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Abstract: We investigated the effect of electrolyte thickness and operating temperature on the heat and
mass transfer characteristics of solid oxide fuel cells. We conducted extensive numerical simulations
to analyze single cell performance of a planar solid oxide fuel cell (SOFC) with electrolyte thicknesses
from 80 to 100 µm and operating temperatures between 700 ◦C and 800 ◦C. The commercial
computational fluid dynamics (CFD) code was utilized to simulate the transport behavior and
electrochemical reactions. As expected, the maximum power density increased with decreasing
electrolyte thickness, and the difference became significant when the current density increased
among different electrolyte thicknesses at a fixed temperature. Thinner electrolytes are beneficial for
volumetric power density due to lower ohmic loss. Moreover, the SOFC performance enhanced with
increasing operating temperature, which substantially changed the reaction rate along the channel
direction. This study can be used to help design SOFC stacks to achieve enhanced heat and mass
transfer during operation.

Keywords: solid oxide fuel cell (SOFC); computational fluid dynamics (CFD); heat and mass transfer;
electrolyte thickness; operating temperature

1. Introduction

Recently, the demand for a solid oxide fuel cell (SOFC) as a power source has increased with
the development of portable small electronic devices [1,2]. Various studies have been conducted
to miniaturize SOFCs while maintaining their promising high-power output [3]. Small fuel cells
are projected to replace conventional batteries for portable applications due to improved power
density [4]. In general, many researchers are interested in changing the configuration of the membrane
electrode assembly (MEA) to find out the interrelationship with SOFC performances [5]. Electrodes
and electrolyte geometries were basic design constraints to control the ohmic resistance inside SOFC [6].
In particular, making electrolytes thinner significantly reduces the ohmic loss of SOFCs and results
in good fuel cell performance [7]. The interconnect configuration was also changed to evaluate cell
performance to determine the geometrical effects [8]. Some researchers are trying to develop the high
energy density power source which could be changed through various approaches [9]. Several models
for operating conditions were proposed to reach the maximal efficiency of the SOFC system [10].
The design and optimization of SOFCs were conducted to understand the relationship between the
parameters and performance when using the numerical model [11]. However, it is a time-consuming
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process to experimentally identify the influence of geometry and operating conditions on each
parameter. Moreover, it is difficult to accurately measure the thermo-fluidic characteristics inside the
SOFCs due to the sealing problem and the high operating temperature [12].

As an alternative way to study the thermo-fluidic characteristics, numerical studies have been
widely utilized to predict the performance of SOFCs by calculating the heat and mass transfer
through electrochemical reactions [13]. Numerical modeling with a simplified configuration of
SOFC stacks was conducted for comparing the performance curve with experimental data [14],
and optimization of channel design was performed to obtain more efficient SOFC cells through
a computational fluid dynamics (CFD) approach [15]. The performance of a SOFC can be affected
by the channel configuration, which may change the electrode/electrolyte interfacial area. Lee
et al. developed a high-fidelity physical model to investigate the effect of fuel utilization on the
thermo-fluidic characteristics inside SOFC stacks [16]. They selected advanced models reported in the
literature for numerical analysis, so we employed these models for the CFD simulations in this study.
Shi et al. conducted isothermal mathematical modeling of anode-supported SOFCs to investigate
the electrochemical processes [17]. They assumed simplified models, which must be improved.
Jeon provided a comprehensive CFD model to predict SOFC performance with different operating
conditions [18]. Although they obtained useful results, it is necessary to extend the dimensions because
the two-dimensional model has limitations in explaining the effects in the span-wise direction. Shi et al.
evaluated the SOFC performance with different micro-flow channel designs and compared fuel/gas
pressure losses by using CFD analysis [19]. A comparison of the performance changes with porosity
(based on the manufacturing process) was provided as a sensitivity test in this study. He et al. studied
the correlation factors and effective parameters in their computational model [20]. Although various
numerical analyses have been performed to estimate SOFC performance until now, an integrated
database established using a parametric study of various geometries and operating conditions is
still needed.

There are various reasons why such a parametric study should be conducted as follows:
the configuration of each SOFC is different from the others, several types of software exist for
numerical analysis, and many numerical approaches have employed different models even for the
same physics. Therefore, we chose a basic rectangular type channel and SOFC unit cell validated
with experimental data from the literature. Commercial finite element analysis software (COMSOL
Multiphysics v.5.3, COMSOL, Inc., Burlington, MA 01803, USA) for CFD simulation was utilized to
focus on the electrochemical reactions inside the SOFC stacks. High fidelity was achieved by using
a higher-order model to simulate the physical phenomena based on a summary from the literature.
Thus, our goal in this study is to predict thermo-fluidic characteristics and electrochemical reactions
inside the SOFC stacks with the use of CFD simulations. In addition, we investigated the effect of the
electrolyte thickness and operating temperature on the output power and air-fuel reaction to carry out
a quantitative evaluation.

