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Abstract This study focuses on the research of solid oxide
fuel cell (SOFC) and proposes reasonably practical designs,
analyses, and numerical analyses with coupling software in
physics, COMSOL Multiphysics, as the analysis tool to
discuss the effects on the SOFC performance. This research
applies the design of electrode support (anode support) to
substitute the original electrolyte support, Yttria-stabilized
zirconia, so that the electrolyte membrane could form a
membrane to reduce ohmic resistance and increase power
density. This study further discusses the effects of various
flow fields (counterflow and co-flow) on internal mass
transfer and SOFC performance. The findings show that the
cell performance of SOFC with co-flow is better than
counterpart with counterflow under anode support thickness
1,000 μm. Regarding the analyses of porosity effect with the
porosity 0.7 and tortuosity 4.5, the power density reaches the
maximum that could enhance the cell performance.

Keywords SOFC . Numerical .Mass transfer . Electrolyte .

Porosity . Tortuosity

Introduction

Solid oxide fuel cell (SOFC), a high-temperature fuel cell,
is one of the fuel cells with the highest generating
efficiency and the most varieties of fuel that it can apply
hydrogen or hydrocarbon as the fuel. Besides, scheduled
investment in production has helped SOFC become
commercialized. Present research mainly focuses on the

features of the flow fields with various anode supports and
cell performance in flat SOFC and the porosity of solid
oxide material in cells.

In 1994, the mathematic model of flat SOFC was the
physical model based on Achenbach [1]. This study aimed
to discuss the simulations of SOFC thermal current and
current distributing values in various flow fields as well as
the temperature distribution in the cell when SOFC
transient response was simultaneously calculated. The
findings showed that the design of counterflow made the
temperature gradient in the cell be the largest, as the
recombination reactions would absorb large amount of heat.
Furthermore, the current density of co-flow was evenly
distributed, and the counterflow is the best of the entire cell
performance. In 1995, Achenbach [2] proceeded theoretical
analyses on SOFC transients and, aiming at the demands of
engineer applications, proposed a simple empirical equation
to predict the time SOFC reaching steady state. The
findings showed that the time of SOFC reaching steady
state was related to the thermal properties of textures, flow
structures, and operation conditions.

Brinkman et al. [3] discussed the effects of two different
temperatures, 1,759 K and 2,057 K, on the conductivity of
oxide ions. Mean square displacement of ions was firstly
obtained, and Nernst–Einstein relation was then put in to
acquire the conductivity of ions. Presently, the relation is
commonly applied to obtain the conductivity of ions. In
between 1999 and 2004, Yakabe et al. [4–6] preceded a
series of flat SOFC value simulation analyses with package
software ABAQUS and STAR-CD. The findings showed
that recombination reactions would absorb heat at the entry
of fuel in anode that resulted in the temperature in the
region lower than it in the entry, but hereafter the
temperature increased with the heat release of electrochem-
ical reactions. The process of temperature rise and fall
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would cause electrolyte receiving a great amount of heat
that further resulted in the damage of electrolyte texture.
What is more, it was found that water gas shift reactions
could help reduce the polarization of concentration in the
cell, and the design of bipolar plate would affect the
polarization of ohm and concentration.

Recknagle et al. [7] simulated the bipolar plate, designed
by Yakabe et al. [5], in which the cell performance with
different directions of gas flow was analyzed with numer-
ical analyses in 2003. The findings showed that co-flow
could make the cell present even temperature distribution.
Then Suwanwarangkul et al. [8] numerically computed
three concentration polarizations, as Dusty–Gas, Fick’s, and
Maxwell–Stefan, with numerical simulation. The analysis
results displayed Dusty–Gas model the best, Fick’s model
the second, and Maxwell–Stefan model the worst. Never-
theless, Dusty–Gas model required numerical analyses to
solve that were more complicated than the other two so that
most research applied Fick’s model to compute the
concentration polarization.

Ackman et al. [9] applied fluent in computational fluid
dynamics to precede the numerical simulation of SOFC,
compare anode support and the current, temperature, and
the concentration distribution of reactive gas in cathode-
supported SOFC. The findings showed that, with the same
operation conditions, anode-supported SOFC presented
higher average current density, while cathode-supported
SOFC appeared insufficient oxygen content below the rib
of the flow channel due to the diffusion limitation of
oxygen. In 2004, Aguiar et al. [10] simulated and analyzed
the recombination of SOFC with 1D medium temperature
and further compared the temperature distribution of co-
flow and counterflow. The findings presented that the most
loss of voltage in fuel cells was cathode activation
polarization and anode activation polarization and ohmic
polarization the next. Moreover, the flow field of counter-
flow presented steep temperature gradient and uneven
current density.

