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In the present study, experiments and multi-physics simulations are utilized together to analyze and 

predict the polarization curves and impedance behavior of solid oxide fuel cells (SOFCs). This new 

procedure consists of experiments, empirical polarization analysis, and multi-physics numerical 

simulations. First, polarization curves and impedance behavior are measured for various fuel/air 

utilization conditions. Then, the empirical polarization analysis is applied in conjunction with 

experiments to extract estimated values of essential parameters for the cell under study. Finally, 

numerical simulations are performed to determine/refine the model parameters via simultaneous 

calibration using polarization curves and impedance behavior. It is demonstrated that at least three 

fuel/air utilization conditions. i.e. low utilization, low air supply, and low fuel supply, are required as a 

complete set of data for better understanding of the processes within the cell. The cell performances at 

different working loads and various cell configurations are also simulated and analyzed to understand 

the processes in anode and cathode separately, illustrating the capability of the proposed model. The 

simulations, incorporating realistic material properties, provide details of overpotential and species 

concentration distributions within the porous electrodes for in-depth analysis. This proposed procedure 

can be utilized for quick diagnostics and analysis of button cells as well as planar cells made of same 

material without further calibration.   

 

 

Keywords: Solid Oxide Fuel Cell, Electrochemical Impedance Analysis, Multi-Physics Numerical 

Simulation, Polarization Analysis  

 

1. INTRODUCTION 

Solid oxide fuel cells (SOFCs) are considered a primary candidate technology for clean and 

efficient power generation owing to their potentially high efficiency, low pollution, and fuel flexibility. 

http://www.electrochemsci.org/
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New design concepts to exploit these desirable aspects require thorough performance analysis at cell 

and stack level. In general, voltage-current (V-I) curves (aka polarization curves) and impedance 

behavior are commonly considered as important fuel cell performance indicators. The literature 

contains many studies focusing on the performance of fuel cells both experimentally and numerically, 

see e.g. [1-28]. In this study, we focus on mostly the modeling aspects related to SOFCs. 

Numerous models have been proposed to describe and predict fuel cell performances [1-5]. 

Three types of losses are associated with fuel cell operation: activation loss, ohmic loss, and 

concentration loss. K. J. Yoon et al. [1] proposed a polarization model to fit the experimental 

polarization curve by generating fuel- or air-utilization dependent model parameters. In their work, 

polarization resistance was also calculated to verify the polarization model. S.Q. Yang et al. [2] 

introduced a polarization model with a detailed calculation of TPB (triple phase boundary) length, and 

applied the model to analyze the experimental V-I curves. Some parametric studies were also 

performed to investigate the effects of parameters on the cell performance of SOFCs. Recently, S. 

Shen et al. [4] proposed a polarization model for a mixed ionic electronic conducting (MIEC) fuel cell 

based on charge transport and energy conservation equations, which showed good agreement with 

experiments.   

Impedance behavior can be measured by utilizing electrochemical impedance spectroscopy 

(EIS) techniques [3, 6, 18, 26, 29-32]. H. Finklea et al. [3] measured the impedance of button cells for 

different utilization conditions and obtained equivalent circuit models from deconvolution analysis. A. 

Leonide et al. utilized EIS techniques and deconvolution analysis to identify the parameters associated 

with various processes (e.g. charge transfer, gas transportation, reaction rates, electrical conductivity 

etc.) based on voluminous experiments [6, 19]. Nonlinear electrochemical impedance spectroscopy 

(NLEIS) was also developed to distinguish the nonlinear processes in electrochemical reactions by 

capturing both linear and higher harmonic voltage response due to moderate-amplitude current 

excitation. With this approach, the role of electrochemical kinetics, surface rate for oxygen exchange, 

and material properties were quantified [30-32].  

Numerical simulations have been also performed to study the details of the processes occurring 

within solid oxide fuel cell [7-25]. W.G. Bessler et al. [8] performed numerical simulations of a planar 

cell by solving a set of governing equations regarding charge conservation and species transportation. 

They performed impedance calculations by imposing oscillating potential signals [9]. W.G. Bessler et 

al. [10] also developed a rapid impedance simulation method by applying Fourier transforms to voltage 

excitation and current relaxation. H. Zhu et al. [11-13] derived equations for elementary 

electrochemical reaction mechanisms in the anode and cathode, and studied the performance of button 

cells. S.R. Pakalapati et al. [14] performed a parametric study of half-cells with a micro-scale model of 

oxygen reduction reactions proposed by M. Gong et al [15]. This model considers both the bulk 

transfer (2PB) and surface transfer (3PB) for details of processes in the cathode. 

As revealed by the existing literature, polarization curves and impedance behavior are 

indispensable in performance analysis and should be considered simultaneously. For example, 

different combinations of exchange current densities could yield the same polarization curve, but 

unique impedance behavior would result from each combination. Analyses of fuel cells at different 
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air/fuel conditions are also important, as the uncertainty associated with parameter enumeration may 

be reduced.  

