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Abstract−To enhance the performance of anode-supported solid oxide fuel cell (SOFC), an electrochemical model

has been developed in this study. The Butler-Volmer equation, Ohm’s law and dusty-gas model are incorporated to

predict the activation, ohmic and concentration overpotentials, respectively. The optimal cell microstructure and op-

erating parameters for the best current-voltage (J-V) characteristics have been sought from the information of the ex-

change current density and gas diffusion coefficients. As the cell temperature rises, the activation and ohmic overpoten-

tials decrease, whereas the concentration overpotential increases due to the considerable reduction of gas density at

the elevated temperature despite the increased diffusion coefficient. Also, increasing the hydrogen molar fraction and

operating pressure can further augment the maximum cell output. Since there exists an optimum electrode pore size

and porosity for maximum cell power density, the graded electrode has newly been designed to effectively reduce both

the activation and concentration overpotentials. The results exhibit 70% improved cell performance than the case with a

non-graded electrode. This electrochemical model will be useful to simply understand overpotential features and devise

the strategy for optimal cell design in SOFC systems.

Key words: SOFC, Simulation, Ohmic, Activation, Concentration, Overpotential, Graded Electrode, Performance of Fuel
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INTRODUCTION

The solid oxide fuel cell (SOFC) has been considered as a prom-

ising fuel cell for the direct conversion of chemical energy with its

superior capability in co-generation systems by using the high tem-

perature waste heat. Recently, the issues on the improvement of cell

performance as the magnitude of power density generated by fuel

cells at intermediated temperature have been extensively empha-

sized in SOFC systems.

According to the second law of thermodynamics, there exist losses

of potentials in fuel cell performance owing to (1) ionic resistance

through the electrolyte and electronic resistance in the electrodes

and interconnects, (2) delay of reactions occurring on the electrode/

electrolyte interface, and (3) the insufficient diffusion of gases to

the reaction sites. The irreversibility of losses can be clarified numer-

ically or experimentally. However, numerical models have been

preferably adopted, considering their economical benefits and also

difficulties with experimental works under high temperature opera-

tion. For instance, the role of electrode geometry and operating con-

ditions on the electrochemical performance has been theoretically

explored. Tanner et al. [1] revealed the improvement of cell perfor-

mance by controlling the porous electrode structure. Bejan et al.

[2] and Vargas et al. [3] completed a constructional theory on the

optimization of single SOFC internal structure for obtaining maxi-

mum electrical power density. Hernandez-Rachesco et al. [4] elu-

cidated the effect of hydrogen, methane and carbon monoxide as

pure fuels on the performance by comparing the several models.

In this study, we evaluated the effects of operation conditions

and electrode structure on the performance of SOFC by using modi-

fied Butler-Volmer equation, including temperature dependence of

activation loss. In addition, we adopted graded electrode structure

for anode which has gradients of porosity and pore size. We focused

on electrochemical equations for investigating the key role of elec-

trochemical nature in the cell performance. In addition, dusty-gas

model and Ohm’s law relation have been implemented in electro-

chemical models to determine the concentration and ohmic over-

potentials, respectively.

ELECTROCHEMICAL MODELS

There are, in general, several numerical models employed to exploit

the polarization terms in SOFCs [5]: micro-level [6-10], macro-

level [11-14], and semi-empirical models [15-17]. Results shown

in this paper are based on a macro-level model under the assump-

tion that the reactions take place at the electrode/electrolyte inter-

face, not requiring microscopic analysis. Although this assumption

is not suitable for cermet-type anodes with electrode and electrolyte

randomly intermixed, this will be one of useful models for anode-

supported cells with thick anodes in that most of the polarization

contribution occurs at the interface.

The external voltage (V) comprises an equilibrium voltage and

various overpotentials in an SOFC.

V=E−ηelec−ηohmic=E−ηact,a−ηact, c−ηconc, a−ηconc, c−ηohmic (1)

where E and ηelec are the equilibrium voltage (open circuit voltage)
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and electrode overpotential. ηelec includes activation overpotential

of the anode (ηact, a), activation overpotential of the cathode (ηact, c),

concentration overpotential (ηconc) and ohmic overpotential of elec-

trolyte (ηohmic), respectively.

