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The impact of gas flow configurations on the performance of MOLB-type SOFC was studied in this
work. Three-dimensional models of MOLB-type SOFC with different gas flow configurations were
developed. The distribution of temperature, hydrogen mole fraction, current density and polarizations of
six gas flow configurations were discussed in detail. It’s found that the temperature gradient and peak
temperature of SOFC can be significantly reduced by varying the gas flow configurations, which can
affect the thermal stress distribution and service life of SOFC. By changing the gas flow configurations
of the SOFC, the peak temperature of the cell can be reduced by 38.9K. For counter-flow configuration,
the current density distribution of SOFC is more uniform, and the average current density is greater than
others. The best performance is obtained when the fuel and air flow are in contrary direction, and at the
same time the gas flow direction of the upper and lower layers of cells is also opposite.
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1. INTRODUCTION

Solid oxide fuel cells (SOFCs) have attracted widespread attention due to their advantages of
great fuel flexibility, environmental protection and high efficiency. The SOFCs can directly convert
chemical energy into electrical energy[1l], and the conversion process is not limited to the Carnot
cycle[2]. as a result, it is unnecessary to use precious metals as the catalysts[3-6]. At present, the widely
used SOFCs include: planar SOFC, tubular SOFC and (mono-block layer built) MOLB-type SOFC,
etc[7-9]. Among them, tubular SOFC is not conducive to commercial development due to the high
manufacturing cost and low power generation. And compared to the tubular SOFC, the planar SOFC has
a simpler structure and a shorter current transmission path, but it has the disadvantage of poor sealing[10,
11]. The MOLB-type SOFC adopts the corrugated PEN design, which improves the output performance
of the cell by increasing the reaction area and enhances the mechanical strength of the cell[12]. Based
on the above advantages, the MOLB-type SOFC has a promising research prospect.
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In comparison with experimental studies, numerical simulation has been widely used as an
alternative technique to provide direct insights of the experimental results[13-15]. Lots of numerical
studies on SOFC have been conducted[16-19]. There are some differences between planar SOFC and
MOLB-type SOFC, several works have compared the performance of the two types of SOFCs.
Yang[20]compared the distribution of temperature and species concentration along the length of planar
SOFC and MOLB-type SOFC. It was found that the temperature gradient of the MOLB-type SOFC was
lower than that of the planar SOFC, and increasing the air flow rate would make the temperature
distribution more uniform. Ramirez[21]compared the performance of planar SOFC and MOLB-type
SOFC considering methane reforming reactions. The results indicated that the trends of species
concentration distribution and their current density distribution are similar. However, the MOLB-type
SOFC was recommend due to the lower average temperature value. The above studies show that MOLB-
type SOFC has a better performance because MOLB-type SOFC has a larger electrochemical reaction
area, and thus has a better research prospect.

As a relatively novel structure, MOLB-type SOFC has attracted a lot of attention owing to its
higher output performance. Hwang[22]established a three-dimensional model of MOLB-type SOFC and
analyzed the distribution of hydrogen and oxygen concentration, current density distribution, etc. The
results showed that the mass transfer in the contact area between electrode and connector was difficult,
which caused concentration polarization and made the current density distribution uneven.
Ramirez[23]discussed in detail the effects of electrolyte thickness and operational parameters on SOFC,
which had a great influence on the prediction of thermodynamic irreversibility. Sciacovelli[24]
investigated the angle of the flow channel of the MOLB-type SOFC. The results indicated that when the
channel angle changes from 107° to 117°, the distribution of current density and species concentration
of MOLB-type SOFC were more uniform, and the efficiency of the cell was enhanced. Huang[25]
studied the influence of structural parameters on the performance of planar SOFC and MOLB-type
SOFC. It was concluded that the structural parameters had a significant influence on two types of SOFCs.
However, the study only studied electrochemical performance, and lacked the analysis of gas and
temperature distribution.

