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Abstract: Effective operation strategies in the solid oxide fuel cell (SOFC) can adjust the spatial distribution of 

temperature gradient favoring the long-term stability. To investigate the effects of different operating conditions 

on the thermal behavior inside SOFC, a three-dimensional model is developed in this study. The model is verified 

by comparing it with the experimental data. The heat generation rate and its variation under different operating 

conditions are analyzed. The combined effects of operating voltage and gas temperature are considered to be the 

key factor influencing the temperature gradient. Compared to the original case, the temperature of SOFC 

decreases by 21.4 K when the fuel velocity reaches 5 m/s. But the maximum temperature gradient increases by 

21.2%. Meanwhile, higher fuel velocities can eliminate about 32% of the area with higher temperature gradient. 

And when the oxidant velocity reaches 7.5 m/s, the peak temperature gradient effectively decreases by 16.59%. 

Simultaneous adjustment of the oxidant and fuel velocities can effectively reduce the peak temperature gradient 

and increase the safety zone. The effects of operation conditions on the temperature gradient of the cell are 

clarified in this study, which can be a reference for further research on the reliability of SOFCs. 
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1. Introduction 

Solid oxide fuel cell (SOFC) is an energy conversion 
device with high efficiency. The efficiency of SOFC is 
not limited by the Carnot Cycle, and it is a new energy 
device attracting many scholars’ interests [1]. In SOFC, it 
is allowed to use various types of fuels. A high operating 

temperature allows direct reforming of the fuel gas at the 
anode, and the exhausted gas is environmentally friendly 
water vapor or carbon dioxide [2, 3]. These advantages 
make SOFC widely used in various fields of distributed 
power generation. Among them, the planar SOFC is 
simple to manufacture and flexible in cell geometry and 
gas manifold stacking [4]. 
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SOFCs operate at high temperatures and have 
significant thermodynamic and kinetic advantages. Its 
performance is affected by many factors, including 
operation conditions [5, 6], microstructural parameters [7, 
8], flow field design [9, 10], and component material [11]. 
However, thermal management is a major challenge due 
to the high temperature operation environment. Higher 
power density leads to a bigger temperature gradient in 
the SOFC due to local heat generation and uneven heat 
dissipation [12]. Meanwhile the mismatch of the 
coefficients of thermal expansion (CTEs) of different 
components generates great thermal stress [13, 14], 
which leads to cracks in SOFC [15, 16], or even failure 
[17, 18]. Inhomogeneous temperature distributions are 
often observed in SOFC assemblies or stacks, especially 
in internally reformed SOFCs [19, 20], posing a threat to 
material deterioration and structural integrity. Therefore, 
clarifying the temperature gradient distribution and heat 
transfer mechanisms within SOFCs during operation is 
crucial for the effective lifetime management of the 
device. 

The temperature uniformity and concentration 
distribution of SOFC are affected by its electrochemical 
and thermal characteristics [21]. Some scholars made the 
gas concentration distribution in SOFC more uniform to 
improve the uniformity of temperature distribution by 
changing the structures of the flow channels [22, 23], or 
by changing the flow distribution [24, 25]. Flow patterns 
provide non-uniform heat transfer paths, which also 
make the non-uniform temperature distribution. Zhang et 
al. [26] compared the SOFC performance of three flow 
modes and found that the temperatures of the three flow 
arrangements distribute non-uniformly. Choudhary et al. 
[27] compared the performances of SOFCs with the 
modes of co-flow and counter-flow, and found that the 
counter-flow mode shows better performance in current 
and power densities. However, SOFCs with counter-flow 
mode are of steep temperature gradients in the PEN 
structure.  