The equilibrium voltage, E, can be expressed by the Nernst equa-

tion.

(2)

where R denotes the universal gas constant (8.3145 J/mol·K), F

the Faraday constant (96,485C/mol), T the absolute temperature,

and PH2
, PH2O

 and PO2
 the partial pressures of hydrogen, steam and

oxygen, respectively.

1. Activation Overpotential

The external voltage is inevitably decreased by the slow reac-

tions on the electrode/electrolyte interface. In other words, a por-

tion of the voltage generated is lost for electron transfer to or from

electrode during chemical reactions. The electrode activation over-

potential-current density relationship can be represented by Butler-

Volmer equation.

(3)

where J0 is exchange current density which is the current at the re-

versible potential, z the number of electrons involved in reaction,

and α the symmetrical factor. For a SOFC, z and α are set to 2 and

0.5, respectively. The activation overpotentials at anode (ηact, a) and

cathode (ηact, c) can be written as

(4)

where indices a and c denote anode and cathode. J0, i, playing a key

role in altering activation overpotential, is strongly dependent on

the electrode microstructure properties (e.g., porosity, pore size, and

length of triple phase boundary (TPB)) and operating conditions

(e.g., gas composition, operating temperature and pressure). It has

recently been reported [18] that the length of the TPB can be de-

termined by the grain size, porosity and pore diameter. Therefore,

the exchange current density can be expressed in terms of the length

of the TPB.

(5)

where X represents the portion of contacting grain area, n the poros-

ity, DP the pore size, and DS the grain size. All those parameters are

set equal to both anode and cathode. Combining both the operating

and microstructural parameters, the final form of the exchange cur-

rent density can be given at anode and cathode electrodes.

(6)

(7)

where ka, kc are coefficients for the exchange current density at the

anode and cathode, and Eact, a, Eact, c are the activation energies at the

anode and cathode, respectively.

2. Concentration Overpotential

The change of reactant concentrations at the electrode/electrolyte

interface should be accounted for in potential loss because the reduc-

tion of concentrations readily leads to the insufficient reaction on

the electrode/electrolyte interface. This type of loss is often called

mass transport loss. For an SOFC, the concentration loss can be

typically presented in terms of gas concentration difference between

the electrode surface and electrode/electrolyte interface. The con-

centration overpotential of anode is shown as below.

(8)

where yi represents molar fraction of species i and the superscript I

indicates inlet conditions. The concentration overpotential of cath-

ode could be neglected because the diffusion transport contribution

is insignificant due to thin cathode (50µm). The partial pressures

at the electrolyte-electrode interface can be determined using dusty-

gas model (DGM, Eq. (9)), considering both molecular and Knud-

sen diffusions of the gas in the porous electrode. The rate of mass

transport according to the DGM is given by

(9)

where ,  means effective Knudsen diffusion and molecular

diffusion coefficients and Ni represents the rate of mass transport.

This assumes that the pore walls consist of giant, motionless, pseudo

molecules (dust) uniformly distributed in space. The molar flux is

determined from the Graham’s law of diffusion in gaseous mixtures.

It is well known that the DGM is more accurate under dominant

Knudsen diffusion condition where the pore size is much smaller

than the mean free path of the molecular species [19]. To take into

account the tortuosity (ξ) and porosity (ε) within electrodes, the ef-

fective molecular and Knudsen diffusivities in Eq. (9) are shown

as follows [20,21].

(10)

Using the above DGM, the relationship between compositions for

the system, H2-H2O, at the electrode/electrolyte interfaces is set in

Eqs. (11) and (12)

(11)

(12)

with the following boundary conditions:

(13)

(14)

where 

DGM equations have been solved by 4th-order Runge-Kutta

method.

