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Abstract 

A three-dimensional computational fluid dynamics (CFD) approach based on the finite 

element method (FEM) is used to investigate a solid oxide fuel cell (SOFC). Governing 

equations for heat, gas-phase species, electron, ion and momentum transport are implemented 

and coupled to kinetics describing electrochemical as well as internal reforming reactions. 

The model cell design is based on a cell from Ningbo Institute of Material Technology and 

Engineering in China and the electrochemical area-to-volume ratios are based on 

experimental work performed at Kyushu University in Japan. 

 

A parameter study is performed focusing on the inlet fuel composition, where humidified 

hydrogen, 30 % pre-reformed natural gas (as defined by IEA) and 50 % pre-reformed natural 

gas (as defined by Kyushu University) are compared. It is found that when 30 % pre-

reformed natural gas is supplied as fuel the air mass flow rate is halved, compared to the case 

with humidified hydrogen, keeping the inlet and outlet temperatures constant. The current 

density is decreased but the fuel utilization is kept at 80 %. It is found that the cathode 

support layer has a significant oxygen gas-phase resistance in the direction normal to the 

cathode/electrolyte interface (at positions under the interconnect ribs), as well as an electron 

resistance inside the cathode (at positions under the air channel) in the same direction. The 
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methane steam reforming reaction is shown, both according to the experiments and to the 

models, to proceed along the main flow direction throughout the cell. 

 

Keywords: SOFC, 3D, FEM, modeling, cell scale, internal reforming, methane steam 

reforming reaction, water-gas shift reaction.  

 

Highlights 

 FEM approach with heat, mass, momentum and charge transport equations 

 Comparison between hydrogen and pre-reformed natural gas as fuel 

 Gas-phase oxygen resistance at positions under the interconnect ribs 

 Electron resistance at positions under the air channel 

 

1  Introduction 

Solid oxide fuel cells (SOFCs) offer the possibility of environmentally friendly production of 

electricity by high efficiency, low emissions of pollutants and several options of fuels [1-2]. 

Besides the advantages of planar intermediate temperature SOFCs with simplicity in 

manufacturing and high power density, they can also be combined with gas turbines for co-

generative applications. An intermediate operating temperature is here defined to 1000-1100 

K (723-823 °C). For lower operating temperatures other materials than standard YSZ and 

LSM have to be considered. However, the commercialization of SOFC still has some 

challenges to overcome. SOFC still suffers from high manufacturing costs [3]. To address 

this problem the operational temperature can be lowered which would open up for a broader 

variety of material choices [4].  
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Mathematical modeling of SOFCs is a useful tool to achieve a more successful device by 

investigating structural and operating parameters for further optimization. It should be noted 

that computational fluid dynamics (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. Modeling the physical transport processes in an SOFC 

is challenging because of the interactions of transport, chemistry and electrochemistry occurs 

at different time and length scales simultaneously. Understanding these interactions are 

critical for optimal performance and cell design [5-6].  

 

The most commonly listed limiting factors for an SOFC operation are activation, ohmic, and 

concentration polarizations. To handle these polarizations, the heat and mass transfer can be 

improved to satisfy the uniform and sufficient distribution of reactants within the porous 

electrode [3]. Concentration polarization becomes increasingly important when SOFC 

operates at high current densities and high hydrogen utilization (> 70%). At high hydrogen 

utilization (as well as high current density) the need of the fresh reactants is high at the three-

phase boundary (TPB) which demands efficient diffusion of gases through the porous media 

[7]. The transport processes taking place within an SOFC are sometimes difficult to measure 

by experiments at high operating temperatures in which case computational modeling can be 

useful. The aim of this paper is to compare different fuel mixtures for planar anode-supported 

SOFCs, in terms of open circuit voltage, ion and electron current density, different 

polarization as well as gas-phase molecular distributions. The method applied in this study is 

the Finite Element Method (FEM) and the model is built in three-dimensions. The unique 

features of our model includes the study of the electron and oxygen ion transport limitations 

in the direction normal to the cathode/electrolyte interface, which was not possible to study in 

our previous 2D models [23,25-26]. The electron limitation occur at positions in the cathode 
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under the air channel and the oxygen gas-phase limitation occur at positions in the cathode 

under the interconnect ribs. Further design optimization is possible based on the local 

distribution of the different polarizations, ions, electrons as well as gas-phase species. The 

model cell design is based on a cell from Ningbo Institute of Material Technology and 

Engineering (NIMTE) in China. The electrochemical area-to-volume ratios are based on 

experimental work performed at Kyushu University in Japan [8]. Also the selection of the 

methane steam reforming reaction (MSR) kinetics is based on results from experimental 

work, performed at Kyushu University. 

 

SOFCs with a supportive anode structure are usually built up by nickel/yttria stabilized 

zirconia (Ni/YSZ) cermet with high electrochemical performance and good chemical stability 

(see Fig. 1). If hydrogen is used as fuel, the active species involved in the electrochemical 

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

during this oxidation reaction and releases electrons [9-10]. The electrochemical reactions 

occur at the TPBs, i.e., the region where the electronic (Ni or lanthanum strontium manganite 

(LSM)), ionic (YSZ) and gas phases meet each other. Conduction of electrons occurs in the 

electronic-phase (Ni or LSM), oxygen ions migrate in the YSZ material (from the cathodic 

TPB to the anodic TPB through the electrolyte layer), 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 domain, i.e., the Ni- or LSM-phase must be connected throughout the specific 

electrode and further to the current collector, the pores need to be connected through the 

surrounding pore network to the fuel/air stream and the YSZ-phase in the electrodes to the 

YSZ electrolyte for charge transfer reactions to proceed [11]. As a fuel containing carbon 

monoxide and/or methane is supplied, the reforming reactions take place inside the anode. 