The thermal balance between the conduction of metal 
interconnects, gas convection, and heat generated by 
electrochemical reactions determines the temperature 
gradient along the cell and its distribution [28]. 
Advection through the stacks and metal conduction 
between repeating units may change the heat transfer 
path and internal thermal conditions [29]. Effective 
thermal management methods are necessary to reduce the 
temperature gradient in SOFCs. Zheng et al. [30] 
proposed a novel cooler for thermal management in the 
SOFC stacks by controlling precisely the endothermic 
ammonia cracking reaction in the cooler. Zeng et al. [31] 
added turbulators inside the air flow channel of the 
tubular SOFC. By inducing the recirculation flow, the 
local convective heat transfer coefficient was increased, 

which effectively reduced the maximum temperature 
gradient. In addition to the above methods, excessive 
internal temperature gradients can also be reduced by 
introducing excess air [32, 33] or changing the thermal 
conductivity of the material [34]. However, although the 
thermal behavior of SOFCs has been extensively studied, 
two-dimensional models were used and the 
interconnector was not considered in most of the 
previous studies [35, 36]. Besides, few studies have 
focused on the quantitative relationship between 
operation conditions and temperature gradient. Zeng et al. 
[31] have reported that a spatial temperature gradient 
diagram helps to understand the temperature gradient 
distribution. Inspired by the above work, this study uses 
this diagram to analyze the relationship between 
operation conditions and temperature gradient. 

In the manuscript, a 3D numerical model was 
constructed to analyze the relationship between different 
operation conditions and thermal characteristics. The 
generation and consumption of species, electrochemical 
reactions, and the generation and transfer of heat are fully 
considered. This study focuses on the thermal 
characteristics of SOFCs under different operating 
conditions, especially the spatial distribution of the 
temperature gradient under different operating conditions. 
In addition, this study focuses on the quantitative 
relationship between heat generation rate and heat 
transfer rate under different operation conditions. The 
results of this study help to understand deeply the 
thermal management of SOFC, which is important for 
the reliability of SOFC during operation. 

2. SOFC Modeling 

2.1 Physical model 

In practice, the planar SOFC generally operates as a 
stack. The stack is composed of multiple single-layer 
cells stacked repeatedly. Each cell contains a dense 
electrolyte and porous electrodes. Gas channels are 
formed through metal interconnects, and the transfer of 
electrons and heat is completed by the interconnects [28, 
37]. Due to the repetitive characteristics inside the stack 
and the symmetric structure and physical field of each 
cell, only the simplest cell is modeled and analyzed. A 
model for a planar anode-supported SOFC is developed 
using COMSOL MULTIPHYSICS. The computational 
domain of the cell is shown in Fig. 1(a), which comprises 
metal interconnectors, gas channels, an anode of Ni-YSZ, 
an electrolyte of YSZ, and a cathode of LSM-YSZ.  

The geometric parameters of the physical model are 
shown in Table 1, which are corresponding to Ref. [38, 
39]. The oxidant and fuel are regarded as ideal gases, and 
the flow is laminar due to the low Reynolds number (< 
2000) in the numerical calculation. The reactant in the  
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Fig. 1  Numerical model 
 

Table 1  SOFC geometric parameters [38, 39] 

Parameter Value Unit 

Cathode thickness [38, 39] 100 μm 

Anode thickness [38, 39] 150 μm 

Electrolyte thickness [38, 39] 100 μm 

Gas channel width [38, 39] 2 mm 

Gas channel height [38, 39] 1 mm 

Interconnect height [38, 39] 2 mm 

Cell length [38, 39] 100 mm 
 

gas channels flows in the counter direction. Thermal 
conduction and convective heat transfer are considered, 
while radiation heat transfer is ignored [40]. Contact 
thermal resistances between electrodes and interconnects 
are ignored. 

2.2 Governing equations 

SOFC in actual operation involves a number of 
complex physicochemical processes such as the flow of 
reacting gases inside the flow channel, diffusion in the 
porous electrodes, electrochemical reactions in the 
reaction region, and heat transfer. These physical fields 
are coupled to each other and together they affect the 
output performance of SOFCs. In our previous study [41], 
some governing equations are used for calculation and 
solution. The governing equations are listed in Table 2. 

2.3 Boundary conditions and operation parameters 

Table 3 lists some operation parameters in this study, 
which is corresponding to that in Refs. [38, 39]. The 
voltages on the upper surface of the cathode-side 
interconnect are set to the operating voltage, and the 
lower surface of the anode-side interconnect is set as the 
ground potential. Then some parameters are varied to 
explore their effects on thermal behavior. The detailed 
boundary conditions are summarized in Table 4. 