In 2005, Zhao and Virkar [11] utilized experimental data
to develop flat anode-supported SOFC empirical equations
with the parameters of electrolyte thickness, anode catalyst
thickness, cathode support thickness, and anode support
porosity. The findings showed that the maximum power
density of SOFC was 1.8 W cm−2 at 800 °C. In 2006,
Hussain and Dincer [12] simulated, with mathematical
model, the effects of the various fuel gas compositions in
flat anode-supported SOFC on cell performance. In 2007,
Wang et al. [13] proposed the design of flat electrode-
supported SOFC with omitted flow channel, which omitted
the flow channel on the bipolar plate and established the
flow channel in cathode/anode diffusion that current
directly conducted from cathode/anode to the current
collector. The findings presented that the design could
effectively reduce the loss of concentration polarization.

Liu et al. [14] simulated and analyzed the operation
conditions of various fuel flows in anode-supported SOFC,
with package software Star-CD. The findings showed that
the increase of fuel would help reduce fuel usage and
increase power density. Moussa et al. [15] simulated the
analyses of co-flow with 1D flat SOFC mathematical model
and discussed the effects of hydrogen consumption on
output power density of cells. The findings showed that
when cathode and electrode were the supports, hydrogen
consumption and power density would reduce, while
hydrogen consumption and output power density would
increase when anode was the support.

Mathematical model

SOFC is a generating plant transforming chemical energy
into electric energy with electrochemical reactions. Figure 1
presents the schematic representation of SOFC structure.
The operation principle is to transmit oxygen to cathode (air
electrode) and at the same time be catalyzed into oxide
ions, which are transmitted to anode (fuel electrode)

Fig. 1 Schematic representation
of SOFC. a Flow field being
counterflow; b flow field being
co-flow

330 J Solid State Electrochem (2012) 16:329–340



through solid electrolyte. Meanwhile, fuel gas, such as the
hydrocarbon of hydrogen, methane, and anaeroic digestion
gas, is transmitted into the anode end. Oxygen dissociated
into oxide ions (O2−) with electrochemical actions at
cathode and transmitted to anode by the oxygen vacancy
in the electrolyte. Then it is reacted with fuel gas to become
water or CO2. In the process of reactions, potential
difference begins to generate between anode and cathode
that result in electronic flow, as the action of cells.
Electrochemical reactions can generate electric energy and
water that is similar to transmit fuel (anode) and oxidant
(cathode) into the region, where hydrogen and oxygen co-
exist in the three-phase interface and result in electrochem-
ical reactions.

Electrochemical model

When hydrogen is used as fuel, half electrochemical
reaction in anode is as [16]

H2 þ O2� ! H2Oþ 2e�; ð1Þ
half electrochemical reaction in cathode is as

O2 þ 4e� ! 2O2�; ð2Þ
and the entire electrochemical reaction is

2H2 þ O2 ! 2H2O ð3Þ

This study, based on solid oxide material in SOFC,
discusses the mass transfer and current density distribution
with various anode support thicknesses. The single cell in
SOFC is selected as the research model which contains
PEN plate with all-in-one structure of air electrode
(cathode), solid electrolyte, and fuel electrode (anode),
anode/cathode gas flow channel, both ends of gas trans-
mission set as counterflow or co-flow, the entry fuel at
anode being hydrogen, the entry fuel at cathode being
oxygen, and bipolar interconnect, as Fig. 1.

In this model, anode is at the bottom layer and cathode at
the top layer. Oxygen is transmitted from the entry of the
flow channel at the top. With convection and diffusion, the
gas enters gas diffusion and catalyst for electrochemical
reactions to generate oxide ions (O2−), which are transmit-
ted to anode by electrolyte. The residual gas then flows out
from the exit.

