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ABSTRACT

In this study, a numerical approach is adopted to investigate the effectiveness factors for distributed electrochemical reac-

tions in thin active reaction layers of solid oxide fuel cells (SOFCs), taking into account the Butler-Volmer reaction kinetics.

The mathematical equations for the electrochemical reaction and charge conduction process were formulated by assuming

that the active reaction layer has a small thickness, homogeneous microstructure, and high effective electronic conductivity.

The effectiveness factor is defined as the ratio of the actual reaction rate (or equivalently, current generation rate) in the

active reaction layer to the nominal reaction rate. From extensive numerical calculations, the effectiveness factors were

obtained for various charge transfer coefficients of 0.3-0.8. These effectiveness data were then fitted to simple correlation

equations, and the resulting correlation coefficients are presented along with estimated magnitude of error.

Keywords : Solid oxide fuel cell, Electrochemical effectiveness factor, Butler-Volmer reaction kinetics, Active reaction

layer, Current generation performance

Received : 26 October 2017, Accepted : 6 December 2017

1. Introduction

Solid oxide fuel cells (SOFCs) are a promising high-

temperature fuel cell technology that can efficiently

convert the chemical energy of fuel into electricity [1,

2]. The high operating temperature (~800-1000oC) of

SOFCs reduces manufacturing costs by employing

non-precious metal catalyst, directly uses hydrocar-

bon fuels by utilizing internal reforming, and achieves

higher overall efficiency through the construction of

hybrid or combined heat and power (CHP) systems.

However, the high operating temperature of SOFCs

tends to accelerate the microstructural degradation of

electrodes, thereby negatively affecting the long-term

performance stability. Thus, intermediate-temperature

SOFCs (IT-SOFCs) that can operate at ~650-800oC

have emerged as a solution to the long-term perfor-

mance degradation problem [3-5].

To achieve better performance of IT-SOFCs, mate-

rial scientists have focused on the development of new

materials, such as electrolyte materials with higher

ionic conductivities and electrode materials with

higher electrochemical activities, at these intermediate

temperature ranges [6-8]. Concurrently, other

researchers have attempted to determine the optimal

electrode structure that can maximize the electrode

performance for a given material. For this purpose,

multilayer [9-12], and functionally or microstructur-

ally graded electrode structures [13-15] have been pro-

posed to enhance the electrochemical performance of

IT-SOFCs. In addition, recent experimental studies

have directly reconstructed three-dimensional elec-

trode microstructures using advanced imaging tech-

niques, through which the relationship between the

electrode microstructural parameters and electrochem-

ical efficiencies has been investigated [16-18].

In multilayer electrodes of IT-SOFCs, a thin layer

dedicated to the electrochemical reactions is in direct

contact with the electrolyte. This layer is called the

active reaction layer and is made by mixing fine elec-

tronic and ionic conductor particles, to provide rich
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three-phase boundaries (TPBs) for electrochemical

reactions. In the exterior of the active reaction layer, a

bulk transport layer is formed to facilitate fast mass

transport and electron conduction. Almost all electro-

chemical reactions occur inside the active reaction

layer, which highlights that microstructural optimiza-

tion of the active reaction layer is essential for

improved IT-SOFC performance. In this regard, the

electrochemical effectiveness factor has been investi-

gated as an appropriate measure for evaluating the effi-

ciency of electrodes.

Previously, Costamagna et al. [19,20] proposed the

electrochemical effectiveness concept in search of the

optimal microstructure for SOFC electrodes. How-

ever, their model is based on the linear transfer cur-

rent-local overpotential (i-η) relationship, and thus is

valid only for very low current density (or equally, for

very low overpotential) conditions. Recently, Shin

and Nam [21] resolved this limitation by considering

a nonlinear i-η relationship, the symmetric Butler-

Volmer reaction kinetics. They showed that the elec-

trochemical effectiveness factor can be decomposed

into the base effectiveness at zero overpotential and

the relative effectiveness at finite overpotentials. In

addition, a simple correlation equation was also pro-

posed along with the correlation coefficients relevant

to the symmetric Butler-Volmer reaction kinetics.

Their model was successfully used for one-dimen-

sional simulation of a single-cell SOFC [22] and the

theoretical prediction of electrode microstructural

effects [23,24].