Simultaneous analysis and calibration with V-I and impedance behavior has been largely 

neglected in the past literature because tens of parameters are involved in these multi-physics problems 

which are nonlinearly coupled. Huge amounts of experimental data are needed for the parameter 

identification for fuel cells, which can be costly. Indeed, the question of an optimum number of 

measurements arises when experimenters set the parameter intervals (e.g. %100
2
HP , %50 , %20 , 

etc.) which are necessary to accurately measure the V-I curves and impedance behavior. On the other 

hand, the numerical simulation must be validated by experiments to reveal the realistic physics within 

fuel cells. As mentioned above, parameters involved in these multi-physics problems are numerous and 

nonlinearly coupled. Even a simple model requires a large number of simulations. For models with 

more detailed reaction mechanisms, this becomes prohibitively burdensome. For example, in our 

previous work [14], we simulated the impedance behavior of half cell with reaction mechanisms 

proposed in [15]. The reaction rates are formulated in Butler-Volmer type equations, but there are 12 

parameters affecting the reactions rates of surface and bulk pathways within the cathode alone.  For a 

full cell, the total number of parameters would increase to 27 when all the multi-physics phenomena 

are considered. 

We are interested in determining the feasibility of using minimal data sets to determine the 

essential performance of a fuel cell, especially when we wish to perform quick diagnostics and 

analyses. It is well known that experiments and numerical simulations are complementary in fuel cell 

performance analysis. Therefore, we develop a methodology which efficiently combines the 

experiments and numerical simulations to determine the cell properties and model parameters with 

minimal uncertainty. Some results along these lines have been presented in our previous work [41]. 

In this study, a physics-based SOFC simulation tool is developed for design analysis, 

diagnostics, and degradation predictions. This tool consists of experiments, empirical polarization 

analysis (EPA), and multi-physics numerical simulations (MPNS). Empirical polarization analysis is 

utilized in conjunction with experiments to extract essential information which is then used in MPNS. 

Finally, multi-physics numerical simulations, incorporating realistic configurations and spatial 

distribution of material properties, are used to understand the processes occurring in SOFCs. This 

protocol can accelerate the calibration process, and reduce the time cost of the simulations. We also 

believe that at least three cases, e.g. low utilization, low air supply, and low fuel supply cases, must be 

considered to better understand the cell performance. It is anticipated that, once calibrated for button 

cells, the same methodology can be used to assess gross performance of relatively large planar cells 

made of the same material via the same manufacturing process without further calibration. 

 

2. METHODOLOGY 

The proposed procedure combines experiments, empirical polarization analysis (EPA), and 

multi-physics numerical simulations (MPNS) for overall analysis of SOFC performance. Experiments 

should be first conducted on representative full cell structures under conventional operating conditions.  

The detailed description of experiments used in this study can be found in [3]. An empirical 
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polarization analysis is then performed on the measured V-I curves to extract essential information of 

the cell under study, e.g. exchange current densities, ohmic resistance, etc. Then multi-physics 

numerical simulations are performed with parameters obtained by the empirical polarization analysis 

and refined by simultaneously matching polarization curves and impedance behaviors against 

experimental data sets. A sketch of the proposed physics based simulation methodology is depicted in 

Figure 1. 

 

 
 

Figure 1. Sketch of the proposed physics based SOFC simulation and analysis procedure. 

 

2.1 Empirical Polarization Analysis (EPA) of Measured V-I Curves 

Empirical polarization analysis is applied to the measured V-I curves to extract essential 

information of the fuel cell under consideration. Parameter estimations derived from these simple 

experiments become a starting point in the multi-dimensional simulations.  

The basic idea of polarization analysis is to find a function that estimates closely the measured 

V-I curves under different fuel and air utilization conditions. The total fuel cell operating voltage can 

be expressed as 

 IRVVV caNernsttotalNernst                                                           )1(  

where the activation overpotential and concentration overpotential from anode and cathode are 

lumped into the terms a  and c . The ohmic resistance R  is obtained from 2D electric field 

simulation in which only the governing equations for the electric potential are solved.  In such 

simulations, we employ variable electrical conductivity for nickel, LSM, and YSZ (see below).  

The main purpose of this paper is to develop a practical experimental-numerical framework for 

determination of the essential properties for fuel cell. As mentioned in the previous sections, the 

mechanisms proposed in [15] involve 12 uncertain parameters for reaction rates for the cathode. To 

reduce the number of uncertain model parameters and for the purpose of demonstration, the 

generalized Butler-Volmer equation is used for all the cases in the present study [5, 16, 33]. In such 

models, the effects of gas composition are also taken into account in the reaction rates. For the anode, 

as shown in Appendix A, we have 
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These two coefficients will vary for different fuel utilization conditions. Eq.(2) captures both 

concentration effects and electrochemical reaction effects.  