2. Model Geometry and Physics

In the present study, a three-dimensional non-isothermal model of a planar SOFC was developed.
The model geometry is based on the literature and is shown in Figure 1a. The unit cell is
composed of a strontium-doped lanthanum manganite/yttria-stabilized zirconia (LSM-YSZ) cathode,
yttria-stabilized zirconia (YSZ) electrolyte, nickel/yttria-stabilized zirconia (Ni-YSZ) anode, air/fuel
channels and a metal interconnect. A counter flow configuration was adopted for the air and fuel
in the gas channel. Figure 1b shows the computational domain and boundary conditions with the
dimensions summarized in Table 1. The model includes charge, mass, momentum, species, energy
conservation equations, and electrode kinetics used to consider the electrochemical reaction. Some
assumptions used in this study are as follows. The SOFC unit cell considered in this study operates
at steady state. The porous electrode is made of isotropic and homogeneous materials [21]. The only
gas species participating in the chemical reaction on the anode side is hydrogen (i.e., the reforming
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reaction was not considered) and all gas inside the SOFC is treated as an ideal gas [21]. The flow
regime in the gas channel is laminar due to a low Reynolds number based on the hydraulic diameter
of the channel as a characteristic length (ReD = 168) [21]. Material properties are calculated based
on operating temperature. The electrodes can be regarded as transparent optical materials, and the
radiation heat transfer effect is negligible [22,23]. The local temperature equilibrium hypothesis for
a porous medium (Tf = Ts = T) is applied. This means that the local temperature of the solid and gas
phase in the porous electrode is the same [24]. Activation energy is constant in the temperature range
from 700 to 800 ◦C. The electrolyte is a fully dense and solid material, and the electrode is a porous
material [24].
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Figure 1. (a) Schematic of SOFC geometry and dimensions; (b) computational domain and boundary
conditions of a single channel.

Table 1. Dimensions of solid oxide fuel cell stack.

Description Symbol Value (mm)

Gas channel width wch 2
Anode thickness ta 0.15

Cathode thickness tc 0.1
Electrolyte thickness tel 0.1
Gas channel height hch 1

Cell width wcell 4
Interconnect height hic 2

Cell length Lcell 100

2.1. Charge Conservation Equation

There are two charge carriers, electrons, and ions in the SOFC. The conservation equations for
each charge carrier are as follows:

∇·(−σion∇ϕion) = Qion, (1)

∇·(−σelec∇ϕelec) = Qelec, (2)
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where ϕ and σ are the ionic/electronic potential and the ionic/electronic conductivity, respectively.
The ionic/electronic conductivities of the constituent charge conductors can be obtained from [25].

σelec,LSM =
4.2× 107

T
exp(−1200

T
), (3)

σelec,Ni =
9.5× 107

T
exp(−1150

T
), (4)

σion,YSZ = 3.34× 104 exp(−10300
T

), (5)

σelec,ic =
9.3× 105

T
exp(−1100

T
), (6)

where T is the gas temperature. We used the effective properties to consider the effect of pore domains
in porous media. Effective ionic/electronic conductivity was estimated by using the volume fraction
of an electron conductor and the porosity of the electrode with various values depending on the
manufacturing process [16].

σ
e f f
ion = σion(1− θ)(1− ε), (7)

σ
e f f
elec = σelecθ(1− ε), (8)

where θ is the volume fraction of electronic conductor and ε is the porosity. Qion and Qelec represent
the charge carrier source terms. These terms only appear in the porous electrode domain where the
electrochemical reaction occurred.

Qion = Sai, (9)

Qelec = −Sai, (10)

where Sa is activation area per unit volume, and i means the local current density generated by
electrochemical reactions.

2.2. Mass and Momentum Conservation Equation

In this study, the computational domain included the fluid flow channels and porous media.
The general Navier-Stokes equation was applied to the fluid channels, and the Brinkman equation was
employed for the porous media. The Brinkman equation was utilized to compute the fluid velocity
and pressure fields of porous media for a single-phase flow in the laminar flow regime:

∇·(ρ→u ) = 0, (11)

ρ

ε
(
→
u ·∇)→u = −ε∇p +∇[µ(ψ− 2

3
∇·→u )] + ε

→
F , (12)

where µ is the viscosity of the fluid, and ψ is the viscous stress tensor. Small variations in the
density caused by the temperature variations of the fluid were considered in the momentum equation.
The density of gas mixtures was estimated by the ideal gas law as follows:

ρmix =
P∑ xi Mi

RT
. (13)

The dynamic viscosity of each gas species was calculated as a function of temperature, and the
molar average was obtained to account for the mixture properties.

µi =
6

∑
i=0

ai(
T

1000
)

i
, (14)

µmix = ∑ xiµi, (15)
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where ai is the species dependent parameter listed in [20], and xi is mole fraction of species i.
The equation shown below represents the momentum loss of the fluid passing through the
porous medium.

→
F = −µ

k
→
u , (16)

where k is permeability. This source term was only applied to the electrode domain, which has
a porous structure.

2.3. Species Conservation Equation

There are several models which can describe the diffusion phenomena. The Maxwell-Stefan
equation can accurately account for multi-component diffusion, but it cannot consider the effect of
Knudsen diffusion within the porous electrodes, which have micron-sized pores. The Dusty gas model
can consider the effect of Knudsen diffusion of the multi-component gas mixture, but it has an implicit
form and is very difficult to use for the three-dimensional numerical analysis. Therefore, we used the
modified Fick’s law, which has a relatively simple form compared to the Dusty gas model and can
consider multi-component diffusion and Knudsen diffusion at the same time. There are four kinds of
gas species (oxygen and nitrogen on the cathode side, hydrogen and water vapor on the anode side) in
the computational domain. Conservation equations of each species i are as follows:

ρ(
→
u ·∇)ωi +∇·

→
J i = R, (17)

where ωi is the mass fraction of species i, and D is the diffusivity. The diffusion flux, J, is evaluated
using modified Fick’s law. In the gas channels, the binary diffusivity of species i and j is calculated
using the following formula [16]:

Dij =
3.16× 10−4T1.75(1/Mi + 1/Mj)

1/2

p[(∑ vi)
1/3 + (∑ vj)

1/3]
, (18)

where Mi is the molar mass, and νi is diffusion volume. The averaged diffusivity of the mixture was
calculated by [16]:

Dmix,i =
1− xi

N
∑
j 6=i

xj/Dij

. (19)

There are two types of diffusion mechanisms in porous material: molecular diffusion and Knudsen
diffusion. Molecular diffusion is related to collisions between different types of gas molecules. Knudsen
diffusion is related to a collision between the gas molecules and the pore wall, which occurs when
the scale length of a system is comparable or smaller than the mean free path of the particle involved.
Since the pore size of the porous electrode was the same as the order of the mean free path of a gas
molecule, Knudsen diffusion was considered in this study.

DKn,i =
8
3

rpore

√
RT

2πMi
. (20)

where rpore is the pore radius. The diffusivity of each gas species in the porous electrode having
an irregular pore distribution was estimated by calculating the effective diffusivity as follows [16]:

De f f
i =

ε

τ
(

Dmix,iDKn,i

Dmix,i + DKn,i
), (21)
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where ε is porosity, and τ is tortuosity of a porous material. R is the species source term regarding
electrochemical reactions, as shown in Equations (22)–(24):

RO2 =
−MO2 Sa,cic

4F
, (22)

RH2 =
−MH2 Sa,aia

2F
, (23)

RH2O =
MH2Oia

2F
, (24)

where M is molar mass, F is the Faraday constant, S is an activation area per unit volume, and subscripts
a and c mean the anode and cathode, respectively.

2.4. Energy Conservation Equation

The general form of the energy conservation equation can be written as:

ρcp
→
u ·∇T = ∇·(k∇T) + Q, (25)

where cp is the specific heat capacity and k is thermal conductivity. In the solid domain, the advection
term may be neglected. In the fluid domain, whole terms should be considered. The energy
conservation equation defined in porous media domains correspond to the convection-diffusion
equation with averaged thermodynamic properties to account for both solid matrix and fluid properties.
It is valid when the temperatures of the porous matrices and the fluid are in equilibrium. The specific
heat capacity and thermal conductivity for each gas species are as shown in Equations (26) and (27),
and the coefficients bi and ci refer to [26].

cp,i =
6

∑
i=0

bi(
T

1000
)

i
, (26)

ki = 0.01
6

∑
i=0

ci(
T

1000
)

i
. (27)

Molar averaged specific heat capacities, and thermal conductivities for gas mixtures can be
calculated as follows:

cp,mix = ∑ xicp,i, (28)

kmix = ∑ xiki. (29)

The effective thermal conductivity of porous electrodes can be calculated by following the mixture
rule [27]:

ke f f = εkmix + (1− ε)ksolid. (30)

This rule applies by multiplying the first term of right side by the solid volume fraction, 1 − ε,
multiplying the second one by the porosity, ε, and summing these resulted terms. The heat source
term, which can be represented by the sum of Joule heating, polarization overpotential losses, and
electrochemical reactions are as shown below [27]:

Q = Qjoule + Qact + Qchem, (31)

Qjoule = ∑
(−σ∇ϕ)2

σ
, (32)

Qact = ηactSai, (33)
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Qchem = T
∂Eeq

∂T
Sai, (34)

where ηact is the activation overpotential, Eeq is the equilibrium potential of the electrodes, and σ

is the ionic/electronic conductivity of the charge carriers. Due to the irreversible heat dissipation
by transport of ionic/electronic charge carriers, Qjoule is applied to the electrode/electrolyte and
electrode/interconnect interface. Qact is a heat source term due to the activation overpotential, which
is irreversible, and Qchem represents the heat sourced by exothermic/endothermic chemical reactions
on the three-phase boundary in the electrode. These two terms, Qact and Qchem, are applied at the
anode and cathode. The compression and viscous dissipation are neglected due to low flow velocity.
Since the radiation heat transfer is thought to be very small compared to other thermal energy sources,
the radiation effect is ignored in this study.

2.5. Electrochemistry

The rate of the electrochemical reactions can be described as the reaction rate to the activation
overpotential. For an electrode reaction, the activation overpotential can be defined as follows [27]:

ηact = ϕelec − ϕion − Eeq, (35)

where ϕelec is electronic potential, ϕion is ionic potential, and Eeq is equilibrium potential.
The mathematical relationship between the activation overpotential and current density in porous
electrodes is described by electrode kinetics using a Butler-Volmer model, which can be written by:

i = i0Sa[exp(
αaFη

RT
)− exp(

−αcFη

RT
)], (36)

where i0 is the exchange current density, Sa is the active area per unit volume in a porous electrode
and α is a charge-transfer coefficient. The exchange current density was calculated using the following
Equation [28]:

i0 =
Rt
n f

ke exp
(
−Eact

RT

)
, (37)

where Eact and ke are activation energy (137 kJ/mol for the cathode, 140 kJ/mol for the anode)
and pre-exponential factor (2.35 × 1011 for the cathode, 6.54 × 1011 for the anode), respectively.
The exchange current density was calculated using the above equation with validated data from [29].