Carbon monoxide can be oxidized in the electrochemical reaction (eqn (3)), but also reacts 
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with water in the water-gas shift reaction (eqn (5, WGSR)) [12]. Notice that the WGSR is in 

general much faster than the carbon monoxide electrode reaction [13]. Methane reacts with 

steam in eqn (4, MSR). 

  2
2 2

2

1
OeO  

(1)
 

  eOHOH 22
2

2  (2)
 

  eCOOCO 22
2  (3)

 
COHOHCH  224 3  (MSR, 4)

 
 

222 COHOHCO   (WGSR, 5)  

 

 

Figure 1. Schematic figure of the SOFC TPB structure. 

 

2  FEM Model 

A three dimensional model for a planar intermediate temperature SOFC is developed and 
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implemented in the commercial software COMSOL Multiphysics (version 4.3.1.161). 

However, the post processing is done with COMSOL Multiphysics version 4.4.0.150.  

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

simultaneously and coupled to kinetics describing the electrochemical reactions within the 

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

developed and tested at NIMTE, which is described in [14-15]. The geometry is defined in 

Table 1, and a sketch of the investigated cell can be seen in Fig. 2. Note that Fig. 2 is not to 

scale.  

 

Figure 2. Schematic figure of the SOFC model. 
 

 

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 1 + 1 mm  
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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 

 
 

 

2.1  Ion and Electron Transport as well as Electrochemical Reactions 

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

becomes less than the open-circuit voltage. The actual voltage can be expressed as [16-17]: 

 

ohmact
OCVEE    (6)

 
Here,  are the respective polarizations. The polarizations other than ohm are defined as:  

 

aeqlsa E ,   (7)

 

ceqlsc E ,   (8)
 

where   is the potential, Eeq the equilibrium voltage. The index a stands for the anode, c for 

the cathode, s for the electrode material (Ni or LSM) and l for the electrolyte material (YSZ). 

For increased accuracy eqn (6) is not sufficient, instead the voltage can be expressed as the 

difference between the potentials at the anode and cathode current collectors [18]. However, 

eqn (6) is sufficient for the study performed in this work with focus on the heat and mass 

transport.  

 

The electromotive force (reversible open-circuit voltage, EOCV) in eqn (6) is determined by 

the difference in the thermodynamic potentials of the electrode reactions. When a hydrogen-



 8

steam mixture is used as fuel, it can be calculated by the Nernst equation (eqn (9)) [19-20]. 
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where E0 is the temperature dependent open-circuit voltage at standard pressure (1 atm) and 

pi the partial pressure, at the TPB, in atm. It should be noted that eqns (9)-(10) are developed 

fuel mixtures containing humidified hydrogen [21] and it is recommended to replace this 

expression in future extensions of our model to include the impact from hydrocarbons. 

 

The Butler-Volmer equations are frequently used to describe the activation 

polarization/current density relationship. The exchange current density is then used to 

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

electrochemical reactions. The generalized Butler-Volmer equation is  
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Here, p is the partial pressure at the TPB or b (bulk fluid within the gas channels) and ne is 

the number of electrons transferred per reaction. In high current region with sufficiently large 

a  where 
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Eq. (11) can be rewritten as 
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leading to 
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Eq. 15 accordingly gives the concentration polarization when the activation polarization 

(charge transfer) is not negligible [22]. 

 































 TPBH

bH

aeae
a p

p

n
T

iAV
i

n
T

,

,

,0, 2

2ln
F)1(

R
ln

F)1(
R


  

= aconcaact ,,    

(15)
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On the other hand, when 0i  >> i , the electrochemical reaction is diffusion rate-limiting. 

In this case, assuming i  / 0i = 0,  
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The electrochemical equilibrium is established at the TPB owing to the fast charge transfer 

rates. So,  
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specified as [23]. In a similar manner, 
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when both activation and concentration polarizations cannot be neglected. 

 

When the mass transfer rate-limiting, that is, the concentration polarization is dominant, 
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Assuming singe-step rate limiting reaction for two electrodes, then the sum of the potential 

must equal the Nernst potential, i.e., the transfer coefficient is 0.5 [24].  
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where F is the Faraday’s constant, ke´´ the pre-exponential factor (which is 6.541011 -1m-2 

for the anode and 2.351011 -1m-2 for the cathode [25]), i0 the exchange current density, R the 

ideal gas constant, AVe the electrochemical active area-to-volume ratio and Ea,e the activation 

energy (137 kJ/mol for the cathode and 140 kJ/mol for the anode [16]). The potential 

difference between the anode and the cathode current collectors corresponds to the total cell 

operating voltage. The electrochemical active area to volume ratio is determined by fitting the 

current density to measurements performed at Kyushu University (with 50 % pre-reformed 

natural gas as fuel), i.e., the effects from hydrocarbon fuels are included. It should be 

mentioned that a constant operating voltage of 0.7 V is applied in the model and the 

comparison to experimental data is only performed at this voltage. 