Similarly, a modified Butler-Volmer equation is used for oxygen reduction inside the active 

layer of the cathode which is given by 
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Here, reaction activity and concentration effects lump together into *

0ci . MATLAB functions 

based on least square schemes are fitted to measured V-I curves for different utilization/supply 

conditions.   

Analysis of the low fuel/air utilization cases, labeled as normal flow case in [3], generates the 

values of ai0 , ci0 , and b . In this case, the concentrations of air and fuel are so high that the utilization 

of air and fuel are very low when current density is small ( %10  at V5.0 overpotential in 

experiments in [3]). Hence the following simplification is made for low utilization case:  

1/
22


HH PP , 1/
22


OO PP                                                                                    )4(  

This assumption is only used in EPA, while MPNS adopts the generalized Butler-Volmer 

equation, i.e. Eq.(2) and Eq.(3). This protocol has been verified by the results of MPNS (see Appendix 

B). The steam concentration in the fuel stream can change significantly, hence it is retained in the 

anode equation as an unknown parameter.  

The low air supply case is analyzed to estimate the exponent m  and the low fuel supply case 

determines the value of a . The aforementioned analysis is based on the integral performances of 

SOFC, therefore an approximate average concentration profile of hydrogen and oxygen is assumed 

within the electrodes. The implications of this assumption are discussed in the results section. 

In the polarization analysis, the unit of the total measured current is )(AAmperes , but in our 

3D simulation the volumetric exchange current density has units )( 3mA .  Conversion is performed 

via )/(0_0 effalss AAii  where al  is the thickness of active layer of electrodes, sA  is the geometrical 

surface area of electrodes, and 
effA  is the effective surface area which will be discussed in the results 

section. In the EPA, the geometric cathode surface area is adopted as the effective surface area for 

brevity. 
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2.2 Multi-Physics Numerical Simulation (MPNS) 

In our previous work, similar numerical simulations were conducted using a simplified version 

of the current model to predict the polarization curve and impedance behavior for SOFCs [3, 14]. The 

whole electrodes were treated as active assuming that the well-percolated network of electrode phase 

and electrolyte phase extends throughout the electrode. The structural properties and effective 

diffusion coefficients were uniformly distributed.  However, models which account for more realistic 

micro-structural configurations are indeed necessary to understand intricacies of SOFC performance.  

In the present study, we extended the multi-physics numerical simulations (MPNS) by incorporating 

realistic micro-structural and geometrical configurations and non-uniform property distributions. 

Furthermore, S.R. Pakalapati et al. [3] considered only V-I curves and Nyquist plots for the so called 

normal flow case with low utilization to support the assumption that the gas concentration at the 

counter electrode does not change the resistance of working electrode. In the current study, we 

consider the complete data sets, including polarization curves and impedance behavior for at least three 

cases (low utilization, low air supply, and low fuel supply case).  

 

2.2.1 Governing Equations 

Three contributions are considered in the charge conservation equation: specific capacitance, 

current associated with charge transport, and faradaic current, Fi , from electrochemical reactions. The 

resulting charge conservation equations for electrode phases are given by [3, 8, 13, 14, 17, 24, 25] 

Fee
ieeff i

t
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and the charge conservation equation for electrolyte phase is 
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In the bulk electrolyte, there is no interface between the electrode phase and the electrolyte 

phase, hence no faradaic current is present. Then the charge conservation equation Eq.(6) can be 

simplified to 

0)(  ii                                                                                                     )7(  

Only diffusive gas-phase transport through porous media is considered, and it is modeled by 

Fick’s diffusion 

 


 SD
t

eff 



)(                                                                                      )8(  

where 
effD  is the effective diffusion coefficient for species,   is the molar concentration, and 

)/(nFiS F  is the net source term due to electrochemical reactions ( 2n for 
2H , and 4n  for 

2O ).   

 

2.2.2 Electrochemical Reactions 

A closed system of differential-algebraic equations requires an expression for the faradaic 

current term ( Fi ) that appears in Eq.(5) and Eq.(6). The relationship between current and overpotential 
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is expressed using Eq.(2) and Eq.(3) for the anode and cathode, respectively [5, 16, 33]. The anodic 

and cathodic overpotential, respectively, are defined by 
eq

iaiaa )()(    and 

eq

icicc )()(   .  

 

2.2.3 Details of Mass Diffusion and Structural Properties 

As presented in prior published work, the effective diffusion coefficient is calculated with 

consideration of Knudsen diffusion, binary diffusion, and tortuosity [34, 35]. 
1
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where ijD  is binary diffusion and KiD  is Knudsen diffusion. Details can be found in [34, 35]. 

In the present study, we chose 2Dn . 

Realistic distributions of properties are also considered and include the distribution of porosity, 

specific interface area between ion conducting phase and electron conducting phases, tortuosity, etc. 

