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A numerical investigation was conducted on the steady-state electrochemical performance of an anode-
supported solid oxide fuel cell (SOFC) with various design parameters and operating conditions. A zero-
dimensional mathematical model illustrating the electrochemical characteristics of SOFCs was used in
this paper. The simulated results showed good agreement with the experimental data. By using this model
as a simulation, the steady-state electrochemical performances of SOFCs were studied. Additionally,
how the electrode and electrolyte thicknesses, triple-phase boundary (TPB) length, operating
temperature, and pressure affected the SOFC performance was investigated. In addition, the effect of the
structural and operating parameters on overpotentials was studied. Combining the analyses on the
structural and operating parameters, recommendations were provided for optimizing SOFC designs. This
work provides systematic suggestions for improving the building of an SOFC electrochemical reaction
mechanism model.
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1. INTRODUCTION

In recent years, solid oxide fuel cells have been identified and increasingly studied as promising
technology for clean and efficient power generation while alleviating environmental pollution[1-3]. As
a solid-state energy conversion device, solid oxide fuel cells (SOFCs) can efficiently operate using a
variety of fuels[4-5]. There are two kinds of SOFCs: planar and tubular[6]. Due to their long current
paths, the power density of tubular SOFCs tends to be low. In contrast, the high power density output of
planar SOFCs is high. Planar SOFCs can be divided into three categories: anode-supported, cathode-
supported and electrolyte-supported[7]. In an electrolyte-supported SOFC, the ohmic resistance is very
high because the electrolyte is thicker than the electrodes. Unfortunately, a cathode-supported design
causes a high activation overpotential. Therefore, anode-supported designs have been widely used.
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Mathematical models of heat/mass transfer in SOFCs have been developed[8-9]. These models
all depend on the accurate prediction of the electrochemical parameters (such as the current density,
output voltage, and power density) of the cell. Some researchers have studied the correlation between
the thickness of the electrolyte or electrode and the overpotential of SOFCs[10]. In these studies, it is
confirmed that the porosity and pore size of the electrode have little impact on the electrode exchange
current density [11-13]. Therefore, the SOFC overpotentials are ambiguous in the existing models. In
other models, the concentration overpotential is ignored because the rate of gas diffusion is assumed to
be low when the temperature is low[14-16]. This hypothesis neglects the deep understanding of the
concentration overpotential. In other studies, the model works after considering the activation,
concentration, and ohmic overpotential as a total resistance because the three overpotentials vary with
the operating parameters but without significant differences[17-19].

The physical and chemical processes that occur inside SOFCs are very complex. Large quantities
of time and money can be consumed by conducting experiments to study SOFCs[20-22]. Thus,
mathematical modeling is an essential tool in the exploration of SOFCs. A verified model not only
provides a better illustration of an SOFC but can also be used to predict the effects of changing
parameters; thus, the data can be used to optimize SOFC performance. Additionally, such a model can
be used to examine the relative system sensitivity to relevant design parameters. In this paper, more
precise and detailed modeling of the electrochemical performance of SOFCs is presented.

2. MATHEMATICAL MODEL FOR THE SOFC ELECTROCHEMICAL PERFORMANCE

The fundamental mechanisms of SOFC should be elucidated before simulating the performance
of an SOFC. SOFCs operate at high temperatures and at atmospheric or elevated pressures. SOFCs can
use not only hydrogen but also carbon monoxide and hydrocarbons as fuel.

As illustrated in Fig. 1, oxygen (air) and fuel gas (hydrogen) are fed to the cathode and anode,
respectively. At the anode side, hydrogen molecules diffuse to the triple-phase boundary (TPB). The
oxygen molecules diffuse through the porous cathode to the TPB, where they form oxygen ions after
receiving electrons. Additionally, the flow of electrons transported to the cathode produces direct-current
electricity via an external circuit.

