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In this study, a two-dimensional model including the governing equations of mass, momentum, 

species, energy and charge, is developed and then applied to investigate the performance and 

multiphysics transport processes of solid oxide fuel cells with counter-flow arrangement. The current 

density and power density are calculated and presented, and the distributions of species and 

temperature are also analyzed. In addition, temperature distributions of fuel cells with varying 

operating temperature, anode inlet flow velocity and cathode inlet flow velocity are demonstrated. The 

results show that the temperature gradient increases with increasing operating temperature. And the 

local temperature decreases with increasing inlet flow velocities, especially the increasing cathode inlet 

flow velocity.  
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1. INTRODUCTION 

Solid oxide fuel cells (SOFCs) and proton exchange membrane fuel cells (PEMFCs) are typical 

high temperature and low temperature fuel cells, respectively [1-3]. Only hydrogen can be used as the 

fuel for PEMFCs, while a broad variety of fuel can be used in SOFCs via reforming reactions. 

The cell performance of SOFCs can be easily obtained and evaluated by using experimental 

measurements. However, the transport phenomena inside fuel cells are not easy to be obtained due to 

the compact structure and small dimension. Numerical simulations can be used to investigate the 

transport characteristics inside fuel cells. Experimental measurements were carried out to examine the 

performance of SOFCs under varying operating conditions [4]. The performance and transport 

characteristics of SOFCs at various operating conditions were systematically studied by using a 

mathematical model [5]. Effects of geometric parameters on overall performance and local transport 

characteristics were investigated by different researchers [6-8]. Numerous efforts were made to 
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improve the performance. Graded electrodes were used to enhance the cell performance of SOFCs [9-

12]. The performance can be significantly improved by designing proper flow field. Therefore, 

different flow fields were designed and then systematically studied [13-16].  

A high temperature gradient can lead to thermal stress which affects the performance of 

SOFCs. Accordingly, the deterioration of performance and lifetime may occur. A mathematical model 

was developed to study the species and temperature distributions inside SOFCs [17]. It was reported 

that the heat and mass transport phenomena of fuel cells can be significantly affected by the fuel 

utilization [18]. Although various experimental and numerical studies on SOFCs can be found in the 

open literature, the understanding of transport phenomena inside SOFCs is still needed. In this paper, a 

two-dimensional model is used to study the cell performance and transport phenomena inside anode-

supported planar SOFCs with counter flow arrangement. In addition, temperature distributions of fuel 

cells with varying operating temperature, anode inlet flow velocity and cathode inlet flow velocity are 

systematically investigated. 

 

 

 

2. MODEL DESCRIPTION 

2.1 Physical model and assumptions 

 
 

Figure 1. Schematic of a solid oxide fuel cell with counter-flow arrangement. 

 

Table 1. Geometric parameters and the corresponding operating conditions 

 

Parameters Values / Unit 

Length 40 mm 

Interconnect thickness 0.3 mm 

Channel thickness 1 mm 

Anode/ Cathode DL thickness 0.38/0.05 mm 

Anode/Cathode  FL thickness 0.02/0.02 mm 

Electrolyte thickness 0.01 mm 

Operating pressure 1.0 atm 

Operating temperature  1073 K 
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The computational domain used in this study is shown in Figure 1. And the geometric 

parameters and operating conditions are presented in Table 1. DL represents the diffusion layer and FL 

represents the function layer. The assumptions used in the mathematical model can be found in our 

previous study [5].  

 

2.2 Governing equations 

The governing equations and corresponding source terms are presented in Table 2 and Table 3. 

And the detailed descriptions of this model can be found in our previous study [5]. 

 

Table 2. The governing equations  

 

Mass conservation equation: ∇ ⋅ (𝜌𝑢⃗ ) = 𝑆𝑚𝑎𝑠𝑠  

Momentum conservation equation: ∇ ⋅ (𝜌𝑢⃗ 𝑢⃗ ) = ∇ ∙ (𝜇∇𝑢⃗ ) − ∇𝑃 + 𝑆𝑚𝑜𝑚 

Species conservation equation: ∇ ⋅ (𝜌𝑢⃗ 𝑌𝑖) = ∇ ∙ (𝜌𝐷𝑒𝑓𝑓,𝑖∇𝑌𝑖) + 𝑆𝑖 

Energy conservation equation ∇ ⋅ (𝜌𝑐𝑝𝑢⃗ 𝑇) = ∇ ∙ (𝑘𝑒𝑓𝑓∇T) + 𝑆𝑇 

Charge conservation equation: 
∇ ⋅ (𝜎𝑒𝑓𝑓,𝑒∇𝜙𝑒) + 𝑆𝑒 = 0 

∇ ⋅ (𝜎𝑒𝑓𝑓,𝑖∇𝜙𝑖) + 𝑆𝑖 = 0 

 