2.4 Model validation 

The mesh numbers of 39 000, 60 000, 88 000, 100 800 
are selected to verify the grid dependence under this 
calculation. According to Table 5, the current density 
difference with the further increased gird is less than 
0.5%. Therefore, Mesh3 (88 000) meshing method is 

 
Table 2  Governing equations [42–44] 
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Table 3  Material parameters [38, 39] 

Parameter Cathode Electrolyte Anode Interconnect 

Porosity, ε [38, 39] 0.4 – 0.4 – 

Permeability, κ/m2 [39] 1.76×10–11 – 1.76×10–11 – 

Thermal conductivity, k/W·(m·K)–1 [38, 39]  6 2.7 11 20 

Heat capacity, Cp/J·(kg·K)–1 [38, 39] 430 470 450 550 

 
Table 4  Boundary conditions [35, 38, 39] 

Boundary surface Conditions 

Fuel inlet 

Ua=1, 2, 3, 4, 5 m/s [35] 

ω (H2:H2O)=0.4:0.6 [38, 39] 

T =923,973,1023,1073 [38, 39], 1123 K

Fuel outlet P0=0.1 MPa 

Air inlet 

Uc=1.5, 3 [38, 39], 4.5, 6, 7.5 m/s  

ω (O2:N2)=0.15:0.85 [38, 39] 

T=923,973,1023,1073 [38, 39], 1123 K 

Air outlet P0=0.1 MPa 

Side faces of the cell Symmetric boundary conditions 

Top and bottom surfaces Periodic boundary condition (∆T=0) 

 
Table 5  Grid independence test 

Mesh elements Current density/A·m–2 Relative error/% 

Mesh1 (39 000) 4488.7 – 

Mesh2 (60 000) 4538.7 1.11 

Mesh3 (88 000) 4567.0 0.62 

Mesh4 (100 800) 4578.4 0.24 

 
Table 6  Meshing of computational domain 

Dimension Number of elements 

Cathode thickness 4 

Electrolyte thickness 4 

Anode thickness 6 

Gas channel width 20 

Gas channel height 10 

Interconnect width 10 

Cell length 50 

 
considered in this paper for subsequent research. The 
way of meshing in this study is shown in Fig. 1(a) and 
Table 6. Based on the range of potentials available in the 
experiment [38, 39], the model was verified in our 
previous study [41]. The simulation results show good 
agreement with the experimental data. 

3. Results and Discussion 

3.1 Effects of operating voltage 

To investigate the effect of operating voltage on the 
thermal behavior of SOFC, simulations are performed in 

this section at an inlet gas temperature of 1073 K. At this 
time, the oxidant velocity is 3 m/s and the fuel velocity is 
1 m/s. The operating voltage is varied from 0.9 V to 0.3 V. 
As expected, the current density increases from 1015.9 
A/m2 to 5799.0 A/m2 when the voltage decreased from 
0.9 V to 0.3 V. Meanwhile the peak power density of 
2280.5 W/m2 is reached at 0.6 V, as shown in Fig. 2(a). 
The electrochemical reaction rate varies under different 
operating voltages, which greatly influences the 
electrochemical reaction heats in SOFC. Here, three 
representative conditions with operating voltage values 
of 0.3 V, 0.6 V and 0.9 V are selected to analyze the 
thermal behavior inside the SOFC.  

The heat source is mainly concentrated at the position 
where the electrolyte is in contact with the electrodes, 
and it gradually decreases away from the interfaces, as 
shown in Fig. 2. The distribution of heat source helps to 
understand the generation and distribution of heat. In 
comparison, more heat will be released at the 
anode-electrolyte interface, which is consistent with that 
described in Ref. [37]. As a key factor affecting the 
performance of the SOFC, the operating voltage is of 
great significance to the overall temperature 
characteristics of the cell. The variation of the operating 
voltage only affects the value of the maximum 
temperature, and would not change its position. The 
lower the operating voltage, the more the heat is 
generated, and the higher the overall temperature of the 
cell, as shown in Fig. 2(b). The combined effects of the 
electrochemical reaction heats, various overpotential 
losses and convective heat transfer efficiency are 
responsible for the above phenomenon and are discussed 
in detail below. The accumulation of electrochemical heat 
makes the SOFC temperature distribution uneven, which 
increases the temperature gradient in SOFC.  