In this study, the work of Shin and Nam [21] is fur-

ther extended by considering both the symmetric and

asymmetric Butler-Volmer reaction kinetics. As

before, the active reaction layer is assumed to be

homogeneous in microstructure and sufficiently thin to

ensure uniform conditions (temperature, pressure, and

species concentration). In addition, the electronic

potential is assumed to be uniform inside the reaction

layer, since the effective electronic conductivity is

much higher that the effective ionic conductivity. The

effectiveness factors for current generation perfor-

mance (or equally, electrochemical reaction efficiency)

in the active reaction layer were numerically obtained

by varying the charge transfer coefficient from 0.3 to

0.8. Finally, the calculated effectiveness data were fit-

ted to the correlation equation proposed by Shin and

Nam [21], from which the correlation coefficients and

estimated errors were determined.

2. Theory and Calculations

2.1 Physical model and assumptions

The fuel cell processes inside the two-layer anode of

IT-SOFCs are illustrated in Fig. 1, where the species

transport, charge conduction, and distributed electro-

chemical reactions are indicated. The active reaction

layer in the anode is very thin (~20 μm) and is com-

posed of fine electronic (Ni) and ionic (YSZ; yttria-

stabilized zirconia) conductor particles (whose mean

particle diameter is ~0.5 μm) to provide rich TPB sites

for electrochemical reactions. In contrast, the bulk

transport layer in the anode is relatively thick and is

made of coarse particles to enable fast mass transport

(also to provide structural support in the case of anode-

supported IT-SOFCs). In Fig. 1, the electronic current,

Iel, ionic current, Iio, and charge transfer current, Itr, are

also illustrated to explain the distributed nature of elec-

trochemical reactions in the active reaction layer. In

the anode, the electronic current, Iel, decreases in mag-

nitude as it flows towards the electrolyte in direct pro-

portion to the charge transfer current, Itr (or equally, the

electrochemical reaction rate). Accordingly, the ionic

current, Iio, increases in magnitude by collecting Itr, and

flows through the electrolyte and towards the cathode.

The conservation of electron, oxygen ion, and gas

species, along with the electrochemical reactions,

should be considered in the simulation of fuel cell pro-

cesses in the active reaction layer. In this study, it is

assumed that the active reaction layer is homogeneous

in microstructure, sufficiently thin to ensure uniform

operating condition (temperature, pressure, and spe-

cies concentration), and has a significantly higher

effective electronic conductivity, σel,eff, compared to its

Fig. 1. Electrochemical reactions and transport processes

(mass diffusion and charge conduction) in the two-layer

anode of IT-SOFCs, along with the resultant electronic

current, Iel, ionic current, Iio, and charge transfer current, Itr.
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effective ionic conductivity, σio,eff. These are believed

to be practical assumptions that lead to negligible

errors in the results [21,22]. The physical interpretation

of each assumption can be summarized as follows.

 Homogeneous microstructure: The volume-spe-

cific TPB length (TPBL), λtpb,V, and the effective ionic

conductivity, σio,eff, are uniform inside the active reac-

tion layer.

 Uniform operating condition: The TPBL-specific

exchange current density, itpb, is uniform inside the

active reaction layer. In addition, the Nernst potential,

ϕo, and the concentration overpotential, ηconc, are also

uniform.

 High effective electronic conductivity: The elec-

tronic potential, ϕel, is relatively uniform inside the

active reaction layer, compared with the variation of

the ionic potential, ϕio.

2.2 Governing equations and reaction kinetics

The governing equations and boundary conditions

for electronic and ionic charge conservation can be

expressed for the active reaction layer in the anode of

IT-SOFCs (shown in Fig. 1) as [20,21]

→ (1)

→ ,

 and , (2)

→

(3)

→ ,

 and , (4)

where iel is the electronic current density, iio is the ionic

current density, and itr,V(η) is the volumetric charge

transfer current density at the local activation overpo-

tential of η. In addition, ϕel,0 denotes the electronic

potential at z = 0 and ϕio,L denotes the ionic potential at

z = 0.

In this study, ϕel is assumed to be uniform inside the

active reaction layer, such that ϕel(z) = ϕel,0; thus, it is

not necessary to solve Eqs. (1) and (2). It should be

noted that the local activation overpotential, η, is

defined as

(5)

where ϕo is the Nernst potential and ηconc is the con-

centration overpotential. In Eq. (5), ϕel, ϕ
o, and ηconc

are all constant inside the active reaction layer accord-

ing to the assumptions of this study. Then, the govern-

ing equations and boundary conditions for ionic charge

conservation, Eqs. (3) and (4), can be expressed in

terms of η as

(6)

 and (7)

Here, ηconc is the total activation overpotential

applied on the active reaction layer, determined as

. (8)

Eq. (6) can be alternatively obtained by subtracting

Eq. (3)  f rom Eq. (1) ,  based on the relat ion

 [20]. In this case, σio,eff in Eq.