Relations between interfacial area/tortuosity and porosity are considered as follows: 

    3/2

00

3/2

00int //  CCaa eff                                                                )10(  

and 
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

                                                                                                     )11(  

Either the measured microstructure properties or those based on theoretical calculations (if 

available) are used [36]. 

The effective conductivity is also considered as )/( iii

eff

i V   , which means the effective 

conductivity is determined by the volume fraction iV  and tortuosity i  of the electron-conducting or 

ion-conducting phase. For simplicity, the effective phase conductivity of the active layer is assumed to 

be identical to the support layer. For the cases considered, this is a reasonable assumption since the 

dominant contributor to ohmic resistance is the electrolyte. 

 

2.2.4 Numerical Algorithms 

Our numerical simulation is designed for 3D configurations, incorporating an active layer, 

distribution of porosity, and calculation of effective diffusivity. The governing equations are solved 

using finite volume method with an in-house FORTRAN code called DREAM-SOFC [39, 40]. To 

overcome the difficulties from the stiff phenomena due to different chemical reaction time scales, a 

fully implicit method is used as the time marching algorithm, and the linear system of equations are 

solved through the Strongly Implicit Procedure (SIP) [37, 38]. The impedance behavior of SOFCs is 

also investigated by imposing an oscillating potential across the cell while calculating the resulting 

oscillating current. In this study, the amplitude of oscillating potential is very small (i.e. mV10 ) to 

study the linear impedance of SOFCs. 

 



Int. J. Electrochem. Sci., Vol. 12, 2017 

  

6808 

2.3 Details of the Proposed Procedure 

Model parameters are generally coupled and consequently a given parameter will be sensitive 

to changes in other parameters. The specialized computational algorithm is therefore formulated as 

follows:  

Step (i): Perform an integral polarization analysis of the three sets of measured V-I data to 

determine ohmic resistance )( R , exchange current densities )&( 00 ca ii  and the exponents ),,( mba  

Step (ii): Refine exchange current densities )&( 00 ca ii  to match the polarization curve for the 

low utilization case. 

Step (iii): Refine exponents ),,( mba  to match measured polarization curves at low current 

densities and impedance at OCV. 

Step (iv): Adjust effective specific capacitance )&( eff

c

eff

a CC  to match the measured impedance 

curves. 

Step (v): Adjust tortuosity )( , hence effective diffusion coefficients )( effD , to improve 

agreements with experimental data for low air supply case and low fuel supply case. 

 

 

3. RESULTS AND DISCUSSION 

 
 

Figure 2. Two-dimensional sketch of a button cell in our simulations shown in this paper. 

 

This study focuses on SOFC button cells. The sketch of a 2D button cell with different 

electrode diameters is shown in Figure 2. The button cell consists of composite porous electrodes and a 

dense electrolyte. The electrodes include an active layer (functional layer) where electrochemical 

reactions take place and a support layer where only charge transport occurs. In the active layer, the 

electron-conducting phase and the ion-conducting phase are well percolated, while the electron-

conducting phase exclusively constitutes the support layer, which essentially acts as a current collector. 

On the anode, the support layer is just nickel rather than the customary mixed Ni/YSZ composite.  The 
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contributions of this layer to the polarization and impedance behavior of the cell are assumed to be 

limited to electron conduction and gas diffusion.  The gas species are transported through the porous 

structure of both layers of each electrode. Therefore, governing equations of the whole button cell 

include the charge conservation within both electrodes and electrolyte and species transport within 

porous electrodes.  

First, the methodology, which combines experiments, polarization analysis, and numerical 

simulation, is applied to the button cell. Three different utilization conditions are considered, low 

air/fuel utilization (LU) case, low air (LA) supply case, and low fuel (LF) supply case. Both 

polarization curves and impedance behaviors for three different fuel/air flow conditions are calibrated 

against experimental data. Then two more studies are presented to demonstrate that these three fuel/air 

flow conditions are leveraged to produce a complete set of experimental data.  

Table 1 lists the supply conditions in air and fuel streams in the experiments used. In this study, 

the water contained in the air stream is neglected. The thickness of the full button cell is m960 , 

consisting of m900  anode, m10  electrolyte, and m50  cathode. The thickness of the active layer is 

m30  for the anode and m30  for cathode. Here, we want to point out that the anode thickness was 

m250  in the simulations of [3] which was not addressed explicitly. In that study, the numerical 

algorithm became unstable for a thicker anode. In the present study, we have resolved this issue by 

modifying the code with arbitrary mesh sizes in electrodes. 

 

Table 1. Supply conditions in the experiments for different utilization cases. 

 

 Fuel components Gas components 

LU 97% H2 + 3% H2O 21% O2 + 79% N2 

LA 97% H2 + 3% H2O 2.625% O2 + 97.375% N2 

LF 19.4% H2 + 3% H2O + 77.6%N2 21% O2 + 79% N2 

 

3.1 Calibration for a Button Cell 

3.1.1 Polarization Analysis 

The ohmic resistance is obtained from 2D electric field simulations in which only the 

governing equations for the electric potential are solved.  In these simulations, we use variable electric 

conductivity for nickel, LSM, and YSZ. Figure 3 shows the variable conductivity and contours of 

predicted current flow due to ohmic resistance. The calculated ohmic resistance is 0.41 . 