Table 3. The sources terms of governing equations  

 

𝑆𝑚𝑎𝑠𝑠 = 𝑆𝐻2
+ 𝑆𝐻2𝑂  (Anode)   𝑆𝑚𝑎𝑠𝑠 = 𝑆𝑂2

(Cathode) 

𝑆𝑚𝑜𝑚 = −
𝜇

𝐾
𝑢⃗    

𝑆𝐻2
 = −

𝑗𝑎

2𝐹
𝑀𝐻2

 𝑆𝑂2
 = −

𝑗𝑐

4𝐹
𝑀𝑂2

    𝑆𝐻2𝑂  =
𝑗𝑎

2𝐹
𝑀𝐻2𝑂 

𝑆𝑇 = 𝑗𝑎,𝑐|𝜂𝑎,𝑐| + 𝑗𝑎,𝑐

𝑇Δ𝑆

𝑛𝐹
+ 𝜎𝑒𝑓𝑓,𝑖‖∇ϕ𝑖‖

2 + 𝜎𝑒𝑓𝑓,𝑠‖∇ϕ𝑠‖
2 

𝑆𝑒  = −𝑗𝑎     𝑆𝑖  = +𝑗𝑎  (Anode) 

𝑆𝑒  = +𝑗𝑐      𝑆𝑖  = −𝑗𝑐   (Cathode) 

 

2.3 Numerical implementation and boundary conditions 

The commercial software ANSYS FLUENT is used for the implementation of fuel cell model. 

And the user defined functions (UDFs) are applied to describe the transport equations, source terms 

and the expressions in the mathematical model.  

At the anode and cathode gas flow channel inlet, the velocity, temperature, and mass fractions 

are defined. At the anode and cathode gas flow channel outlet, a pressure-outlet boundary condition is 

prescribed. The electric potential, ϕe=0, is specified at the top wall, while the electric potential, 

ϕe=Vcell, is specified at the bottom wall. And the surrounding walls are adiabatic boundary condition. 

The corresponding boundary conditions are summarized and presented in Table 4.  
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Table 4. Boundary conditions 

 

Description Conditions Value Units 

Anode terminal Electrical 

potential 

0 V 

Cathode terminal 0.7 V 

 Velocity 0.3 m/s 

Anode flow channel inlet Mass fraction H2:H2O=0.95:0.05 - 

 Temperature 1073 K 

 Velocity 3 m/s 

Cathode flow channel inlet Mass fraction O2:N2=0.233:0.767 - 

 Temperature 1073 K 

Anode flow channel outlet Pressure 0 Pa 

Cathode flow channel outlet Pressure 0 Pa 

 

 

 

3. RESULTS AND DISCUSSION 

For the model validation, the present model was carefully validated by comparing with the 

experimental study reported by Zhang et al. [19]. The results produced by the mathematical model 

shows good agreement with the data by the experiments. The detailed information of the model 

validation can be found in our previous study [5]. Therefore, the present mathematical model was 

applied in the following numerical simulations. 

 

 
 

Figure 2. Performance of a SOFC with counter-flow arrangement. 

 

The polarization curve is used to assess the cell performance. The performance of SOFCs with 

counter-flow arrangement is calculated and presented in Figure 2. It is clear seen that the current 

density increases with decreasing cell voltage and the power density increases with increasing current 

density. Due to the high operating temperature, the activation loss is very small. The trend of 
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polarization curve is mainly determined by the ohmic loss. The polarization curve of PEMFCs is quite 

different from that of SOFCs. The activation loss is dominated at low current densities [20-21]. The 

current density is 0.697 A/cm2 at the cell voltage 0.7 V and the corresponding power density is 0.488 

W/cm2. The current density is 1.110 A/cm2 at the cell voltage 0.5 V and the corresponding power 

density is 0.555 W/cm2. 

 

  
Figure 3. Hydrogen and water vapor mass fraction distributions of a SOFC with counter-flow 

arrangement at the cell voltage 0.7V. 

 
 

Figure 4. Oxygen mass fraction distribution of a SOFC with counter-flow arrangement at the cell 

voltage 0.7V. 

 

The mass fraction distributions of hydrogen and water vapor along the x-coordinate direction at 

the cell voltage 0.7 V are given in Figure 3. It is clear that the hydrogen mass fraction gradually 

decreases and the water vapor mass fraction increases along the x-coordinate direction. This can be 

explained by the consumption of hydrogen and generation of water vapor due to the electrochemical 

reactions inside SOFCs. The hydrogen mass fraction decreases from 0.71 to 0.14, while the water 

vapor mass fraction increases from 0.29 to 0.86. Meanwhile, the mass fraction distribution of oxygen 

along the cathode side flow direction (from right to left) at the cell voltage 0.7 V is shown in Figure 4. 
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It can be seen that the oxygen mass fraction decreases along the flow direction due to the consumption 

caused by the electrochemical reactions. And the oxygen mass fraction decreases from 0.23 to 0.21. 