Gas flow configurations have a great effect on the operation and performance of SOFC. The
study of gas flow configuration of SOFC has attracted extensive attention of researchers. The thermal
stress distribution of the cell varies greatly under different gas flow configurations. Fan[26]compared
the distribution characteristics of thermal stress under counter-flow and co-flow. The results showed that
the maximum principal stress appeared around the fuel outlet under co-flow, while the maximum
principal stress appears around the fuel inlet under counter-flow. In addition, the maximum principal
stress of SOFC in co-flow was smaller than that in counter-flow. The gas flow configurations also have
a great effect on the performance of the cell. Kim[27]investigated the performance of SOFC of counter-
flow, parallel flow and cross flow, and analyzed the current density distribution, temperature distribution
and electrochemical performance of the cell in three gas flow configurations. The results showed that
the performance under parallel flow was quite different from that under other two flow modes. In
addition, for methane reforming SOFC, the output performance and the distribution of carbon deposition
were obviously different under different gas flow modes. Choudhary[28]simulated the operation of
SOFC under counter-flow and co-flow, considering the reforming reaction. The results showed that co-
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flow configuration produced less carbon deposition, but the power density in the counter-flow was
8.23% higher than that in the co-flow. Also, the gas flow configurations have a significant effect on the
distribution of temperature of the SOFC stack. Fan[29]established four planar SOFC models to
investigate the influence of gas flow configurations on SOFC performance. The results showed that the
gas flow configurations had significant impact on the temperature distribution of the cell. Stygar[30]
compared the distribution of temperature of MOLB-type SOFC in co-flow configuration and counter-
flow configuration. The results showed that the distribution of temperature was more uniform and the
temperature gradient was lower in the counter-flow configuration. The above research shows that the
gas flow configuration can significantly affect the performance of the cell. The research can provide
theoretical guidance for SOFC design and improving durability.

However, most studies of MOLB-type SOFC focus on single-channel models, which ignore the
effects between adjacent channels and between upper and lower cells. This is especially important when
SOFC stacks are designed with different flow modes. Based on the above considerations, six
comprehensive multi-channel three-dimensional MOLB-type SOFC models supported by an anode were
developed, which coupled heat and mass transfer, fluid flow and electrochemistry. The impact of gas
flow configurations on the performance of multi-channel MOLB-type SOFC was studied and analyzed.
The distribution of temperature, gas concentration, current density and polarization loss of SOFC were
discussed in detail, which helps to better understand the impact of gas flow configurations on the
performance of MOLB-type SOFC.

2. MATHEMATICAL MODEL

2.1 Model description

A three-dimensional MOLB-type SOFC model was established to predict the performance of
cell in this paper. Fig. 1 shows the schematic diagram of calculation model, which consists of anode,
cathode, electrolyte, interconnector and trapezoidal flow channels.

Interconnector

Cathode

Electrolyte

Anode

(a) (b)
Figure 1 Schematic diagram of the MOLB-type SOFC (a) 3D illustration, (b) cross section of the x-y
plane.
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The material is Ni-YSZ for the anode, LSM-YSZ for the cathode, and YSZ for the electrolyte.
Fig. 1a shows the geometric construction of the MOLB-type SOFC, and Fig. 1b shows cross section of
the x-y plane of MOLB-type SOFC. The detailed geometric parameters of cell are shown in Table 1.

Table 1. Geometric parameters of cell

Parameters Value

Cell width (mm) 32

Cell length (mm) 32

Anode thickness (mm)[25] 0.5
Electrolyte thickness (mm)[25] 0.05
Cathode thickness (mm)[25] 0.25
Interconnector thickness (mm)[25] 0.5
Gas flow channel height (mm) 2.5
Total height (mm) 8.6

In this work, six models were considered to investigate the effect of gas flow configurations on
the performance of MOLB-type SOFC, as shown in Fig. 2. The six models were identical in operating
conditions except the gas flow configurations.

Model 1 shows the traditional co-flow. Model 3 reverses the flow direction between the upper
and lower layers on the basis of co-flow of air and fuel. Model 2 is a traditional counter-flow. Model 4
reverses the flow direction between the upper and lower layers on the basis of counter-flow of air and
fuel. Model 5 and Model 6 are cross-flow between upper and lower layer, wherein Model 5 is co-flow
of air and fuel, and Model 6 is counter-flow of air and fuel.

(c) Model 3 (d) Model 4
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(e) Model 5 (F) Model 6

Figure 2. The models of 6 gas flow configurations

2.2 Model assumptions

In order to simplify the model, the following assumptions are made[31]:
1.SOFC operating state is under steady state condition

2. The fluid are assumed as incompressible and ideal fluid

3. Each channel is assigned to the same flow

4. The porous media is homogeneous and isotropic

2.3 Governing equations

The model is coupled with mass and heat transfer, fluid flow and electrochemical reactions,
applying the following conservation equations to describe these transfer processes.

