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Abstract. An overpotential model for planar solid oxide fuel cells (SOFCs) is developed and 

applied to a stack numerical simulation. Charge-transfer distribution within the electrodes are 

approximated using an exponential function, based on which the Ohmic loss and activation 

overpotential are evaluated. The predicted current-voltage characteristics agree well with the 

experimental results, and also the overpotentials within the cell can reproduce the results 

obtained from a numerical analysis where the distribution of the charge-transfer current within 

the electrodes is fully solved. The proposed model is expected to be useful to maintain the 

accuracy of SOFC simulations when the cell components, consisting of anode, electrolyte and 

cathode, are simplified into one layer element. 

1.  Introduction 

Solid oxide fuel cells (SOFCs) are devices that directly convert the chemical energy of fuels into 

electrical energy through electrochemical reactions, and are attracting attention due to their high power 

generation efficiency. As the ceramic materials used in SOFCs can exhibit sufficient oxygen ion 

conductivity only at high temperatures (700-1000°C), the operating temperature of SOFCs is higher 

than other fuel cell systems. This high temperature improves overall system efficiency by waste heat 

recovery in cogeneration systems. At the same time, it also promotes degradation of SOFC cells, 

therefore proper thermal management is required to mitigate thermally induced degradation. 

Direct measurements of characteristic variables of operating SOFCs, such as local temperature, 

concentration and current density, are difficult because of the high operation temperature and narrow 

channel gaps. Numerical simulation techniques can therefore be used as an effective tool to obtain 

detailed information inside the SOFCs. Sophisticated numerical models, from electrode scale to stack 

scale, have been developed and used to analyse the SOFC systems [1]–[4]. In the stack-level 

modelling, computation cost tends to significantly increase because the computational domain 

includes not only the cell components but also flow channels and separators. Therefore it is common 

to simplify the cell component (anode, electrolyte and cathode) into one layer element, called PEN 

(positive electrode, electrolyte, negative electrode), to reduce the total computation cost [5]. In such 

approaches, however, the charge-transfer distribution in the electrodes is inevitably neglected, and the 

Ohmic losses and activation overpotentials may not be estimated correctly. 

In this study, we develop a model that evaluates the Ohmic loss and activation overpotential in a 

PEN element in the stack analyses, based on the approximation of the charge-transfer current 
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distribution by an exponential function. The model is applied to a stack model and used to predict 

current-voltage characteristics. The results are compared with the experimental results obtained from a 

stack experiment, and also with numerical results from a model where the PEN element is fully solved. 

2.  Numerical model 

A coupled multicomponent thermo-fluid and electrochemical model is solved in this study. The 

thermo-fluid model provides the temperature and species concentration fields in the cell, based on 

which the electromotive force and overpotentials are calculated and used to obtain of the electric 

potential field and the electrochemical reaction rate. Velocity and other variables are assumed to be 

uniformly distributed in the channel height (y-) direction, while the distributions in the streamwise (x-) 

and spanwise (z-) directions are calculated by solving the governing equations. 

2.1.  Geometry 

Figure 1 shows the schematic of a planar SOFC cell used in the analysis. An anode supported cell 

consists of Ni-YSZ anode, YSZ electrolyte and LSCF cathode and is considered as single layer 

element. The fuel and air channels are formed by porous metal to achieve uniform flow field and 

better current collection. Insulation materials are placed at the upstream and downstream areas of the 

PEN. The entire structure is sandwiched by metal separators. The size of the cell components (table 1) 

and the microstructural parameters of the electrodes (table 2) are taken from a stack experiment [6]. 

The microstructural parameters of the porous metal is shown in table 3 [7]. 

 
Figure 1.  Schematic view of single cell. 

Table 1.  Cell geometry [mm]. 

PEN 

length 

PEN 

width 

Channel 

height (fuel) 

Channel 

height (air) 

Electrolyte 

thickness 

Anode 

thickness 

Cathode 

thickness 

Separator 

thickness 

100 100 0.7 1.4 0.008 0.24 0.05 0.2 

Table 2.  Microstructural parameters of the electrodes. 

Parameter Anode Cathode Unit 

Volume fraction  Ni: 0.366/ YSZ: 0.383/ Pore: 0.251 LSCF: 0.522/ Pore: 0.478 [-] 

Tortuosity factor Ni: 4.8/ YSZ: 2.4/ Pore: 19.8 LSCF: 2.0/ Pore: 2.0 [-] 

TPB density  6.12×1012 - [m/m3] 

DPB density - 6.77×106 [m2/m3] 

Table 3.  Parameters of the porous medium. 