According to the literature [45], the region less than 10 
K/cm is referred to as the safe zone in this study. Fig. 2(c) 
shows the axial temperature gradient distributions for the 
cases with different operation parameters. Each 
horizontal line represents the temperature gradient range 
at different axial locations for a fixed operation parameter. 
In the early study [31], there are four different ranges 
about temperature gradient: |dT/dx| < 10 K/cm, 10 K/cm 
< |dT/dx| < 30 K/cm, 30 K/cm < |dT/dx| < 60 K/cm, and 
|dT/dx| > 60 K/cm. The red lines are used to distinguish 
areas where the temperature gradient is less than 10 K/cm, 
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which represents the safe areas mentioned in the text. At 
0.9 V, the temperature gradient is generally below 10 
K/cm, which means that the temperature gradient is 
within safe limits throughout the SOFC. But the 
performance of the cell is low. As the operating voltage 
increases, a large temperature gradient value appears at 
the air inlet and extends to the middle region. At 0.3 V, 
although the current density is high,only about 20% of 
the area is in the safe temperature gradient range. 
Combining the Fig. 2(a) and Fig. 2(c), 0.6 V is a suitable 
operating voltage among our selection to ensure the 
power density of SOFC operation, but also to make 
SOFC have about 52% of the area in a safe temperature 
gradient range. Meanwhile, only about 8% of the area 
has a temperature gradient larger than 30 K/cm, which 
means that it has a good thermal performance [31]. In 
addition, the operating voltage also affects the gas 
distribution in SOFC. The lower the operating voltage is, 
the more the gas is consumed, and that is, the higher the 
utilization rate of the reactants. As the reaction proceeds, 
the oxygen molar concentration downstream of SOFC 
drops to a lower value rapidly, as shown in Fig. 2(d). In 

this case, the molar concentration of oxygen becomes a 
key factor affecting the performance of the cell. 
Therefore, this phenomenon should be avoided by 
reasonable flow field design and the selection of control 
parameters such as porosity and tortuosity. 

As the operating voltage decreases, the net heat 
increases, as shown in Fig. 3(a). Various overpotential 
losses and anode heat generation account for a large 
proportion of the total heat source, which keeps the net 
heat positive. Generally, this is the main reason for the 
increase in temperature of SOFC. At operating voltage of 
0.9 V, which means that SOFC is in a low current density 
state, since the negative reversible heat source at cathode 
is more than the sum of Joule heat and activation loss 
heat, the heat source at cathode contributes negatively to 
the heat generation of SOFC. As the operating voltage 
decreases, the net heat at cathode becomes positive, at 
which point the cathode also contributes to heat 
generation. The heat generation rate of each component 
of the SOFC varies under different operating voltages, as 
shown in Fig. 3(b). With the operating voltage variation, 
the share of net anode heat in the total heat gradually 

 

 
 

Fig. 2  Effects of the operating voltage 
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increases up to 75%. At the low voltage, ohmic heat also 
occupies a large proportion. The heat released from the 
anode is the key to control the SOFC temperature 
distribution. When the operating voltage drops from 0.6 
V to 0.3 V, the net heat at anode increases by about 1.71 
times, and the temperature increases by about 5.84%. 
Next, the thermal characteristics of the anode are 
analyzed. Along the length of the cell, the heat source 
decreases. A higher heat source exists at the air inlet, 
especially at low voltage, as shown in Fig. 3(c).  

For the anode, the total heat generation rate increases 
as the voltage decreases, which generates more heat. The 
interconnector plays the role of heat distribution, which 
can quickly make the temperature of each component 
tend to be consistent. However, the heat generation rate 
and heat transfer rate of the anode always mismatch. 
Here, a positive heat transfer rate means that the anode 
transfer heat to other components, and a negative heat 
transfer rate means that other components transfer heat to 
the anode, as shown in Fig. 3(d). At anode, the heat 
transfer rate increases as the operating voltage decreases. 
At the middle and low voltage, excessive heat generation 
is always seen at anode in comparison with its heat 

transfer rate, so the temperature of the SOFC continues to 
rise, and this difference becomes bigger with the 
operating voltage decrease. More heat is generated by 
anode, but it is difficult to be transported out in time, 
resulting in local heat accumulation. Therefore, thermal 
management is especially problematic at high current 
density. 