Polarization analysis is then performed with Eq.(2) and Eq.(3) on the V-I curves for different 

utilization/supply conditions. Analysis begins with the low utilization case for exchange current 

densities and assessment of b . Then the polarization curves for low air supply and low fuel supply 

cases are analyzed to extract the values of m and a , respectively. Table 2 reports the approximated 

parameter values from initial polarization analysis and the subsequently refined values obtained from 

the full simulation. To compare the values side by side, the values in the last column are taken from 

Table 3 which includes all the parameters used in the full simulation. Figure 4 shows the voltage-
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current curves from our analysis and the comparison against experimental measurements, in which 

good agreement can be observed. 

 

 
 

Figure 3. Two-dimensional simulation of electric potential and current. (a) cell components and 

electric conductivity contours, (b) current density distribution. 

 

Table 2. Essential cell information obtained from polarization analysis of experiments for different 

utilization cases. 

 

variables values from EPA refined values in simulations 

ai0 )(
3

mA  8
1029.1   8

100.7   

ci0 )(
3

mA  8
1002.1   8

1066.2   

a  66.1  425.0  

b  34.0  75.0  

m  46.0  25.0  

 

 
Figure 4. Comparison of V-I curves from polarization analysis (EPA) against experimental data for 

different utilization cases. 
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3.1.2 Calibration of Simulations against Experiments 

The parameters used in the multi-dimensional simulations are summarized in Table 3. 

 

Table 3. Summary of parameters used in our multi-physics simulations of button cell. 

 

Parameters Values 

Thickness of anode )( m  900  

Thickness of anode )( m  50  

Thickness of anode )( m  10  

Anode conductivity )(
11 

 m  3
1063.4   

Electrolyte conductivity )(
11 

 m  4.0  

Cathode conductivity )(
11 

 m  3
1034.6   

Reference specific capacitance at Ni/YSZ interface )(
3

mF  8
1043.1   

volumetric exchange current density in anode ai0 )(
3

mA  8
100.7   

exponent 'a' in the anode exchange current relation 425.0  

exponent 'b' in the anode exchange current relation 75.0  

Reference specific capacitance at LSM/YSZ interface )(
3

mF  7
10075.3   

volumetric exchange current density in cathode ci0 )(
3

mA  8
1066.2   

exponent 'm' in the anode exchange current 25.0  

Porosity in support layer 48.0  

Porosity in active layer 23.0  

 

 

 
 

 

Figure 5. Calibration of multi-physics numerical simulations against experiments for different 

utilization cases: (a) V-I curves, (b) impedance behavior. In the figures, “sim” stands for the 

simulation results, and “exp” stands for experimental data. 
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The low utilization case is first simulated with the values from polarization analysis, and the 

parameters are refined to match the experimental measurements. Boundary conditions shown in Table 

1 are then altered for the low air supply case and the low fuel supply case. Figure 5 depicts the voltage-

current curves and the corresponding impedance curves. The comparison shows good agreement 

between simulated and experimental results, and verifies the capability of the numerical tool accuracy.  

Data presented in Table 2 indicate that proper parameter evaluation requires input from both 

the VI analysis and the impedance simulation.  As per the simulation protocol, approximate values can 

be obtained for the exchange current assuming uniform concentration profiles.  The approximate 

parameter values are then used as a starting point in the multi-physics simulations, which allow more 

realistic concentration profiles (see Figure 6, 7, and 8).  The results indicate sensitivity to the assumed 

concentration profile, and the modeled frequency response depicted in the Bode plots is related to the 

concentration effects via parameters a , b , and m (see Eq.(2) & (3)).  

The simulation first determines the effective specific capacitance by matching the impedance 

curve for the low utilization case. Then for low air supply and low fuel supply case, the characteristic 

frequency is only related to concentration exponents. Therefore, the exponents are found by comparing 

the characteristic frequencies at low utilization case and high utilization cases. However, polarization 

analysis alone cannot determine these exponents accurately.  

 

 

3.2 Further Validation of Proposed Model 

The authors believe that a rigorous numerical model should predict the right physical processes 

occurring within the SOFC besides the overall performance. Therefore, in this section, we use the 

aforementioned calibrated numerical model to predict the details of processes within a button cell, and 

compare our predictions with those in the literature to further build confidence in our model. To this 

end, the species concentration profiles and current distribution, the cell performance of cell under 

various working loads, and the influence of cell geometry are investigated. 