On the other hand, hydrogen is transmitted from the
entry of the flow channel at the bottom. With convection
and diffusion, the gas enters gas diffusion and catalyst
where the fuel gas is electrochemically catalyzed and
oxidized. The released electrons, after fuel gas oxidation,
are transmitted to external circuits, and the oxide ions, from
electrolyte, are transmitted into all-in-one activation inter-
face. The residual gas then leaves from the exit.

Basic hypothesis

The electrolyte material in SOFC simulated in this study is
applied to discuss the effects of various anode support
thicknesses on mass transfer and current density distribu-
tion. In this case, before numerical simulation, the
following hypotheses are made for the model to simplify
the difficult of equations:

1. All mixture of gases is regarded as ideal gases.
2. The flow of gases is laminar flow and incompressible.
3. As fuel cells appear temperature change in themselves,

the change of temperature is not taken into account, in
order to simplify the question, and the fixed tempera-
ture is 1,073 K.

4. All diffusions and catalysts are with even texture and
isotropic.

5. All reactants and resultants are in gaseous phase.

Governing equations

This study applies the equations of conservation of charge,
conservation of mass, conservation of momentum, and
conservation of concentration to describe the physical
phenomena in SOFC. The conservation of charge of fuel
cells occurs in the solid parts of electrolyte, catalyst, and
gas diffusion, where the catalyst contains two solid textures
of ionic conductors (electrolyte) and electronic conductors
(catalyst) and the electrolyte and gas diffusion merely
contain ionic conductors and electronic conductors, respec-
tively. With Ohm’s law, voltage balance in Yttria-stabilized
zirconia (YSZ) separator and gas diffusion can be written as
the following equations.

r � �selecrfelectronicð Þ ¼ 0 ð4Þ

r � �s ionrfionicð Þ ¼ 0 ð5Þ
where σelec and σion are the electronic conducting degree
and the ionic conducting degree, respectively, and felectronic
and fionic the electronic phase potential energy and the ionic
phase potential energy, respectively.

Regarding anode and cathode gas diffusion electrodes
(GDE), current transmits from fuel electrodes to electro-
lyte in anode, while it transmits from electrolyte to air
electrodes in cathode. With Ohm’s law, the equation of
the conservation of charge in gas diffusion is presented
as

r � �selectronic;effrfelectronic
� � ¼ Saict ð6Þ

r � �s ion;effrfionic
� � ¼ Saict ð7Þ
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where σelectronic,eff and σion,eff are effective electronic
conductivity and equivalent ionic conductivity, respec-
tively, Sa the specific surface region, and ict the local
migrating current.

Describe the electrochemistry and transport phenomena of
each component in the electrodewith Bulter–Volmer equation.

ia;ct ¼ i0;axH2

ct
cH2;ref

exp
0:5F

RT
h

� �
� exp

�0:5

RT
h

� �� �
ð8Þ

ic;ct ¼ i0;c exp
0:5F

RT
h

� �
� xO2

ct
cO2;ref

exp
�0:5

RT
h

� �� �
ð9Þ

where, ia,ct and ic,ct are the local migrating currents in anode
and cathode, respectively, i0,a and i0,c the exchange current
densities of the anode and cathode, xH2 and xO2 the mass
fractions of hydrogen and oxygen, ct the molarity, F the
Faraday’s constant, R the gas constant, and T the temperature.

Equation of conservation of mass

The equation of conservation of mass that fluid flows
through porous electrode and gas flow channel is also
called continuity equation.

@

@t
"rð Þ þ r � "ruð Þ ¼ Sm ð10Þ

where ρ and u are the average density and speed (vector) of
the fluid. In addition to catalyst, source term Sm presents
zero in the rest regions. In previous equation, the porosity
of the porous media e is incorporated to be applicable in
porous regions including gas diffusion and catalyst.
Besides, setting suitable porosity in each sub-region could
help the equation applicable in full field fuel cells.

Equation of conservation of momentum

The equation of conservation of momentum that fluid flow
through gas flow channel is presented as

r u � rð Þu ¼ �rP þ mr2uþ 2

3
mr r � uð Þ ð11Þ

r ruð Þ ¼ Q ð12Þ
where P is the pressure and μ the dynamic viscosity.

The equation of conservation of momentum that fluid
flow through porous gas diffusion electrode is presented as

m
k
þ Q

� 	
u ¼ �rP þ m

"
r2uþ 2

3
mr r � uð Þ ð13Þ

r ruð Þ ¼ Q ð14Þ

e is the porosity of porous media, standing for the ratio of
porosity volume and entire capacity in porous media. The
source term Q is the quantity that the gas is consumed or
generated from electrochemical reactions.