3. Ohmic Overpotentials

The loss due to the electrical resistance of the electrode and the
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resistance to the flow of ions through the electrolyte is named the

ohmic overpotential. The overall ohmic overpotential is primarily

induced by relatively low ionic conductivity of electrolyte rather

than by electric conductivity of electrodes. According to Ohm’s law,

the ohmic overpotential of the SOFC can be formulated in terms

of properties of the electrolyte [22].

(15)

where L represents the thickness of the electrolyte in units of meters.

RESULTS ON PARAMETRIC ANALYSIS

Many parameter values for this analysis have been chosen from

the literature [20,23]. At first, values of the exchange current density

(J0) at anode and cathode are differently set to 5,300 and 2,000A/

m2 at 1,073K, respectively, as suggested in the literature [18,24].

Considering the temperature dependency of the exchange current

density, their values at 1,023K were modified as 3,800 and 1,285

A/m2, respectively, by using Eqs. (6) and (7). As the typical operat-

ing pressures, PH2O
, PH2

, and PO2
 were selected to 0.03, 0.97 and 0.21

bar, respectively. The pore size and grain size were 2.4µm and 1.5

µm. Values of all input parameters used in the present analysis are

summarized in Table 1.

The micro-structure and the geometry of the electrode affect the

relevant transport and reaction characteristics. The models in this

study were employed to in-depth figure out features of the activa-

tion, ohmic, and concentration overpotentials of an SOFC under

different operating conditions and then optimally establish cell per-

formance.

ηohmic = 2.99 10
−5

JL
10300

T
---------------
⎝ ⎠
⎛ ⎞exp×

Table 1. Input parameters used in SOFC electrochemical model-
ing [14]

Parameter Value

Activation energy of anode Eact, a (J/mol) 1.0×105

Activation energy of cathode Eact, a (J/mol) 1.2×105

Operating temperature, T (K) 1023

Operating pressure, P (bar) 1.0

Hydrogen molar fraction at inlet, yl

H2
0.97

Anode porosity, n 0.42

Anode tortuosity, ξ 5.4

Average length of grain contact, X 0.7

Average pore radius, DP 2.4

Average grain size, DS 1.5

Typical anode-supported SOFC

Anode thickness (µm) 1000

Electrolyte thickness (µm) 10

Cathode thickness (µm) 50

Fig. 1. Effect of electrode structure: (a) electrode overpotential with various pore radius, (b) electrode overpotential with various porosity,
(c) cell performance with various pore radius and (d) cell performance with various porosity.



Optimization of physical parameters of solid oxide fuel cell electrode using electrochemical model 1847

Korean J. Chem. Eng.(Vol. 28, No. 9)

1. Effect of Cell Structure

1-1. Pore Size and Porosity

The TPB length, which is closely related with the pore size, grain

size, and overlap of particles, principally affects the activation over-

potential. Therefore, activation overpotential can be minimized at

maximum TPB length by controlling the pore size and porosity. It

is noted that the concentration overpotential decreases with increas-

ing pore size and porosity due to the increased Knudsen diffusion.

To see overall effects, optimal pore size and porosity are found to

2.4µm (Fig. 1(a)) and 0.42 (Fig. 1(b)), respectively, clearly achiev-

ing the better cell performance in terms of cell voltage and power

density (Figs. 1(c) and 1(d)).

1-2.Graded Electrode

As mentioned in the previous section for the porous electrode,

there exist optimum pore size and porosity due to the length of the

TPB and diffusion process in porous electrode. In typical non-graded

electrode case, decreasing pore size and porosity for reducing acti-

vation overpotential makes the concentration overpotential greatly

larger. Such opposing effect can be eliminated by a well-defined

graded electrode. To effectively reduce both the activation and con-

centration overpotentials, a graded electrode was proposed [25]. It

is similar to anode functional layer which was fabricated to opti-

mize the microstructures of the anode [26]. Compared with non-

graded electrode (Fig. 2(a)), a micro-structural graded electrode can

be classified into two different types, namely porosity grading and

pore size grading, respectively (Figs. 2(b) and 2(c)). It is assumed

that both porosity and pore size increase from the electrode/electro-

lyte interface to the electrode surface, linearly.