Parameter Value Unit 

Porosity  0.9 -] 

Pore diameter dp  2.0×10-4 [m] 

Permeability K  2.0×10-9 [m2] 

Inertia coefficient f  0.046 [-] 

Pore specific surface area asf  1.65×104 [m2/m3] 
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2.2.  Thermo-fluid model 

Both fuel and air flows are assumed to be steady and laminar. The heat transfer to the fluid in the 

porous channel is assumed to occur only through the solid surface of the porous material. Radiative 

heat transfer within the cell is not taken into account. Physical values, such as velocity, molar fractions 

and temperature, are locally averaged in a representative elementary volume (REV) [5]. Velocities are 

averaged within the gas volume in the REV, whereas all the other variables are averaged in the total 

REV volume. The followings are the transport equations of the averaged physical values in the fluid 

phase of the porous channels. 

 

Continuity 
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Energy conservation 
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Mass transfer 
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The gas properties are dependent on the local temperature and concentration of chemical species in 

the gas mixture [8]–[13]. , K, f, and asf are the porosity, permeability, inertia coefficient and specific 

surface area of the porous material, respectively. The third term on the RHS of the equation (4) is the 

heat exchanged between the fluid phase and the solid phase in the porous material. hsf and f
eff are the 

heat transfer coefficient and effective thermal conductivity, respectively, which are also evaluated 

using a foam metal assumption [14]. Dim is the effective diffusion coefficient. Sk in the continuity 

equation is associated with the oxygen transfer by the electrochemical reaction. Si in the mass transfer 

equation is related to the electrochemical reactions. 

 

The energy equations for the solid phase of the porous channels and the solid plates can be 

expressed as follows.
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) + 𝑄 (7) 

The third term on the RHS of equation (6) corresponds to the heat exchanged between the fluid phase 

and the solid phase. The effective thermal conductivity s
eff is evaluated assuming a foamed metal 

[14]. The heat generated by Joule heating and the heat conduction in the channel height direction (y 

direction) are included in the source term Q in these equations. The source term in equation (7) also 

includes the heat generated from the electrochemical reaction and that associated with the voltage 

losses in the PEN.  
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2.3.  Electrochemical model 

The electromotive force E is locally evaluated using the Nernst equation. 

 𝐸 = −
Δ𝐺0

2𝐹
−

𝑅𝑇

2𝐹
ln [

𝑃H2O

𝑃H2
(𝑃O2

101325⁄ )
0.5] (8) 

The charge-transfer current distribution in the electrodes is assumed with an exponential function [15]. 

 𝑖ct(𝜉) = 𝜆𝐼𝑒−𝜆𝜉 (9) 

where I is the area specific current and ict() is the volumetric density of the local charge-transfer 

current. The  axis is embedded in the electrode with the origin at the electrode-electrolyte interface.  

is the attenuation factor, which determines the thickness of the active reaction area. The determination 

of the attenuation factor is explained later. 

The total activation overpotential in each electrode can be evaluated as follows. 

 𝜂act = ∫ 𝜂act,local(𝜉)𝑖ct(𝜉)𝑑𝜉
𝐿

0

∫ 𝑖ct(𝜉)𝑑𝜉
𝐿

0

⁄  (10) 

where L is the total thickness of each electrode. The local activation overpotential and the local 

charge-transfer current are correlated by the Butler-Volmer equation. 

 𝑖ct,ano = 𝑖0,ano𝑙TPB [exp (
2𝐹

𝑅𝑇
𝜂act,local) − exp (−

𝐹

𝑅𝑇
𝜂act,local)] 

𝑖ct.cat = 𝑖0,cat𝐴DPB [exp (
1.2𝐹

𝑅𝑇
𝜂act,local) − exp (−

𝐹

𝑅𝑇
𝜂act,local)] 

(11) 

 (12) 

where i0 is the exchange current per unit TPB length or DPB area [1], [16]. 

 𝑖0,ano = 31.4𝑃H2

−0.03𝑃H2O
0.4 exp (−

18300

𝑇
) 

𝑖0,cat = 1.47 × 106𝑃O2

0.2 exp (−
10327

𝑇
) 

(13) 

 (14) 

To analytically obtain the total activation overpotential by equation (10), the equation (11) and (12) 

need to be explicitly solved in terms of act,local. When act,local is small, the first-order Taylor expansion 

(linear approximation) is useful; on the other hand, when act,local is large enough, the second term is 

simply ignored (Tafel approximation). However, when act,local is around 0.1 V, both of these 

approximation introduces significant errors to the calculation. Therefore, in this study, we proposed a 

method to approximate the equation (11) using a hyperbolic sine function with a parameter  as 

follows. 