 

The governing equations for the ion and electron transport are implemented according to eqns 

(22)-(23).  

 
 llli    (22)
 
 sssi    (23)
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where  is the ion/electron conductivity and   is the potential. The electronic conductivities 

in the anode (s,a) and the cathode (s,c), and ionic conductivity in the YSZ (l,el) are 

calculated as described in [26]. The actual length that ions and electrons are transported in the 

electrodes increases because of the effects of the material compositions and their microscopic 

structures. This is accounted for by using the structure-dependent tortuosity factors and 

volume fractions/porosities [26].  

 

2.2 Momentum transport 

The gases flow in the fuel and air channels, and in the porous electrodes. Equation (24) is 

introduced and solved for the momentum transport (gas flow) in the porous materials as well 

as in the fuel and air channels, simultaneously [27-28], i.e., the interface conditions between 

the porous electrodes and the gas channels do not need to be defined.  
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Here F  is the volume force vector, p the pressure, κ the permeability of the porous medium 

(1.76 ·10−11 m2 is applied for all porous material in our model), u


 the velocity vector,   the 

viscous stress tensor. The viscosity (μ) and density () for the participating gas mixtures are 

dependent on local temperature and mole fractions, as described in [25].  

 

2.3 Mass transport 

The mass transfer rate in the SOFC electrodes depends on the operating and structural 

parameters, such as temperature, fuel composition, porosity, particle size and tortuosity 

factors. To improve the cell performance, the polarizations need to be minimized. 
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Concentration polarization depends on the effectiveness of the heat and mass transfer. In this 

study special interest is put on the effects of the mass transfer in an SOFC. A concentration 

gradient in the porous electrodes is present under normal operating conditions due to the fuel 

and oxidant consumption at the reaction sites. The differences in concentration between 

different locations within the cell induce concentration losses. In order to minimize the 

concentration losses, the heat and mass transfer need to be understood in detail. Mauro et al. 

[3] found that concentration polarization increases as the H2 concentration in the inlet mixture 

decreases. Mauro et al. [3] also found that higher fuel consumption increases the 

concentration polarization. In other words, if there is low reactant consumption, small 

reactant concentration gradients are produced across the electrode. Hussain et al. [29] found 

that a limited mass transfer resulted in lower reactant concentration at the reaction sites which 

corresponds to an increased concentration polarization. It was also found that the 

concentration polarization increased with increasing current density. 

 

Regarding mass transfer, three distinct physical mechanisms are present in an SOFC: 

convection, molecular diffusion and Knudsen diffusion. The Knudsen diffusion is only 

relevant in the electrodes. Moreover, molecular diffusion in the cathode is usually binary 

(because the oxidant is oxygen from air (assumed to be made up of only O2 and N2)), while in 

the anode it may be binary or multicomponent, depending on the fuel mixture (for humidified 

H2, the mixture is H2 + H2O; for hydrocarbons, it is CxHy + H2 + H2O + CO + CO2) [30]. For 

this specific study only the simplest form of CxHy, i.e., CH4 is included. Depending on the 

cell materials and operating conditions, different mass transfer models are applicable. As a 

consequence, there is a wide range of models to describe the mass transfer in an SOFC where 

in some models all three mechanisms are considered while others neglect the convective 
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mass flow in the electrodes. Commonly used molecular mass diffusion equations include 

Fick’s equation for binary component diffusion or the Stefan-Maxwell equation for 

multicomponent ordinary diffusion for the channels and electrodes. However, Fick’s equation 

is often not sufficient for modeling the mass transfer in SOFC as more than two components 

are included in the fuel. The Dusty Gas Model is sometimes used to model the mass transfer 

in the electrodes because its higher accuracy to a cost of increased complexity and 

computational power [30]. The Stefan-Maxwell model for diffusion is the most general 

approach for describing multicomponent mass transport. In contrast to Fick’s model for the 

binary diffusion, it can reproduce diffusive effects of ternary mixtures, such as counter 

diffusion. But in the limit of binary mixtures the Stefan-Maxwell equation will reduce to 

Fick’s equation The Stefan-Maxwell equation is often modified for the porous media by 

including Knudsen diffusion effects and moreover, the equation can be formulated to take 

into account the effect of external body forces, as well as to consider the effect of non-

equilibrium behavior of the fluid [30]. Tseronis et al. [7] compared in 1D and 2D, the Dusty 

Gas model and the Stefan-Maxwell model, and found that at high hydrogen utilization and 

high current densities the Dusty Gas model was the most accurate in terms of validation 

against experimental results by Yakabe et al. [31] in both 1D and 2D. As the average current 

density increased, the differences between the 2D Dusty Gas model and the other models 

became more prominent. 

 

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 [32]: 
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where r is the effective radius of the pores. The temperature dependent molecular binary 

diffusion coefficients (Dij) are calculated by the expressions in [33], based on bi-component 

coefficients of the gases. The effective diffusion coefficients (eqn (26)) consider both the 

Knudsen and the molecular diffusion coefficients [34]. 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 (ε) [18, 32, 35].  
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Equation (27) is used to describe the gas-phase species transport phenomena for each 

component inside the cell [28] and solved for the fuel and air channels as well as for the 

electrodes simultaneously, i.e., no interface condition need to be defined. 
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where T is the temperature, x the mole fraction,  w the mass fraction and Si the (mass) source 

term due to electrochemical reactions. 