Q ¼
X

iSa
ict;iMi

niF
ð15Þ

where ict,i is the local migrating current of the gas element i
and ni the number of electronic reactions. Both gas
diffusion and catalyst are porous media that Brinkman
equation is more appropriate, as the source term in
Brinkman equation can apply Darcy’s law, which also
describes the momentum balance in porous electrodes.

u ¼ � k
m
rP ð16Þ

k is the permeability of the porous media standing for the
porosity volume that porous media occupy in unit volume.
When k is large, the Darcy’s viscosity is neglected so that
the equation presents the model of Navier–Stokes equation.

Equation of conservation of concentration

In this study, there are two gas elements, namely H2 and
H2O, in anode and three gas elements, namely O2, H2O,
and N2, in cathode. The conservation of concentration of
each gas element can be presented with Maxwell–Stefan
equation.

r � wiru� rwi

Xk

j¼1
Dij

M

Mj
rwj þ wj

rM

M

� �
þ xj � wj

rP

P

� �
 �� �
¼ Si

ð17Þ
where wi stands for the mass fraction of gas element i and
Dij the binary diffusion coefficient between the gas
elements of i and j. The binary diffusion coefficient
between the two gas elements can be obtained with
dynamics theory [17].

Dij ¼ 1:8583 � 10�7
T 1:5 1

Mwi
þ 1

Mwj

� 	
PΩDs ij

ð18Þ

ΩD is the collision integral and σij the diameter of the
molecular collisions. The source term Si stands for the
quantity that the gas element i is consumed or generated
from electrochemical reactions. In open flow channels, the
source term is set zero, while it is given by the velocity of
electrochemical reactions in GDE. The calculation of
charge transfer current density is based on Faraday’s law.

Si ¼ vi
ict;iMi

niF
ð19Þ

where vi is the stoichiometric coefficient, ni the number of
electronic reactions, wi the mass fraction of gas element i,
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and xi the mole fraction of gas element i. The relation of wi

and xi is shown as [18]

xi ¼ wi � M

Mi
ð20Þ

where M stands for the molecular weight of the total mixed
gas and Mi the molecular weight of gas element i. The
relation of Mi and M is presented as

M ¼
Xk

i¼1
Mi � xi ð21Þ

Since fluid is the ideal gas of various gas mixture, the
density of the mixed gas ρ is presented as

r ¼ PM

RT
ð22Þ

where ρ is the density, P the pressure, R the universal gas
constant, and T the temperature.

Boundary condition

Aiming at the boundary condition of the single cell model
in SOFC, this study mainly contains the PEN plate
(membrane electrode assembly) with all-in-one structure
of air electrode (cathode), solid electrolyte (YSZ film), and
fuel electrode (anode), anode/cathode gas flow channels,
and bipolar interconnect.

Solid electrolyte (YSZ film)

Aiming at the equilibrium equation of ionic current, oxide
ions are transmitted in between fuel/air electrodes and
electrolyte surface in this study. The rest surfaces beyond
solid electrolyte are set as ionic insulator, with the boundary
condition as

ni � �s ionrionicð Þ ¼ 0 ð23Þ

Anode/cathode gas flow channel

The boundary condition in the equilibrium equation of
mass and concentration, in this study, also considers the
regions included in electrode. In addition to the entry
and exit being with mass fractions, the rest boundaries
are set as insulation condition with the boundary
condition as

ni � �sDijrwi þ ruwi

� � ¼ 0 ð24Þ

The boundary condition of the entry is set with gas mass
fraction, as

wi ¼ wi;0 ð25Þ

The boundary condition of the exit is set with gas mass
fraction, as

ni � �sDijrwi

� � ¼ 0 ð26Þ
Regarding the boundary condition of dynamic balance
equation, despite the boundary conditions of the entry and
the exit, the rest boundaries are set as no-slip, with the
boundary condition as

ni � �sDijrwi þ ruwi

� � ¼ 0 ð27Þ
The pressure boundary condition of the entry of the gas
flow channel is

P ¼ Patm þ dP ð28Þ
while the pressure boundary condition of the exit of the
gas flow channel is

