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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. 

http://www.electrochemsci.org/
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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 

 

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]: 

( )ohmcconcaconccactaactnernstVV  ++++−= ,,,,
                                               (1) 

where 
nernstV  and 

ohm  represent the Nernst voltage and ohmic overpotential, respectively, 
aact ,  

and 

cact ,  
are the activation overpotentials of the anode and cathode, respectively, and 

aconc,  
and

 cconc,  
represent 

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

electrochemical performance is shown in Fig. 2. 

 

 
 

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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where R  is the universal gas constant ( 113145.8 −−  KmolJ ); F is the Faraday constant 

( 14106485.9 − molC ); T  is the absolute temperature; 
OHP

2

, 
2HP  and

20P  are the partial pressures of steam, 

hydrogen, and oxygen, respectively; and 0E  is 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: 

TE 40 104516.2253.1 −−=                                                                 (3) 

 

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:
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where 
0j  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: 
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where 
aact ,  and 

cact ,  represent the anode and cathode activation overpotentials, respectively, 
iJ ,0
 

is the exchange current density that represents the readiness of an electrode to proceed with an 

electrochemical reaction, and the subscripts a and c represent the anode and cathode, respectively[27]. 

The value of 
iJ ,0
is closely associated with the sensitively of the activation overpotential to the operating 

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

stands for the length of the TPB, 
cctE ,a
and 

actE ,a  
stand for the cathode and anode 

activation energies, respectively, 
c  and 

a  represent the cathode and anode exchange current density 

coefficients, respectively, and 
refP  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: 
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where lP  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 H2, H2O, 

and O2 at the three-phase boundaries can be expressed as: 
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where 
cathode  and

 anode  
are the thicknesses of the cathode and anode, respectively and 

cathodeffD ,e  
and

 

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

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

         
effH

an

H

effH

an

OH

anodeff D
P

P
D

P

P
D ,0,,e 2

2

2

2











+










=                                         (13) 

effOcathodeeff DD ,, 2
=                                                                        (14) 

where
f fHD e,2

, 
f fOHD e,2

 and 
f fOD e,2

are the effective diffusivities of H2, H2O, and O2, respectively. The 

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, H2O and O2 can be written using the Bosanquet formula[29-30], 
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where   stands for the tortuosity of the anode material,   is the porosity of the anode material,

OHHD
22 −  

stands for the effective molecular diffusion coefficient of a H2-H2O binary system,
22 NOD −  

stands 

for the effective molecular diffusion coefficient of a O2-N2 binary system, and
kHD ,2

, 
kOHD ,2

 and 
kOD ,2

are the 

effective Knudsen diffusion coefficients for H2, H2O and O2, respectively. The effective molecular 

diffusion coefficient can be estimated using the Fuller equation[31-32]: 
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where ( ) ( )  1
1/12

−
++= jiij MMM , M stands for the molecular weight[33]; v  stands for the diffusion 

volume of different species (6.12 for H2, 13.1 for H2O, 16.3 for O2 and 18.5 for N2), kD ,i  is the Knudsen 

diffusion coefficient; and 
pd  stands for the mean pore diameter ( 6101 − 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: 

ohmohm jR=                                                                                        (20) 

where ohmR  stands for the internal resistance of the SOFC, which consists of the electron and ion 

resistances; and j  stands for the current density. ohmR  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, ohmR  can be calculated using the following equation: 

cathode

o










 cathode

eelectrolyt

eelectrolyt

anode

anode
hmR ++=                                                                (21) 








 −
=

TT
anode

1150
exp

105.9 7

                                                                 (22) 








 −
=

TT
cathode

1200
exp

102.4 7

                                                                  (23) 








 −
=

T
eelectrolyt

10300
exp1034.3 4                                                               (24) 

where 
cathode  and 

anode  
are the electronic conductivities of the cathode and anode ( 11 −− m ), 

respectively, 
eelectrolyt  is the ionic conductivity of the electrolyte ( 11 −− m ), and   

stands for the thicknesses 

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, a

(A/m2) 
1.344×1010 
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Pre-exponential factor of the cathode exchange current density, 

c (A/m2) 2.051×109 

Activation energy of the anode, 
aactE ,
(J/mol) 1.0×105 

Activation energy of the cathode, 
cactE ,
 (J/mol) 1.2×105 

Anode porosity,   0.45 

Anode tortuosity,   3.5 

Length of the TPB, 
bLtp
( m ) 1 

Anode thickness, 
anode ( m ) 400 

Cathode thickness, 
cathode ( m ) 30 

Electrolyte thickness, 
eelectrolyt ( m ) 20 

Operating temperature, T (K) 1023 

Operating pressure, P (bar) 1.2 

 

 
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 U 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/cm2. 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 

 
(a)                                                                                  (b) 

 

Figure 4. Effect of the electrolyte thickness on (a) the cell voltage and (b) power density 

 

 
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 

 
(a)                                                                                           (b) 

 
(c)                                                              (d) 

Figure 6. Effect of the anode thickness on (a) the cell voltage, (b) power density, (c) concentration 

overpotential, and (d) ohmic overpotential 

 

 

mm,800600m400,im200  ，=−= iUUU                                                       (25) 

mm,800600m400,im200  ，=−= iPPP                                                         (26) 

mm,800600m400,m20,iconc,conc  ，=−= iUUU conc
                                            (27) 

mm,800600m400,m200,oiohm,ohm  ，=−= iUUU hm
                                            (28) 

where
m200U , 

m200P  and
m200, ohmU  represent the cell voltage, power density, and ohmic overpotential, 

respectively, of an SOFC with an anode thickness of a 200 μm. 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 H2 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 

 
(a)                                                                                        (b) 

 
(c)                                                                                     (d) 

Figure 7. Effect of the cathode thickness on (a) the cell voltage, (b) power density, (c) concentration 

overpotential, and (d) ohmic overpotential 

 

 

mm,8060m40,im20  ，=−= iUUU                                                           (29) 

mm,8060m40,im20  ，=−= iPPP                                                             (30) 

mm,8060m40,m20,iconc,conc  ，=−= iUUU conc
                                               (31) 

mm,8060m40,m20,oiohm,ohm  ，=−= iUUU hm
                                                (32) 



Int. J. Electrochem. Sci., Vol. 15, 2020 

  

12485 

where 
m20U , 

m20P , 
m20, concU  and

m20, ohmU  represent the cell voltage, power density, concentration 

overpotential, and ohmic overpotential, respectively, of an SOFC with a cathode thickness of 20 μm. 

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 O2 is inhibited at the TPB as the anode thickness increases. 

Additionally, the partial pressure of H2O increases at the TPB. These circumstances account for the 

dramatic increase in the concentration overpotential. 

 

3.1.4 TPB length effect 

 
(a)                                                                  (b) 

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. 

 

 
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 

 
Figure 10. Effect of the operating temperature on the cell voltage and power density 

 

 
(a)                                                                                    (b) 

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 

 
(a)                                                                                       (b) 

 
(c)                                                                                         (d) 

 

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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