 

Kanno et al. [36] used LBM 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. Iwai et al. used the random walk process of nonsorbing particles as 

well as the LBM method 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-
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phase pore transport, respectively. The variations are explained by the direction (x, y and z) 

and by different evaluation methods [37]. Tortuosity factors in the range of 9.24 and 38.9 for 

Ni, and between 3.20 and 4.41 for YSZ, respectively was calculated by Vivet et al. [38]. 

Aguiar et al. [39] uses a gas-phase pore tortuosity factor of 6 and Bessler et al. [21] uses a 

gas-phase pore tortuosity factor of 3.5, in their respectively models. For this work the 

parameters for the electrode structure stated in Table 2 are employed.  

 

Table 2: Cell parameters 

Flow arrangement co-flow 

Ion conducting volume fraction 0.42 

Electron conducting volume fraction 0.28 

Porosity 0.30 

Ion conducting support layer tortuosity factor 5 

Ion conducting active layer tortuosity factor 10 

Electron conducting support layer tortuosity factor 5 

Electron conducting active layer tortuosity factor 10 

Gas-phase tortuosity factor support layers 1.88 

Gas-phase tortuosity factor active layers 3 

Cell voltage 0.7 V 

Average pore radius support layers 1 μm 

Average pore radius active layers 0.34 μm 

 

2.4 Heat Transport 

Small SOFC systems require externally supplied heat to maintain the stack at its operating 

temperature, while heat removal is a challenge for larger stacks. Hot-spots can form if heat is 

not removed effectively, which increase agglomeration, thermal stresses and degradation in 

the cell components. Operating a cell below its optimal temperature significantly reduces the 

current generation [40]. 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 overall governing equation for the heat transport (eqn (28)) reduces to pure 
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heat conduction in the electrolyte layer and in the interconnectors.  

 
  heffgpg QTkTc  u,

  (28)
 

Here Qh is the heat generation or consumption, keff the effective thermal conductivity and cp 

the gas-phase specific heat. The Qh is based on heat generation by the electrochemical 

reactions and on the losses through the activation, and the ohmic polarizations [23].  
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where ΔSr is entropy change of the reaction, rref is the refroming reaction rates (in mol/m3s) 

and Href the enthalpy change of the reforming reactions.  

 

2.5 Reforming Reactions 

The heat, which is generated within the cell (from the electrochemical reactions), can be 

used for the internal steam reforming reaction within the anode and/or outside the cell for 

external reforming and pre-heating of the fuel and air. The reaction kinetics from Klein et al. 

[41] for the MSR (an Arrhenius form expression dependent on the AV) is presented in eqn 

(30) and used to calculate the reaction rates in this work.  
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Equation (30) origins from experiments performed at Research Centre Jülish, and the anode 

material consists of Ni−8YSZ substrate with a standard composition of 50 wt% Ni. For 

AVMSR an average value of 10·106 m2/m3 is applied in this work. It should be mentioned that 
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there is a disagreement in the open literature concerning the MSR rate and concerning an 

initial significant temperature drop. For example is the reaction rate in Achenbach and 

Riensche [42] significantly higher than the one in Klein et al.. Temperature measurements at 

Kyushu University, on a segmented cell, indicate that the MSR also proceeds far from the 

inlet, i.e., agreeing with the Klein et al. kinetics. It should also be mentioned that no initial 

significant temperature drop can be found in the segmented cell measurements from Kyushu 

University. Equation (30) describes phenomena occurring at the macroscale, to be compared 

to Hecht et al. [43] as well as Zhu et al. [12] which uses reaction kinetics with 21 reversible 

steps for the microscale methane reforming reaction.   

 

Based on the global scheme for the anode, the expression for the catalyzed water-gas shift 

reaction from Haberman and Young [44] has been selected in this study: 
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The rate constant (kWGSR) and the equilibrium constant (KWGSR) are temperature dependent 

expressions calculated from the experimental data, as described in [44].  

 

2.6  Boundary conditions and parameter study 

The gas inlet velocities are defined by laminar flow profiles. The inlet fuel velocity is 

adjusted to reach fuel utilization of 80 % for the hydrogen case. The same amount of fuel, in 

terms of hydrogen equivalents are supplied for the two additional cases, i.e., 30 % pre-

reformed natural gas (as defined by International Energy Agency (IEA)) and 50 % pre-

reformed natural gas (as defined by Kyushu University). The inlet air velocity is adjusted to 
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limit the average temperature difference between the inlets and outlets to 100 K for each case. 

At the outlets the pressure (1 atm) is fixed. The fuel inlet fractions are defined in Table 3, the 

air inlet is defined as air, including oxygen and nitrogen, and the outlets are defined as 

convective fluxes. The inlet gas temperature is defined by the operating temperature (1000 K, 

for all cases) and the outlet is defined as a convective flux. The boundaries at the top, bottom 

and center of the cell walls are defined as symmetry conditions, because it is assumed that the 

cell is surrounded by other ones with the 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 voltage (0.7 V). All other boundaries and interfaces are electrically 

insulated. 