2.3.1 Mass conservation equation

The fluid flow zone includes gas channels and porous electrodes. The mass conservation equation
can be described as:

v-(pﬁj —w )
where u represents the velocity, and p represents the density of the gas mixture. W is the mass

source term.
In the fluid channel, W =0. While in the anode and cathode, since the consumption of reactants
and generation of products, the mass source term W can be written as[32]:
:(MHZO—MHZ)Saia’ - Mo, S )
2F 4F
where F represents the Faraday constant, S, and S, are the reaction area of the anode and

cathode, respectively. M, .. M, . M, represent the molar mass of H,0, H, and O,, respectively. i,

represents the current density for the anode, and i, represents the current density for the cathode.
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2.3.2 Momentum conservation equation

Considering the friction term, the gas flow in electrode can be expressed by the Brinkman
equation:

oy > ST - 0
v.[pUUJgVPnLV{;{VuquVu J‘%Wu}ﬂ (3)
& K

where ¢ and « are porosity and permeability, respectively.  is the dynamic viscosity of the gas
mixture. And P represents the pressure.

2.2.3 Species Conservation Equation

Considering Knudsen diffusion, the diffusion in porous electrode can be determined by Fick’s
law expressed as follows:

v-(pa)iaj:v-fi+Ri (4)

where w, represents the mass fraction of species i. R, represents the source term of species i,
and the source term of H,,H,O0and O, can be described as[32]:

M., S,i
R =—_—"22 5
= (5)
M, oS,i
R, =—o7ee 6
H, 2F ()
Mg, S.i
R. =—22°¢ 7

fi is the diffusion flux, which can be calculated by:

ji =p-Dy Vo 8)
where D, ,, represents the modified diffusion coefficient, which can be described as:
e 1 1)
Diyeﬂ _;( Dmix,i " Kn,i J (9)

where 7 is the tortuous. D,,; and K, ; represent the average diffusion coefficient and the Knudsen

diffusion coefficient of the gas mixture, respectively, which can be described as:
D, :(1_Xi)/zﬁ (10)
Y j# Dij
2 8RT
n,i 3 pore 7Z'M

where x, and M, represent the molar fraction and molar mass of species i, respectively. r, .
represents the average pore radius. And D; represents the binary diffusion coefficient, which can be

K (11)

described as:

(12)

ij

0.5
_3198x10°T" (1 1
PV +vE) (M M,

where V, represents diffusion volume of speciesi .
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2.3.4 Energy conservation equation

The SOFC will generate and transfer a large amount of heat during operation, therefore, it is
essential to consider the energy transfer. The energy conservation equation can be expressed as:

V(pCPT J):v-(zeﬁw)mh (13)
where C, represents the specific heat, 1, represents the effective thermal conductivity, and it
can be described:
A =&, +(1-€) A (14)
where 4, and 4, represent the thermal conductivity of solid material and gas, respectively.
Q, represents the heat generation/consumption, which can be expressed as:

Qh = Qohm,elec +Qohm, ion +Qact +Qchem (15)
where Q.. are irreversible heat generated by ohmic polarization and activation
polarization, respectively. And Q,., is the reversible heat due to entropy change of electrochemical

and Q

act

reaction.

2.3.5 Charge conservation equation

Charge transfer involves electron transfer in the electrode and ion transfer in the electrolyte.
According to Ohm's law, the charge conservation equation can be written as[33]:
\& ielec =V (_O-eelf;cv¢elec) =0 (16)

v : iion = V ' (_O-if)frzvﬂon ) = 0 (17)
where i,
oo are the effective electronic conductivity and the effective ionic conductivity, respectively. ¢,.. and

#., represent the electronic potential and ionic potential, respectively.

represents electronic current density, and i . represents ionic current density. o and

elec

The cell voltage has polarization loss when operating, which can be calculated by:

Vcell = EOCV - (nact + 77ohm +7700nc) (18)

where 7 represent the ohmic overpotential, activation overpotential and

ohm '’ nact ! nconc

concentration overpotential, respectively. E°CV is the equilibrium potential, which can be expressed by
the Nernst equation[34].