P ¼ Patm ð29Þ

Numerical method

In this study, the simulations are performed using the
commercial COMSOL software package, which discretizes
the mass, momentum, gas diffusion electrodes, and species
concentration equations using the finite-volume semi-
implicit method for pressure-linked equations consistent
method [19]. In the simulations, it is assumed that the inlet
section of the channel is fully developed hydrodynamically.
Hence, a fully developed velocity profile for rectangular
ducts is imposed. Additionally, a forced convection regime
is imposed within the computational domain, and the
Navier–Stokes equations are solved under laminar assump-
tions. Prior to the simulations, a parametric study was
performed to identify a suitable grid mesh for accurately
modeling the thermal and velocity gradients near the walls
in order to provide detailed insights into the electrochemical
reaction and mass transport phenomena in the proton
exchange membrane fuel cells. A spatial resolution of
858×400 meshes was found to be sufficient, with a fine
mesh size used throughout the computational domain. In
the simulations, the iterative computations were terminated
once the value of the residues fell to less than 10−6. The
computations were performed using a PC with a 3.2-GHz
Intel Pentium 4 CPU, 2 GB DDR RAM, and the Windows
XP operating system.

Results and discussions

This study aims to discuss the effects of electrolyte material
in SOFC on the cell performance of SOFC, where the flow
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fields are set counterflow and co-flow and the adjusted
parameters include anode support thickness, electric poten-
tial, and porosity; to discuss the effects of various changes
of voltage and concentration on the mass transfer, current
density distribution, I–V curve, and power density of
SOFC; and finally to analyze and compare the features of
the numeric simulation.

Counterflow and co-flow

The design of flow channels has great influence on fuel cell
performance. Besides the configurations of flow channels
being important, this study will discuss the effect of gas
flow on the cell performance of SOFC. Figure 2 presents
the various flow fields of SOFC. The cell module is set
counterflow and co-flow, where counterflow is the hydro-

gen in anode and the air in cathode is the reverse flow
direction; contrarily, the flow directions of co-flow are the
same.

Effect on hydrogen mass fraction

Figure 3 shows the comparison of hydrogen mass fraction
between the flow fields of counterflow and co-flow,
where the hydrogen mass fraction of co-flow is at
Lchannel=0.005 m (X=0.005 m) that gas is evenly distrib-
uted in gas diffusion electrode and helpful for the
electrochemical reactions on the catalyst, while the
hydrogen mass fraction of counterflow presents large
concentration change among flow channels that the
electrochemical reactions on the catalyst are poorer than
co-flow.

(a) Flow field being counter-flow 

(b) Flow field being co-flow 

Fig. 2 Various flow fields of
SOFC

334 J Solid State Electrochem (2012) 16:329–340



Effect on oxygen mass fraction

From Fig. 4, the difference of concentration distribution in
the flow channels between counterflow and co-flow to
oxygen mass fraction is not large. Nonetheless, since the
electrochemical reaction of oxygen generates oxide ions
(O2−), which are transmitted to anode through electrolyte
and imported to three-phase interface reaction to generate
current density, the concentration distribution of oxygen
cannot be poor. To improve the insufficiency of oxygen
concentration distribution and current density distribution,

oxygen flow is increased to enhance the mass transfer of
oxygen.

Effect on SOFC performance

From the analyses of hydrogen mass fraction, the concen-
tration distribution of co-flow hydrogen mass fraction is
more even than it of counterflow in the flow channel so that
hydrogen can be evenly distributed in the catalyst with
better electrochemical reactions. However, the concentra-
tion distribution of oxygen is not worse either, as the
increase of oxygen flow can, with both co-flow and
counterflow, help defer concentration polarization in the
cell and further help promote the overall performance of
fuel cells. As shown in Figs. 5 and 6, co-flow is likely to
obtain better I–V curve and the output power density is
better than counterflow.

The comparison of hydrogen mass fraction distribution
between diffusion and flow channels

Figure 7 presents the concentration distribution of hydrogen
in anode of SOFC with various anode support thicknesses
(Ni/YSZ). Hydrogen reacts by diffusing from the flow
channel to gas diffusion electrode. In the figure, hydrogen
would be consumed by electrochemical reactions, and the
concentration distribution of hydrogen would reduce with
the direction hydrogen flows in the flow channel, as
hydrogen continuously precedes an electrochemical reac-
tion that results in the consumption of hydrogen.