 

Table 3: Inlet fuel molar fractions 

 
Hydrogen 

case 

30 % pre-reformed 
natural gas 

(as defined by IEA) 

50 % pre-reformed 
natural gas  

(as defined by 
Kyushu University) 

H2 0.90 0.263 0.399 

H2O 0.10 0.493 0.370 

CH4 - 0.171 0.115 

CO - 0.0294 0.027 

CO2 - 0.0436 0.089 
 

 

3. Experimental (Kyushu University) 

3.1 Fabrication of an anode-supported microtubular SOFC having segmented cathodes.  

The anode Ni-8YSZ (8 mol% yittria stabilized zirconia) microtubular porous substrate (65/35 

wt%, 37% porosity, Kikusui Chemical Industries Co. Ltd.) was used as the anode substrate. It 

had an inner diameter of 7 mm, a wall thickness of 0.5 mm and a length of 48 mm. This 

anode substrate was coated with 8YSZ (TZ-8YS, Tosoh Corp.) electrolyte slurry by dip-

coating, being followed by co-firing at 1420 °C for two hours. Composite cathode slurry of 
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La0.7Sr0.3MnO3 (LSM, Daiichi Kigenso Kagaku Co. Ltd.) and 8YSZ (TZ-8YS, Tosoh Corp.) 

(LSM/YSZ=10/3 wt%) was applied on the electrolyte layer by cotton swabs. Then it was 

fired at 1150 °C for two hours. Uniform thickness of each layer was confirmed with a 

scanning electron microscope after firing. We applied three cathode active areas, upstream, 

midstream and downstream parts along the axial direction [8]. Electrode geometrical area 

was 2.5 cm2 each. Figure 3 depicts the segmented microtubular cell after firing. Silver paste 

was employed on the cathodes as the current collector. 

 

48mm

9mm

2mm
8mm

0.5mm

 

Figure 3. Anode-supported microtubular cell with the segmented cathodes. 

 

3.2 Current and Temperature Distribution Measurements 

Figure 4 illustrates the configuration of the experimental set-up. Temperature of the microtubular 

cell was maintained at 800 °C by an electronic furnace at open circuit voltage (OCV). The anode 

NiO was reduced to Ni by feeding H2/N2 mixture gas for two hours prior to measurements. 

During measurements, anode and cathode were supplied with simulated 50 % pre-reformed 

natural gas presented in Table 3 and air upward at 45 and 2000 cm3min-1 (25 ºC), respectively, in 

co-flow. 



 20

Tu
bu

la
r f

ur
na

ce

Q
ua

rtz
  t

ub
e

SU
S 

 tu
be

Thermocouple

Anode Pt lead wires for current and voltage measurements

Cathode Ag lead wires for 
current and voltage measurements

Air

Fuel

C
el

lJi
gs

Electronic load

Electronic load

Electronic load

 

Figure 4. Experimental set-up for the characterization of the anode-supported microtubular cell having 

the segmented cathodes. 

 

Current voltage (I-V) and current power density (I-P) characteristics were measured by voltage 

control with three electronic loads (ELZ-175, Keisoku Giken Corp.) and the anode and cathode 

were electrically connected with the four-terminal method. Temperatures at upstream, midstream 

and downstream parts along the axial direction of the cathode surfaces were measured with three 

thermocouples attached to the surface by silver paste. Mass flow controllers (SEC-40, Horiba 

STEC) were controlled by LabView 8.6 (National Instruments Inc.) on a personal computer 

through an I/O device (NI USB-6008, National Instruments Inc.).  

 

3.3 Differences between the modeling cell design and the experiments 

It should be noted that the model investigates planar supported SOFCs, compared to the 

experimental work at Kyushu University, where tubular SOFCs are investigated. However, the 

unique segmented cell is expected to give enough information for us to select the appropriate 
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MSR kinetic model. The experimental data from Kyushu University are also used for some 

adjustment of the AVs. For future studies it is promising to construct theoretical models 

describing the (segmented) tubular design as well.  

 

 

4  Results and discussion 

The temperature distribution for the hydrogen case is shown in Fig. 5. The strongly 

exothermic electrochemical reactions and the heat generation by the polarizations increase 

the temperature along the main flow direction. The degree of temperature increase is handled 

with the (inlet) air flow rate, i.e., the oxygen utilization. Note that the LTE approach is 

applied in our model and the temperature is assumed to be the same in the gas- and solid 

phase throughout the porous electrodes at each specific position. 

 

 

Figure 5. Temperature distribution for the hydrogen case. 
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Figure 6 presents the mole fraction of oxygen in the cathode side when humidified hydrogen 

is supplied as fuel in 3D at the cathode/electrolyte interface. Note that the color scale is 

identical for all figures presenting the oxygen mole fraction distribution, for easy comparison 

between the different cases. Oxygen is the reactant in the electrochemical reactions at the 

cathodic TPB. For oxygen the mole fraction gradient in the x-z-plane in the cathode (i.e., in 

the direction normal to the cathode/electrolyte interface) is significant, especially at positions 

under the interconnect ribs, due to the mass flow resistance from the relatively thin cathode 

(compared to the anode). Note that this effect was not possible to identify in our previous 2D 

models. To decrease this remarkable mole fraction gradient, the interconnect thickness 

between two air channels can be made thinner, the cathode support layer thickness can be 

increased or the cathode support layer can be manufactured with decreased gas-phase 

tortuosity factor compared to the ones for the cathode active layer. However, such 

investigations are outside the scope of this paper.  

 

 

 
Figure 6. Oxygen mole fraction for the hydrogen case in 3D. 
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The electrochemical reactions at the anode TPB decrease the mole fraction of hydrogen (Fig. 

