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Abstract 

Fuel cells are promising for future energy systems, because they are energy efficient and able 

to use renewable fuels. However, there is still a need for improvement and a fully coupled 

computational fluid dynamics (CFD) approach based on the finite element method, in three-

dimensions, is developed to describe an anode-supported planar solid oxide fuel cell (SOFC). 

Governing equations are solved for electron, ion, heat, gas-phase species and momentum 

transport, and implemented and coupled to kinetics describing electrochemical reactions. 

 

It is shown that the heat generation due to the electrochemical reactions results in an 

increased temperature distribution and further current density along the main flow direction. 

This increase is limited due to the consumption of electrochemical reactants within the cell. 

For cases with a high current density generation, the resistance to electron transport and the 
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oxygen gas-phase flow is high for positions (within the cathode) under the interconnect ribs, 

which gives a high current density gradient in the direction normal to the electrode/electrolyte 

interface. The increase in the current density is accelerated by an increased temperature along 

the main flow direction, due to the strong coupling between the local current density and the 

local temperature. It is shown that an increase of the anode active area-to-volume ratio with a 

factor of two transfers around 20 mV of (activation) polarization from the anode to the 

cathode side, for the case investigated in this study.  

 

Keywords: SOFC, FEM, 3D, polarization, electric potential 

 

1  Introduction 

It is not an exaggeration to say that almost all problems have multiple scales in nature [1]. 

The particle size in SOFC functional materials is at the sub-micron scale and the three-phase 

boundary (TPB) between the solids for the charge transport and the pores for the 

reactants/products transfer is at the microscale, On the other hand the cell/stack geometries 

are at the macroscale. The morphology and characteristic properties of these scales are 

important for the performance of the fuel cell (FC). The sciences at a microscopic scale are 

critical to the performance at a macroscopic (system) scale. The broad range of the length 

scales brings about an equally wide range of time scales, with chemical bond vibrations 

occurring over tens of femtoseconds and, at the other extreme, heating up a stack taking 

hours. Strong coupling between different transport and reaction phenomena as well as the 

scales calls for multiphysical computational modeling and simulation of SOFC at multiple 

scales, which is promising for optimizing the design, as well as to increase the cell/stack 

performance and the cell lifetime [2].  
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In situ measurements are often difficult to perform and deliver detailed experimental data, 

such as local temperature distribution, surface- and gas-phase species distributions or local 

charge profile. This limitation has resulted in the development of very detailed computational 

fluid dynamics (CFD)-based models whose ability to predict local and global characteristics 

for the potential, current density, temperature and concentrations have been demonstrated. 

The macroscale modeling has gained a lot of success during the last years in understanding 

complex phenomena occurring during FC operation, and accordingly has enabled 

improvement of the FC design [2]. It should be noted that CFD models make it possible to 

reduce the amount of experiments needed for cell development, and only a limited amount of 

tests is then required to validate the accuracy of the models [3], as revealed in recent reviews 

on solid oxide fuel cell modeling and development by Grew et al. [4] and Andersson et al. 

[5]. One CFD technique is the finite element method (FEM), where the spatial domain is 

divided into a finite number of volumes or elements. The integral form of the conservation 

equations is formulated and solved over the prescribed finite volumes. Local conservation of 

the numerical fluxes is central for FEM. The FEM corresponds to a length scale of 50 μm and 

bigger as well as a time scale of μs and longer [4]. Various assumptions are often involved in 

the CFD models, for example, the microstructure of the porous electrodes is not directly 

included in the model, while the effective parameters, e.g., the porosity, tortuosity factor and 

the active area-to-volume ratios (AV) for electrochemical reactions, are normally treated as 

fitting parameters and used in the respective governing equations [6-7]. 

 

The Butler-Volmer equations are often used to describe the activation polarization/current 

density relationship [8]. The exchange current density is frequently used to calculate the 

activation polarization, which depends on the active catalytic material for the electrochemical 

reactions. A problem is that the data in literature are not identical or well explained. Further 



 
 

4

study of the mechanisms behind the activation polarization is important for the FC 

development [6,9]. For the anode supported SOFC, the high mechanical strength is 

maintained for the rest of the anode which is used primarily as the cell support and for 

internal reforming reactions, when hydrocarbons are supplied as fuels [10-11].  

   

 

With continuing advances in the development of algorithms and rapid reduction in CPU 

costs, computational chemistry plays a more and more important role in SOFC electrode 

design and development. An important new direction for SOFC research is to develop a 

predictive multiscale (from density functional theory (DFT) to continuum) computational 

framework, through a rigorous validation at each scale by carefully-designed experiments 

performed under in situ conditions. However, major challenges still remain to bridge the gaps 

between the models at different scales or between theoretical predictions and experiments 

[12]. Modeling and simulation across the time and length scales provide unique opportunities 

to understand properties and phenomena that are inaccessible and difficult to address with 

experimental effort, or have multifaceted interactions. It is apparent that no single method is 

suited to studying the full scope of challenges. The scale selected for this study is the cell 

scale (in 3D), covering one fuel channel as well as one air channel and the corresponding 

anode, electrolyte, cathode as well as interconnect ribs, i.e., the entire cell length but only 3 % 

of the cell width (for one cell) is included. 

 

The aim of this paper is to investigate the relationships between the electrochemical active 

area-to-volume ratios and the current density distribution as well as the couplings between 

the electrochemical activation energies, the current density distribution and the activation 

polarizations for an anode-supported planar SOFC. The methodology applied in this study is 

the FEM. A parameter study is performed varying the cell potential, the anode active area-to-

volume-ratio and the electrochemical activation energies, for the objective to identify the 
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importance of the electrochemical reactions and the effects on the transport phenomena as 

well as heat generation. Our model makes it possible to identify electron and oxygen ion 

transport limitations in the direction normal to the cathode/electrolyte interface. Further 

design optimization is possible based on the local distribution of the different polarizations, 

ions, electrons as well as gas-phase molecules. 

 

2  Modeling 

A three-dimensional (3D) model for an anode-supported planar SOFC is developed and 

implemented in the commercial software COMSOL Multiphysics (version 4.3.1.161). 

