transport of the reactants and products from or 
through the anode and reaction zone. In the solid part of the cell, heat conduction is 
dominant. The gases flowing on each side of the cell will remove or provide heat from or 
to the cell through convection. The diffusion of gas species also contributes to the heat 
exchange between the cell and the gas phase. In this simulation the effect of the radiation 
heat transfer is not considered.  

Electrochemical Model 

The electrochemical model calculates the local current density in the cell. In SOFCs, 
the oxidant, which is oxygen in the air in this case, is fed into the cathode gas channel. At 
the cathode the oxidant reduction occurs, which can be expressed as Eq. [10]  

−− →+ 2
2 2

2

1
OeO                                                       [10] 

The oxygen ions generated at the cathode pass through the electrolyte and then take 
part in the electrochemical reaction at the active reaction area of the anode, which in this 
model is the thin layer of the anode close to the electrolyte. The previous research (15, 
16) and experiments show the electrochemical oxidation of H2 is much faster than CO. 
Therefore the electrochemical conversion rate of CO is negligible. In this work only the 
electrochemical reaction of hydrogen in Eq. [11] at anode is considered. The overall 
reaction is Eq. [3]. 

−− +→+ eOHOH 22
2

2                                                [11]

The reversible cell voltage (Erev) is locally changing with gas composition and 
temperature at the electrodes, and can be determined by the Nernst Eq. [12] for the 
electrochemical oxidation of hydrogen.  

2 2

2

2

0.5
H O0

rev H
H O

ln
2

p pRT
E E

F p

⎛ ⎞
= + ⎜ ⎟⎜ ⎟

⎝ ⎠
                                     [12] 

2

0
HE stands for the standard potential for the hydrogen oxidation reaction at temperature T , 

and is the change of Gibbs free energy for the formation reaction of water divided by 2F, 
as shown in Eq. [13].  

2

0

2
f

H

g
E

F

∆
=                                                       [13] 

pH2, pO2, pH2O and R represent the partial pressure of hydrogen, oxygen, water vapor 
and gas constant, respectively.  

The open-circuit potential (Erev) is the maximum voltage which can be achieved by a 
fuel cell under specific operation conditions. However, the voltage of an operating cell 
(Vcell), equal to the voltage difference between the cathode and the anode, is lower than 
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Erev. The difference between the Erev and Vcell is due to the internal resistances, electrode 
overpotential losses and contact resistances. In this work the resistance for the proposed 
cell is estimated from the experimentally measured I-V curve for a single cell. An 
empirical formula Eq. [15] was derived for estimating the value of the total local losses 
(Rtot, loc) occurring in the operating cell, which is function of temperature T , where k0, Ea

and R are constants, summarized in table I. Therefore, the operating cell voltage (Vcell) 
can be expressed as Eq [14]. 

.cell rev tot locV E iR= −                                                   [14] 

Since the anode and steel parts in the stack are good conductors, a constant cell 
voltage of 0.8 V is assumed in this work. All the losses are in part responsible for the heat 
generated in an operating fuel cell and will be explained later.  

, 0 exp( )a
tot loc

E
R k

RT

−=                                                  [15] 

The derived empirical formula of total resistance in the cell is valid in the temperature 
range between 675 and 800˚C. Finally the current density is calculated by Eq. [16].  

,

rev cell

tot loc

E V
i

R

−=                                                        [16] 

Steam Reforming Reaction

The steam reforming (Eq. [1]) and water gas shift reactions (Eq. [2]) generates H2, 
CO and H2 and CO2, respectively. The generated hydrogen is consumed as fuel. The 
mechanism of steam reforming on the Ni cermet anodes of SOFCs follows a similar 
mechanism to conventional methane steam reforming, which has been widely studied. 
The internal reforming kinetics is an important parameter for the SOFC developers, 
which could be affected by many factors such as the material and manufacturing of anode, 
the partial pressure of methane and steam, the diffusion and temperature etc. and the 
kinetics of the reforming reaction at the SOFC operating conditions is also reported in 
many publications (15, 17-23).  

4 4
exp( / )CH CH ar kP E RT= −                                              [17] 

The steam reforming rate in this work was determined by the first order kinetic 
expression [17] derived by E. Achenbach, E. Riensche (23) based on the Ni/YSZ cermet 
anode, with an activation energy ( aE ) of 83 kJ mol-1 (9) and a pre-exponential constant 

( k ) of 1.01×1012 mol m-3 s-1 (10).  

It is found the water-gas shift reaction is close to equilibrium at high level of fuel 
utilization (24, 25). In this modeling, a pre-exponential factor wgsk  is used for the 

calculation of water shift reaction rate according to Eq. [18] (9).  

2 2 2

,

/
(1 )CO H CO H O

wgs wgs CO
eq wgs

P P P P
r k P

K
= −                                       [18] 
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Results and Discussion 

In this section, the model results for the gas species concentration and current density 
profiles along the length of the cell will be discussed. The temperature distributions at 
different locations within the cell along the length will be given and the resulting 
temperature gradient will be shown.  