(6) should be replaced with the effective charge con-

ductivity, σeff, defined as σeff = (1/σio,eff + 1/σel,eff)
-1.

When σel,eff is much larger than σio,eff, as considered in

this study, σeff is approximately equal to σio,eff. It

should be noted that Eqs. (6) and (7) are valid for both

the anode and cathode reaction layers.

According to the Butler-Volmer equation, the volu-

metric charge transfer current density, itr,V(η), is

expressed as

(9)

where α is the charge transfer coefficient, ne is the

number of electrons (2 for the anodic reaction and 4

for the cathodic reaction), F is the Faraday constant

(96,485 C mol-1), R is the universal gas constant

(8.314 J mol-1 K-1), and T is the temperature in Kelvin.

In Eq. (9), the volumetric exchange current density,

iex,V, can be obtained by multiplying the TPBL-specific

•

•
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exchange current density, itpb, and the volume-specific

TPBL, λtpb,V as iex,V = itpb × λtpb,V. Note that Eq. (9) may

also be expressed in terms of the TPBL-specific polar-

ization resistance, rtpb (Ω m), as

(10)

Fig. 2 shows the charge transfer current density vs.

local activation overpotential (itr,V-η) curves for the

Butler-Volmer reaction kinetics (ne = 2 and T = 1000 K

are assumed) determined using Eqs. (9) and (10). A

larger charge transfer coefficient, α, leads to a smaller

activation overpotential for a given transfer current

density. As shown in Fig. 2, the Butler-Volmer equa-

tion is reduced to a single linear polarization equation

at very small overpotentials, irrespective of the charge

transfer coefficient. The asymptotic expansion of Eqs.

(9) and (10) results in

 (as η→ 0) (11)

where rp,V is the volume-specific linear polarization

resistance (rp,V = rtpb /λtpb,V).

The charge transfer coefficient is an indicator of the

symmetry of the activation energy barrier when a posi-

tive or negative overpotential is applied [25]. In SOFC

modeling studies, the coefficient is generally assumed

to be 0.5 (symmetric Butler-Volmer equation), primar-

ily due to the lack of experimental data [26]. However,

detailed electrochemical kinetic studies [26-29] on Ni

pattern anodes or Ni cermet anodes has shown that the

charge transfer coefficient can have values different

from 0.5. For example, the charge transfer coefficient,

α, for hydrogen oxidation on Ni/YSZ anodes was esti-

mated to be 0.6-0.7 by Utz et al. [26] and approxi-

mately 0.7 by Holtappels et al. [29]. Thus, the

development of the general electrochemical effective-

ness model for both the symmetric and asymmetric

Butler-Volmer reaction kinetics is important.

2.3 Effectiveness model and correlations

The effectiveness factor, Γeff, has been defined as the

ratio of the actual current generation rate (or equally,

the electrochemical reaction rate) in the active reac-

tion layer to the maximum current generation rate as

[20,21]

(12)

.

In Eq. (12), the actual current density, ireal,A, is calcu-

lated by integrating itr,V(η) in the active reaction layer

(0 ≤ z ≤ L), while the maximum current density, imax,A,

is directly obtained by multiplying itr,V(ηtot) and the

layer thickness, L. Note that the maximum current

density is obtained when all the TPB sites inside the

active reaction layer are uniformly subject to ηtot. In

real situations, the local overpotential, η, is usually

smaller than ηtot (η ≤ ηtot) inside the reaction layer and

thus the effectiveness factor, Γeff, is always equal to or

smaller than 1 (0 ≤ Γeff ≤ 1).