Figure 8 illustrates the comparison of various anode
support thicknesses with co-flow. In the figure, the curve
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Fig. 4 Distribution of the effects of counterflow and co-flow on
oxygen mass fraction
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Fig. 3 Distribution of the effects of counterflow and co-flow on
hydrogen mass fraction
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Fig. 5 Effect of various flow fields on I–V curve
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with ruffle waves appears at the direction when hydrogen
approaching the exit of the flow channel, as in the process
of hydrogen electrochemical reactions, un-reacted residual
gas distributes in the flow channel and flows toward the
exit that the hydrogen electrochemical reactions in catalyst
becomes poor, when the operation voltage rises and the
residual gas in the flow channel increases, as well as the
pressure difference in the entry of the flow channels results
in the curve with wave peaks appearing at the exit.

The comparison of oxygen concentration distribution
between diffusion and flow channels

Figure 9 illustrates the distribution of oxygen mass fraction
with various flow fields between cathode porous electrodes
and the flow channel. Similar to hydrogen, oxygen begins
electrochemical reactions, once it enters the flow channel,
and is consumed with the electrochemical reactions that the
oxygen concentration distribution would gradually de-
creased along the flowing direction. It is found in the
figure that oxygen diffuses from the flow channel to gas
diffusion electrodes and reaches catalyst for reactions that
the closer it reaches the catalyst, the lower the oxygen
concentration becomes.

This study does not discuss the effects of changing
cathode support thicknesses on SOFC performance, but the
oxygen transmission in SOFC cathode is related to mass
transmission. From the principles of SOFC, oxygen
electrochemical reactions would generate oxide ions (O2−)
which are transmitted to anode through electrolyte and
imported to three-phase reactions to generate current
density so that the oxygen concentration distribution cannot

(a) 400 micro-meter 

(b) 600 micro-meter 

(c) 800 micro-meter 

(d) 1000 micro-meter 

Fig. 7 Anode hydrogen concentration distribution in SOFC with
various anode support thicknesses (Ni/YSZ)
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Fig. 6 Effect of various flow fields on P–V curve, a 400 μm, b
600 μm, c 800 μm, d 1,000 μm
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be poor. To improve the insufficiency of concentration
distribution and current density distribution, oxygen flow
can be increased to promote oxygen mass transfer.

Effect on SOFC performance

According to the comparison of hydrogen mass fraction
consumption in Table 1, the larger the anode support
thickness, the more consumption of hydrogen that the
electrochemical reactions in catalyst become well, and the
hydrogen mass fraction remained in the flow channel is
less. Figure 10 presents I–V curve of various anode support
thicknesses, where the consumed hydrogen mass fraction is
the most at the anode support thickness 1,000 μm that
allows fuel cells staying in high current state and timely
reacts to electrode surface to maintain high charge
exchange. On the other hand, when anode support thickness
is 400 μm, the consumption of hydrogen mass fraction is
less and the electrode surface could not remain proper

hydrogen so that higher concentration changes resulted.
Figure 11 shows the enlarged comparison of various anode
support thicknesses, where the current density distribution
at anode support thickness 1,000 μm is better than other
three different anode support thicknesses.

Effect on various potential

In the design of SOFC, the voltage and current density
distributions in flow field is crucial [20]. According the
various anode support thicknesses correlate with hydrogen
concentration distribution. The consumption of various
voltages to reactant mass fraction is further discussed in
this chapter to obtain the effect of reactant consumption on
current density and SOFC performance.

Effect of various voltages on hydrogen mass fraction

With the effect of output voltage being 0.95, 0.7, and 0.5 V
on hydrogen mass fraction, hydrogen mass fraction among

Table 1 Consumption of hydrogen mass fraction with various anode
support thicknesses

Thickness
(μm)

Hydrogen mass
fraction at the
entry (%)

Hydrogen mass
fraction at the
exit (%)

Consumed
hydrogen mass
fraction (%)

400 0.95 0.637 0.313

600 0.95 0.592 0.358

800 0.95 0.590 0.360

1,000 0.95 0.586 0.364

Fig. 9 Oxygen concentration distribution in cathode flow channels
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the flow channel distribution and current density distribu-
tion with various voltages is discussed. Figure 12 presents
the effect of operation voltage on hydrogen mass fraction,
and Fig. 13 shows the distribution of various operation
voltages to the consumption of hydrogen mass fraction.
It is found from the figures that electrochemical reactions
are gentle when the operation voltage is 0.95 V so that
the hydrogen concentration at the entry and the exit does
not appear too much difference. However, when the
operation voltage is 0.5 V, the electrochemical reactions
are violent and the consumption of hydrogen is the most
that the SOFC current density reaches a better value in
the three voltages.