The graded electrode can offer both sufficient reactive area and

good gas transport. Employing the graded electrode model, opti-

mal pore size and porosity at electrode/electrolyte interface has been

predicted from activation overpotential to have the largest length of

TPB, as shown in Fig. 3. The optimum pore size and porosity in

this case are 2µm and 0.3, respectively. If pore size and porosity

are larger 5µm and 0.6, respectively, the electrode will suffer from

poor particle connectivity, poor percolation, and poor mechanical

strength. Therefore, a linear grading in pore size in range from 2µm

to 5µm is studied. In addition, a linear grading of porosity in the

range from 0.3 to 0.6 is also analyzed. In Fig. 4 depicting the com-

parison of the cell performances in non-graded and graded elec-

trodes, both pore size and porosity graded electrodes show almost

same elevated cell performance, unlike the previous results [25].

Fig. 2. Schematic diagram of (a) non-grading electrode consisting
of both electronic conducting particles and ionic conduct-
ing particles, (b) functionally pore size graded anode and
(c) porosity graded anode.

Fig. 3. Effect of electrode structure at electrode/electrolyte inter-
face: (a) activation overpotential with varying pore size and
(b) activation overpotential with varying porosity.
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This difference might be ascribed to the assumption that every reac-

tion takes place in electrode/electrolyte interface. If the gross reac-

tion inside the electrode is considered, the pore size graded electrode

will give better performance than porosity graded one in that the

former can provide much more reaction sites than the latter. The

activation and concentration overpotentials are significantly reduced

with the graded electrode, resulting in about 70% increase of the

maximum power density in comparison to the non-graded elec-

trode case.

2. Effect of Operating Conditions

The effect of conditions such as operating temperature, gas com-

position, and operating pressure on the cell performance have been

analyzed in this section, using the optimized data for non-graded

electrode achieved from section 1.

2-1. Operating Temperature

Operating temperature can affect the ohmic overpotential because

the ion conductivity of the electrolyte varies with operating tem-

perature. It is observed that the ohmic overpotential is significantly

decreased with increasing operating temperature owing to the ele-

vated ion conductivity of electrolyte. Nevertheless, the ohmic over-

potential is still one of key factors to control cell performance at

intermediate temperature range (923-1,023K).

It is noted that the activation overpotential is also reduced with

increasing operating temperature, resulting from more active elec-

trodes and faster reaction rate at higher temperature. It was reported

[8], however, the Butler-Volmer equation with constant exchange

current density yielded increased activation overpotential with increas-

ing operating temperature. This is because using constant exchange

current density makes it impossible to reflect temperature depen-

dency of reaction. Recently, the Butler-Volmer equation has been

suggested considering temperature-dependency of the exchange

current density, and it provides more realistic results and guarantees

the good agreement with experimental findings [18,27]. We also

used temperature-dependent exchange current density (Eqs. (6) and

(7)) for the Butler-Volmer equation and acquire well-calculated acti-

vation overpotential with Eq. (4). (Fig. 5(a)).

In contrast to expectations, the concentration overpotential was

found to rise with increasing operating temperature (Eq. (8)), as de-

picted in Fig. 5(b). This is because the gas density decreases with

increasing temperature although the diffusion rate is raised with the

temperature [28-31].

Consequently, the combined effects according to the variation of

overpotentials resulted in better cell performance at higher temper-

ature by reducing the activation and ohmic overpotentials, drasti-

cally (Fig. 5(c)).

2-2.Gas Composition

The activation overpotential was decreased with increasing con-

centration of hydrogen due to insufficient reactant. According to

Fig. 4. Cell performance with non-graded anode and functionally
graded anode.