 𝑖ct,ano = 2𝑖0,ano sinh (
𝛼𝐹

𝑅𝑇
𝜂act,local) (15) 

Figure 2 shows the relative error in the estimation of the charge-transfer current when the linear 

approximation, Tafel approximation and hyperbolic sine approximation are used. Note that α is set as 

0.05. It is found that the hyperbolic sine approximation can approximate the Butler-Volmer equation 

with relatively smaller errors in the entire local activation overpotential regime. 

 
Figure 2.  Relative errors in the approximation of the Butler-Volmer equation. 
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In this study, the hyperbolic sine approximation is employed in the anode, whereas the linear 

approximation in the cathode. 

 𝑖ct,ano = 2𝑖0,ano sinh (
𝛼𝐹

𝑅𝑇
𝜂act,local) (16) 

 𝑖ct,cat = 𝑖0,cat

2.2𝐹

𝑅𝑇
𝜂act,local (17) 

By using equation (16) and (17), the total activation overpotential can be expressed as follows. 

 𝜂act,ano =
𝑅𝑇

𝛼𝐹
(sinh−1

𝜆𝐼

2𝑖ct,ano
+

2𝑖ct,ano

𝜆𝐼
(1 − √(

𝜆𝐼

2𝑖ct,ano
)

2

+ 1)) (18) 

 𝜂act,cat =
𝜆𝑅𝑇𝐼

4.4𝐹𝑖ct,cat
 (19) 

The Ohmic losses in each electrode are evaluated as follows using the equation (9). 

 𝜂ohm = ∫ {∫
𝑖io

𝜎io
eff

𝑑𝜉′
𝜉

0

} 𝑖(𝜉)𝑑𝜉
𝐿

0

∫ 𝑖(𝜉)𝑑𝜉
𝐿

0

⁄ =
𝐼

2𝜆𝜎io
eff

 (20) 

In addition the Ohmic loss in the electrolyte is expressed as follows. 

 𝜂ohm,ele =
𝐼

𝜎io
ℎele (21) 

Concentration overpotential also depends on the charge-transfer current distribution within the 

electrodes; however, this dependence is neglected in this study because of the fact that the anode is 

much thicker than the active thickness, and that the cathode concentration overpotential is negligible 

due to the thin cathode. Thus, the concentration overpotentials are evaluated as follows. 

 𝜂con,ano = −
𝑅𝑇

2𝐹
ln (

𝑃H2,TPB𝑃H2O

𝑃H2
𝑃H2O,TPB

) 

𝜂con,cat = −
𝑅𝑇

4𝐹
ln (

𝑃O2,DPB

𝑃O2

) 

(22) 

 (23) 

where Pi,TPB and Pi,DPB is a partial pressure of gas species i at the electrode-electrolyte interface [17]. 

 𝑃H2,TPB = 𝑃H2
−

𝑅𝑇𝐿ano

2𝐹𝐷H2

eff
𝐼,            𝑃H2O,TPB = 𝑃H2O +

𝑅𝑇𝐿ano

2𝐹𝐷H2O
eff

𝐼 (24) 

 𝑃O2,TPB = 𝑃 − (𝑃 − 𝑃O2
) exp (

𝑅𝑇𝐿cat

4𝐹𝐷O2

eff𝑃
𝐼) (25) 

The attenuation factor  is determined so as to minimize the total overpotential 𝜂total = 𝜂act +
𝜂ohm + 𝜂con in the electrodes. Therefore  is obtained by solving 𝜕𝜂total 𝜕𝜆⁄ = 0 as follows. 

 𝜆ano =
2𝑖0,ano

𝐼
√(1 +

𝛼𝐹𝐼2

4𝑅𝑇𝜎io
eff𝑖ct,ano

)

2

− 1 

𝜆cat = √
2.2𝐹𝑖ct,cat

𝜎io
eff𝑅𝑇

 

(26) 

 (27) 

The terminal voltage of the PEN at a given current is then determined as follows. 

 𝑉𝑡 = 𝐸 − 𝜂total,ano − 𝜂total,cat − 𝜂ohm,ele (28) 

The electric potential in the solid phase is solved using the following equation. 

 
𝜕

𝜕𝑥
(𝜎s

eff
𝜕𝑉

𝜕𝑥
) +

𝜕

𝜕𝑧
(𝜎s

eff
𝜕𝑉

𝜕𝑧
) = 𝑆 (29) 

where s
eff is the effective electronic conductivity. The source term S is associated with the current 

from/to the PEN. 
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3.  Results and discussion 