Effect of various voltages on oxygen mass fraction

Figure 14 shows the effect of operation voltage on oxygen
mass fraction. Similar to oxygen, with the operation voltage
being 0.95, 0.7, and 0.5 V, the consumption of oxygen mass

fraction is the most when the operation voltage is 0.5 V
(Fig. 15).

Effect of various porosities

This chapter aims at porosity features of the inner texture of
electrolyte material in SOFC, such as porosity (e) and
tortuosity (t). The electrode and catalyst in fuel cells should
have certain porosity so that the vacancies are associated to
allow reactive gas flowing in the electrode. In this study,
the porosity being 0.3, 0.5, and 0.7 and the tortuosity 4.5
are selected to analyze the effect on SOFC performance.
Figures 16 and 17 present the effects of various porosities
on I–V curve and power density in SOFC. According to the
above curves, it is found that the fuel cell performance can
be effectively enhanced with larger ratio of porosity and
tortuosity [7] that high porosity presents the vacancies in
porous medium and can be effectively associated and allow
the gas flowing through. From the analyses of the three
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Fig. 12 Effect of operation voltage on hydrogen mass fraction
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porosities, current density presents better distribution when
the porosity is 0.7, in comparison with other ratios of
porosity and tortuosity. Regarding power density, the output
power of SOFC reaches the best performance when the
output voltage is 0.6 V.

Conclusions

This study applies COMSOL Multiphysics to establish 3D
SOFC model and analyzes mass transfer features in solid
oxide material. The features include (1) various flow fields,

(2) operation voltage, (3) the design with various electrode
supports (anode support), and (4) various porosities. With
these parameters, the effects on the mass transfer and cell
performance of electrolyte material in SOFC are further
discussed. The conclusions are shown as follows:

1. With the analyses of various flow fields, the findings
show that hydrogen mass fraction with co-flow can be
evenly distributed in electrolyte material that the overall
performance of co-flow is better than it of counterflow.

2. With the effect of various potentials, the best power
density is obtained when co-flow is at the operation
voltage 0.6 V.

3. Regarding concentration analyses, oxygen is more in
cathode flow channel that high concentration oxygen
appears in the flow channel and more oxygen is
transmitted to the catalyst. In this case, with the oxygen
concentration on the high catalyst surface, the SOFC
performance is further promoted.

4. Regarding the analyses of various porosities, the fuel
cell performance can be effectively promoted with
larger ratio of porosity and tortuosity. According to the
analyses of I–V curve and power density curve, the
ratio with tortuosity reaches the maximum when
porosity is 0.7.

Nomenclature
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Fig. 17 Effect of various porosities on SOFC power density
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Fig. 16 Effect of various porosities on SOFC I–V curve
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E Cell voltage (volts)
F Faraday constant (96,487 C mol−1)
H2 Hydrogen
H2O Water
i Current density (milliamperes per square

centimeter)
ict,i Local migrating current
i0,a Anode exchange current density (milliamperes per

square centimeter)
i0,c Cathode exchange current density (milliamperes per

square centimeter)
M Molecular weight (kilograms per mole)
N2 Nitrogen
ni Number of electronic reactions
O2 Oxygen
P Pressure (atmosphere)
S Source term
R Universal gas constant (8.314 J mol−1 K−1)
Sa Body surface area
T Temperature (kelvin)
u Average velocity
v Volume fraction
w Mass fraction

Greek symbols
a Charge transfer rate
e Porosity
f Phase potential (volts)
κ Permeability
η Overpotential (volts)
c Mole fraction
μ Viscosity of flow (square meters per second)
ρ Density (kilograms per cubic meter)
σ Ionic conductivity (per ohm per meter)
t Tortuosity

Subscripts
eff Effective
a Anode
act Activation
c Cathode
conc Concentration
i i component
j j component
ohm Ohm impedance
ref Reference
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