 

3.2.1 Details of Processes Occurring in SOFCs 

High resolution concentration profiles and current distributions are assessable within the button 

cell from the simulations. Figures 6, 7 and 8 depict the concentration of hydrogen and oxygen at 

various total overvoltages for different utilization/supply cases. In these figures, vertical axes shows 

the position along thickness of electrodes, and the horizontal axes show the concentration of hydrogen 

(bottom horizontal axes) and oxygen (top horizontal axes). For all cases, the electrochemical reactions 

are promoted at large overvoltages, so more hydrogen and oxygen are consumed. These figures 

indicate that the concentration of hydrogen or oxygen at the electrode/electrolyte interface approaches 

zero at large overvoltages (i.e. current reaches its limiting value). This trend is consistent with the 

limiting current regimes seen in the V-I curves shown in Figure 5. The concentration variation 

becomes strong as a function of position in the electrode as overpotential increases.  
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Figure 6. Simulated concentration profiles of hydrogen and oxygen within the electrodes for different 

total overpotentials for low utilization case. 

 

 
 

Figure 7. Simulated concentration profiles of hydrogen and oxygen within the electrodes for different 

total overpotentials for low air supply case. 
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Figure 8. Simulated concentration profiles of hydrogen and oxygen within the electrodes for different 

total overpotentials for low fuel supply case. 

 

 
 

Figure 9. Simulated current distribution (a) and concentration contours of hydrogen (red) and oxygen 

(blue) (b) for low utilization case with 1.0Vtotal  which corresponds to the limiting current. 

 

Figure 9(a) depicts the current distribution within the cell for the low utilization case at an 

overvoltage of 1.0V , from which we observe distributions similar to 2D electric field simulations 

(Figure 3). The effective area for current collectors nearly matches the cathode cross-section but not 
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the whole anode cross-section. Contour plots of hydrogen and oxygen are also shown in Figure 9(b).  

The contour plots of hydrogen in the anode reveal a nearly linear gradient perpendicular to the 

electrode/electrolyte interface within the area defined by the cathode, and a steep gradient in the radial 

direction.  Despite the high flux of hydrogen to the anode/electrolyte zone opposite the cathode edge, 

the current density in this zone is smaller than in the area closer to the center of the cell. It is hard to 

measure these profiles inside the porous electrode in the experiments, however, similar distribution 

profiles can be found in simulations about anode-supported SOFC button cell with same geometry but 

different dimensions [42-44]. 

 

3.2.2 Prediction of Performance at Working Loads 

 
 

Figure 10. The simulated impedance behavior of button cell at different working loads, (top):  Nyquist 

plots, (bottom) Bode plots, (a) impedance of whole cell, (b) impedance contributions from 

electrodes. 

 

Cell behavior under working loads is also investigated without altering model parameters 

established from OCV analysis, and the results are shown in Figure 10. The polarization resistance is 

reduced at large loads as the electrochemical reactions are more active. In our study, separate 

impedance contributions from anode and cathode are determinable using the AC voltage at a plane 

inside the electrolyte midway between the cathode and anode.  Plots of impedance contributions from 

the electrodes indicate that the anode impedance is reduced significantly, but the cathode impedance 

changes only slightly. The absence of change of impedance in the cathode is based on the assumption 

that the LSM properties (e.g., oxide vacancy concentrations) do not change with overpotential. Also as 

the cell voltage is reduced, the two distinct arcs disappear and one arc persists as the impedance of the 

cathode becomes dominant, and the polarization resistance of the anode diminishes while the 
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characteristic frequency approaches that of the cathode.  This result is a consequence of the generation 

of relatively high water concentrations in the active layer of the anode with current flow.  The effects 

of increasing water content arise from the second term in brackets with exponent b in Eq.(2). H. Zhu 

and R. J. Kee et al. [11] investigated the impedance of a button cell for various working loads utilizing 

H2 and CO as fuel. These authors observed reduced cell resistance as current density increased, 

although there was only one arc for H2 cases. They attributed this phenomena to the high concentration 

of H2O at large current density when H2 is used as fuel. Our results and conclusions are consistent with 

simulated cases with H2 in [11]. 

Although we did not perform such kind of study for the button cell mentioned in [3], H. Finklea 

et al. presented measurements from another button cell, which was manufactured by the same 

company as for the cell investigated in our study. It is expected that the trends from these two cells 

should be the same. Figure 11 shows the measured overall impedance behavior under different cell 

voltages. It can be observed that the low frequency arc changes significantly with cell voltage, which is 

associated to anode side consistent with our simulations as seen in Figure 10. Therefore, it may be 

concluded that our calibrated model is consistent with experimental observations on a similar cell for 

the performance at different working loads. 

 

 
 

Figure 11. Measured button cell impedance under different cell voltages ( mV1028 , mV1000 , 

mV950 , and mV900 ) for low utilization cases. 