Equations for ion, electron, momentum, gas-phase species and heat transport are solved 

simultaneously and coupled to kinetics describing the electrochemical reactions within the 

electrodes. The geometry and material structure parameters are selected based on a cell 

developed and tested at the Ningbo Institute of Material Technology and Engineering 

(NIMTE) in China, as defined in Table 1. The NIMTE cell was further described in [13-14]. 

 

 

Table 1: SOFC cell geometry  

Cell Component Direction Thickness 

Cell length x 100 mm 

Fuel & Air channel height y 0.5 mm 

Fuel & Air channel width z 2 mm 

Channel wall (rib) thickness z 0.5 + 0.5 mm 

Anode support layer thickness y 400 m 

Anode active layer thickness y 15 m 

Cathode support layer thickness y 50 m 

Cathode active layer thickness y 20 m 

Electrolyte thickness y 10 m 

Interconnect thickness y 150 +150 m 
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Figure 1. Schematic figure of the anode-supported SOFC model. 

 

 

If hydrogen is used as a fuel, the active species involved in the electrochemical reactions are 

hydrogen and oxygen, as shown in eqns (1)-(2). H2 forms a molecule of H2O during this 

oxidation reaction and releases a pair of electrons [15-16]. The electrochemical reactions 

occur at the three-phase boundaries (TPBs), i.e., the region where the ionic (YSZ), electronic 

(Ni or LSM) conducting materials and gas-phase meet each other. Oxygen ions migrate in the 

YSZ material (from the cathodic side to the anodic side through the electrolyte layer), 

conduction of electrons occurs in the electronic-phase (Ni in the anode or LSM in the 

cathode) and transport of gas molecules takes place in the open voids within the electrodes. 

Note that the TPB needs to be connected to the rest of the porous domains, i.e., the pores 

need to be connected through the surrounding pore network to the fuel/air stream, the Ni- or 

LSM-phase must be connected to the respective current collector and the YSZ-phase in the 

electrodes to the YSZ electrolyte for the electrochemical reactions to proceed [17].  
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2.1 Governing equations 

2.1.1 Ion and electron transport as well as electrochemical reactions 

The rate at which the current within the electrodes can transfer between ionic and electronic 

phases is dependent on several factors, such as the catalytic activity of the materials, the 

extension of the reaction region as well as the relative facility at which charges and chemical 

species are transported to and from the reaction sites. Further, these depend on the 

microstructural characteristics of the electrodes, such as porosity, particle size and material 

composition. The interactions between materials, catalytic activity, microstructure 

characteristics and geometrical structure play a significant role for the efficiency of the 

electrode [18]. It was concluded, by Bertei et al. [18], that the cathode become less 

conductive and offers a smaller density of reacting sites as the thickness increases when a 

linearly distributed (graded) porosity was implemented. Thin electrodes only have a limited 

amount of TPB length available. This limits an effective conversion of the electrochemical 

reactants due to the lack of reaction sites and leads to a high activation polarization. Thick 

electrodes are less conductive even if they offer a larger TPB length, because the 

performance is often limited by the charge transport. Bertei et al. showed that distributed 

porosity and thickness mainly led to a decrease of the effective properties of the conducting 

phases (such as density of reaction sites, TPB length, effective electronic and ionic 

conductivities) as the thickness of the cathode was increased.  
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In general, the intrinsic material conductivities can be obtained by using direct experimental 

measurements. But, quantification of the porous microstructures and the effects on the 

properties of the porous electrodes are difficult, especially when the material features of the 

porous electrode are not known before hand. Shi and Xue [19] developed an inverse approach 

to determine the extra parameters needed using experimental measurements of cell 

polarization performance in an optimization procedure, and concluded that the cell 

performance is very sensitive to reference exchange current densities, which are related to 

catalytic property of the electrode. The cell performance was moderately sensitive to porous 

microstructure parameters and not sensitive to the permeability of the electrodes. 

 

Due to internal resistance and polarizations (overpotential losses) the actual potential (E) 

becomes less than the equivalent equilibrium potential under working conditions (or ideal 

condition potential, EICV). The actual potential can be expressed as [20]: 

 

concohmact
ICVEE    (3)

 
Here,  are the respective polarizations. The activation polarizations in the electrodes are 

defined as:  

 

lsaact  ,  (4)
 

ICV
OHlscact E

22 /,    (5)
 

where   is the local potential. The index a stands for the anode, c for the cathode, s for the 

electron transfer material and l for the ion transfer material. It should be mentioned that l  is 

positive within both the anode and cathode, while s is positive in the cathode and negative in 

the anode.  
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The influence of different potentials/polarizations varies depending on cell operating 

conditions and design/structure. The local potentials vary between different positions (in 3D) 

within the cell and they are affected by, for example, the local hydrogen and oxygen 

concentrations, the local temperature as well as the ion and electron transport path. It is found 

in Sohn et al. [21] that for a co-flow anode-supported planar SOFC, the activation 

polarization is dominant in the cathode near the fuel and air inlets, and in the anode near the 

outlets. Also the counter-flow configuration was investigated and the variation in the cathodic 

activation overpotential is smaller. For both the co- and the counter-flow configurations the 

activation polarization in the cathode is dominating at lower current densities and the 

activation polarization in the anode at higher ones. The dominance of the anode activation at 

high current densities is explained by the depletion of hydrogen due to the fuel utilization 

[21]. The influence on the charge transfer losses, ohm, depends mostly on the ion 

conductivity within the electrolyte materials in the electrodes and the electrolyte thickness, 

where a decreased thickness result in a decreased ohmic polarization. When the concentration 

of oxygen or hydrogen reaches zero at the TPB (for example for positions under the 

interconnect ribs), the concentration polarization increases and the ICV decreases, i.e., the 

current reaches zero [22].  Bessler et al. [23] studied an electrode-supported SOFC and 

concluded that the polarizations within the cathode are small compared to the one within the 

anode or electrolyte. Xiao et al. [24] investigated an anode-supported SOFC with a Ni/YSZ 

anode and an LSM cathode and found that the cathodic polarization decreased off increasing 

temperature, but the anodic polarization increased off increasing temperature, partly due to an 

increase in the resistivity of the Ni/YSZ cermet connected to the drop in metallic conductivity 

as the temperature increases.  