There are many complex physical and chemical transformations in SOFCs. To make the
calculation more feasible, it should be noted that some assumptions are made in the process of modeling:
the pressure drop between the inlet and outlet of the flow channel is negligible, the temperature is
uniform and the model is isothermal, and the gases both at the anode and cathode sides have been
considered to be ideal gases.
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Figure 1. Schematic showing the SOFC mechanism
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Due to the effect of different overpotentials, the operating voltage of SOFCs is much lower than
the open-circuit voltage. The total operating voltage of an SOFC can be expressed by the following

equation[23]:
V =Vnernst - (nact,a + nact,c + nconc,a + nconc,c + nohm) (1)
where v and 5, represent the Nernst voltage and ohmic overpotential, respectively, , and

n... are the activation overpotentials of the anode and cathode, respectively, and ,, and , represent

the concentration overpotentials of the anode and cathode, respectively. The model for the SOFC

electrochemical performance is shown in Fig. 2.
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Figure 2. Model for the SOFC electrochemical performance

2.1 Nernst voltage

The Nernst equation is often used to express the electromotive force in SOFCs, which is caused

by the difference between the thermodynamic potentials of electrode reactions[24-25].
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whereR is the universal gas constant (8.3145J-mol*-K); Fis the Faraday constant
(9.6485x10°C-mol*); T is the absolute temperature; p _, p, andp are the partial pressures of steam,

hydrogen, and oxygen, respectively; and e° s the reversible potential, which is a function of the change
in Gibbs free energy for hydrogen oxidation. The reversible potential at standard temperature and
pressure can be obtained by the following equation:

E° =1.253-2.4516 x107*T )

2.2 Activation overpotential

Associated with electrode kinetics, the activation overpotential is generated in the
electrochemical reaction region. The nonlinear Butler-Volmer equation is often used to describe the
correlation between the current density and activation overpotential. The electrochemical reaction can
be expressed by:

j= j{exp(a m;’_ff‘c‘j—exp(—(l—a)mﬂ (4)

RT
where j, stands for the electrode exchange current density; « is the symmetrical factor, which is

always set to 0.5 for SOFCs; and n stands for the electron number of every reaction, which is always set
to 2 for SOFCs[26]. The activation overpotential can be written as:

. ) 2
Mact,i :Esinh‘l J :ﬂln J + i +1 7i =a,C (5)
' F 2 i F 2 Joi 2]y,

where ;, and ;,__ represent the anode and cathode activation overpotentials, respectively, ;

is the exchange current density that represents the readiness of an electrode to proceed with an
electrochemical reaction, and the subscripts a and ¢ represent the anode and cathode, respectively[27].
The value of 5 is closely associated with the sensitively of the activation overpotential to the operating

conditions. Usually, the exchange current density can be written as:

- I:)H I:)H O Eact a (6)
— 2 2 exp| — .
Jo,a }/a Ltpb[ Pr-ef J[ Pref j p( RT

0.25
H P EaC
Joc =7c Ltpb(Pon eXp[_ R_;_Cj (7)

ref

where stands for the length of the TPB, ¢ and g, stand for the cathode and anode
activation energies, respectively, ,, and ,, represent the cathode and anode exchange current density
coefficients, respectively, and p_ is the reference pressure (1 bar).

2.3 Concentration overpotential

Due to the resistance caused by species diffusion through the electrolyte to the reaction site, a
concentration overpotential occurs. The molecular transport of gas species in electrode pores, along with
reactants dissolving in the electrolyte and the products precipitating out of the electrolyte, all affect the
concentration overpotential. An SOFC has a three-layer positive-electrolyte-negative (PEN) structure.
A PEN structure is composed of an anode electrode, an electrolyte and a cathode electrode. For an anode-
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supported SOFC with a PEN structure, the concentration overpotential is usually significant at the anode.
Furthermore, it becomes more obvious when SOFCs are operated in the high current density region[28].
The concentration overpotential of the anode and cathode can be expressed by:

RT, (P, P
Meone.c =—1In . TZO (8)
2F (PR, P,
1
RT (P, )P
Meonca = E In[ P02 ] (9)
O,

where p' stands for the partial pressures at the TPB. Since the gas transport in the pore selection
layer is mainly in the form of diffusion, the Fick model can be used to determine the partial pressure at
the electrode-electrolyte interface. Therefore, the relationship between the partial pressures of Hz, H20,
and O at the three-phase boundaries can be expressed as:

P|—I12 _ PHZ _ JRT5anode (10)
2F Deff ,anode
jRTS,
PI — + J anode (11)
e e 2F Deff ,anode
jRTS,

P =P—(P—P, Jexp I~ cattae _ (12)

% ( 02) p[4FPDeff,cathodeJ
where 5, . and s, are the thicknesses of the cathode and anode, respectively and p and

eff ,cathode

D represent the effective diffusivity coefficients of the cathode and anode, respectively. The

eff ,anode

effective diffusion coefficients of the anode and cathode in an SOFC can be written as:

P P,
Deff ,anode = [;,ZOJ DH2 Jeff + {PHZJ DHZO,eff (13)
(14)

are the effective diffusivities of Hz, H20, and Oz, respectively. The

Deff,cathode = DOz,eff
wherep, ., b, .., and p

H,0 el 0y et
diffusion in porous electrodes is mainly based on two mechanisms, namely, molecular diffusion and
Knudsen diffusion. Molecular diffusion dominates when the pore size is much larger than the mean free
path of steam molecules. In contrast, the interaction between molecules and pore walls is the dominant
mechanism that contributes to Knudsen diffusion. Due to the existence of both mechanisms, the effective
diffusion coefficient of H2, H.O and O- can be written using the Bosanquet formula[29-30],

-1
DHz,eff:&‘( L + 1} (15)

7\ Dh,-no Du,i

a1
D01t =£ 1 + L (16)
7{ Dy, .o Dujox
)
Do, eff =£ - + L (17)
T DorN2 DOZ,k

where ¢ stands for the tortuosity of the anode material, = is the porosity of the anode material,
stands for the effective molecular diffusion coefficient of a H2-H20 binary system,p,  stands

and p,  are the

DHFHQO
for the effective molecular diffusion coefficient of a O2-Nz binary system, andp, , b, .,

effective Knudsen diffusion coefficients for H., H.O and O», respectively. The effective molecular
diffusion coefficient can be estimated using the Fuller equation[31-32]:
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wherem, =2[1/Mm,)+(t+M)}*, M stands for the molecular weight[33]; v, stands for the diffusion
volume of different species (6.12 for Hz, 13.1 for H20, 16.3 for Oz and 18.5 for N2), D, is the Knudsen
diffusion coefficient; and ¢ stands for the mean pore diameter (1x107°m).

2.4 Ohmic overpotential

The ohmic overpotential, which is of great importance for SOFCs, is proportional to the current
density. It is caused by the conduction resistance of ions and electrons and the contact resistance between
cell components. Therefore, the ohmic overpotential can be calculated based on the ohm law:

Mom = JRopm (20)

where R, stands for the internal resistance of the SOFC, which consists of the electron and ion
resistances; and j stands for the current density. R, can be determined using the effective distance

between cell components coupled with conductivity data. It is assumed that the contact and interaction
resistance can be negligible. Therefore, R, can be calculated using the following equation:

Rohm — é‘anode + 5€|90“'0|)’t9 + Scathode (21)
Uanode O-electrolyte Ucathode
7 f—
o= 9.5x10 exp[ 1150) (22)
T T
7 —_
O cathode = 42;10 exp( 1.?00j (23)
O-electrolyte = 334X104 exp(_l(_)l_mj (24)
where . and o . are the electronic conductivities of the cathode and anode (a*m™),

respectively, . is the ionic conductivity of the electrolyte (o 'm), and s stands for the thicknesses

electrolyte

of the electrodes and electrolyte.

2.5 Model validation

To verify the accuracy and feasibility of the model, some of the simulation results are compared
with the experimental results of the model. Table 1 shows the physical parameters and operating
conditions of the experiment and simulation.