EOCV _ EO _ R T . In[ pHZO J (19)

2-F pHZ\/Q

where E|, represents the open circuit voltage.
M.« and 7, . represent the activation overpotential of anode and cathode, respectively, which

can be written as:
Mata = (e = Fon ) ~ B (20)
Tactc = (Bon = Poec ) ~ Euqe 21)
where E,, , represents the equilibrium potential for anode, and E. . represents the equilibrium
potential for cathode.
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The ohmic polarization can be calculated by:

il
770hm: : . (22)
O,

e

where o, represents the ionic conductivity of electrolyte, I, represents the electrolyte thickness.
The concentration polarization can be expressed as:

P, P°
Meonca =~ RT In '_(‘)2 o0 (23)
2R (R P
RT [ R
_ Rl 24
Meonc,c AF [ sz J ( )

where P° represents the inlet pressure of species i .
For electrochemical reactions, i, and i, are the current densities as the oxidation reaction and

the reduction reaction, respectively, which can be expressed as the Butler—\Volmer equation[35]:

. . C, (n o F j Ch.o [_n B.F J
Ia = SVI a - eXp - N a | - eXp m— T 8 25
° {CHZM RT ") Chon RT ™ (25)
. . n.a F Co -n S.F
i.=S,i,.|exp|l =—= - 2_ex —
c V'0,c |: p( RT nact,cj Cozvref p( RT Uact,c j:l (26)

where S, represents the activation specific area, Cy, ,or, Cu,0, ror aNd Co, ..r represent the
reference concentrations of H,, H,0 and O, , respectively. a and 8 represent the charge transfer
coefficients of the electrochemical reactions. n, is number of electrons involved in the reactions. iy, is
the reference exchange current density for anode, and i, . is the reference exchange current density for

cathode.
. pH pHO E
i, =y —= = lexp| ——& 27
’ y(poj[pojp( RT) (@7)

0.25
. _.c|Po, =
o =7 {p] exp[ RTJ (28)

where y4 and y¢ represent the pre-exponential coefficients for anode and cathode, respectively.
E, represents the activation energy for anode, and E represents the activation energy for cathode. The
operation parameters and physical parameters of materials are listed in Table 2.

Table 2. Operation parameters and physical parameters of materials

Parameters Value
Tortuosity 3 Anode, 3 Cathode
Porosity 0.4 Anode, 0.4 Cathode
Permeability (m?) 1.7x107'° Anode, 1.7x1071° Cathode
Fuel composition 90% H>+ 10% H20
Air composition 21% O2+ 79% N2
Velocity 0.5 m/s Fuel, 3m/s Air
Transfer coefficient[36] 0.5 Anode, 0.5 Cathode
Thermal conductivity of PEN 6.23 Anode, 9.6 Cathode, 2.7
(W/m-K)[37] Electrolyte

Specific heat capacity of PEN (J/kg-K)[37] 650 Anode, 900 Cathode, 300
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Electrolyte
Activation energy (J/mol)[37] 1.0x10° Anode, 1.2x10° Cathode
Electronic conductivity of anode (S/m)[38] 9.5 x 107 (—1150)
exp
T T
i ivi —10300
Ionic conductivity of electrolyte(S/m)[38] 3.34 x 10*exp ( - )
Electronic conductivity of cathode 4.2 x 107 —1200
(S/m)[38] T e"p( T )

2.4 Boundary conditions

In this work, six flow modes were studied. And at the channel inlet, constant inlet flow rate and
constant compositions are given, both fuel and air inlet temperatures are set at 1073K, the channel outlet
Is set at ambient atmospheric pressure. The left and right walls are set to symmetric boundary conditions,
and the left and right walls are applied as adiabatic conditions. In addition, the bottom and top surfaces
of the cell are set at periodic boundary conditions. Finally, the electric ground is applied to the bottom
of the anode side interconnect, and the electric potential is applied to the top surface of the cathode side
interconnect.

2.5 Validation of model

To verify grid-independence, the model was simulated at the grid numbers of 182176, 364352
and 728704, respectively. When the number of grids is 364352, the maximum errors of the numerical
results are 2.74% and 1.16% compared with that at the number of grids of 182176 and 728704,
respectively. To ensure the accuracy and efficiency of the numerical model, the number of 364352 grids
was chosen in this work. In addition, to test the validity of the model, the simulation results are compared
with the experimental data given by Huang[25], and the operation conditions and material parameters
are consistent with those adopted in the experiment. Fig. 3 shows that the numerical results are in good
agreement with the experimental results, and the error is within 4.78%, which shows the accuracy of the
results of this study.