3.2 Effect of oxidant velocity at cathode 

As mentioned above, the gas velocity at the cathode 
inlet affects the oxygen distribution and convective heat 
transfer in SOFC. In this section, simulations are 
performed at an operating voltage of 0.6 V, an inlet gas 
temperature of 1073 K, and a fuel velocity of 1 m/s. 
Meanwhile, the oxidant velocity varies from 1.5 m/s to 
7.5 m/s with an interval of 1.5 m/s to analyze the thermal 
behavior. As the oxidant velocity increases, the current 
density increases, as shown in Fig. 4(a). At this time, the 
loss of pump power also increases, reducing the net 
power [10].The oxidant velocity at cathode affects the 
gas concentration distribution under the flow channel and 
under the rib, as shown in Fig. 4(b). When velocity Uc is 
1.5 m/s, the cathode is starved of oxygen at high current 

 

 
 

Fig. 3  Effects of the operating voltage  
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Fig. 4  Effects of the oxidant velocity  
 

densities and the power density is drastically reduced. It 
can be seen that the electrochemical performance of the 
cell is mainly limited by the insufficient supply of 
oxygen in the reaction at the low oxidant velocity. This 
situation can be improved by increasing inlet velocities. 
The improvement of the oxidant velocity enhances the 
diffusion of oxygen, increases the average oxygen molar 
concentration, reduces the local low oxygen area, and 
enhances the electrochemical reaction. As the oxidant 
velocity increases, the molar concentration of hydrogen 
decreases due to the enhancement of the electrochemical 
reaction, as shown in Fig. 4(c). In addition, the reaction 
rate of oxygen is more uniform. When the oxidant 
velocity exceeds 3 m/s, there is a temperature gradient 
higher than 30 K/cm near the fuel inlet, which is likely to 
generate large thermal stresses and thus lead to cracks, as 
shown in Fig. 4(d). During the change of oxidant velocity, 
the trend of temperature gradient distribution of SOFC is 
basically constant. However, the peak temperature 
gradient near the air inlet decreases with increasing 
oxidant velocity, where 16.59% decrease in the 
maximum temperature gradient is observed. 

The oxidant velocity has a large effect on the total heat 
source distribution, especially at low velocities, as shown 

in Fig. 5(a). It can be seen that the variation of the heat 
source depends on the reaction state. When the SOFC is 
in oxygen starvation, increasing the oxidant velocity 
results in a large increase for the heat source, with a 
17.35% increase in the heat generation. The reaction heat 
in electrodes is increased due to the increase of oxidant 
velocity, as well as a decrease in the activation loss heat 
of the cathode. So, the contribution of the heat source at 
cathode becomes smaller during the change of oxidant 
velocity. Adequate oxygen further increases the net heat 
at anode, as shown Fig. 5(b). The maximum temperature 
of SOFC is influenced by the oxidant velocity. At low 
oxidant velocities, the downstream oxygen concentration 
is insufficient such that the heat source is concentrated at 
the air inlet, as shown in Fig. 5(c). The increase in 
oxidant velocity leads to an increase in the reaction rate, 
which means more heat generation and increases the 
temperature of SOFC. At the same time, the heat source 
contribution of anode is increasing and the net heat is 
rising. However, when velocity Uc exceeds 4.5 m/s, the 
maximum temperature decreases, as shown in Fig. 5(d). 
This is due to the fact that the maximum temperature is 
affected by a combination of both electrochemical 
reaction and convective heat transfer, and the decrease in 
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temperature represents a greater effect of convective heat 
transfer than electrochemical heat generation. The trend 
of net heat is the same as the trend of current density. 
When velocity Uc exceeds 4.5 m/s, the cell performance 
and the net heat improve by less than 3%, as shown in 
Fig. 4(a) and Fig. 5(a). The contribution of both thermal 
conduction and convective heat transfer increases as the 
oxidant velocity increases. However, excessive heat 
generation at anode in comparison with the heat transfer 
rate is always observed. The interconnector transports 
excess heat from the anode to the cathode, where the 
excess heat can be cooled by the air with high velocities, 
ultimately lowering the overall temperature of the SOFC. 