Table 1. Physical parameters and operating conditions[34-37]

Physical parameters and operating conditions Values
Pre-exponential factor of the anode exchange current density, y,
(A/m?)

1.344x10%°
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Pre-exponential factor of the cathode exchange current density,

9
Activation energy of the anode, E, , (J/mol) 1.0x10°
Activation energy of the cathode, E,, . (J/mol) 1.2x10°
Anode porosity, & 0.45
Anode tortuosity, 7 3.5
Length of the TPB, (, (xm) 1
Anode thickness, s, . (um) 400
Cathode thickness, s_, .. (xm) 30
Electrolyte thickness, s, . (xm) 20
Operating temperature, T (K) 1023
Operating pressure, P (bar) 1.2
1.100 0.020
1.045 | ;L———L-O‘Olﬁ
0.990 / 0.012
0935 0.008
s 0‘880? // 0.004
E” 0.825 \ 0.000
=§ 0.770 \ / Y -0.004 <
“ 0.715 \ / -0.008
0660 \ / Experiment Values -0.012
\ / —6— AU
0.605 ® Simulation Values -0.016
0.550 \/ -0.020
-0.024
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Figure 3. Comparison between the experimental data and simulated values

As shown in Fig. 3, the simulation values based on the model are compared with the experimental
data[38], and au is the value of the simulation value minus the experimental value. The I-V curve shows
that the simulated values agree well with the experimental data. In fact, when an SOFC is at the start-up
stage, the physical and chemical reactions are not stable. It can be seen from the figure that the errors
are more significant when the current density is lower than 0.3 A/cm?. At this time, the voltage value
can easily be affected by many factors (such as ohmic heating and the sudden variations in molar
concentrations), which may explain this discrepancy. Nonetheless, the maximal error is no more than
5%, which indicates the sufficient accuracy of the model to investigate the SOFC electrochemical
performance.

3. RESULTS AND DISCUSSION

The overpotentials of SOFCs are strongly related to the structural and operating parameters,
which is of great significance for optimizing SOFC designs. Therefore, the validated model above was
used to simulate the steady-state electrochemical performance of SOFCs with different structural
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parameters (Section 3.1) and operating conditions (Section 3.2), and the effect of every factor could be
entirely analyzed.

3.1 Effect of the structural parameters of the cell

In this section, the effect of different design parameters (the electrolyte, anode, and cathode
thicknesses, and the length of TPB) on the steady-state electrochemical performance of SOFCs is
introduced by simulating the model.

3.1.1 Electrolyte thickness effect
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Figure 4. Effect of the electrolyte thickness on (a) the cell voltage and (b) power density
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Figure 5. Effect of the electrolyte thickness on the ohmic overpotential

Fig. 4(a) demonstrates that the cell voltage decreases severely as the electrolyte thickness
increases. The change is particularly evident in the high potential region. Fig. 4(b) shows that the power
density improves significantly as the electrolyte thickness decreases. At the same time, the maximum
power density shifts to higher values as the electrolyte thickness decreases. Li et al.[39] found the
variation in the voltage and power of tubular SOFCs was close to the tendency studied in this work. The
effect of the electrolyte thickness applies to both types of SOFCs. However, this result is nonsignificant
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in the high potential region. Therefore, with the decrease in electrolyte thickness, the SOFC can work at
a high current density. This result occurs because the resistance of the electrolyte is proportional to its
thickness; thus, the thickness of the electrolyte plays a significant role in the output power of an SOFC.

According to Fig. 5, the ohmic overpotential increases with increasing electrolyte thickness,
which is consistent with the above analysis. With the increase in electrolyte thickness, the diffusion
distance for oxygen ions moving through oxygen vacancies increases. Therefore, the resistance of
oxygen ion transmission increases. The high internal resistance loss of SOFCs will inevitably lead to a
decrease in their output power. Consequently, a decrease in electrolyte thickness is helpful for improving
the electrochemical performance of SOFCs.