3.1.  Model validation 

The current voltage characteristics obtained from the simulation are shown in figure 3 and compared 

with the experimental results [6]. The flow and temperature conditions are taken from the stack 

experiment as shown in table 4. In the model A, the charge-transfer current distribution in the 

electrodes is approximated using the exponential function, whereas in the model B, the charge-transfer 

reaction occurs only at the electrode-electrolyte interface. Therefore the Ohmic loss due to the ionic 

conduction in the electrodes is neglected in the model B. It is found that the model B underestimates 

the overpotentials in the cell, yielding higher current density under a given terminal voltage. This is 

mainly because the model B cannot evaluate the contribution of the Ohmic loss in the electrodes. The 

error between the model B and experiments is larger at lower temperature, because lowering the cell 

temperature decreases the ionic conductivity of the YSZ phase, increasing the relative contribution of 

the Ohmic loss to the total overpotential. The model A proposed in this study is found to give better 

agreement with the experimental results at the both temperature conditions. This clearly emphasizes 

the benefit of giving more reasonable charge-transfer current distribution within the electrodes. The 

quantitative discrepancy remaining between the model A and the experiment is considered to be due to 

the contact resistance between the electrode surface and the current collector, which has not yet been 

taken into account in this study. For more accurate prediction of the cell performance, the effect of the 

contact resistance needs to be implemented in the model. 

Figure 4 shows comparison of the area-specific resistance (ASR) of the cell obtained at 700 °C at a 

terminal voltage of 0.9 V. In addition to the model A and B, simulation is also conducted using a 

model where the distribution of the electrochemical potentials and gas partial pressures are fully 

solved, and the results are compared with those from the model A and B. It can be also found from this 

analysis that neglecting the Ohmic loss in the electrodes results in a significant error in the estimation 

of the total ASR of the cell. The model A gives reasonable estimation not only to the total ASR of the 

cell but also the breakdown of the ASR components. This clearly indicates the superiority of the 

proposed PEN model over the conventional PEN model. 

Table 4.  Input values used in the simulation. 

Parameters Value Unit 

Hydrogen flow rate 1.8 [L min-1] 

Nitrogen flow rate 1.2 [L min-1] 

Air flow rate 18.0 [L min-1] 

Operation temperature 800, 700 [°C] 

 

 
Figure 3.  Comparison of model prediction and experimental results [6]. 
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Figure 4.  Area specific resistance (ASR) of the PEN at a terminal voltage of 0.9 V at 700 °C. 

3.2.  Effect on the characteristics 

The effects of the different assumption of the charge-transfer distribution on the fundamental 

characteristics inside the cell are discussed in this section. The inlet gas temperature is 700 °C and the 

average current density is set at 3000 A/m2. The thermal insulation boundary conditions are applied to 

the surface of the cell. Figure 5 shows the local temperature and current density distribution at the 

center of the cell (z = 0.03). It is found from figure 5(a) that the cell temperature increases along the 

streamwise direction due to the heat generated from the electrochemical reaction and the voltage 

losses. The average cell temperature is higher when the model A is used, because the model A 

considers the Joule heating in the electrodes in addition to the heat associated with the activation and 

concentration overpotentials. Figure 5(b) clearly shows the difference in the predicted current density 

distribution from the two models; the model A gives a peak at around x = 0.05 mm, while the model B 

gives no peak. This is because the total voltage loss is underestimated in the model B and hence the 

electrochemical reaction can occur from the inlet edge of the electrode. On the contrary, in the model 

A, the temperature increase found in figure 5(a) gradually decreases the resistance of the cell, 

enhancing the electrochemical reaction. The decrease trend in the current density in the downstream 

region is due to the fuel dilution. 

It is found that the difference in the assumption of the charge-transfer current distribution in the 

electrodes affects not only the current-voltage characteristics but also the local temperature and current 

density distribution inside the cell. When discussing the degradation of the cells caused by temperature 

gradient and/or fuel starvation, accurate estimation of the charge-transfer current distribution is 

necessary.  

 

(a) (b) 

  
Figure 5.  Distributions of the (a) local temperature and (b) local current density with a current density 

of 3000 A/m2 at z = 0.03 m. 
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4.  Conclusions 

The charge-transfer distribution within the electrodes of SOFCs are approximated using an 

exponential function, based on which the Ohmic loss and activation overpotential were evaluated. The 

Butler-Volmer equation is also approximated using a hyperbolic sine function on the anode side and a 

Taylor series on the cathode side, and the activation overpotential and Ohmic loss in the electrodes are 

analytically obtained. The predicted current-voltage characteristics gives better agreement with the 

experimental results, and also the overpotentials within the cell can reproduce the results obtained 

from a numerical analysis where the distribution of the charge-transfer current within the electrodes 

are fully solved. However, predicted performance still overestimated due to the effect of contact 

resistance between the electrodes and separators, which has not yet been considered in the present 

study. Implementation of a contact resistance model is required for further improving the model 

accuracy, and is one of the further works. The proposed model is expected to be useful to maintain the 

accuracy of SOFC simulations when the cell components are simplified into single layer PEN element. 
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