3.3 Effect of fuel velocity at anode 

In this section, simulations are performed at an 
operating voltage of 0.6 V, an inlet gas temperature of 
1073 K, and an oxidant velocity of 3 m/s. The fuel 
velocity is changed in the range between 1 m/s and 5 m/s 
with an interval of 1 m/s [35] to analyze the thermal 
behavior. As the fuel velocity increases, the current 
density also increases, as shown in Fig. 6(a). However, 
the power density increase is very small, only 5%. 
Similarly, the pump power increases as the fuel velocity 

increases. During the change of fuel velocity, the overall 
temperature decreases, while the peak temperature moves 
towards the fuel outlet, as shown in Fig. 6(b). The above 
analysis shows that the anode is the key to regulate the 
temperature field of SOFC. The high fuel velocities in 
the anode channel results in better convective heat 
transfer, which leading to more uniform temperature 
distribution. Meanwhile, when velocity Ua exceeds 1 m/s, 
excessive heat transfer at anode in comparison with its 
heat generation, which is the reason for the drop in SOFC 
temperature. As the fuel velocity increases, the oxygen 
molar concentration gradually decreases, while the 
hydrogen molar concentration increases, as shown Fig. 
6(c). The fuel velocity at anode has a large effect on the 
distribution of the temperature gradient, as shown Fig. 
6(d). The maximum temperature gradient increases with 
the increase of fuel velocity, with a 21.2% increase. 
However, at high fuel flow velocities, there is a wider 
safety zone, which means that the increase in fuel 
velocity eliminates part of the high temperature gradient 
zone at the fuel inlet and reduces the danger-prone zone, 
with a 32% decrease. 

The fuel velocity has a negligible effect on the total 
heat source distribution, as shown in Fig. 7(a). The 

 

 
 

Fig. 5  Effects of the oxidant velocity 
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Fig. 6  Effects of the fuel velocity 
 

 
 

Fig. 7  Effects of the fuel velocity 



WANG Mingyuan et al.  Operation Parameters on the Thermal Characteristics in a Planar Solid Oxide Fuel Cell 1983 

 

decrease in the reaction heat source of the anode can 
overcome the increase in the heat source of the cathode 
and electrolyte. It is clear that the heat power is almost 
the same, which is in agreement with the trend of the 
current density. As the fuel velocity increases, the 
contribution of the heat source at anode becomes smaller. 
Meanwhile, the increase in fuel load with increasing inlet 
fuel flow makes the contribution of the cathode and 
electrolyte heat sources larger, as shown Fig. 7(b). 
During the change of fuel velocity, the heat source of air 
inlet is lowered and the high heat source region is 
gradually reduced, as shown in Fig. 7(c). It can be seen 
that contribution of convective heat transfer to the total 
heat transfer rate increases at anode, as shown in Fig. 
7(d). However, thermal conduction is hardly influenced 
by variation in the fuel velocity. When velocity Ua 
exceeds 1 m/s, the heat transfer rate exceeds the heat 
generation rate. Interestingly, it is consistent with the 
decreasing trend of the maximum temperature. At higher 
fuel velocities, the difference between the heat transfer 
rate and the heat generation rate is greater, when the 
temperature drops by about 21.4 K. The key to regulate 

the temperature field of SOFC is to regulate the heat 
generation and consumption inside the anode so that the 
heat generation rate and heat transfer rate are balanced as 
much as possible, which is important for the temperature 
variation and distribution inside the SOFC. 

3.4 Effects of reactant inlet temperature 

The gas temperature at the inlet is a key factor 
affecting the kinetics of electrochemical reactions, which 
directly affects the generation of heat and the 
thermodynamic behavior. Here, simulations are 
performed at an operating voltage of 0.6 V, an oxidant 
velocity of 3 m/s, and a fuel velocity of 1 m/s, with inlet 
temperature varying from 923 K to 1123 K to analyze the 
thermal behavior. 

As the inlet gas temperature increases, the ionic 
conductivity increases. Thus the current density is 
significantly increased, as shown in Fig. 8(a), which is 
consistent with the conclusion of the literature [46]. Due 
to the complex process of internal heat absorption and 
heat release, there is a huge difference between the inlet 
gas temperature and the maximum temperature of the cell. 