& Experimental data

Lor Simulated results

091 A
0.8
0.7

Voltage (V)

0.6
051
04+

0.3 1 1 1
0.0 0.5 1.0 1.5 2.0

Current density (A/cm?)

Figure 3. Comparison of simulated results with the experimental data[25] at 1073K
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3. RESULTS AND DISCUSSION
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Figure 4. Temperature distribution of anode-electrolyte interface under different flow modes
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It is important to study the distribution of temperature, which can effectively predict the
performance and reliability of the cell. Fig. 4 shows the temperature distribution of anode-electrolyte
interface under six different flow modes when the operating voltage is 0.6V. As shown in Fig. 4, the
temperature under the channel of SOFC is higher than that under the rib. The gas diffusion under the rib
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Is difficult, the electrochemical reaction intensity is weak, as a result, the less heat is generated. In
addition, it is found that the temperature distribution of the six models is significant different. The
temperature of Model 1 increases gradually along the length, and reaches a maximum at the outlet, while
the temperature of Model 2 increases first and then decreases along the flow direction, and the highest
temperature appears in the middle of the cell. In addition, the temperature gradient and the highest
temperature of Model 1 are higher than that of Model 2. This indicates that for the counter-flow
configurations, the distribution of temperature is more uniform and the peak temperature is lower. The
highest temperature of Model 3 also appears in the middle section of the cell. This is because the high-
temperature outlet of the cell is adjacent to the low-temperature inlet of the cell in the adjacent layer of
Model 3. The inlet gas absorbs part of the heat of the outlet gas, resulting in a decrease in the temperature
of the cell near the outlet. By comparison, it can be found that the highest temperature of Model 5 is
13.3K lower than that of Model 1. This is because the gas flow configuration of Model 5 is the cross
flow of the upper and lower layers, and the channel on one side of the upper and lower layers is cooled
by the low-temperature gas in the inlet section of the other layer. It is worth noting that the temperature
of Model 5 increases diagonally from the inlet to the outlet due to its two-dimensional conduction
direction. And the temperature distribution trend is similar to that in the study of Kim[27]. The maximum
temperature of Model 6 occurs in the center of the cell and gradually decreases to the periphery, with an
improved temperature distribution uniformity compared to that of Model 5. The above results show that
the flow mode can significantly affect the temperature distribution of SOFC, and the peak temperature
and temperature gradient can be significantly reduced by selecting the appropriate gas flow
configuration, thus reducing the thermal stress and improving the durability of the cell.
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Figure 5. The distribution of hydrogen mole fraction at the anode/electrolyte interface under six gas
flow configurations

Fig. 5 shows the distribution of hydrogen mole fraction at the interface of anode and electrolyte
under various gas flow configurations. Due to the consumption of electrochemical reaction, hydrogen
mole fraction of the six models gradually decreases along the length and the minimum value is reached
at the outlet. In the direction of channel width, the hydrogen mole fraction under the channel is
significantly higher than that under the rib, because the diffusion resistance of the substance under the
rib is much higher than that under the channel. In addition, the fuel utilization of Model 2, Model 4 and
Model 6 is higher than that of Model 1, Model 3 and Model 5. The results indicate that the fuel utilization
of the counter-flow configuration is higher than that of the co-flow configuration. Model 3 consumes
more hydrogen than Model 1. This is because the inlet of the cell is adjacent to the outlet of the cell in
the adjacent layer due to the specific gas flow configuration of Model 3, which causes an increase of the
temperature of the inlet and therefore enhances the intensity of the electrochemical reaction. In Model
5, as the cooling effect of the gas at the inlet of the adjacent layer, the reaction intensity and fuel
utilization are reduced. Model 4 has the highest fuel utilization due to the counter-flow configuration
and higher average temperature, so the electrochemical reaction is more intense and consumes the most
hydrogen.
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Figure 6. The distribution of current density at anode/electrolyte interface under six flow modes