 

The concentration polarizations are specified as [25]: 
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Here, p is the partial pressure at the TPB or b (bulk fluid within the gas channels). It should 

be mentioned that eqns (6)-(7) are developed for equilibrium conditions and the development 

and implementation of more accurate expression is interesting for future work. The relative 

importance for the different polarizations is discussed in section 3 and 4.   

 

The electromotive force (equivalent equilibrium potential under working conditions (EICV)) is 

determined by the difference in the thermodynamic potentials of the electrode reactions. 

When a hydrogen-steam mixture is used as fuel, it can be calculated by the Nernst equation 

(eqn (8)) [26-27]. 
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where E0 is the temperature dependent open-circuit potential at standard pressure and pi the 

partial pressure, at the TPB, in atm. 

  

The current density can be obtained through the Butler-Volmer equation [28-29]. It is 

common to assume symmetric electron transfer in the Butler-Volmer equation (i.e., the 

transfer coefficient is assumed to be 0.5 [30]), and this often agrees well with experimental 

Tafel plots. The Butler-Volmer equation is then reduced to eqn (10). Assuming singe-step 

rate limiting reaction for two electrodes, that the sum of the potential must equal the Nernst 
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potential and that the transfer coefficient is 0.5, the following relationships apply: 25.0
0 2Opi   

at the cathode and 5.05.0
20 22 OHH ppi   at the anode [30]. The activation overpotential is mainly 

important at small currents and has roughly the magnitude of the thermal voltage (kT/e). At 

larger currents, the activation overpotential grows much more slowly, as a logarithm of the 

applied current (relative to the exchange current) [31]. 
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where i is the current density, F Faraday’s constant, ke´´ the pre-exponential factor (which is 

6.541011 -1m-2 for the anode and 2.351011 -1m-2 for the cathode [7]), i0 the exchange 

current density, ne the number of electrons transferred per reaction (=4 in the cathode and 2 in 

the anode), R the ideal gas constant and AV the electrochemical active area to volume ratio 

[7]. An activation energy (Ea,e) of 137 kJ/mol for the cathode and 140 kJ/mol for the anode 

are used by Patcharavorachot et al. [20] and Aguiar et al. [22] as well as in this work, while 

the values between 130 and 190 kJ/mol for the cathode and 110 and 140 kJ/mol for the anode 

appeared in various work available in the open literature [32-36]. The large activation 

energies discrepancies in the open literature are the reason conducting the parameter study. 

 

    [3233343536] 

The heat generation by the electrochemical reactions and due to the losses through the 

activation, the ohmic and the concentration polarizations is given by [25]:  
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Here, i is the current density,  is the ion/electron conductivity, Qh is the heat 

generation/consumption and Sr is the entropy change of the electrochemical reactions, 

calculated from the data in [37] for the anode and the cathode TPBs, respectively. 

 

 

The potential difference between the anode and the cathode current collectors corresponds to 

the total cell operating potential. The governing equations for the ion and electron transport 

are implemented according to eqns (13)-(14).  

 
 llli    (13)
 
 sssi    (14)

 

where   is the potential. The electronic conductivities in the anode (s,a) and the cathode 

(s,c), and ionic conductivity in the YSZ (l,el) can be calculated as [38,39]: 
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The actual length that ions and electrons are transported in the electrodes increases because of 

the real material compositions and their micro porous structures. This is accounted for by 

using the structure-dependent tortuosity factors (  = square of tortuosity) and volume 
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fractions (eqns (18)-(20)). The effective ionic- and electronic conductivities in the electrodes 

are defined as [40]: 
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(20) 

 

where V is the volume fraction for the specific materials in the electrodes. 

2.1.2 Momentum transport 

The governing equations for momentum transport are normally the Navier-Stokes equations 

in the fuel channels and the Darcy equation for the porous electrodes [41-42]. The physics of 

laminar and turbulent incompressible flow are well described by the Navier-Stokes equation, 

and it is common practice to assume laminar flow for fuel cell gas channels due to the low 

velocities, which decreases the computational cost significantly [43]. The Darcy equation 

describes the balance between the force from the pressure gradient and the frictional 

resistance from the (porous) solid material. It should be noted that the Darcy equation 

expresses the flow in the porous structure well away from the walls. It is found that the 

conditions at the fuel and air channel-electrode interfaces are not well described by either the 

Darcy or the Navier-Stokes equations. Equation (21) is developed and implemented by 

COMSOL Multiphysics to enable continuous velocity and pressure fields, i.e., the channel 

and the porous region is treated as a single domain [44-45]. 
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where F  is the volume force vector, p the pressure, κ the permeability of the porous medium 

(1.76 ·10−11 m2 [15]), u


 the velocity vector,   the viscous stress tensor. The momentum 

equation in the air and fuel channels reduces to eqn (22). 
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The viscosity (μ) and density () for the participating gas mixtures are dependent on local 

temperature and mole fractions [7]: 
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where xj is the mole fraction of gas-phase species j,  bk the species dependent parameter and 

“k” stands for the number of species dependent parameters in the equation and index g is the 

gas-phase.  

 

2.1.3 Mass transport 
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In the porous electrodes, there are two kinds of gas-phase species diffusion mechanisms; 

Knudsen (collisions between the gas molecules and the pore walls) and molecular (collisions 

between two different gas molecules) diffusions. The Knudsen diffusion coefficient of the 

component i with the component j in a gas mixture, Dk,ij, is calculated based on the free 

molecule flow theory, as described in [7]. For a multi-component gas mixture system, the 

temperature dependent binary diffusion coefficients (Dij) are calculated by the expressions in 

[46], based on bi-component coefficients of the gases. In the porous media, there is an 

increased diffusion length due to the tortuous paths of connected real pores and the 

coefficients are usually corrected by tortuosity factor and porosity [47]. LBM was used by 

Kanno et al. [48] to calculate the tortuosity factors and values between 6 and 14 are found for 

YSZ, between 7 and 17 for Ni as well as between 2 and 2.4 for gas-phase pore transport, 

respectively. The random walk process of nonsorbing particles as well as the LBM method 

was used by Iwai et al. to evaluate the tortuosity factors and values between 6.91 and 29.46 

were found for Ni, between 9.84 and 27.89 for YSZ as well as between 1.78 and 2.06 for gas-

phase pore transport, respectively. The variations are explained by different evaluation 

methods and by the direction (x, y and z) [49]. Vivet et al. [50] calculated the tortuosity in the 

range of 3.04 and 6.24 for Ni, and between 1.79 and 2.10 for YSZ, respectively. Aguiar et al. 