Fig. 5. Effect of operating temperature: (a) activation overpoten-
tial, (b) concentration overpotential and (c) J-V character-
istics and power density.
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Eq. (6), the exchange current density of anode is decreased with

decreasing of concentration of hydrogen. It reflects that there exists

a lack of reaction at electrode/electrolyte interface due to the insuffi-

cient reactants. It was known that the concentration overpotential

was more sensitive to the variation of  than the activation over-

potential [32]. Although it is considerably difficult to estimate the

concentration overpotential in low  condition at low current den-

sity region with the dusty-gas model, the concentration overpoten-

tial was greatly increased with decreasing , as shown in Fig. 6(a).

The resulting J-V characteristics and power density are demonstrated

in Fig. 6(b).

2-3. Operating Pressure

Both activation and concentration overpotentials are decreased

with increasing operating pressure. It is revealed that the diffusion

procedure is less sensitive to the pressure. [27]. However, the gas

density rises with increasing P, giving lower concentration overpo-

tential. Also, the activation overpotential is reduced at a higher pres-

sure because the porous electrode becomes more reactive with higher

molar concentration. Furthermore due to the increase of partial pres-

sures at a higher pressure, a little higher open circuit voltage can be

acquired. As operating pressure increases, both activation and con-

centration overpotentials are decreased so that better cell perfor-

mance is obtained, as shown in Fig. 7.

CONCLUSION

The optimal electrode structure and operating conditions to im-

prove the cell performance of anode-supported SOFC have been

investigated using electrochemical models. Various models for de-

scribing the specified overpotentials have been involved in electro-

chemical equations. In addition, we introduced the graded elec-

trode structure to decrease the cell overpotentials and conducted a

comparison study with non-graded electrode structure. The opti-

mal pore size and porosity have been readily sought, considering

the overall effect of overpotentials in both non-graded and graded

electrodes. For typical operating conditions, 1,023K, 1 bar and hy-

drogen molar fraction of 0.97, optimum electrode pore radius of

2.4µm and optimum porosity of 0.42 are found in the non-graded

electrode. In addition, it has been revealed that linearly graded elec-

trode gives 70% enhanced cell performance in comparison to the

non-graded one. This is because the graded electrode can offer both

sufficient reactive area and good gas transport so that both activa-

tion and concentration overpotential decrease simultaneously. In this

case, optimum pore size and porosity of 2.2µm and 0.3 are found

to minimize activation overpotential at electrode/electrolyte inter-

face. Accordingly, the determination of operating conditions and

electrode structures is important to make an electrode which has

minimized electrode overpotential. The electrochemical models ap-

plied in this study could help to design optimized electrode in SOFC.
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NOMENCLATURE

da : anode thickness [µm]

DH2, k
: knudsen diffusion coefficient of H2 [m

2/s]

DH2−H2O
: molecular diffusion coefficient of H2 and H2O [m

2/s]

Di

eff
: effective diffusion coefficient of species i [m2/s]

DP : pore diameter [µm]

E : equilibrium potential [V]

yH2

l

yH2

l

yH2

l

Fig. 6. Effect of hydrogen molar fraction: (a) concentration over-
potential and (b) J-V characteristics and power density.

Fig. 7. Cell performance with various operating pressure.
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Eact, a : activation energy at cathode [J/mol]

Eact, c : activation energy at cathode [J/mol]

F : faraday constant [9.6485×104 C/mol]

J : current density [mA/cm2]

J0, i : exchange current density (i=anode, cathode) [mA/cm2]

ki : coefficient for exchange current density (i=anode, cathode)

L : thickness of electrolyte [µm]

n : anode porosity

P : operating pressure [bar]

Pi : partial pressure of species i (i=H2O, H2, O2 and reference)

[bar]

R : universal gas constant [8.3145 J/mol·K]

T : operating temperature [K]

V : cell potential [V]

X : ratio of length of grain contact neck to grain size

yi
I : molar fraction of species i in bulk [i=H2O, H2]

z : number of electrons evolved per reaction

ηact, a : activation overpotential at anode [V]

ηact, c : activation overpotential at cathode [V]

ηconc : concentration overpotential [V]

ηohmic : ohmic overpotential [V]

ξ : anode tortuosity

Subscripts

a : anode

c : cathode
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