7) along the main flow direction. The relatively thick anode (415 µm) enables easy transport 

of water from the TPB and hydrogen to the TPB, also at positions far from the fuel channel, 

i.e., the mole fraction gradient in the direction normal to the cathode/electrolyte interface is 

relatively small (compared to the case for with oxygen in Figs 6).  

 
 

Figure 7. Hydrogen mole fraction for the hydrogen case. 
 
 

The ion current density distribution at the cathode/electrolyte interface is presented in Fig. 8. 

The increased temperature along the main flow direction (x*-direction in Fig. 8) increases the 

ion current density in this direction. This increase is limited due to the production of water as 

well as the consumption of oxygen and hydrogen by the electrochemical reactions. In the 

direction normal to the cathode/electrolyte interface (z*-direction in Fig. 8) the ion current 

density is highest close to the channel/interconnect interfaces, i.e., where the concentration of 

oxygen is high and the electron transport distance is short. It should be mentioned that the 

scales in Fig. 8 on the axes are made dimensionless according to eqns (32)-(33). 
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Lxx /*   (32)
 

Wzz /*   (33)
 

Here, L is the cell length along the main flow direction (= 100 mm) and W is the half (due to 

symmetry conditions) the width of one fuel/air channel (= 1 mm) and the corresponding rib 

(= 0.5 mm). 

 

 

 

Figure 8. Ion current density distribution for the hydrogen case. (0) at the x*-axis corresponds to the inlet 
and (1) to the outlet. (0.333) at the z*-axis corresponds to the interconnect rib/channel interfaces. Notice 

that the scales on the x- and z-axes differs.  
 
 

The OCV at the cathode/electrolyte interface (Fig. 9) is the highest close to the inlet, where 

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

oxygen and hydrogen are the highest. The ongoing electrochemical reactions and the 

increased temperature decrease the OCV along the main flow direction (x*-direction in Fig. 

9). The decrease in the OCV according to those concentrations is known as the Nernst loss 
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[45]. The OCV gradient in the direction normal to the cathode/electrolyte interface (z*-

direction in Fig. 9) occurs due to the oxygen mole fraction gradients within the cathode in 

this direction.  

 

 
Figure 9. OCV for the hydrogen case. 

 
 
The electron current density in the z-y plane at the outlet for the hydrogen case is presented in 

Fig. 10. It can be seen that the highest electron current density take place in the cathode at the 

air channel/interconnect ribs corner. A comparable behavior is found at the 

anode/interconnect ribs corner, but the maximum value in the anode is around 40 % of the 

cathode one. It can be seen that the maximum electron current density is more than ten times 

higher than the maximum ion current density. Notice that the electron transport in the 

direction normal to the cathode/electrolyte interface was not included in our previous 2D 

models.     
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Figure 10. Electron current density at the outlet for the hydrogen case.  

 
 

The oxygen mole fraction for the cases with 30 % and 50 % pre-reformed natural gas as fuel 

is presented in Fig. 11 and Fig. 12, respectively. The air inlet velocity is adjusted to limit the 

average temperature difference between the inlets and outlets to 100 K, i.e., the air utilization 

are significantly increased for the cases with a pre-reformed natural gas fuel mixture, 

compared to the case with humidified hydrogen. The decreased local fractions of hydrogen 

reduces the current density, which decreases the oxygen mole fraction gradient in the 

direction normal to the cathode/electrolyte interface, at positions under the interconnect ribs, 

compared to the case with humidified hydrogen (Fig. 7). Note that the case with 50 % pre-

reformed natural gas as fuel has a higher current density as well as oxygen consumption 

throughout out the cell, compared to the case with 30 % pre-reformed natural gas. However, 

the air flow rate is higher for the case with 50 % pre-reformed natural, giving a decreased 

oxygen utilization.  
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Figure 11. Oxygen mole fraction as 30 % pre-reformed natural gas is used as fuel. 

 
 

 

Figure 12. Oxygen mole fraction as 50 % pre-reformed natural gas is used as fuel  
 
 
The hydrogen mole fraction when 30 % and 50 % pre-reformed natural gas is supplied as fuel 

is shown in Fig. 13 and Fig. 14, respectively. Note that the color scale is not the same for Figs 

14-15, compared to Fig. 7, due to the large difference in the local mole fractions of hydrogen. 
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The mole fraction of hydrogen is lower when partly pre-reformed natural gas is supplied as 

fuel, throughout the cell, compared to humidified hydrogen, which is the main reason for the 

decreased OCV, which gives a decreased current density. It should me mentioned that the 

case with 30 % pre-reformed natural gas has a lower fraction of hydrogen at the inlet as well 

as throughout the cell, compared to the case with 50 % pre-reformed natural gas, which gives 

a higher current for the latter case.  