[22] uses a gas-phase pore tortuosity factor of 6 and Bessler et al. [23] uses a gas-phase pore 

tortuosity factor of 3.5., in their respectively models. For this work the dimensionless 

parameters for the electrode structure stated in Table 2 are employed. Equation (26) is used to 

describe the gas-phase species transport phenomena for each component inside the cell [45] 

and solved for the air- and fuel channels and the electrodes. 
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where T is the temperature,  w the mass fraction, Di
T the thermal diffusion coefficient 

(assumed to be zero in this work) and Si the source term due to electrochemical reactions. The 

mass transport consists of several parts, i.e., convective, diffusive and thermal. The 

convective mass transport occurs due to the movement of the bulk fluid, i.e., the pressure 

differences from the inlet to the outlet. Diffusive mass transport makes molecules move from 

higher to lower concentrations, i.e., to and from the TBP layers. Thermal diffusion moves 

molecules, due to temperature gradients. The relative magnitude of the diffusive and 

convective mass transport depends on the direction (main flow direction, direction through 

the electrode/electrolyte interface and the direction normal to the electrode/electrolyte 

interface). The gas flow in the main flow direction is driven by the convective flow from the 

inlet to the outlet. On the air side diffusive transport takes place, due to the concentration 

gradients but also a small pressure gradient occur in the directions through the 

electrode/electrolyte interface as well as normal to the electrode/electrolyte interface, due to 

the consumption of oxygen molecules, which enables convective mass transport in these 

directions. On the fuel side, one mole of hydrogen produce one mole of water in the 

electrochemical reactions, i.e., the mass transport in the direction through the 

electrode/electrolyte interface as well as normal to the electrode/electrolyte interface is 

dominated by diffusion. 

2.1.4 Heat transport 

A local temperature equilibrium (LTE) approach is applied, i.e., the temperature is assumed 

to be locally the same for the solid- and gas-phases (within the electrodes). The equation 27 is 

formulated generally and implemented for the complete domain. It reduces to pure heat 

conduction in the electrolyte layer and in the interconnector, where the gas velocity is zero, 

i.e., the convective term in the equation does not contribute to the heat transfer. On the other 
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hand, the velocity in the channels and electrodes is not zero, and contributes to the convective 

heat transfer.  

 
  heffgpg QTkTc  u,

  (27)
 

Here keff is the effective thermal conductivity (defined in eqn (28) [10]) and cp the gas-phase 

specific heat.  

   sgpeff kkk   1  (28)
 

 

The specific heat for each gas species i and the gas mixture is calculated as [51]: 
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where ak is the species dependent parameter (extracted from [51]) and “k” stands for the 

number of parameters involved in the specific heat calculation. The thermal conductivity for 

each species of the gas-phase i, as well as for the gas mixture, is defined as [51]: 
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where ck is the species dependent parameter (extracted from [51]) and “k” stands for the 

number of parameters in the thermal conductivity evaluation. 
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Some of the cell parameters used are given in Table 2 and the solid material parameters in 

Table 3. 

 

 
Table 2: SOFC modeling parameters 

Inlet temperature 1000 K 

Flow arrangement co-flow 

Ion conducting volume fraction 0.42 

Electron conducting volume fraction 0.28 

Porosity 0.30 

Ion conducting tortuosity 10 

Electron conducting tortuosity 10 

Gas-phase tortuosity 3 

Cell voltage 0.7 V 

Average pore radius 0.34 μm 
 

 

Table 3: Solid Material Parameters 

 

Thermal conductivity [S. 

Kakaç, A. 

Pramuanjaroenkij, X.Y. 

Zhou., A Review of 

Numerical Modeling of 

Solid Oxide Fuel Cells, J. 

Hydrogen Energy 32 (2007) 

761-786.] (W/m/K) 

Specific heat [V. Janardhanan, 

O. Deutschmann, CFD Analysis 

of a Solid Oxide Fuel Cell with 

Internal Reforming: Coupled 

Interactions of Transport, 

Heterogeneous Catalysis and 

Electrochemical Processes, J. 

Power Sources 162 (2006) 1192-

1202.] 

(J/kg/K) 

Anode  (Ni/YSZ) 11 450 

Cathode (LSM/YSZ) 6 430 

Electrolyte (YSZ) 2.7 470 

Interconnect 

(stainless steel) 20 550 

 

2.2  Boundary conditions  
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The gas inlet velocities are defined as a laminar flow profile, and the average values are 

based on the hydrogen- and oxygen utilization, i.e., 76 % and 12 %, respectively, for the 

standard case in this study. At the outlets the pressure (1 atm) is fixed. The fuel inlet fractions 

are defined as 90 % (mole) hydrogen and 10 % (mole) water. The air (inlet) includes oxygen 

and nitrogen. The boundary conditions for the channel outlets are defined as convective flux. 

The inlet gas temperature is defined by the operating temperature (1000 K) and the outlet is 

defined as a convective flux. The boundaries at the top and the bottom of the cell are defined 

as symmetry conditions, because it is assumed that the cell is surrounded by other ones with 

identical temperature distribution. The potential at the anode current collector is set to zero 

and the potential at the cathode current collector is set as the cell operating potential (0.7 V 

for the standard case in this study). All other boundaries and interfaces are electrically 

insulated. 

 

2.3  Definition of parameter study 

The simulation is conducted for five cases: 

 Standard case with specified fuel and oxygen utilizations (see section 2.2). 

 The cell potential is decreased from 0.7 to 0.675 V, compared to the standard case. 

 The active area-to-volume ratio available for the anodic electrochemical reaction is 

increased by a factor of two, compared to the standard case.  

 The anode activation energy for the electrochemical reaction is decreased from 140 

kJ/mol to 133 kJ/mol, compared to the standard case. 

 The cathode activation energy for the electrochemical reaction is decreased from 137 

kJ/mol to 130 kJ/mol, compared to the standard case. 