 

3.2.3 Effects of Active Layer Thickness 

The active layer thickness affects reaction rates and transport in a real cell, but is difficult to 

assess experimentally, except by destructive methods.  However, the numerical simulation here can 

easily correlate active layer thickness to cell performance. The impedance behavior of the cell in the 

LF case and LA case is analyzed with different active layer thicknesses for anode and cathode 

respectively. Figure 12 indicates that the impedance from anode, hence the total polarization 

resistance, decreases as the thickness of anode active layer increases. The characteristic frequency 

associated with the anode also increases as the anode active layer thickness increases. Similar 

conclusions can be drawn for the cathode part, as shown in Figure 13, although the dependence of the 
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polarization resistance on the active layer thickness is somewhat weaker than for the anode.  For the 

anode part, we also observe in the simulations that the impedance does not change beyond an active 

layer thickness of approximately m100 .  

 

 
 

Figure 12. The simulated impedance behavior of button cell for different thicknesses of anode active 

layer. Total thickness of anode is m900 , and the active layer thickness under study is m30 , 

m50 , and m100 . (a) impedance of whole cell, (b) impedance contributions from electrodes 

(Some dash-dot lines are not visible owing to essentially perfect overlap.). 
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Figure 13. The simulated impedance behavior of button cell for different thicknesses of cathode active 

layer. Total thickness of cathode is m50 , and the active layer thickness under study is m20 , 

m30 , and m50 . (a) impedance of whole cell, (b) impedance contributions from electrodes 

(Some dash-dot lines are not visible owing to essentially perfect overlap.). 
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Predicting the influence of cell thickness on its performance is a good test case for model 

validation. This kind of study can be found in numerous experimental and theoretical studies [44-49]. 

Here, we compare the cathode thickness study (see results shown in Figure 13) with those in [45]. In 

[45], the whole cathode was made as active layer, and the authors also claimed better performance 

with thicker cathode. For the anode side, although the thickness of anode active layer in the literature 

varies, the results and conclusions in [46-49] are still applicable. It can be summarized that the active 

layer can not only increase the cell performance by adding more active zones, but also at the same time 

increase the resistance due to gas transport in porous media. Therefore, the cell performance may vary 

depending on the competition of these two components [44, 46-49]. The thickness of anode active 

layer used in our study is closer to the study in ([46], [47]) which showed improved performance with 

thicker anode active layer.  

 

3.3 Consequences of Using Partial Data Sets 

With all the previous calibration and validation study, we can conclude that our model can 

reveal the correct physics within SOFC after being calibrated using polarization curves and impedance 

behavior for three different utilization conditions. As one of the purposes of the present study, we 

would like to know if the model can predict the physics correctly when it is calibrated using only 

impedance data or only polarization data. In other words, we would like to find out the minimum 

requirements for data sets from experiments which can be used to calibrate a numerical model.  To this 

end, we investigate the effects of using partial data sets, e.g. the calibration of the model using 

impedance data only or polarization data only. 

Figure 14(a) shows simulation results with only impedance curves being calibrated. One set of 

simulation results (dotted line) are the calibrated results shown in Figure 5(b), while the other set 

(dashed line) shows the results with different values of tortuosity. The impedance behavior at open 

circuit voltage is not affected by the tortuosity because the utilization of gas and fuel is extremely 

small in such circumstances. However, as shown in Figure 14(b), the limiting current is reduced due to 

the reduction of the effective diffusion coefficient in Eq.(9) when we increase the tortuosity. This 

means that the value of tortuosity, hence the effective diffusion coefficients, cannot be calibrated when 

only impedance behavior is used as the targeted calibration data. This indicates that this partially 

calibrated model can only be used to investigate impedance behavior. For example, it is not 

appropriate to study species distribution by using this partially calibrated model. As mentioned in the 

methodology section, the diffusion coefficients are determined by matching the limiting currents of LA 

and LF cases. Obviously, if LA case is not included in the calibration processes, then the transport of 

gas species in cathode will be different from the realistic operating conditions. Similar conclusions can 

be made for anode side if LF case is not used.  

Similarly, when only the polarization curves are calibrated, we can have different effective 

specific capacitance values, as depicted in Figure 15. The polarization resistances remain unaffected 

because they are controlled by the currents defined in Eq.(2) and Eq.(3).  
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Figure 14. Two sets of simulation results with only impedance behavior being calibrated. (a) 

calibrated impedance behavior at OCV, (b) corresponding polarization curves with determined 

properties. The difference of properties is  2*  . The corresponding experimental data can be 

found in Figures 5 (symbols). 

 

 

 

Figure 15. Two sets of simulation results with only polarization curves being calibrated (a) calibrated 

polarization curves, (b) corresponding impedance behavior at OCV with determined properties. 

The difference of properties is eff

anodeanode CC 2*  and eff

cathodecathode CC 5.0*  . The corresponding 

experimental data can be found in Figures 5 (symbols). 
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The impedance response is a strong function of effC , and the location, magnitude, and peak 

frequency of the distinctive arcs change significantly. It can be concluded that this partially calibrated 

model is not suitable in analysis of anode and cathode impedance separately.  