 

Figure 13. Hydrogen mole fraction when 30 % pre-reformed natural gas is used as fuel  
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Figure 14. Hydrogen mole fraction when 50 % pre-reformed natural gas is used as fuel  
 

 

The OCV behavior is similar for the cases with partly pre reformed natural gas (not shown in 

any figure), compared to the one with humidified hydrogen (Fig. 9). However, the maximum 

value (at the inlet) differs: 0.96 V for 30 % pre-reformed natural gas and 0.98 V for 50 % pre-

reformed natural gas, compared to 1.07 V for the case with humidified hydrogen. On the 

other hand, the OCV at the outlet (also the minimum value) are 0.86 for all (three) 

investigated cases.  Figures 15 and 16 presents the ion current density distribution at the 

cathode/electrolyte interface when 30 % and 50 % pre-reformed natural gas is supplied as 

fuel. The reduced hydrogen fraction within the anode (compared to the case with humidified 

hydrogen) decreases the OCV, which result in a decreased ion current density. It is also seen 

that the position with the maximum value is closer to the outlet when partly reformed natural 

gas is supplied as fuel, compared to the case with humidified hydrogen. 
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Figure 15. Ion current density distribution as 30 % pre-reformed natural gas is used as fuel  
 

 

 

Figure 16. Ion current density distribution as 50 % pre-reformed natural gas is used as fuel  
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The decreased ion current density, as partly pre-reformed natural gas is supplied as fuel, 

decreases the requirement of electrons at the TPB, i.e., also the electron current density is 

decreased  as is shown in Fig. 17 and Fig. 18 when 30 % and 50 % pre-reformed natural gas 

are supplied as fuel, respectively. It should be noted that the heat generation due to electron 

transport (ohmic polarization) depends on the electron current density in square, i.e., a 

slightly reduced electron current density can have a relatively large impact on the distribution 

of the different polarizations as well as on the local heat generation.  

 

 

Figure 17. Electron current density at the outlet as 30 % pre-reformed natural gas is used as fuel  
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Figure 18. Electron current density at the outlet as 50 % pre-reformed natural gas is used as fuel  
 

 

The MSR rate for the case with 30 % pre-reformed natural gas is presented in Fig. 19 and for 

the case with 50 % pre-reformed natural gas in Fig. 20. The MSR rate depends on the local 

temperature and the local concentrations of methane and steam, and continues to produce 

hydrogen and carbon monoxide as long there is still methane available. As the case with 

30 % pre-reformed natural gas contains more methane (compared to the case with 50 % pre-

reformed natural gas) at the inlet the reaction rate will be higher. It is found that the outlet 

fractions of methane are small for both investigated cases. Note that there is a significant 

disagreement, within the open literature, concerning the MSR rate as well as the initial 

significant temperature drop. 
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Figure 19. MSR rate as 30 % pre-reformed natural gas is used as fuel  
 

 

 

Figure 20. MSR rate as 50 % pre-reformed natural gas is used as fuel  
 

 

Figures 21 and 22 shows the WGSR rate for the case with 30% and the case with 50 % pre-
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reformed natural gas, respectively. It is found that the mixture with 50 % pre-reformed 

natural gas is relatively far equilibrium conditions, which give a high backward reaction rate 

at positions close to the inlet. The WGSR produces hydrogen and carbon dioxide as well as 

consumes carbon monoxide and steam within the anode as the electrochemical reactions 

proceed along the main flow direction. As a result from the internal reforming reactions, the 

concentration polarization is decreased and the OCV is increased, compared to the situation 

with no internal reforming reactions.  

 

Figure 21. WGSR rate when 30 % pre-reformed natural gas is supplied as fuel  
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Figure 22. WGSR rate when 50 % pre-reformed natural gas is supplied as fuel  
 

 

The voltage is varied (for the three cases previously presented) between 0.7 and 0.9 V and the 

corresponding i-v curves are presented in Fig. 23. It should be mentioned that the mass flow 

rates are kept constant as the voltage is varied, i.e., the air and fuel utilizations in the model 

are defined for a voltage of 0.7 V. Most i-v curves presented in the open literature describes 

experimental measurements, where significant surplus of fuel are supplied, i.e., one can not 

directly compare our i-v curves to the experimental ones in the open literature.  
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Figure 23. i-v curve for the three investigated cases  
 

 

4.1 Comparison with experimental results by the microtubular cell having 

segmented electrodes. 

Figure 24 shows the I-V characteristics for each part of the segmented microtubular cell and 

the sum of the currents for each segment with simulated 50 % pre-reformed natural gas 

presented in Table 3. In the upstream part, the OCV is lower than the other parts possibly due 

to slight gas leakage at microscopic crack in the electrolyte by carbon formation at the Ni 

particles from the cracking of dense methane near the inlet. The OCV dropped from 1.01 V to 

0.80 V when the fuel was switched from H2/N2 mixture (40/40 cm3min-1 at 25 °C) gas to the 

simulated reformate gas and the OCV did not recover by the H2/N2 mixture gas feeding again. 

Although this degradation often proceeds with methane rich fuel composition in general, such 

OCV drops cannot be observed separately without segmented electrodes. 
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Figure 24. I-V characteristics for each part of the segmented microtubular cell 
 

 

The OCVs at the midstream and downstream are 0.97 V and 0.96 V, respectively, which are 

in good agreement with that at the inlet in the present modeling. The currents are larger in the 

middle and downstream parts than the upstream at a same cell voltage. The fuel depletion in 

the downstream is suppressed by the smaller current in the upstream part. The current in the 

midstream is slightly larger than the downstream owing to smaller concentration polarization 

and Nernst loss with larger fuel partial pressure.   