3. Numerical Details

All the operating and boundary conditions were determined from the literature [29]. Figure 1b
presents the grid system and boundary conditions. The boundary conditions for solving the governing
equations are as follows. The condition of the top and bottom interconnects was estimated as
an electrical potential from 0.5 to 0.9 V and electrical ground, respectively. A pressure inlet condition
was employed at the air channel inlet with velocity of 3 m/s, air (O2:N2 = 0.15:0.85) at 800 ◦C. For the
fuel channel inlet, the pressure inlet condition was a velocity of 0.4 m/s, fuel (H2:H2O = 0.4:0.6) at
800 ◦C. The outlet of both channels was at a pressure of 0 Pa. Span-wise side walls were considered as
insulation. Initially, all the systems are regarded as being filled with a gas at atmospheric pressure
(0 Pa) and operating temperature (800 ◦C). Detailed boundary conditions are summarized in Table 2.
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Table 2. Boundary conditions [29].

Description Conditions Value (unit)

Top interconnect Electric potential 0.5 (V)

Bottom interconnect Electric ground 0 (V)

Air inlet
Velocity

Mass fraction
Temperature

3 (m/s)
O2:N2 = 0.15:0.85
700, 750, 800 (◦C)

Air outlet Pressure (gauge) 0 (Pa)

Fuel inlet
Velocity

Mass fraction
Temperature

0.4 (m/s)
H2:H2O = 0.4:0.6
700, 750, 800 (◦C)

Fuel outlet Pressure (gauge) 0 (Pa)

The electrochemical properties of materials used to predict the air-fuel reaction are organized in
Table 3 [25–27,29,30]. Electronic and ionic conductivities were considered as a function of temperature.
Diffusion parameters for the transport phenomena were estimated at 800 ◦C and are shown in
Table 4 [16,29,31]. Material and thermal properties are summarized in Tables 5 and 6 [29,30,34]. Five
simulation cases are presented in Table 7. Case 1 (tcell = 100 µm, Top = 800 ◦C) was used as a reference
case for performance comparison. Other cases with different electrolyte thicknesses and operating
temperatures were employed to investigate the effects of these factors on the overall performance.

Table 3. Electrochemical parameters.

Description Symbol Value (unit) References

Ionic conductivity, electrolyte σel 2.2669 (S/m) [25]
Electronic conductivity, anode σa 2149.2 (S/m) [25]

Electronic conductivity, cathode σc 5093 (S/m) [25]
Electronic conductivity, interconnect σic 310.93 (S/m) [25]

Exchange current density, anode i0,a 4637.4 (A/m2) [29]
Exchange current density, cathode i0,c 1166.2 (A/m2) [29]

Specific surface area, anode Sa,a 102,500 (1/m) [30]
Specific surface area, cathode Sa,c 102,500 (1/m) [30]
Equilibrium voltage, anode Eeq,a 0 (V) [27]

Equilibrium voltage, cathode Eeq,c 1 (V) [27]
Anodic transfer coefficient, anode αa

a 2 [26]
Cathodic transfer coefficient, anode αa

c 1.5 [26]
Anodic transfer coefficient, cathode αc

a 1 [26]
Cathodic transfer coefficient, cathode αc

c 0.5 [26]
Activation energy, anode Ea 140 (kJ/mol) [29]

Activation energy, cathode Ec 137 (kJ/mol) [29]
Pre-exponential factor, anode Aa 6.54 × 1011 [29]

Pre-exponential factor, cathode Ac 2.35 × 1011 [29]

Table 4. Diffusion parameters.

Description Symbol Value (unit] References

Reference diffusivity Dref 3.16 × 10−8 (m2/s) [31]
Mixture averaged diffusivity, O2 DO2 1.9235 × 10−4 (m2/s) [31]
Mixture averaged diffusivity, N2 DN2 1.9235 × 10−4 (m2/s) [31]
Mixture averaged diffusivity, H2 DH2 8.1794 × 10−4 (m2/s) [31]

Mixture averaged diffusivity, H2O DH2O 8.1794 × 10−4 (m2/s) [31]
Effective diffusivity, O2 DO2,eff 1.2018 × 10−5 (m2/s) [31]
Effective diffusivity, N2 DN2,eff 1.2342 × 10−5 (m2/s) [31]
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Table 4. Cont.

Description Symbol Value (unit] References

Effective diffusivity, H2 DH2,eff 4.9825 × 10−5 (m2/s) [31]
Effective diffusivity, H2O DH2O,eff 2.7041 × 10−5 (m2/s) [31]

Porosity, anode εa 0.4 [29]
Porosity, cathode εc 0.4 [29]

Permeability, anode κa 1.76 × 10−11 (m2) [29]
Permeability, cathode κc 1.76 × 10−11 (m2) [29]

Table 5. Material properties.

Description Symbol Value (unit] References

Viscosity, air µair 4.4574 × 10−5 (Pa·s) [32]
Viscosity, fuel µfuel 2.4320 × 10−5 (Pa·s) [26]

Solid density, interconnect ρic 3030 (kg/m3) [33]
Solid density, anode ρa 3310 (kg/m3) [33]

Solid density, cathode ρc 3030 (kg/m3) [33]
Solid density, electrolyte ρel 5160 (kg/m3) [33]
Specific gas constant, air Rair 0.2870 (kJ/kg·K) [31]

Specific gas constant, fuel Rfuel 4.1240 (kJ/kg·K) [31]
Universal gas constant R 8.3144 (J/mol·K) [31]

Tortuosity, anode τa 3.8 [28]
Tortuosity, cathode τc 3.8 [28]

Pore size, anode rpore,a 5 × 10−7 (m) [26]
Pore size, cathode rpore,c 5 × 10−7 (m) [26]

Table 6. Heat transfer parameters.