It should be noted that only one parameter is varied (compared to the standard case) in each 

step within the parameter study.  
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2.4 Grid independence test 

The governing equations are segregated in 5 different groups: 1. velocity field, pressure 

distribution and pressure corrections, 2. temperature distribution, 3. ion and electron 

distribution, 4. mass fraction distribution on the air side (O2/N2) and 5. mass fraction 

distribution on the fuel side (H2/H2O). The segregated solver solves for 9 279 000 degrees of 

freedom and the tolerance is defined to 0.0005 for each segregated group. Grid independence 

was achieved at 1 399 000 elements, after which the change (for the standard case) in the 

maximum temperature is less than 0.05 %, in the maximum air velocity less than 0.01 %, in 

the oxygen consumption less than 0.17 % and in the maximum current density less than 0.02 

% (compared with the predictions by 2 083 000 elements). It should be noted that the mesh is 

finest close to the electrode/electrolyte interface and coarsest for the air- and fuel channels 

and for interconnects. The reason for such a mesh arrangement is mainly due to the fact that 

the charge transport and the electrochemical reactions (affecting the governing transport 

equations for ion, electron, mass, heat and momentum) appear only in the regions close to the 

electrode/electrolyte interface. The calculation time is in the order of some days on a single 

computer with 16 GB RAM and a CPU with 3.40 GHz.  

 

3  Results and discussion 

3.1 Standard case 

The temperature profile is shown in Fig. 2. The temperature increases along the main flow 

direction because the electrochemical reactions as well as the activation, ohmic and 

concentration polarizations generate a significant amount of heat. The degree of temperature 

increase is managed with the oxygen utilization, i.e., the inlet (average) air velocity. The 

change in entropy to electrochemical corresponds to 45 % of the total heat generation, 
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compared to 29 % from the activation polarization, 20 % from the ohmic polarization due to 

ion transport, 3.5 % from concentration polarization and 2.8 % from ohmic polarization due 

to electron transport. Note that the local fractions of the different sources of heat generation 

differs significantly from the just mentioned average values. It should be mentioned that an 

LTE approach is applied in the current study and the temperature is assumed to be the same 

in the gas- and solid phase at each specific position. 

 

 

Figure 2. Temperature distribution for the standard case. 
 
 

The mole fraction of oxygen is presented in 3D in Fig 3. Oxygen is the reactant in the 

electrochemical reactions at the cathodic TPB. The oxygen mole fraction gradient in the 

direction normal to the main flow direction (z-direction) is significant, due to the effects of 

the ribs (interconnect between the channels) on the mass flow resistance. Note, that this effect 

was not possible to identify in our previous 2D models [2,7,10,25], as this direction was 

neglected. To decrease this remarkable mole fraction gradient, the cathode support layer can 
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be manufactured with bigger pore radii compared to the ones for the cathode active layer, or 

the interconnect thickness between two air channels can be made thinner. However, such 

investigations are outside the scope of this paper. Our findings in the current work can be 

compared to similar ones revealed in an earlier work by Kenny and Karan [52], where their 

predictions showed that the cathode performance can be enhanced upon addition of a current 

collector layer, due to better oxygen distribution underneath the interconnect, i.e., in the 

direction normal to the electrode/electrolyte interface. Kenny and Karan concluded that 

changing one of the microstructural or geometric parameters affect the transport of ions, 

electrons as well as gas-phase oxygen molecules, i.e., it is critical to consider all aspects of 

the coupled reaction-transport processes in optimizing the electrodes for improved structures. 

However, their model was developed in 2D only considering the cathode, compared to 3D 

and a complete structure of the cell in this work.  

 

Figure 3. Oxygen mole fraction distribution for the standard case. 
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The mole fraction of hydrogen (Fig. 4) decreases along the main flow direction, due to the 

electrochemical reactions at the anode TPB. The relatively thick anode (415 µm) enables easy 

transport of hydrogen to the TPB (and water from the TPB), also at positions under the 

interconnect ribs, i.e., the mole fraction gradient in the direction normal to the 

electrode/electrolyte interface (z-direction) is relatively small (compared to the situation with 

oxygen distribution in Fig. 3). Besides hydrogen only water is included in the anodic mass 

transport equation.  

 
Figure 4. Hydrogen mole fraction distribution for the standard case. 

 
 

The current density distribution at the cathode/electrolyte interface is presented in Fig. 5. 

Note that the scales on the axes are made dimensionless according to eqns. (33)-(34). It 

should be noted that the color scale is identical for all figures presenting the current density 

(in the z-x-plane), i.e., only approximately three-fourth of the color scale is used for Fig. 5.  

The average current density for the standard case reaches 2170 A/m2 (which corresponds to a 

power density of 1520 W/m2). The current density increases along the main flow direction 

(x*-direction in Fig. 5) as the temperature rises. This increase is limited due to the 
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consumption of oxygen and hydrogen by the electrochemical reactions as well as the 

production of water. In the direction normal to the main flow direction (z*-direction in Fig. 5) 

the current density is highest close to the channel/interconnect interfaces where the electron 

transport distance is short and the concentration of oxygen is high. Note that this was not 

possible to demonstrate in our previous 2D models. Notice that our average current densities 

(or power densities) are slightly lower compared to the (published) experimental data. The 

reason is that the area-to-volume ratios origin from the development of our previous 2D 

models [7,10] (validated by the experimental data from NIMTE). The current density is 

decreased (compared to the 2D model) because mass and electron transport limitations occur 

in the direction normal to the electrode/electrolyte interface (this direction was not captured 

in the 2D models) as well as 3D effects of the fluid flow, which decreases the flow rate to the 

positions close to the walls in the direction normal to the electrolyte/electrode interface. 

However, it is relatively easy to increase the current generation in the model by increasing the 

electrochemical active area-to-volume ratios (performed in the parameter study) and/or 

decreasing the electrochemical activation energy (performed in the parameter study). Notice, 

that the range of published electrochemical activation energy data is several times bigger than 

what is investigated in our parameter study.  