It was shown by Costamagna et al. [20] that the

effectiveness factor for a linear charge transfer reac-

tion, such as Eq. (11), can be expressed as

(13)

where φT is the electrochemical Thiele modulus,

defined as

(14)

Note that Γeff in Eq. (13) has the same functional

form as the effectiveness factor for chemical reaction/
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Fig. 2. Charge transfer current density vs. local activation

overpotential (itr,V-η) curves for general Butler-Volmer

reaction kinetics of Eq. (9) with various charge transfer

coefficients. These curves are obtained for anodic reaction (ne

= 2) at T = 1000 K.
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mass transfer in heterogeneous catalysis, or the fin effi-

ciency for conduction/convection heat transfer in

extended surfaces (fins). The Thiele modulus, φT, usu-

ally has a value in the range of 5-20 for the anode reac-

tion layers and 0.5-2.0 for the cathode reaction layers,

for ordinary operation of IT-SOFCs [21,22].

Shin and Nam [21] studied the effectiveness factor

for the symmetric Butler-Volmer reaction kinetics,

such as Eqs. (9) and (10) with α = 0.5. From extensive

numerical calculations, they showed that the effective-

ness factor, Γeff, for nonlinear reaction kinetics can be

decomposed into two parts, namely, the base effective-

ness at zero activation overpotential, Γeff,0V, and the rel-

ative effectiveness at finite activation overpotential,

fΓ( tot), as

(15)

Here,  is the dimensionless total activation over-

potential applied on the active reaction layer

( = αneFηtot/RT). In Eq. (15),  depends on

, not separately on α, ne, T or ηtot. It is also shown

that  has a nearly constant functional form

with respect to  for φT ≥ 3.

It is not convenient to present all the effectiveness

factors for various φT and  in a tabulated form

because of their large data size. Thus, Shin and Nam

[21] proposed a simple correlation equation for easy

and accurate determination of the electrochemical

effectiveness data, which is written as

(16)

where a, b, c, and d are the correlation coefficients

dependent on φT. Eq. (16) accurately describes the

behavior of the relative effectiveness, , starting

from 1.0 at a very small φT, and decreasing towards 0.0

as φT increases.

Using the electrochemical effectiveness factor, the

current generation in the active reaction layer can be

determined according to the following steps. First, the

TPBL-specific exchange current density, itpb, or the

TPBL-specific linear polarization resistance, rtpb, is

calculated for given operating conditions. Second, the

electrochemical Thiele modulus, φT, is calculated using

Eq. (14). Third, the base effectiveness, Γeff,0V, and the

relative effectiveness, , are calculated using

Eqs. (15) and (16), from which the electrochemical

effectiveness factor, Γeff, is determined. Once Γeff is

known, the actual current density, ireal,A, generated in

the active reaction layer is obtained as

(17)

2.4 Numerical calculations

The governing equations and boundary conditions

provided in Eqs. (6), (7), and (10) were discretized

using the finite difference method (FDM). Uniform

2000 grid points were placed in the one-dimensional

calculation domain of the active reaction layer (0 ≤ z ≤

L). The discretized nonlinear algebraic equations were

solved using the Engineering Equation Solver (EES)

software [30]. Once the converged solution is

obtained, the effectiveness factor was decomposed

into the base effectiveness, Γeff,0V, and the relative

effectiveness, . In this study, numerical calcu-

lations were performed for both the symmetric and

asymmetric Butler-Volmer reaction kinetics, by vary-

ing the charge transfer coefficient, α, as 0.3, 0.4, 0.5,

0.6, 0.7, and 0.8.

3. Results and Discussion

3.1 Symmetric Butler-Volmer reaction kinetics

Previously, Shin and Nam [21] investigated the elec-

trochemical effectiveness factors for current genera-

tion in the active reaction layers, subject to the

symmetric Butler-Volmer reaction kinetics (α = 0.5).

The results and the accuracy of the electrochemical

effectiveness model are briefly reviewed in this sec-

tion.

Fig. 3 presents the relative effectiveness factor,

, which was numerically determined by solv-

ing Eqs. (6), (7), and (10) with α = 0.5 (symmetric

η̃
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Butler-Volmer equation). In Fig. 3,  generally

decreases from 1.0 towards 0.0 as  increases. For a

given ,  becomes smaller as φT increases.

It is interesting to note that  seems to have a

constant functional shape when φT is higher than 3 (φT ≥

3). Shin and Nam [21] showed that this behavior occurs

when the active reaction layer thickness, L, becomes

sufficiently thick, such that further increase of L does

not contribute to the enhancement of current generation.

In Fig. 3, “symbols” denote the relative effective-

ness data obtained by numerical calculation, while

“lines” denote the curves that are fitted to the correla-

tion equation of Eq. (16). The correlation coefficients,

a, b, c, and d, are listed in Table 1, along with the esti-

mated errors. The results clearly indicate that using Eq.