 

In order to confirm the MSR kinetic model, temperatures measured at each segment are 

compared. Figure 25 presents the surface temperatures at the segmented cathodes of the 

microtubular cell. The temperature difference at the OCV is not likely to come from the MSR  

but from the temperature distribution in the electric furnace since such difference was 

oberved in the case of the H2/N2 mixture gas as well. The temperature drop when the fuel was 

switched from H2/N2 mixture (40/40 cm3/min) gas to the simulated reformate gas was largest 

in the midstream part (9°C) while it was the smallest in the upstream part (5°C), indicating 
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that the endothermic MSR rate is the largest in the midstream part at OCV.  
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Figure 25. Surface temperatures at the segmented cathodes of the microtubular cell 
 

 

The temperatures rise with the current by the heat production with the polarizations and the 

entropy changes, i.e. the electrochemical Peltier heats [46,47,48]. The temperature difference 

among the segmented electrodes under the current flow thus agrees with the current 

distribution in the cell shown in Fig. 24. Moreover, the difference of the temperatures among 

the segments are also affected by the MSR rate distribution along the fuel gas flow in the 

axial direction. It should be noted in Fig. 25 that the temperature rising rate becomes smaller 

in the high current region toward the downstream. This temperature behavior under current 

flow shows that the rate of the endothermic MSR becomes larger as current and toward the 

downstream. The consumption of H2 and increase in the product water by the electrochemical 

reaction toward the downstream possibly enhance the shift of the MSR, eq. 4, to the right, 

resulting in the MSR rate increasing with current toward the downstream. The temperature 

distributions along the axial direction of the cell at OCV and under the current flow are in 
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accordance with the present MSR modeling that the MSR proceeds far from the inlet. 

 

 

5 Conclusions 

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

take place inside a single cell of a planar intermediate temperature SOFC. Equations for gas-

phase species, momentum, heat, electron and ion transport are solved simultaneously and 

couplings with kinetic expressions for electrochemical as well as internal reforming reactions 

appearing in the electrodes are included. 

 

It is found that for oxygen the mole fraction gradient in the cathode in the direction normal to 

the cathode/electrolyte interface is significant, especially at positions under the interconnect 

ribs, due to the mass flow resistance from the relatively thin cathode (compared to the anode). 

It is concluded that the highest electron current density take place in the cathode at the air 

channel/interconnect ribs corner. A similar behavior is found at the anode/interconnect ribs 

corner, but the maximum value in the anode is around 40 % of the cathode one. The 

maximum electron current density is found to be more than ten times higher than the 

maximum ion current density. 

 

The fuel inlet composition is varied in a parameter study, where humidified hydrogen, 30 % 

pre-reformed natural gas (as defined by IEA) and 50 % pre-reformed natural gas (as defined 

by Kyushu University) are compared. It is concluded that when 30 % pre-reformed natural 

gas is supplied as fuel, the air mass flow rate is halved, compared to the case with humidified 

hydrogen, keeping the outlet and inlet temperatures constant. Concurrently is the fuel 

utilization kept at 80 %. It is concluded that the ion current density is decreased, due to a 

decreased OCV, because of a lower fraction of hydrogen within the anode as partly pre-
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reformed natural gas is supplied as fuel, compared to the case with humidified hydrogen. 

Note that both the MSR and the WGSR reduces that concentration differences between the 

anode/fuel channel interface and the anode/electrolyte interface, which decreases the anode 

concentration polarization for fuel compositions containing methane and/or carbon monoxide. 

 

The endothermic MSR rate distribution along the fuel flow in the present MSR modeling 

agrees with the temperature changes at OCV and under current flow measured for different 

segments in the segmented microtubular cell fed with simulated 50 % pre-reformed natural 

gas. The MSR is thereby shown to proceed far from the inlet. 

 

6  Nomenclature 

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

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

Dij   molecular diffusivity [m2 s-1] 

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

Dk,ij   Knudsen diffusivity [m2 s-1] 

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

E0  open-circuit voltage at standard pressure [V] 

Eeq  equilibrium voltage [V] 

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

F   volume force vector [N m-3] 

ΔH  enthalpy change of reaction, [J mol-1]  

i current density [A m-2] 

i0 exchange current density [A m-2] 

k  thermal conductivity [W m-1 K-1] or rate constant [-] 

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

K   equilibrium constant 

ne   number of electrons transferred per reaction [-] 

p   pressure [atm or Pa] 

Qh  heat source term [W m-3] 
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r   reaction rate [mol m-3 s-1] 

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

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

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

T   temperature [K] 

u
    velocity vector [m s-1] 

x   mole fraction [-] 

w   mass fraction [-]  

 

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 [-] 

 ionic/electronic potential [V] 

    viscous stress tensor, [N m-2] 

 

Abbreviations, Subscripts and Superscripts 

a  anode 

act   activation (polarization) 

b   bulk (electrode/gas channel interface) 

c   cathode 

CFD   computational fluid dynamics 

conc   concentration (polarization)  

FEM   finite element method 

i,j  species index 

l   electrolyte material 

MSR  methane steam reforming reaction 

OCV  open-circuit voltage 
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ohm  ohmic (polarization)  

s   electrode material 

SOFC  solid oxide fuel cell 

TPB  three-phase boundary 

WGSR  water-gas shift reaction 

 

Chemical  

CO carbon monoxide (gas phase molecule) 

CO2 carbon dioxide (gas phase molecule) 

CH4 methane (gas phase molecule) 

e- electron 

LSM lanthanum strontium manganite 

H2 hydrogen (gas phase molecule) 

H2O water (gas phase molecule) 

Ni nickel 

O2 oxygen (gas phase molecule) 

O2-  oxygen ion  

YSZ  yttria-stabilized zirconia 
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