Description Symbol Value (unit) References

Solid thermal conductivity, interconnect kic 20 (W/m·K) [34]
Solid thermal conductivity, anode ka 11 (W/m·K) [34]

Solid thermal conductivity, cathode kc 6 (W/m·K) [34]
Solid thermal conductivity, electrolyte kel 2.7 (W/m·K) [34]

Fluid thermal conductivity, air kair 0.07406 (W/m·K) [30]
Fluid thermal conductivity, fuel kfuel 0.40514 (W/m·K) [30]
Solid heat capacity, interconnect Cp,ic 550 (J/kg·K) [29]

Solid heat capacity, anode Cp,a 450 (J/kg·K) [29]
Solid heat capacity, cathode Cp,c 430 (J/kg·K) [29]

Solid heat capacity, electrolyte Cp,el 470 (J/kg·K) [29]
Fluid heat capacity, air Cp,air 1171.3 (J/kg·K) [30]

Fluid heat capacity, fuel Cp,fuel 13410 (J/kg·K) [30]

Table 7. Numerical simulation cases.

Case Electrolyte Thickness (µm) Operating Temperature (◦C)

1 100 800
2 100 750
3 100 700
4 90 800
5 80 800

4. Results and Discussion

The three-dimensional numerical simulation was conducted to evaluate the effect of parameters
on the thermo-fluidic characteristics inside the SOFC unit cell stack. The grid independent test was
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performed to efficiently obtain accurate results by comparing the performance curve generated by
using a finer grid system that has five times more elements in this study. Considering accuracy and
computational efficiency, 14,960 elements were employed, as shown in Figure 2a. The cell voltage and
the associated current density were first investigated to compare the numerical results with previous
literature. As shown in Figure 2b, experimental and numerical data from the literature were obtained
to quantitatively validate the accuracy of the numerical model for the present study. The maximum
deviation was estimated to be 9% as the current density increased, and the numerical results were
similar to those of [29]. The difference may be because the numerical analysis was assumed to be
an ideal process for the transport or sealing among multi-layers, unlike the experiments. In addition,
the shape parameters for a porous electrode such as tortuosity, porosity, pore diameter, and active
specific surface area have various ranges of values depending on the manufacturing process, which
determines the internal pore structures even with the same material. Moreover, we chose the shape
parameters for the electrode to be constant values obtained from several papers [26,28,30] that were not
specified in [29]. So, some numerical errors relative to the experimental data were observed. In general,
the increased error can be found in the region of high current density and low voltage. The maximum
error was also estimated to be about 10% in the high current density region, and the discrepancy in
the high current density region was due to temperature differences caused by ohmic heating in the
experiment [29]. Therefore, this does not reflect the accuracy of our results but is a general tendency.
There are still other variables determining fuel cell performance, particularly the electrode morphology,
which dictates the electrochemical reaction difference at the triple phase boundaries. This is very
difficult to model numerically since the morphology changes with increasing temperature and affects
the difference between simulation results and literature. Nevertheless, the results of the present study
were more consistent with the experimental data than the numerical data found in the literature,
especially in the lower current density region. Therefore, the presented numerical modeling may be
more reliable for predicting fuel cell performance.

The performances of SOFC unit cells operating under various conditions were evaluated to
determine the effect of each parameter. Figure 3 shows the output voltage with current density for all
cases. An inverse proportional tendency was observed between the output voltage and current density,
which is similar to previous literature [16–20,29,32]. The output voltage decreased with operating
temperature because of a reduction in reaction rate and ionic conductivity, which is very sensitive
to the ambient temperature. In addition, the difference in output voltage became significant when
the current density increased. The maximum relative difference was estimated to be 32.57% based
on the results of case 1. To investigate the effect of electrolyte thickness, five total simulation cases
were evaluated to compare the performance of SOFCs operated under different conditions as shown
in Figure 3. The power density increased as the electrolyte thickness decreased. This is mainly due
to the reduction in ohmic loss, which is proportional to the length of ion transport pathway in the
electrolyte [18]. Some authors reported that the performance decreased when the electrolyte thickness
was near the sub-micron scale [35]. However, it is not essential to consider this criterion compared to
the electrolyte thickness scale in this study.

Chemical reactions must be analyzed in terms of the heat and mass transfer to investigate the
effect of various parameters. When the air and fuel are injected, chemical reactions simultaneously
take place at the interface between the electrolyte and electrodes. Air and fuel channels were designed
in a cross-flow configuration in this study. Both oxygen and hydrogen consumption rate showed
identical tendencies because the ionic and electronic transfer were coupled in the physical model
during the computation. Oxygen and hydrogen distributions along the channel are illustrated at a 0.9 V
operating voltage in Figure 4. Case 3 had the lowest operating temperature and showed the highest
mass fraction of hydrogen. The profile of hydrogen mass fraction on the anode side is presented
in Figure 5. Hydrogen was consumed as the flow passed by, and its reaction rate declined. This
decreasing reaction rate along the channel could result in a non-uniform species distribution inside
the cell. Moreover, the amount of consumed hydrogen decreased with operating temperature, having
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around 33.21% of the maximum difference between case 1 and case 3 at the outlet position. It is clear
that the reaction rate profile along the channel length was highly affected by the ambient temperature
exerted as energy source determining initial state. On the other hand, the amount of consumed
hydrogen slightly increased with decreasing electrolyte thickness. This is because the geometry and
material properties resulted in ohmic and concentration losses [36]. Therefore, the SOFC with a thinner
electrolyte can provide better performance regarding energy efficiency as well as stacking efficiency
for the entire system.