 

Lxx /*   (33)
 

Wzz /*   (34)
 

Here, W is the width of one fuel/air channel and the corresponding ribs (=3 mm) as well as L 

is the cell length along the main flow direction (=100 mm).  
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Figure 5. Ion current density for the standard case. (0) at the x*-axis corresponds to the inlet and (1) to 

the outlet. (0.167) and (0.833) at the z*-axis corresponds to the electrode/channel interfaces.  
 
 
 

The ICV at the cathode/electrolyte interface (Fig. 6) is highest close to the inlet, where the 

temperature and the concentration of water are the lowest as well as the concentration of 

hydrogen and oxygen are the highest. The ICV decreases along the main flow direction (x*-

direction in Fig. 6) due to the ongoing electrochemical reactions and the increased 

temperature. The ICV gradient in the direction normal to the main flow direction (z*-

direction in Fig. 6) occurs due to the oxygen mole fraction gradients within the cathode in 

this direction, as discussed earlier. It should be mentioned that the color scale is identical for 

all figures presenting the ICV in the z-x-plane, i.e., only around three-fourth of the color scale 

is used for Fig. 6. 
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Figure 6. ICV for the standard case. (0) at the x*-axis corresponds to the inlet and (1) to the outlet. (0.167) 

and (0.833) at the z*-axis corresponds to the electrode/channel interfaces. 
 
 

The anode activation polarization at the anode/electrolyte interface is presented in Fig. 7 and 

the cathode one at the cathode/electrolyte interface is presented in Fig. 8. Note that the color 

scale is identical for all figures presenting the anode as well as cathode activation polarization 

(in the z-x-plane). It is clear that the activation polarizations are highest at the inlet, 

corresponding to a high ICV according to eqns (4)-(5) and (8)-(9). The activation polarization 

gradient in the direction normal to the main flow direction (z*-direction) is coupled to the 

ICV gradient in the same direction, but depends also on the concentration and ohmic 

polarizations. The model presented in this paper predicts a slightly higher activation 

polarization within the anode, compared to the one in the cathode. The difference between 

activation polarizations in the anode and cathode sides decreases along the main flow 

direction. Note that the current density and the activation polarizations are highest at the 

electrode/electrolyte interface and decreases rapidly within the electrodes as the distance to 

the interface increases (note that this direction is not shown in Figs 7-8). On the other hand, 

the ohmic polarization increases at positions far from the interface.  
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Figure 7. Activation polarization at the anode/electrolyte interface for the standard case. (0) at the x*-axis 

corresponds to the inlet and (1) to the outlet. (0.167) and (0.833) at the z*-axis corresponds to the 
electrode/channel interfaces. 

 
 

 
Figure 8. Activation polarization at the cathode/electrolyte interface for the standard case. (0) at the x*-

axis corresponds to the inlet and (1) to the outlet. (0.167) and (0.833) at the z*-axis corresponds to the 
electrode/channel interfaces. 
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The concentration polarization for the standard case is presented in Fig. 9 for the 

anode/electrolyte interface and in Fig. 10 for the cathode/electrolyte interface. It is found that 

the concentration polarization is significant for positions under the interconnect ribs and also 

that the cathode one is much higher than the anode one. The highest values are found close to 

the outlet, where the gradients of oxygen and hydrogen in the direction normal to the main 

flow direction are highest. For the anode also an effect at the inlet due to the anode-supported 

structure can be seen. It is concluded that at positions under the rib and close to the outlet, the 

concentration polarization corresponds to around 20% of the total polarizations. At positions 

under the fuel and air channels the part corresponding to concentration polarization is less 

than 1 % of the total polarizations. Note that the color scale in Fig. 9 and in Fig. 10 is 

identical.  

 

 
Figure 9. Anode concentration polarization for the standard case. (0) at the x*-axis corresponds to the 

inlet and (1) to the outlet. (0.167) and (0.833) at the z*-axis corresponds to the electrode/channel 
interfaces. 
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Figure 10. Cathode concentration polarization for the standard case. (0) at the x*-axis corresponds to the 

inlet and (1) to the outlet. (0.167) and (0.833) at the z*-axis corresponds to the electrode/channel 
interfaces. 

 
 
 
The electric potential at the anode/electrolyte interface and at the cathode/electrolyte is 

presented in Fig. 11 and Fig. 12, respectively.  Note that the color scales differ and 0.70 V in 

Fig. 12 corresponds to the cell potential. The ohmic polarization due to the electron resistance 

increases along the main flow direction as the current density increases. It is found that the 

ohmic polarization due to electron resistance is of the order ten times bigger in the cathode 

compared to the anode, mainly due to the different thicknesses, which affects the electron 

transport in the direction normal to the electrode/electrolyte interface (at positions under the 

channels), i.e., it is clear that the ohmic polarization due to electron transport in the direction 

through the electrode/electrolyte interfaces is significantly lower compared to in the direction 

normal to the electrode/electrolyte interface. It is also concluded that for positions in the 

electrodes under the rib, the electron resistance is almost neglible. The distribution of the 
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ohmic polarization due to electron transport can be compared to the concentration 

polarization, which is very low at positions under the air and fuel channels, respectively. 

Figure 13 presents the electron current density in the z-y plane at the outlet. It is shown that 

the highest electron current density occurs in the cathode at the air channel/interconnect 

corners. A similar trend can be seen at the anode/interconnect ribs corner, but the maximum 

value in the anode is around 40 % of the cathode one. It is clear that the maximum electron 

current density is more than ten times higher than the maximum ion current density. Note that 

the electron transport in the direction normal to the cathode/electrolyte interface was not 

included in our previous 2D models. 

 

 
Figure 11. Activation polarization at the anode/electrolyte interface for the standard case. (0) at the x*-
axis corresponds to the inlet and (1) to the outlet. (0.167) and (0.833) at the z*-axis corresponds to the 

electrode/channel interfaces. 
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Figure 12. Activation polarization at the cathode/electrolyte interface for the standard case. (0) at the x*-

axis corresponds to the inlet and (1) to the outlet. (0.167) and (0.833) at the z*-axis corresponds to the 
electrode/channel interfaces. 