3.1.2 Anode thickness effect
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Figure 6. Effect of the anode thickness on (a) the cell voltage, (b) power density, (c) concentration
overpotential, and (d) ohmic overpotential

AU =U,y,,n ~U,, i = 400 £m,600 1m,800 m (25)
AP = Py, — P, i = 400 1m 600 m, 800 zam (26)
AU o0 =U,re; ~Urone 0,1 = 400,1m,600 1m, 800 zm (27)

i — 400 M 600 M, 800 zm (28)
represent the cell voltage, power density, and ohmic overpotential,

AU, =U, i —U

ohm — ™~ ohm,i

Whereuzoo,,m’ PZOU,um andU

ohm,200m *

ohm,200m

respectively, of an SOFC with an anode thickness of a 200 um. Although Fig. 6(a) and (b) show that the
effect of anode thickness on the cell voltage and power density is insignificant, respectively, the
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electrochemical performance increases with a decrease in anode thickness. By comparing Fig. 6(a) and
(b) with Fig. 4(a) and (b), respectively, the influence of the anode thickness on the cell voltage and power
density is less than the observed influence of the electrolyte thickness. Fig. 6(c) and (d) show that an
increasing anode thickness causes an increase in both the concentration and ohmic overpotentials, which
is more evident at a high current density. The ohmic concentration increases slightly with an increasing
anode thickness. However, the concentration overpotential increases significantly. The research of
Marco et al.[40] showed that SOFCs with a large anode/electrolyte thickness ratio had a positive
influence on electrolyte densification when the operating temperature (1173 K) was high. This result
occurs because the diffusion of H: is inhibited at the TPB as the anode thickness increases. Moreover,
the partial pressure of H2O increases at the TPB. These circumstances account for the dramatic increase
in the concentration overpotential.

3.1.3 Cathode thickness effect
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Figure 7. Effect of the cathode thickness on (a) the cell voltage, (b) power density, (c) concentration
overpotential, and (d) ohmic overpotential
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where y andy represent the cell voltage, power density, concentration

20,m ! on,,m’ Uconc,ZO,um ohm,204m
overpotential, and ohmic overpotential, respectively, of an SOFC with a cathode thickness of 20 pm.
Comparing Fig. 7(a) and (b) with Fig. 4(a) and (b), respectively, it is evident that the effect of
the cathode thickness on the cell voltage and power density is less than the effect of the electrolyte
thickness. As the cathode thickness increases, the ohmic and concentration overpotentials increase. The
reason for this is that the diffusion of O is inhibited at the TPB as the anode thickness increases.
Additionally, the partial pressure of H20 increases at the TPB. These circumstances account for the

dramatic increase in the concentration overpotential.

3.1.4 TPB length effect
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Figure 8. Effect of the TPB length on (a) the cell voltage and (b) power density

As a significant microstructural component of SOFCs, the TPB length greatly influences cell
performance[41]. Fig. 8(a) and (b) show that the cell voltage and power density both increase with an
increasing TPB length. The value of the maximum power density is higher with a long TPB length.
Therefore, the electrochemical performance of SOFCs is improved with an increasing TPB length, which
stems from the simultaneous increase in the electrode current density.
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Figure 9. Effect of the TPB length on the activation overpotential
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Fig. 9 demonstrates that the decrease in the TPB length causes a significant increase in the
activation overpotential. The value of the activation overpotential increases dramatically at a low current
density, which causes a significant drop in cell voltage (see Fig. 8(a)). As the length of the TPB
decreases, this phenomenon becomes increasingly obvious. The activation overpotential mainly depends
on the electrode porosity, particle diameter, and volume fraction of the electronic and ionic phases. These
factors determine the length of the TPB. Thus, the activation overpotential is closely related to the length
of the TPB.

3.2 Effect of the operating conditions

In this section, the effect of different operating temperatures or pressures on the SOFC
overpotential is studied. Additionally, the simulated curves of the output voltage and power density in
regard to the current density are analyzed.