Temperature variation in the unit cell was one of the important factors governing the
electrochemical reactions and transport phenomena inside SOFC stacks. In this study, various
material properties were considered as a function of temperature to generate accurate results.
The three-dimensional temperature contour of case 1 is illustrated in Figure 6. The maximum
temperature was estimated to be 802.1 ◦C in the midst of the cell length at 800 ◦C. This means
that the temperature variation was influenced by the interaction between the transferred heat and the
heat of reaction along the channel length. SOFCs are exothermic reaction devices that include oxidation
reactions, which can cause temperature differences along the channel length. Temperature profiles
along the fuel channel are presented at an operating voltage of 0.9 V, as shown in Figure 7a. The inlet
temperature of the fuel channel was fixed at a boundary condition of 800 ◦C at the zero position.
The peak temperature was observed at the normalized channel length of 0.4. An increased temperature
scale and variation tendency were reasonable compared to the literature data [16]. Temperature
variation concerning the operating temperature was observed for case 1 as shown in Figure 7b.
From these results, the maximum temperature difference was estimated to be around 52.11 ◦C at
0.5 V operating voltage, causing significant thermal stress along the channel. This high-temperature
difference occurred under low voltage and was probably due to high current conditions promoting
secondary chemical reactions [18]. Moreover, this temperature difference could be controlled by
changing the thermal conductivity of interconnects for effective thermal management [24]. The peak
temperature increased with decreasing operating voltage, resulting in variations in operating
temperature and current densities, hence changing the efficiencies [37]. Moreover, the heat generated
by the chemical reaction was much smaller than the order of operating temperature.

The decrease in the operating temperature resulted in a lower reaction rate, which decreased
the peak temperature [35]. The thermal expansion of the cell was estimated to be higher in the
middle of the channel than other locations due to the maximum temperature difference. Non-uniform
ionic/electronic transfer and thermal stress exerted on the stack may cause a loss in SOFC performance
and the inability to seal. In addition, differential thermal expansion along the cell can lead to buckling,
or even rupture [38]. Thus, fluid-solid interfacial (FSI) simulation involving thermal expansion and
fracture should be conducted to design mechanically robust SOFCs.
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Figure 7. Temperature profile along the fuel channel: (a) at an operating voltage of 0.9 V and (b) with
different operating voltages from 0.5 to 0.9 V for case 1 having an electrolyte thickness of 100 µm and
an operating temperature of 800 ◦C.

5. Conclusions

A numerical simulation of a three-dimensional unit cell stack was conducted to investigate the
effect of electrolyte thickness and operating temperature on SOFC performance. We studied unit cell
stacks, but the effect from one channel to another was also considered through periodic boundary
conditions. We should fully understand how the reactions and heat transfer characteristics inside
SOFC stacks depend on modeling parameters in the design stage. Therefore, a numerical analysis of
a single channel of SOFC stacks having the same geometry from literature was conducted to estimate
the variation of mass, momentum, energy transport and electrochemical reactions. Parametric study
results showed that an electrolyte as thin as 20% had a higher power density, resulting in a maximum
difference of 5% in our simulation case. We also confirmed that the thickness of the electrolyte
was highly related to the ohmic loss, which could be used to determine the performance of SOFCs.
Moreover, at an operating temperature between 700 ◦C and 800 ◦C, the SOFC performance could
be substantially enhanced up to 33% due to active chemical reactions by hydrogen utilization. It is
essential to evaluate the performance in terms of the overall efficiency of SOFC while considering the
operating temperature regarded as input energy. Thus, this study will help predict the interactions
between parameters and in designing optimal SOFCs. In future work, the presented numerical model
will be integrated with multi-physics modeling to more reliably design a practical SOFC stack.

Acknowledgments: This research was supported by the Chung-Ang University research grant in 2016. Also, this
research was supported by the Korea Institute for Advancement of Technology (KIAT) grant funded by the Korea
Government—Ministry of Trade Industry and Energy (MOTIE), (No. N0001075).



Energies 2018, 11, 473 14 of 15

Author Contributions: Jee Min Park and Dae Yun Kim basically conducted all numerical simulations for
the current manuscript which included all figures and tables under the supervision of Seong Hyuk Lee and
Pei-Chen Su (co-corresponding authors). In particular, Yong-Jin Yoon and Jong Dae Baek gave their effort to
analyze the physics and discuss the detailed results, and they made useful comments on which the quality of
current study could be improved. Above all, Seong Hyuk Lee and Pei-Chen Su, as the co-corresponding authors
(equally contributed), have provided useful suggestions for data analysis and have discussed research progress.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Evans, A.; Bieberle-Hutter, A.; Rupp, J.L.M.; Gauckler, L.J. Review on microfabricated micro-solid oxide fuel
cell electrolytes. J. Power Sources 2009, 194, 119–129. [CrossRef]

2. Oh, S.T.; Saha, B.B.; Kariya, K.; Hamamoto, Y.; Mori, H. Fuel cell waste heat powered adsorption cooling
systems. Int. J. Air-Cond. Refrig. 2013, 21, 1350010. [CrossRef]