For both the co-flow and counter-flow arrangements of SOFCs, the mass fractions of hydrogen and 

oxygen decreases and the mass fraction of water vapor increases along the flow channel direction due 

to the electrochemical reactions [5, 22]. As shown in Figure 5, the local current density distribution 

along the x-coordinate direction is illustrated. It is clear that the local current increases firstly and then 

gradually decreases until the end of cell. This is attributed to the electrochemical reactions and flow 

arrangement. Similar distribution of local current density was also reported by Zhang et al. [22]. 

 

  
 

Figure 4. Oxygen mass fraction distribution of a SOFC with counter-flow arrangement at the cell 

voltage 0.7V. 

 
 

Figure 5. Local current density distribution of a SOFC with counter-flow arrangement at the cell 

voltage 0.7V. 
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Figure 6.  Temperature distributions at the anode DL and FL interface of SOFCs with different 

operating temperatures at the cell voltage 0.7V. 

 

 
 

Figure 7.  Temperature distributions at the anode DL and FL interface of SOFCs with different anode 

inlet flow velocities at the cell voltage 0.7V. 

 

The local temperature distributions of SOFCs with co-flow arrangement under different 

operating temperature and anode/cathode velocity were systematically studied and reported in our 

previous study [5]. This paper focus on the effects of these factors on the temperature distributions of 

SOFCs with counter-flow arrangement. The temperature distributions of SOFCs under different 

operating conditions (1023 K, 1073 K and 1123 K) are presented in Figure 6. It can be seen that the 

temperature increases firstly and then decreases along the x-coordinate direction for all three cases. 

This is attributed to the counter-flow arrangement of SOFCs. For the co-flow arrangement of SOFCs, 

the temperature gradually increases along the flow direction [5]. The maximum temperature occurs at 

the upstream of the fuel cell along the x-coordinate direction. And the maximum temperatures of three 

cases are 1080.1 K, 1189.9 K and 1334.8 K, respectively. It is also seen that the temperature gradient 

increases with increasing operating temperature. 
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Figure 8.  Temperature distributions at the anode DL and FL interface of SOFCs with different 

cathode inlet flow velocities at the cell voltage 0.7V. 

 

The temperature distributions of SOFCs under different anode inlet flow velocities (0.2 m/s, 

0.3 m/s and 0.4 m/s) are shown in Figure 7. In this study, the operating temperature is fixed at 1073 K 

for three cases. It is clearly seen that the local temperature decreases with increasing velocity, 

especially at the maximum temperature region. And the maximum temperatures of three cases are 

1186.4 K, 1189.9 K and 1191.9 K, respectively. It is concluded that the local temperature can be 

decreased when the anode inlet flow velocity is increased. However, the effect of anode inlet flow 

velocity on temperature distribution can be neglected for the co-flow arrangement of SOFCs [5]. 

The temperature distributions of SOFCs under different cathode inlet flow velocities (2 m/s, 3 

m/s and 4 m/s) are shown in Figure 8. In this study, the operating temperature is fixed at 1073 K for 

three cases. It is clearly seen that the local temperature greatly decreases with increasing velocity, 

especially at the maximum temperature region. And the maximum temperatures of three cases are 

1221.5 K, 1189.9 K and 1168.8 K, respectively. It is also observed that the position of maximum 

temperature shifts towards the left with increasing velocity. It is concluded that the local temperature 

can be significantly decreased when the cathode inlet flow velocity is increased. Similarly, the local 

temperature is also decreased with increasing cathode inlet flow velocity for the co-flow arrangement 

of SOFCs [5]. Generally, different flow arrangements including co-flow, counter-flow and cross-flow 

can be used for SOFCs [23]. Therefore, it is also necessary to investigate the effects of operating 

temperature, anode inlet flow velocity and cathode inlet flow velocity on temperature distributions of 

SOFC with cross-flow arrangement. 

 

 

4. CONCLUSIONS 

In this study, the performance and transport characteristics of SOFCs with counter flow 

arrangement was numerically investigated. The results provided by the mathematical model show good 

agreement with the experimental data. The hydrogen and oxygen mass fractions decrease along the 
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corresponding gas flow directions, and the water vapor mass fraction increase along the anode channel 

due to the existence electrochemical reactions. The temperature gradient increases with increasing 

operating temperature. The local temperature decreases with increasing anode and cathode inlet flow 

velocities. It is also suggested that the cathode inlet flow velocity can be greatly increased to decrease 

the local temperature and then decrease the temperature gradient.   
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