 
 

 
Figure 13. Electron current density in the y-z-plane for the standard case. (0) at the x*-axis corresponds 
to the inlet and (1) to the outlet. (0.167) and (0.833) at the z*-axis corresponds to the electrode/channel 

interfaces. 
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3.2 Decreased cell potential 

A decreased operation potential means more “Volt” available for the different polarizations, 

i.e., the current density increases from an increased activation polarization (within Fig. 14, 

compared to Fig. 5 for the standard case). The average current density is 2570 A/m2 

(corresponds to a power density of 1800 W/m2) compared to 2170 A/m2 for the standard case. 

The maximum value reaches 4200 A/m2, compared to 3400 A/m2. Also the lowest value 

(close to the inlet) increased off the decreased cell potential (1720 A/m2 compared to 1560 

A/m2). The increased current density at the inlet results in an increased heat generation along 

the main flow direction. The higher temperature enables an even higher current density and 

the increase in current density is accelerated along the main flow direction. 

 

 

Figure 14. Ion current density for the case with a decreased cell potential. (0) at the x*-axis corresponds 
to the inlet and (1) to the outlet. (0.167) and (0.833) at the z*-axis corresponds to the electrode/channel 

interfaces. 
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The ICV at the inlet is not changed as the cell potential is decreased, as presented in Fig.15. 

However, the impact on the ICV increases along the main flow direction with a significantly 

lower ICV at the outlet, compared to the standard case (in Fig. 6). The decreased ICV (along 

the main flow direction) can be explained by an increased temperature and a decreased 

concentration of the electrochemical reactants, due to the higher current density predicted 

from the decreased cell potential. 

 

 

Figure 15. ICV for the case with a decreased cell potential. (0) at the x*-axis corresponds to the inlet and 
(1) to the outlet. (0.167) and (0.833) at the z*-axis corresponds to the electrode/channel interfaces. 

 

The decreased cell potential enables an increased activation polarization close to the inlet 

within both the anode (Fig. 16) and cathode (Fig. 17), compared to the standard case (Figs 7-

8). On the other hand, at the outlet the activation polarizations are decreased, because the 

impact from the decreased ICV is bigger than the one from the decreased cell potential. As 

for the standard case the activation polarization is slightly higher within the anode compared 

to within the cathode.  
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Figure 16. Activation polarization at the anode/electrolyte interface for the case with a decreased cell 
potential. (0) at the x*-axis corresponds to the inlet and (1) to the outlet. (0.167) and (0.833) at the z*-axis 

corresponds to the electrode/channel interfaces. 
 

 

Figure 17. Activation polarization at the cathode/electrolyte interface for the case with a decreased cell 
potential. (0) at the x*-axis corresponds to the inlet and (1) to the outlet. (0.167) and (0.833) at the z*-axis 

corresponds to the electrode/channel interfaces. 
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3.3 Sensitivity on active area-to-volume ratio 

The current density (Fig. 18) is significantly increased as the anode AV is increased with a 

factor of 2 compared to the standard case. Note that for the color scale in Fig. 17, the color 

between 4000 and 6000 A/m2 is the same. The difference close to the inlet is relatively small. 

However, due to the strong coupling between the current density, heat generation and 

temperature distribution, the current density gradient increases along the main flow direction. 

The average current density is 2860 A/m2 (corresponds to a power density of 2000 W/m2) 

compared to 2170 A/m2 for the standard case. The highest current density reaches 6000 A/m2, 

compared to 3400 A/m2. The gradient in the direction normal to the main flow direction (z*-

direction) close to the outlet is very steep at positions under the interconnect ribs, due to the 

gas-phase and electron resistance, mainly within the cathode, because the anode is relatively 

thick. 
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Figure 18. Ion current density for the case with an increased anode AV available for electrochemical 
reactions. (0) at the x*-axis corresponds to the inlet and (1) to the outlet. (0.167) and (0.833) at the z*-axis 

corresponds to the electrode/channel interfaces. 
 

 

The ICV is not changed at the inlet as the anode AV is increased. However, the influence 

increases strongly along the main flow direction as the temperature increases and the 

concentration of electrochemical reactants decreases, due to the increased current density. 

The anode activation polarization (Fig. 19) at the inlet decreased off slightly more than 20 

mV (compared to the standard case in Fig. 7), and the cathode activation polarization (Fig. 

20) at the inlet increased off slightly less than 20 mV (compared to the standard case in Fig. 

8), as the anode AV is increased by a factor of two. The difference between the decrease on 

the anode side and the increase on the cathode side can be explained from an increased ohmic 

polarization from the increased current density. Close to the outlet, the gradients in the 

direction normal to the main flow direction (z*-direction) is significantly increased, 

compared to the standard case, due to the increased oxygen and hydrogen concentration 

gradients in the same direction as well as the electron resistance in the interconnect.  



 
 

37

 

Figure 19.  Activation polarization at the anode/electrolyte interface for the case with an increased anode 
AV available for electrochemical reactions. (0) at the x*-axis corresponds to the inlet and 

(1) to the outlet. (0.167) and (0.833) at the z*-axis corresponds to the electrode/channel 
interfaces. 
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Figure 20. Activation polarization at the cathode/electrolyte interface for the case with an increased anode 
AV available for electrochemical reactions. (0) at the x*-axis corresponds to the inlet and (1) to the outlet. 

(0.167) and (0.833) at the z*-axis corresponds to the electrode/channel interfaces. 
 

3.4 Sensitivity on activation energies 

In section 2, it is revealed that there exist large discrepancies within the open literature 

concerning the values for the anode and cathode electrochemical activation energy. The 

impact from decreased electrochemical activation energies both on the anode side and the 

cathode side is investigated in Figs. 21-22. The average current density is increased with 

around 19% as the cathode activation energy is decreased with 7 kJ/mol (or -5%). As the 

anode activation energy is decreased with 5 % (or 7 kJ/mol) the average current density is 

increased with 21 %. For our parameter study the inlet temperature, concentration and mass 

flow rates are kept constant, leading to an increased fuel utilization as the current density 

increases. For realistic operating the (inlet) fuel mass flow rate would be increased if the fuel 

utilization becomes too high (i.e., limiting).  It is proven that catalytic material optimization 

reducing the electrochemical activation energies increases the current density strongly. 