3. Liu, K.Y.; Yun, Y.J.; Lee, S.H.; Su, P.C. Sputtered nanoporous PtNi thin film cathodes with improved thermal
stability for low temperature solid oxide fuel cells. J. Power Sources 2009, 194, 119–129. [CrossRef]

4. Muecke, U.P.; Beckel, D.; Bernard, A.; Bieberle-Hutter, A.; Graf, S.; Infortuna, A.; Muller, P.; Lupp, J.L.M.;
Schneider, J.; Gauckler, L.J. Micro solid oxide fuel cells on glass ceramic substrates. Adv. Funct. Mater. 2008,
18, 3158–3168. [CrossRef]

5. Jung, W.; Kim, J.J.; Tuller, H.L. Investigation of nanoporous platinum thin films fabricated by reactive
sputtering: Application as micro-SOFC electrode. Electrochim. Acta 2017, 247, 558–563. [CrossRef]

6. Hleig, J.; Tuller, H.L.; Maier, J. Electrodes and electrolytes in micro-SOFCs: A discussion of geometrical
constraints. Solid State Ion. 2004, 174, 261–270.

7. Huang, H.; Nakamura, M.; Su, P.; Fasching, R.; Saito, Y.; Frinz, F.B. High-performance ultrathin solid oxide
fuel cells for low-temperature operation. J. Electrochem. Soc. 2007, 154, B20–B24. [CrossRef]

8. Kong, W.; Gao, X.; Liu, S.; Su, S.; Chen, D. Optimization of the interconnect ribs for a cathode-supported
solid oxide fuel cell. Energies 2014, 7, 295–313. [CrossRef]

9. Dyer, C.K. Fuel cells for portable applications. J. Power Sources 2002, 106, 31–34. [CrossRef]
10. Ugartemendia, J.; Ostolaza, J.X.; Zubia, I. Operating point optimization of a hydrogen fueled hybrid solid

oxide fuel cell-steam turbine (SOFC-ST) plant. Energies 2013, 6, 5046–5068. [CrossRef]
11. Liu, S.; Kong, W.; Lin, Z. A microscale modeling tool for the esign and optimization of solid oxide fuel cells.

Energies 2009, 2, 427–444. [CrossRef]
12. Hanna, J.; Lee, W.Y.; Shi, Y.; Ghoniem, A.F. Fundamentals of electro- and thermochemistry in the anode

of solid oxide fuel cells with hydrocarbon and syngas fuels. Prog. Energy Combust. Sci. 2014, 40, 74–111.
[CrossRef]

13. Andersson, M.; Paradis, H.; Yuan, J.; Sunden, B. Three dimensional modeling of a solid oxide fuel cell
coupling charge transfer phenomena with transport processes and heat generation. Electrochim. Acta 2013,
109, 881–893. [CrossRef]

14. Akhtar, N.; Decent, S.P.; Kendall, K. Numerical modeling of methane-powered micro-tubular, single-chamber
solid oxide fuel cell. J. Power Sources 2010, 195, 7796–7807. [CrossRef]

15. Andersson, M.; Yuan, J.; Sunden, B. SOFC cell design optimization using the finite element method based
CFD approach. Fuel Cells 2014, 14, 177–188. [CrossRef]

16. Lee, S.; Kim, H.; Yoon, K.J.; Son, J.W.; Lee, J.H.; Kim, B.K.; Choi, W.; Hong, J. The effect of fuel utilization on
heat and mass transfer within solid oxide fuel cells examined by three-dimensional numerical simulations.
Int. J. Heat Mass Transf. 2016, 97, 77–93. [CrossRef]

17. Shi, Y.; Cai, N.; Li, C. Numerical modeling of an anode-supported SOFC button cell considering anodic
surface diffusion. J. Power Sources 2007, 164, 639–648. [CrossRef]

18. Jeon, D.H. A comprehensive CFD model of anode-supported solid oxide fuel cells. Electrochim. Acta 2009, 54,
2727–2736. [CrossRef]

19. Shi, J.; Xue, X. CFD analysis of a novel symmetrical planar SOFC design with micro-flow channels.
Chem. Eng. J. 2010, 163, 119–125. [CrossRef]

20. He, Z.; Li, H.; Birgersson, E. Reduced model for the planar solid oxide fuel cell. Comput. Chem. Eng. 2013, 52,
155–167. [CrossRef]

http://dx.doi.org/10.1016/j.jpowsour.2009.03.048
http://dx.doi.org/10.1142/S2010132513500107
http://dx.doi.org/10.1016/j.electacta.2017.07.064
http://dx.doi.org/10.1002/adfm.200700505
http://dx.doi.org/10.1016/j.jpowsour.2014.11.084
http://dx.doi.org/10.1149/1.2372592
http://dx.doi.org/10.3390/en7010295
http://dx.doi.org/10.1016/S0378-7753(01)01069-2
http://dx.doi.org/10.3390/en6105046
http://dx.doi.org/10.3390/en20200427
http://dx.doi.org/10.1016/j.pecs.2013.10.001
http://dx.doi.org/10.1016/j.electacta.2013.08.018
http://dx.doi.org/10.1016/j.jpowsour.2010.01.084
http://dx.doi.org/10.1002/fuce.201300160
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2016.02.001
http://dx.doi.org/10.1016/j.jpowsour.2006.10.091
http://dx.doi.org/10.1016/j.electacta.2008.11.048
http://dx.doi.org/10.1016/j.cej.2010.07.031
http://dx.doi.org/10.1016/j.compchemeng.2012.12.011


Energies 2018, 11, 473 15 of 15

21. Raj, A.; Sasmito, A.P.; Shamim, T. Numerical investigation of the effect of operating parameters on a planar
solid oxide fuel cell. Energy. Convers. Manag. 2015, 90, 138–145. [CrossRef]

22. Damm, D.L.; Fedorov, A.G. Radiation heat transfer in SOFC materials and components. J. Power Sources
2005, 143, 158–165. [CrossRef]

23. Mejri, I.; Mahmoudi, A.; Abbassi, M.A.; Omri, A. Radiation Heat Transfer Effect in Solid Oxide Fuel Cell:
Application of the Lattice Boltzmann Method. Int. J. Phys. Math. Sci. 2014, 8, 642–646.