 

 
 

Fig. 8  Effects of the reactant inlet temperature 
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As the inlet temperature increases, the electrochemical 
reaction becomes more intense and more heat is  
generated. The maximum temperature difference of the 
cell rises, as shown in Fig. 8(b). When the inlet gas 
temperature is 1123 K, the maximum temperature 
difference inside the SOFC can be observed to be about 
63 K. Although increasing the inlet gas temperature 
improves the electrochemical performance, it increases 
greatly the temperature gradient between the inlet and 
outlet and reduces the area with the safe temperature 
gradient, as shown in Fig. 8(c). It is harmful to the SOFC 
reliability. We can reduce the peak temperature gradient 
and increase the area of the safety zone by controlling the 
gas velocity. In addition, the effect of the inlet gas 
temperature and operating voltage on the distribution of 
the temperature gradient is consistent, as shown in Fig. 
8(d). The lower the operating voltage, the higher the inlet 
gas temperature, and the higher the temperature gradient 
occurs in the SOFC. 

The increase in the reactant inlet temperature leads to 
an increase in all heat sources, with the largest increase in 
the reversible heat source at anode. It is mainly caused by 
the entropy changes of the H2 electrochemical reactions, 
indicating that more electrochemical reactions occurred. 

As the reactant inlet temperature drops from 1123 K to 
923 K, the heat generation is reduced by about 75.29%, 
as shown in Fig. 9(a). As the reactant inlet temperature 
increases, the porous anode contributes more and more to 
the total heat, accounting for about 71% of the total heat 
source. It can be seen that the heat generation rate of the 
anode is more sensitive to the increase in temperature. 
Therefore, it can be inferred that the temperature of the 
inlet limits the heat generation rate of the anode. At 
higher inlet gas temperatures, excessive reversible heat 
source at cathode in comparison with the activation heat 
loss from cathode is observed, which can result in less 
net heat at cathode, as shown in Fig. 9(b). When the 
reactant inlet temperature is higher than 1023 K, there is 
a higher heat source at the air inlet, as shown in Fig. 9(c). 
Meanwhile, temperature gradients above 30 K/cm occur 
near the air inlet, which may form cracks and affect the 
working life of the SOFC, as shown in Fig. 8(c). As the 
reactant inlet temperature rises, the thermal conduction 
and convective heat transfer at anode also rises, as shown 
in Fig. 9(d). During the gas temperature variation,   
heat generation rate is more than heat transfer rate at 
anode, and the temperature of the SOFC continues to 
rise. 

 

 
 

Fig. 9  Effects of the reactant inlet temperature 
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3.5 Effects of flow modes 

The flow mode has an important influence on the 
temperature and temperature gradient distribution inside 
the SOFC. The highest temperature appears near the 
outlet under the mode of co-flow, and the temperature 
rises by about 89.8 K. While under the mode of 
counter-low, the SOFC shows a distribution trend of high 
temperature in the middle and low temperature on both 
sides. At this time, the maximum temperature difference 
is about 50.8 K, as shown in Fig. 10(a). Along the flow 
direction, the temperature gradient of the co-flow is 
lower, which occurs at the air inlet, and maintains a 
downward trend toward the outlet. At 0.6 V, a safe region 
of approximately 52% exists, making the SOFC 
temperature gradient less than 10 K/cm, as shown in Fig. 
10(b). The counter-flow makes the overall temperature of 
the SOFC lower, but there are large temperature gradients 
at the gas inlet and outlet, which has a great impact on 
the long-term operation reliability of SOFC. The co-flow 
mode has a safer temperature gradient. The heat sources 
of each component along the flow direction are different. 
The heat sources at electrolyte and cathode are the same 
distribution trend. Specifically, the trend of counter-flow 
tends to increase along the air inlet, while the trend of  