Table 3. Average current density of anode-electrolyte interface for 6 models

Model number Model1 Model2 Model3 Model4 Model5 Model 6

Average current density (A/m?) 7282.2 7445.7 7359.2 7466.9 7199.4 7392.5

The current density can reflect the intensity of electrochemical reactions, which plays a key role
in the output performance. The distribution of current density at the anode/electrolyte interface under six
gas flow configurations are shown in Fig.6. It can be seen that the current density at the channel is
significantly higher than that at the rib, because the rib limits the diffusion of reactants and causes the
difference in distribution of current density. In addition, the distribution trend of current density is
consistent with the hydrogen distribution trend. The maximum current density appears in the hydrogen
inlet zone, and the current density decreases along the length due to the consumption of reactants, the
results indicate that the distribution of current density is positively correlated with the hydrogen
concentration. By comparing Model 1 and Model 5, it can be found that the peak current density of
Model 1 is higher, and the variation along the length is larger than that of Model 5. This is due to the
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higher temperature of Model 1, which leads to smaller ohmic polarization and activation polarization;
and higher output current density. By comparing the six flow modes, it can be found that the peak value
of local current density in co-flow mode is higher than that in counter-flow mode, and the distribution
of current density in counter-flow mode is more uniform. The average current density at the
anode/electrolyte interface under six flow modes are shown in Table 3. It is found that the average current
density of Model 2, Model 4, and Model 6 is higher than that of Model 1, Model 3, and Model 5,
indicating that the electrochemical reaction intensity in counter-flow is higher than that in co-flow.
Among them, the average current density of Model 4 is higher than that of Model 2 and Model 6,
showing the best performance.

(@) Model 1 (b) Model 2

(c) Model 3 | (d) Model 4

(e) Model 5 | () Model 6

Figure 7. Local electron current density distribution at Z=0.016m for six models

The average current density of Model 4 is 3.72% higher than that of Model 5. In addition, the
output performance of Model 4 is improved, and it does not cause a large temperature increase. In
summary, Model 4 is recommended for the relatively uniform distribution of current density and large
average current density value.

Figure 7 shows the distribution of local electron current density in the middle section of the SOFC
for six models. The arrows indicate the direction of current conduction from the anode to the cathode,
after which the current is collected by the connector. Due to the different structure of Model 5 and Model
6 compared with other models, the direction of current conduction in the top connector part is also
slightly different. The maximum electron current density of the six models all appears at the corner
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where the cathode intersects with the connector and the current is collected. In addition, by comparing
6 models, it can be found that the minimum value and maximum value of electron current density of
Model 1, Model 3 and Model 5 are significantly lower than those of Model 2, Model 4 and Model 6.
The results show that the electron current density in co-flow is higher than that in counter-flow, which
Is consistent with Fig. 6. The maximum current density of Model 4 is 6.35% higher than that of Model
5. Through the comparison of Model 2, Model 4 and Model 6, it can be found that the local electron
current density of Model 4 is the largest. This is because that the electrochemical reaction of Model 4
consumes more hydrogen, which causes the increase of temperature and the decrease of ohmic
polarization. And it is consistent with the trend of electrolyte current density in Fig. 6. In conclusion, the
current conduction and distribution of electron current density can be improved by changing the gas flow
configuration, thus improving the performance of the cell.
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Figure 8. Concentration overpotential distribution of anodes for six Models at Z=0.016mm cross section

Concentration polarization occurs in the process of reactant supply, which can reflect the
resistance of gas diffusion in porous electrode. Fig. 8 shows the concentration overpotential distribution



Int. J. Electrochem. Sci., 17 (2022) Article Number: 220538 16

of anode at Z=0.016mm cross section of the cell for the six models. It can be found that the maximum
concentration overpotential appears under the rib, and the concentration overpotential under the rib is
much larger than that under the channel.
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Figure 9. Average value of activation overpotential, ohmic overpotential and concentration
overpotential at the anode/electrolyte interface

This is because the gas under the channel diffuses along the thickness direction of the porous
electrode, and its transmission cross section area is large and the transmission path is short. Meanwhile
the gas in the porous electrode under the rib diffuses along the width direction of the electrode, which
makes the gas transmission path longer and results in increased diffusion resistance and difficulty in
mass transmission. In addition, due to the limitation of the rib on gas diffusion, the corner effect appears
at the intersection of the channel and the rib, where the concentration overpotential is slightly higher
than that under the channel. The results also indicate the importance of rib design. Also, the concentration
overpotential of Model 1, Model 3 and Model 5 is higher than that of Model 2, Model 4 and Model 6,
indicating that the effect of substance transport in the electrode is better in the counter-flow than in the
co-flow. The above results show that the flow mode plays a key role in the mass transfer of gas, and the
reasonable design of flow mode is beneficial to enhance the performance of SOFC.