24. Lee, S.; Park, M.; Kim, H.; Yoon, K.J.; Son, J.W.; Lee, J.H.; Kim, B.K.; Choi, W.; Hong, J. Thermal conditions
and heat transfer characteristics of high-temperature solid oxide fuel cells investigated by three-dimensional
numerical simulations. Energy 2017, 120, 293–305. [CrossRef]

25. Ferguson, J.R.; Fiard, J.M.; Herbin, R. Three-dimensional numerical simulation for various geometries of
solid oxide fuel cells. J. Power Sources 1996, 58, 109–122. [CrossRef]

26. He, Z.; Brigersson, E.; Li, H. Reduced non-isothermal model for the planar sold oxide fuel cell and stack.
Energy 2014, 70, 478–492. [CrossRef]

27. Current Density Distribution in Solid Oxide Fuel Cell. COMSOL Multiphysics Tutorial Guide. Available
online: https://cn.comsol.com/model/current-density-distribution-in-a-solid-oxide-fuel-cell-514 (accessed
on 24 February 2018).

28. Janardhanan, V.M.; Deutschmann, O. CFD analysis of a solid oxide fuel cell with internal reforming coupled
interactions of transport, heterogeneous catalysis and electrochemical processes. J. Power Sources 2006, 162,
1192–1202. [CrossRef]

29. Khazaee, I.; Rava, A. Numerical simulation of the performance of solid oxide fuel cell with different flow
channel geometries. Energy 2017, 119, 235–244. [CrossRef]

30. Akhtar, N.; Decent, S.P.; Loghin, D.; Kendall, K. A three-dimensional numerical model of a single-chamber
solid oxide fuel cell. Int. J. Hydrogen Energy. 2009, 34, 8645–8663. [CrossRef]

31. Borgnakke, C.; Sonntag, R.E. Thermodynamic and Transport Properties; Wiley: New York, NY, USA, 1997.
32. Todd, B.; Young, J.B. Thermodynamic and transport properties of gases for use in solid oxide fuel cell

modeling. J. Power Sources 2002, 110, 186–200. [CrossRef]
33. Janardhanan, V.M.; Heuveline, V.; Deutchmann, O. Performance analysis of a SOFC under direct internal

reforming conditions. J. Power Sources 2007, 172, 296–307. [CrossRef]
34. Andersson, M.; Yuan, J.; Sunden, B. SOFC modeling considering electrochemical reactions at the active three

phase boundaries. Int. J. Heat Mass Transf. 2012, 55, 773–788. [CrossRef]
35. Zhao, F.; Virkar, A.V. Dependence of polarization in anode-supported solid oxide fuel cells on various cell

parameters. J. Power Sources 2005, 141, 79–95. [CrossRef]
36. Barzi, Y.M.; Raoufi, A.; Lari, H. Performance analysis of a SOFC button cell using a CFD model. Int. J.

Hydrogen Energy 2010, 35, 9468–9478. [CrossRef]
37. Kaur, G. Solid Oxide Fuel Cell Components; Springer International Publishing: Cham, Switzerland, 2016;

pp. 43–78. ISBN 978-3-319-25598-9.
38. Nakajo, A.; Mueller, F.; Brouwer, J.; Van Herle, J.; Favrat, D. Progressive activation of degradation processes

in solid oxide fuel cell stacks: Part II: Spatial distribution of the degradation. J. Power Sources 2012, 216,
434–448. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.enconman.2014.10.055
http://dx.doi.org/10.1016/j.jpowsour.2004.11.063
http://dx.doi.org/10.1016/j.energy.2016.11.084
http://dx.doi.org/10.1016/0378-7753(95)02269-4
http://dx.doi.org/10.1016/j.energy.2014.04.021
https://cn.comsol.com/model/current-density-distribution-in-a-solid-oxide-fuel-cell-514
http://dx.doi.org/10.1016/j.jpowsour.2006.08.017
http://dx.doi.org/10.1016/j.energy.2016.12.074
http://dx.doi.org/10.1016/j.ijhydene.2009.07.113
http://dx.doi.org/10.1016/S0378-7753(02)00277-X
http://dx.doi.org/10.1016/j.jpowsour.2007.07.008
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2011.10.032
http://dx.doi.org/10.1016/j.jpowsour.2004.08.057
http://dx.doi.org/10.1016/j.ijhydene.2010.05.086
http://dx.doi.org/10.1016/j.jpowsour.2012.05.077
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Model Geometry and Physics 
	Charge Conservation Equation 
	Mass and Momentum Conservation Equation 
	Species Conservation Equation 
	Energy Conservation Equation 
	Electrochemistry 

	Numerical Details 
	Results and Discussion 
	Conclusions 
	References