However, the current density gradients along the main flow direction will increase, due to the 

accelerated coupling with the heat generation from the electrochemical reactions as well as 

the different polarizations.    
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Figure 21. Ion current density for the case with decreased anode electrochemical activation energy. (0) at 
the x*-axis corresponds to the inlet and (1) to the outlet. (0.167) and (0.833) at the z*-axis corresponds to 

the electrode/channel interfaces. 
 

 

Figure 22. Ion current density for the case with decreased cathode electrochemical activation energy. (0) 
at the x*-axis corresponds to the inlet and (1) to the outlet. (0.167) and (0.833) at the z*-axis corresponds 

to the electrode/channel interfaces. 



 
 

40

 

4 Conclusions 

A FEM approach is developed to investigate various physical and chemical phenomena, 

inside a single cell of an anode-supported planar SOFC. Equations for gas-phase species, 

momentum, heat, electron and ion transport are solved simultaneously, and the couplings 

with kinetic expressions for electrochemical reactions in the electrodes are included. The 

electrochemical reactions are implemented as specific source terms in the governing transport 

equations in the finite region close to the electrode/electrolyte interface.  

 

The current density increases along the main flow direction, due to the temperature rise from 

the electrochemical reactions. This increase is limited due to the consumption of 

electrochemical reactants within the cell. It is concluded that a large current density gradient 

appears in the active electrode regions corresponding to the positions of the ribs between the 

channels, due to the increased resistance for the oxygen gas-phase and the electron transport. 

It is clear that the coupling between the local current density and the local temperature is 

strong, and the increase in current density is accelerated from an increased temperature along 

the main flow direction. It is noted that at positions under the rib and close to outlet the 

concentration polarization corresponds to around 20 % of the total polarizations. At positions 

under the fuel and air channels the part corresponding to concentration polarization is less 

than 1 % of the total polarization. It is concluded that for positions (in the electrodes) close to 

the rib, the electron resistance is almost neglible. 

 

The connection between the electrode active area-to-volume ratios and the corresponding 

activation polarization is shown. An increase of the anode active area-to-volume ratio with a 

factor of two transfers around 20 mV of polarization from the anode to the cathode side, 
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under the circumstances investigated in this study. The coupling between the electrochemical 

activation energies and the current density distribution is shown in this paper. A decrease of 

the cathode activation energy with 5 % increases the average current density with 19 % and a 

decrease of the anode activation energy with 5 % increases the average current density with 

21 % (keeping the inlet temperature, concentrations and flow rates constant).  

 

Modeling is key component in the SOFC development beyond the current state-of-the-art, 

because it is beneficial to understand the mechanisms of various inter-played phenomena and 

effects on the cell performance. It is also hard to measure the local parameters inside an 

SOFC, particularly inside the small scale functional materials. due to the high operating 

temperature as well as the fact that SOFC are contained in a sealed box. Modeling and 

simulation of SOFC charge transfer and electrochemical performance are critical to enable 

optimization of the geometry and performance. For macroscale modeling the micro structure 

related properties defining the porous media, for example, the porosity, tortuosity factor and 

specific area available for surface reactions, are required, The coupling to models in the 

smaller scales will increase the scientific value of the macroscale CFD models. Future 

challenges include:  

 Improved scientific understanding of the hydrogen electrochemical detailedkinetics 

for SOFC anodes and cathodes, i.e., to present more accurate activation energies and 

active area-to-volume ratios. 

 To develop a graded electrode structure in several direction for superior 

(electrochemical) performance. 

 Enhanced scientific knowledge concerning the importance of carbon monoxide as an 

electrochemical active species (when a fuel containing carbon monoxide is supplied). 
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 Determining the detailed methane steam reforming kinetics for SOFC anodes (when a 

fuel containing methane is supplied). 

 

5  Nomenclature 

AV  active surface area-to-volume ratio [m2 m-3]  

cp   specific heat at constant pressure [J kg-1 K-1] 

Dij   effective (ordinary) diffusivity [m2 s-1] 

Dij,eff   average effective diffusivity [m2 s-1] 

Dk,ij   effective Knudsen diffusivity [m2 s-1] 

Di
T   thermal diffusion coefficient [kg m -1 s-1] 

E   activation energy [kJ mol-1], (actual) operating potential [V] 

E0  open-circuit potential at standard pressure [V] 

F   Faradays constant [96 485 A s mol-1] 

F   volume force vector [N m-3] 

I current density [A m-2] 

i0 exchange current density [A m-2] 

k   thermal conductivity [W m-1 K-1] 

ke’’   pre-exponential factor [-1m-2] 

L   cell length (along the main flow direction) [m] 

ne   number of electrons transferred per reaction [-] 

p   pressure [atm or Pa] 

Qh  source term (heat) [W m-3] 

R   gas constant [8.3145 J mol-1 K-1] 

S   entropy change due to chemical reaction [J mol-1 K-1] 

Si    source term, [kg m-3 s-1)] 

T   temperature [K] 

u
    velocity vector [m s-1] 

x   mole fraction [-] 

V   volume fraction for the specific materials [-] 

w   mass fraction [-]  

W  width of one fuel/air channel and the corresponding ribs [m] 
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5.1  Greek symbols 

ε   porosity [-] 

η   polarization [V] 

κ   permeability [m2] 

μ  dynamic viscosity [Pa s] 

ρ density [kg/m3] 

σ ion/electron conductivity [-1 m-1] 

τ tortuosity factor [-] 

 electric potential [V] 

    viscous stress tensor, [N m-2] 

 

5.2  Abbreviations, Subscripts and Superscripts 

a  anode 

act   activation (polarization) 

b   electrode/gas channel interface 

c   cathode 

CFD   computational fluid dynamics 

conc   concentration (polarization)  

FEM   finite element method 

i,j  species index 

ICV  ideal condition potential 

l   ion transfer material 

NIMTE Ningbo Institute of Material Technology and Engineering, China 

ohm  ohmic (polarization)  

s   electron transfer material 

SOFC  solid oxide fuel cell 

TPB  three-phase boundary 

 

5.3  Chemical  

e- electron 

H2 hydrogen (gas phase molecule) 

H2O water (gas phase molecule) 

Ni nickel 
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O2 oxygen (gas phase molecule) 

O2-  oxygen ion  

YSZ  yttria-stabilized zirconia 
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