co-flow tends to decrease along the air inlet, as shown in 
Fig. 10(c) and Fig. 10(d). Besides, in both flow modes, 
the anode heat source is elevated along the fuel inlet. The 
heat accumulation in the electrolyte is the largest under 
co-flow, while the most uniform heat source distribution 
in the electrolyte is under counter-flow. It is also worth 
noting that the higher the current density is not always 
corresponding to the higher maximum temperature of 
SOFC. The temperature of the cell is controlled by the 
combining function of both the degree of electrochemical 
reaction and the efficiency of convective heat transfer. In 
comparison, current density is generally higher under the 
mode of counter-flow. However, the maximum 
temperature under counter-flow is 39 K lower than that 
under co-flow, and the maximum temperature gradient is 
about 32 K/cm higher than that under co-flow. When 
choosing the flow mode, it is necessary to consider both 
the maximum temperature and the temperature gradient 
to avoid large thermal stress. 

For different flow modes, there is no significant 
difference in the heat generation rate at anode. The 
greater difference is in the heat transfer rate. And the heat 
transfer rate for the co-flow is higher. But in both cases, 
the heat transfer rate is smaller than the heat generation 

 

 
 

Fig. 10  Effects of the flow modes 
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Fig. 11  Effects of the flow modes 
 

rate, as shown in Fig. 11(a). The temperature change in 
SOFC is mainly reflected in the direction of flow, and the 
change of thermal parameters in the height direction was 
ignored in many studies. The temperature gradient 
distribution of the two flow modes at the air inlet is a 
large difference, as shown in Fig. 11(b). Under 
counter-flow, a large temperature gradient is observed at 
the interface of anode and fuel at the air inlet, 
approximately –186.0 K/cm. This may be due to the 
higher heat accumulation. The temperature gradient in 
the middle section is closer; at the position where the 
cathode is in contact with the air, there is a large 
temperature gradient under the co-flow, as high as –81.3 
K/cm, as shown in Fig. 11(c). The temperature gradient 
distribution at the air outlet is consistent. At the position 
where the cathode is in contact with the air, there is a 
large temperature gradient under the counter-flow, as 
high as 224.0 K/cm, as shown in Fig. 11(d). This may be 
due to the strongest convective heat transfer effect of the 
air at this position, so it can fully dissipate heat, and then 
form a large temperature gradient. 

4. Conclusions 

A three-dimensional multi-physics numerical model 
for a planar SOFC was built and its accuracy was verified. 

The thermal behavior of SOFC under different operation 
conditions was discussed. The effects of the operation 
conditions on the heat generation rate and heat transfer 
rate at anode were analyzed.  

Parametric studies show that the electrochemical 
reaction heat, various overpotential losses and convective 
heat transfer efficiency together affect the temperature 
distribution in SOFC, and temperature distribution is 
affected generally by adjusting the gas velocity. For the 
studied case, increasing the fuel velocity decreases the 
temperature of SOFC by up to 21.4 K. At high fuel 
velocities, a 32% reduction in the danger zone is 
achieved, but the peak temperature gradient increases at 
the air inlet by about 21.2%. However, at high oxidant 
velocities, a 16.59% decrease in the maximum 
temperature gradient is observed. High heat sources 
generally occur at high oxidant velocities as well as low 
fuel velocities. 

The maximum temperature gradient is affected by the 
synergistic effect of the operating voltage and the inlet 
gas temperature. At low voltages and high inlet 
temperatures, the SOFC has a small safety zone. 
Meanwhile, a higher heat source exists at the air inlet. 
The heat generation rate at anode is more sensitive to the 
increase in temperature, accounting for about 71% of the 
total heat source. This means that the porous anode is the 
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main heat generation site and its heat release is the key to 
control the SOFC temperature distribution. 

The temperature varies mainly along the flow 
direction. However, the thermal characteristics in the 
height direction cannot be ignored. Attention should be 
paid on the location of large temperature gradients in the 
height direction, such as the cathode-air interface and the 
anode-fuel interface at the air inlet and outlet under 
counter-flow, and the cathode-air interface at the middle 
section under co-flow. 

This study provides a certain reference for the research 
on the thermal effect and temperature gradient 
distribution of the cell, emphasizing that the importance 
of high fuel velocities in reducing the areas where the 
temperature gradient exceeds the limits, which comes at 
the cost of the loss of pump power. Effectively balancing 
the gain of increasing the safety zone and the loss of 
pump power is the key for subsequent research. 
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