(16) for estimating  results in a small error

(less than 1%). Thus, Eq. (16) and Table 1 can be

viewed as a complete solution for the electrochemical

effectiveness for symmetric Butler-Volmer reaction

kinetics, described by Eqs. (6), (7), and (10).

The accuracy of the electrochemical effectiveness

factors provided in Fig. 3 and Table 1 was fully vali-

dated by Shin and Nam [21]. Excellent agreement was

observed between the current-overpotential perfor-

mance curves obtained by the effectiveness model and

those obtained by the detailed electrode microscale

model. In addition, a one-dimensional simulation

model was also developed to predict the current-volt-

age performance curves of a single-cell SOFC with

two-layer electrodes (anode and cathode) [22]. The

results obtained were essentially the same as the more

detailed comprehensive microscale model results [12].

Thus, the electrochemical effectiveness factors pre-

sented in this study enable efficient calculation of the

current density in the anode and cathode functional lay-

ers of SOFCs, without addressing the detailed electro-

chemical reaction/charge transport processes therein.

3.2 Asymmetric ButlerVolmer reaction kinetics

with α > 0.5

To extend the work of Shin and Nam [21], extensive

numerical calculations were performed to determine

the effectiveness factors for current generation subject

to asymmetric Butler-Volmer reaction kinetics with α

> 0.5 (see Fig. 2). Fig. 4 show the relative effectiveness

data (symbols) and correlation equations (lines) for α

= 0.6, 0.7, and 0.8. The general behavior of  for

α > 0.5 shown in Fig. 4 is similar to the behavior for α =

0.5 shown in Fig. 3, except that the range of 

increases with α according to .

The correlation coefficients are provided in Tables 2,

3, and 4. These tables summarize the maximum cor-

relation errors encountered for the cathode total over-

potential in the range of 0-0.3 V (equivalently, the

anode total overpotential range of 0-0.6 V) at

T = 1000 K.

Relatively good agreement between the numerical

effectiveness data denoted by “symbols” and the cor-

relation equations denoted by “lines” is observed in

Fig. 4. In Tables 2-4, the maximum correlation error,

Err0.3V, for the cathode total overpotential in the range

of 0-0.3 V at T = 1000 K, is smaller than 0.6% for α =

0.6, smaller than 0.5% for α = 0.7, and smaller than

1.7% for α = 0.8. This result indicates that the proposed

correlation equation of Eq. (16) accurately describes the

behavior of  relevant to asymmetric Butler-Vol-

mer reaction kinetics with 0.5 < α ≤ 0.8.

3.3 Asymmetric ButlerVolmer reaction kinetics

with α < 0.5

Numerical calculations were also conducted to

determine the electrochemical effectiveness for elec-

trochemical reactions in the thin active reaction layers

when subject to asymmetric Butler-Volmer reaction

kinetics with α < 0.5 (see Fig. 2). Figs. 5(a) and 5(b)

show the relative effectiveness data (symbols) and cor-

relation equations (lines) for α = 0.4 and 0.3, respec-

tively, while the correlation coefficients are provided

f
Γ
η̃tot( )

η̃tot

η̃tot f
Γ
η̃tot( )

f
Γ
η̃tot( )

f
Γ
η̃tot( )

f
Γ
η̃tot( )

η̃tot

η̃tot αneFηtot RT⁄=

f
Γ
η̃tot( )

Fig. 3. Relative effectiveness factor, , for the current

generation performance of the active reaction layer in IT-

SOFCs: Symmetric Butler-Volmer reaction kinetics with

α = 0.5.

f
Γ
η̃tot( )
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Table 1. Correlation coefficients to determine fΓ ( ) for symmetric Butler-Volmer reaction kinetics with α = 0.5.