Various polarization losses limit the output performance of SOFC. Therefore, quantitative
analysis of SOFC is helpful to better understand the influence of various overpotential on cell
performance. According to equation (20)-(24), the various polarization losses of SOFC are calculated.
Fig. 9 presents the average value of activation overpotential, concentration overpotential and ohmic
overpotential at the anode/electrolyte interface for six gas flow configurations. It can be seen from the
figure that activation polarization is dominant among the three polarization losses and the ohmic
overpotential and activation overpotential show the same change trend. Model 1 has the smallest ohmic
overpotential and activation overpotential, while Model 6 has the largest activation overpotential and
ohmic overpotential. This is because the activation polarization and ohmic polarization are mainly
affected by temperature. With the increase of SOFC temperature, the activation energy required for the
reaction decreases, and the conductivity increases, and the resistance gradually decreases. In addition,
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the results show that the average concentration overpotential of Model 1, Model 3 and Model 5 is higher
than that of Model 2, Model 4 and Model 6, indicating that the concentration polarization of co-flow
configuration is higher than that of counter-flow configuration. And this result is consistent with that of
Fan's research[29]. Concentration polarization is closely related to the concentration distribution of
reactants. As Model 4 consumes more reactants, the concentration distribution of reactants in the porous
electrode is not uniform, so its concentration polarization is higher than that of Model 2 and Model 6.

4. CONCLUSION

For the purpose of studying the effect of gas flow configuration on the performance of MOLB-
type SOFC, six three-dimensional MOLB-type SOFC models are established and coupled with
electrochemical reaction, mass and heat transfer, fluid flow. The effects of gas flow configuration on
temperature distribution, hydrogen mole fraction distribution, current density distribution and various
polarization losses of MOLB-type SOFC are discussed in detail. Conclusions are as follows:

1. Changing the gas flow configuration can reduce the peak temperature and temperature
gradient of SOFC, so as to reduce the thermal stress. The maximum temperature in the six flow modes
decreases from 1135.6K to 1096.7K, and the change is significant.

2. The hydrogen distribution trend is similar in the six flow modes, but the fuel utilization
is higher in the counter-flow mode. By reversing the flow direction of the upper and lower layers, the
average temperature and temperature gradient of the cells can be reduced to achieve higher fuel
utilization.

3. SOFC with counter-flow configuration has a more uniform current density distribution
and a higher average current density. Compared with Model 5, Model 4 shows a 3.72% increase in
average current density and is recommended for the strongest electrochemical output performance.

4. Due to the higher temperature in co-flow mode, the activation polarization and ohmic
polarization are lower than those in counter-flow. Compared with the co-flow, the concentration
polarization is relatively small in the counter-flow.

ACKNOWLEDGMENTS
This work is supported by the National Natural Science Foundation of China (Grant No. 21676257).

References

1. T. Koo, Y. S. Kim, D. Lee, S. Yuand Y. D. Lee, Energy, 214(2021) 119087.

A. Choudhury, H. Chandra and A. Arora, Renewable and Sustainable Energy Reviews,
20(2013) 430.

Y. Bae, S. Lee and J. Hong, Energy Conversion and Management, 201(2019) 112152.

Y. J. Kim and M. C. Lee, International Journal of Hydrogen Energy, 42(2017) 18504.

M. Nerat and B. Juri¢i¢, International Journal of Hydrogen Energy, 41(2016) 3613.

D. Yan, Z. Bin, D. Fang, J. Luo, X. Wang, J. Pu, B. Chi, L. Jian and Y. Zhang, International
Journal of Hydrogen Energy, 38(2013) 660.

no

o gk w



Int. J. Electrochem. Sci., 17 (2022) Article Number: 220538 18

11.
12.
13.
14.
15.
16.
17.
18.
19.

20.
21.

22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.

36.
37.

I. Tikiz, I. Taymaz and H. Pehlivan, International Journal of Hydrogen Energy, 44(2019)
15441.

X. Lu, A. Bertei, T. M. M. Heenan, Y. Wu, D. J. L. Brett and P. R. Shearing, Journal of Power
Sources, 434(2019) 226744,

J. J. Hwang, C. K. Chen and D. Y. Lai, Journal of Power Sources, 143(2005) 75.

B. Timurkutluk, C. Timurkutluk, M. D. Mat and Y. Kaplan, Renewable and Sustainable Energy
Reviews, 56(2016) 1101.

S. Shen, Z. Wang, Y. Liu, Q. Zhang and K. Zheng, Journal of Power Sources, 406(2018) 88.
J. J. Ramirez-Minguela, J. M. Mendoza-Miranda, V. D. Mufioz-Carpio, V. H. Rangel-
Hernandez, V. Pérez-Garcia and J. L. Rodriguez-Mufioz, Energy Conversion and Management,
79(2014) 461.