Using these two cases, we demonstrate that both polarization curves and impedance behavior 

are indispensable and should be used together.  By considering anode, cathode, and overall cell 

performance as well as polarization curves and impedance behavior, at least three different air/fuel 

flow conditions are needed to produce a set of complete data for better understanding, hence for 

developing models with better physics, of the processes occurring within SOFCs.  

 

 

4. CONCLUSIONS 

In the present study, we present a procedure for performance analysis of solid oxide fuel cells 

whereby experiments and simulations are used simultaneously to supplement each other. Experimental 

data are analyzed to extract essential information of the fuel cell model, and estimated values are 

refined with detailed multi-physics simulations. This proposed tool is used to study the polarization 

curves and impedance behavior of a button cell with asymmetric configuration for different air/fuel 

utilization/supply conditions. The model is further validated by investigating the physical processes 

within the cell, including species and current distribution, performance at operating conditions, and 

influences of cell geometry. It is demonstrated that, in order to correctly assess the cell performance 

behavior, it is necessary not only to analyze the V-I curve alone, but also the details of the impedance 

measurements including Nyquist and Bode plots both in simulations and experiments. The present 

study also demonstrates that at least three different air/fuel flow conditions are needed to produce a set 

of complete data for better understanding of the processes occurring within SOFCs. Parametric study 

shows that the simultaneous calibration of polarization curves and impedance behavior is necessary to 

analyze the properties of SOFC. Comparison of current simulation results with many experimental and 

theoretical/computational studies published in the literature reveals that the proposed modeling 

procedure is reliable.   
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Nomenclature 

effC   DLCa  int effective specific capacitance )( 3mF  

   symmetry factor, which is assumed to be 0.5  in this paper 

n   number of exchanged electrons in charge-transfer step which is 2  in this paper 

e  electric potential of electron-conducting phase )(V  

i  electric potential of ion-conducting phase )(V  

e  electric conductivity of electron-conducting phase )( 11   m  

i  electric conductivity of ion-conducting phase )( 11   m  

Fi  volumetric faradaic current density )( 3mA  

  porosity of porous electrode 

0  reference porosity of porous electrode 

inta  volumetric interface area between electrode and electrolyte phase )( 32 mm  

0a  reference interface area between electrode phase and electrolyte phase )( 32 mm  

DLC   area-specific double-layer capacitance )( 2mF  

effC0
  reference specific capacitance )( 3mF  

  tortuosity of porous electrode 

0  reference tortuosity of porous electrode 

  molar concentration of species )( 3mmol  

effD   effective diffusion coefficient of species   in porous media )( 12  sm  

S   consumption/production rate due to electrochemical reactions )( 12  sm  

ca ii 00 ,  volumetric exchange current density )( 3mA  

P   partial pressure of gas or fuel components 
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ca  ,  overpotential  )(V  

eq  electric potential in equilibrium condition )(V  

 

 

 

Appendix A 

Derivation of Polarization Model 

The formula of polarization model used for anode can be derived from generalized Butler-Volmer 

equation, Eq.(2). The details are as follows 
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where Li  is limiting current density. 

Similarly, we can derive the polarization model for cathode from Eq.(3) 
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Appendix B 

Justification of Assumption 

In the proposed polarization model, we have the assumption Eq.(4) for low air/fuel utilization case. To 

investigate the effects of this assumption, we compared results from two simulations for low utilization 

case. The only difference between these two simulations is the Butler-Volmer equation used for 

faradaic current. In one simulation (Simulation I), the generalized Butler-Volmer equation, Eq.(2) and 

Eq.(3),  is used, while the other one (Simulation II) follows the assumption, Eq.(4), so that we have the 

following equations: 
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We then calculate the changes of current density and air/fuel concentrations with taking the simulation 

with generalized Butler-Volmer equations as the reference case: 

   
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(%)                                                     )3.(B  

where  
I
 is the result from Simulation I and  

II
is the result from Simulation II. 

The change of current density is shown in Figure B.1, and changes of air and fuel concentration 

profiles are shown in Figure B.2 and B.3 respectively. It is seen that the differences are insignificant. 

Therefore, it can be concluded that the assumption Eq.(4) has little effect on the results for V5.0 , 

which is the case for low utilization. Hence, the assumption is valid. 

 

Figure B.1. Variation of current density between the simulation with generalized Butler-Volmer 

equation (Simulation I) and simulation with assumption Eq.(4) (Simulation II) for low 

utilization case. 
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Figure B.2. Variation of air concentration profiles between the simulation with generalized Butler-

Volmer equation (Simulation I) and simulation with assumption Eq.(4) (Simulation II) for low 

utilization case. 

 

Figure B.3. Variation of fuel concentration profiles between the simulation with generalized Butler-

Volmer equation (Simulation I) and simulation with assumption Eq.(4) (Simulation II) for low 

utilization case. 
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