3.2.1 Operating temperature effect
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Figure 10. Effect of the operating temperature on the cell voltage and power density
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Figure 11. Effect of the operating temperature on (a) the activation overpotential and (b) ohmic
overpotential

As shown in Fig. 10, the cell voltage and power density gradually increase with an increasing
operating temperature. This result is particularly apparent at a high current density. Based on a neural
network model to predict the electrochemical characteristics of SOFCs, Chaichana et al.[42] obtained
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the variation in the voltage and power density when the operating temperature was as low as 800 K. At
low temperatures, the mobility of oxygen ions in the electrolyte is low, causing the low conductivity of
the electrolyte. Therefore, the internal resistance of the fuel cell is considerably higher. Most of the
power consumption of SOFCs is consumed by the internal resistance. With an increasing temperature,
the electrolyte resistance decreases, and the catalytic activity of the electrode increases. These factors
promote the electrochemical reaction of SOFCs. Fig. 11(a) and (b) display that both the activation and
ohmic overpotentials decrease as the operating temperature increases. The conductivity of the material
increases as the temperature increases, which is in accord with the description in the previous paragraph.
Hence, the ohmic overpotential will gradually decrease.

3.2.2 Operating pressure effect
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Figure 12. Effect of the operating pressure on (a) the cell voltage, (b) power density, (c) activation
overpotential, and (d) concentration overpotential

It is evident from Fig. 12(a) and (b) that an increase in the operating pressure leads to an
improvement in the electrochemical performance. Fig. 12(c) and (d) reveal that the activation and
concentration overpotential decrease due to the increase in operating pressure. As shown in Fig. 12(a)
and (b), the effect of operating pressure is less sensitive at high pressures (such as 1.5-2.5 bar). Pirkandi
et al.[43] found a similar variation when the operating pressure of an SOFC was as low as 0.1 bar. This
result occurs because the molar concentration at the electrode decreases as the operating pressure
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decreases, which causes an increase in the activation overpotential. However, gas diffusion improves,
which leads to a decreased concentration overpotential.

4. CONCLUSIONS

A mathematical model for anode-supported SOFCs was developed to investigate the steady-state
electrochemical performance. The developed model consisted of the Nernst voltage and the activation,
concentration, and ohmic overpotentials. Furthermore, these submodules were related to the operating
and structural parameters. By using this model, the SOFC performance was analyzed.

Ohmic polarization is the cause of the most significant potential loss and is inversely proportional
to the operating temperature. The operating temperature has a significant influence on the output voltage
and power of an SOFC. Generally, increasing the temperature can increase the effective potential and
output power of the fuel cell. However, due to the different thermal expansion rates of the electrode and
electrolyte materials, the temperature should not be too high. Furthermore, a high operating temperature
makes the thermal stability of the internal structure of the cell and the thermal management of SOFCs
more difficult.

The ohmic overpotential is caused by the resistances of the electrodes and electrolyte. The effect
of the resistances of the electrodes is negligible compared with the resistance of the electrolyte. Thus,
the resistance of the electrolyte is the main part of the internal resistance of an SOFC. The influence of
the electrolyte thickness on the electrochemical performance of SOFCs is much greater than that of the
anode and cathode thicknesses. Decreasing the thickness of the electrolyte decreases the internal
resistance loss of the electrolyte, which is an effective way to improve the current and power densities
of SOFCs. Consequently, it is an effective way of improving the performance of SOFCs for studying the
thin-film manufacturing technology of electrolytes or to develop new electrolyte materials with high
conductivities. Additionally, it is of great help to improve the electrochemical performance of SOFCs
by using suitable electrolyte and electrode materials and optimizing the operating conditions for the
catalyst to improve the length of the TPB in SOFCs.

Increasing the operating pressure can increase the partial pressure of every reactant species,
which leads to a decrease in the activation and concentration polarization and an increase in the reversible
potential of an SOFC. However, increasing the operating pressure also increases the requirements of the
material, structure, and sealing of SOFCs. Furthermore, an increase in the operating pressure will
inevitably increase the power consumption of the air compressor.
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