Z. Xu, X. Zhang, G. Li, G. Xiao and J.-Q. Wang, International Journal of Hydrogen Energy,
42(2017) 10785.

R. Zhan, Y. Wang, M. Ni, G. Zhang, Q. Du and K. Jiao, International Journal of Hydrogen
Energy, 45(2020) 6897.

Y. J. Kim, W. N. Jung, J. H. Yu, H. J. Kim, K. S. Yun, D. G. Kang and M. C. Lee, International
Journal of Hydrogen Energy, 45(2020) 29143.

I. E. Fahs, M. Ghassemi and A. Fahs, Environmental Progress & Sustainable Energy, 39(2020)
e13443.

A. He, J. Onishi and N. Shikazono, Journal of Power Sources, 449(2020) 227565.

Q. Xu and M. Ni, International Journal of Energy Research, 45(2020) 3097.

K. Takino, Y. Tachikawa, K. Mori, S. M. Lyth, Y. Shiratori, S. Taniguchi and K. Sasaki,
International Journal of Hydrogen Energy, 45(2020) 6912.

Y. Yang, G. Wang, H. Zhang and W. Xia, Journal of Power Sources, 177(2008) 426.

J. J. Ramirez-Minguela, J. L. Rodriguez-Mufioz, V. Pérez-Garcia, J. M. Mendoza-Miranda, V.
D. Mufioz-Carpio and J. A. Alfaro-Ayala, Electrochimica Acta, 159(2015) 149.

J. Hwang, C. Chen and D. Lai, Journal of Power Sources, 140(2005) 235.

J. J. Ramirez-Minguela, A. R. Uribe-Ramirez, J. M. Mendoza-Miranda, V. Pérez-Garcia, J. L.
Rodriguez-Mufoz, J. I. Minchaca-Mojica and J. A. Alfaro-Ayala, International Journal of
Hydrogen Energy, 41(2016) 8978.

A. Sciacovelli and V. Verda, Energy, 34(2009) 850.

H. Huang, Z. Han, S. Lu, W. Kong, J. Wu and X. Wang, International Journal of Hydrogen
Energy, 45(2020) 20351.

P. Fan, G. Li, Y. Zeng and X. Zhang, International Journal of Thermal Sciences, 77(2014) 1.
Y. J. Kim and M. C. Lee, International Journal of Hydrogen Energy, 45(2020) 20369.

T. Choudhary and Sanjay, International Journal of Hydrogen Energy, 41(2016) 10212.

S. Fan, J. Ye, Q. Yao, D. Wang, L. Yang and Z. Jin, International Journal of Energy Research,
46(2021) 876.

M. Stygar, T. Brylewski and M. Rekas, International Journal of Heat and Mass Transfer,
55(2012) 4421.

Y. Wang, R. Zhan, Y. Qin, G. Zhang, Q. Du and K. Jiao, International Journal of Hydrogen
Energy, 43(2018) 20059.

S. Lee, M. Park, H. Kim, K. J. Yoon, J.-W. Son, J.-H. Lee, B.-K. Kim, W. Choi and J. Hong,
Energy, 120(2017) 293.

S. Su, Q. Zhang, X. Gao, V. Periasamy and W. Kong, International Journal of Hydrogen
Energy, 41(2016) 16181.

A. N. Celik, International Journal of Hydrogen Energy, 43(2018) 19730.

P. Fu, J. Yang and Q. Wang, Journal of Heat Transfer, 142(2020) 022101.

D. H. Jeon, Energy, 188(2019) 116050.

J. Ramirez-Minguela, J. Mendoza-Miranda, J. Rodriguez-Mufioz, V. Pérez-Garcia, J. Alfaro-



Int. J. Electrochem. Sci., 17 (2022) Article Number: 220538

Ayala and A. Uribe-Ramirez, Thermal Science, 22(2018) 577.
38. Y. Li, H. Yan, Z. Zhou and W. T. Wu, International Journal of Energy Research, 43(2019)

6907.

© 2022 The Authors. Published by ESG (www.electrochemsci.org). This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).

19


http://www.electrochemsci.org/