Gas Species Concentrations

Fig. 2 shows the mole fraction profiles of gas species in the anode gas channel along 
the length of the cell unit. The concentrations of the gases are affected by the direct 
internal reforming reaction, water gas shift reaction at the anode and electrochemical 
reaction of hydrogen at the interface of anode and electrolyte. From the table I, we know 
at the inlet the fuel composition is 30% methane, 60% water and 10% hydrogen. Due to 
the high methane content at the entrance of the fuel cell, the reforming reaction is fast and 
the methane is consumed rapidly, accordingly, water is also reacted fast. Therefore, at the 
entrance of the fuel cell (within the first 20mm) strong decrease of concentrations of CH4

and H2O can be seen from Fig. 2. The methane in the fuel is almost depleted at around 
half way of the cell. Meanwhile, hydrogen has a corresponding increase until at the 
length of 30mm, where the hydrogen content in the channel reaches the peak of 
approximately 47%. Correspondingly there is a minimum in the water concentration 
because water is consumed by the reforming reaction and produced by the 
electrochemical reaction. Afterwards, a rise of water and a decline of hydrogen content 
are observed because the oxidation of H2 dominates with more hydrogen generated from 
the previous fast reforming reaction. Distributions of CO and CO2 along the length of the 
fuel cell are in agreement with equilibrium except the inlet region, where CO is produced 
very fast by steam reforming reaction. At the exit of the fuel channel, all the methane has 
been consumed and the content of the gas stream is 15% hydrogen, 66% water, 5% 
carbon monoxide, 14% carbon dioxide. Therefore, the fuel utilization in this work is 85%.  

Current Density Profile

Current density profile along the cell length is presented in Fig. 3. The current density 
increases from the beginning of the cell and reaches maximum at the length of 84 mm 
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(three fourths of the total length). The current density, depending on many factors and 
operating parameters implemented into the model, is a function of the concentrations of 
gas species, the temperature and the cell operating voltage etc. In this work, for the 
proposed intermediate temperature SOFC, the inlet gas is supposed to be 973 K and the 
operating voltage 0.8 volt. The comparative low inlet temperature and high operating cell 
voltage makes the current density in this case is somewhat lower than the value generally 
reported.  

Temperature Distribution

The temperature profiles of fuel, air, cell and interconnect along the length of the cell 
unit are illustrated in Fig. 4. At the entrance of the cell, the average temperature of fuel in 
the anode gas channel shows a sharp drop from the 973 K at the inlet to minimum value 
of 908 K because of the strongly endothermic steam reforming reaction proceeding 
extremely fast. It can also be seen that although 65 K temperature difference take places 
at the inlet region in the anode gas phase, in the solid parts such as the cell and the 
interconnect plate the equivalent temperature decrease is only within 3 K because the 
anode in the cell structure is the location where the endothermic steam reforming reaction 
occurs and the thermal conductivities of these solid parts in the cell are high enough to 
rapidly distribute the heat relative to the heat transport between the cathode gas and the 
solid part by convection. 

As the hydrogen is generated and methane is reacted with the steam reforming 
reaction occurring along the cell, the exothermic electrochemical reaction rate increases 
and endothermic reforming reaction rate decreases the temperature rises along the flow 
direction. After the entrance of the cell, the temperature of anode gas is close to the 
temperature of the cell and interconnects. The maximum and minimum temperatures of 
the cell are 1026 and 906 K, respectively, resulting in a maximum temperature difference 
of 120 K along the cell. The average temperature gradient in the cell is approximately 1 
K mm-1.  

Fig. 5 illustrates the temperature gradient profile in the cell from inlet to outlet.  
Temperature gradient is the important indicator for determining thermal stress in the 
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material of the cell components. The modeling results show that along the length of the 
cell unit, at the mid-way of the cell (around 53mm along the cell), the maximum 
temperature gradient (about 1.7 K mm-1) appears. Therefore, more attention should be 
paid to the midway of the cell in terms of the thermal stress induced crack of the cell. As 
for interconnects, which is made from metal with a good thermal conductivity, heat can 
be well dissipated through it, thus thermal stress is less important there. On the cathode 
side, the average temperature of cathode gas lags behind the solid parts and anode gas. 
Prior to the length of 19 mm along the cell, the temperature of cathode gas is higher than 
the cell and the temperature difference varies between 0 K and 50 K. Afterwards the 
temperature of air is lower than the cell with air functioning as coolant and temperature 
different remains in the range of 10 K.   

Conclusions 

A three-dimensional anode-supported intermediate-temperature planar SOFC cell unit 
model with direct internal reforming has been developed coupled with an electrochemical 
reaction model. The developed model can be used as a tool to investigate the thermal, 
fluid dynamics and electrochemical behavior of the proposed SOFC design operating at 
given conditions. The SOFC system studied in this work with inlet fuel and air 
temperatures of 973 K and 85% fuel utilization operated at an output voltage of 0.8 volt 
using the co-flow design has been reported. Modeling results of the gas species 
concentrations, the current density distribution, the temperature profiles and methane to 
steam ratios along the length of the cell unit are obtained. The reaction regions modeled 
in this work are distinguished in the SOFC cell instead of simply assuming surface 
reactions or solid reactions in the cell. It is found the relatively large temperature 
gradients can be caused by the combination and interaction of the different rates of the 
endothermic methane steam reforming reaction and exothermic electrochemical reaction 
at different locations in the cell. Therefore, the temperature gradients in SOFCs need to 
be carefully monitored to avoid any thermally induced fractures on the ceramic 
components. 
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