φT a b c d Err0.3V
a

≥4 1.1199 0.7876 1.1332 0.3922 0.7%

3 1.1208 0.7925 1.1392 0.3946 0.7%

2.5 1.1241 0.8060 1.1504 0.4013 0.7%

2 1.1286 0.8333 1.1858 0.4148 0.7%

1.8 1.1318 0.8540 1.2152 0.4250 0.8%

1.6 1.1337 0.8789 1.2631 0.4372 0.8%

1.4 1.1337 0.9098 1.3394 0.4522 0.8%

1.2 1.1336 0.9564 1.4624 0.4756 0.8%

1 1.1245 1.0010 1.6579 0.4976 0.8%

0.8 1.1068 1.0469 1.9636 0.5203 0.7%

0.7 1.0944 1.0684 2.1755 0.5310 0.7%

0.6 1.0798 1.0864 2.4384 0.5399 0.6%

0.5 1.0634 1.1002 2.7681 0.5464 0.6%

0.4 1.0467 1.1089 3.1882 0.5503 0.5%

0.3 1.0304 1.1107 3.7422 0.5500 0.4%

0.2 1.0162 1.1030 4.5285 0.5433 0.3%

0.15 1.0102 1.0944 5.0856 0.5363 0.3%

0.1 1.0053 1.0783 5.8603 0.5224 0.2%

0.07 1.0028 1.0621 6.5305 0.5069 0.2%

≤0.05 1.0016 1.0479 7.1565 0.4910 0.1%
aErr0.3V refers to the maximum correlation error in the estimated effectiveness factor for the cathode total overpotential range of 0.0-
0.3 V at T=1000 K (or equally, for the anode total overpotential range of 0.0-0.6 V).

Table 2. Correlation coefficients to determine fΓ ( ) for asymmetric Butler-Volmer reaction kinetics with α = 0.6.

φT a b c d Err0.3V

≥4 1.1938 0.9602 0.8374 0.4792 0.3%

3 1.1958 0.9679 0.8452 0.4832 0.3%

2.5 1.1960 0.9753 0.8622 0.4870 0.3%

2 1.1938 0.9912 0.9125 0.4949 0.4%

1.8 1.1916 1.0025 0.9521 0.5006 0.4%

1.6 1.1868 1.0159 1.0136 0.5073 0.4%

1.4 1.1794 1.0349 1.1067 0.5167 0.4%

1.2 1.1660 1.0552 1.2486 0.5268 0.5%

1 1.1467 1.0799 1.4632 0.5392 0.5%

0.8 1.1190 1.1031 1.7857 0.5506 0.6%

0.7 1.1025 1.1134 2.0029 0.5557 0.6%

0.6 1.0847 1.1214 2.2703 0.5596 0.6%

0.5 1.0665 1.1279 2.6034 0.5627 0.6%

0.4 1.0485 1.1309 3.0262 0.5639 0.6%

0.3 1.0320 1.1310 3.5850 0.5635 0.4%

0.2 1.0177 1.1248 4.3814 0.5593 0.4%

0.15 1.0118 1.1192 4.9487 0.5555 0.4%

0.1 1.0068 1.1086 5.7444 0.5481 0.3%

0.07 1.0043 1.0981 6.4397 0.5401 0.3%

≤0.05 1.0028 1.0864 7.0889 0.5305 0.3%

η̃tot

η̃tot
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Table 3. Correlation coefficients to determine fΓ ( ) for asymmetric Butler-Volmer reaction kinetics with α = 0.7.

φT a b c d Err0.3V

≥4 1.2971 1.0792 0.5048 0.5374 0.4%

3 1.3106 1.1039 0.5037 0.5507 0.3%

2.5 1.3121 1.1157 0.5229 0.5569 0.2%

2 1.3034 1.1287 0.5868 0.5637 0.2%

1.8 1.2938 1.1337 0.6391 0.5664 0.1%

1.6 1.2798 1.1401 0.7160 0.5697 0.1%

1.4 1.2592 1.1472 0.8303 0.5733 0.1%

1.2 1.2295 1.1520 0.9990 0.5758 0.2%

1 1.1918 1.1569 1.2426 0.5783 0.2%

0.8 1.1471 1.1593 1.5925 0.5794 0.3%

0.7 1.1234 1.1596 1.8221 0.5796 0.3%

0.6 1.0993 1.1585 2.1006 0.5790 0.4%

0.5 1.0760 1.1563 2.4424 0.5778 0.4%

0.4 1.0546 1.1534 2.8726 0.5762 0.5%

0.3 1.0355 1.1480 3.4372 0.5733 0.5%

0.2 1.0198 1.1398 4.2404 0.5686 0.4%

0.15 1.0135 1.1347 4.8125 0.5657 0.4%

0.1 1.0082 1.1270 5.6179 0.5611 0.4%

0.07 1.0056 1.1203 6.3250 0.5568 0.4%

≤0.05 1.0040 1.1128 6.9891 0.5518 0.4%

Table 4. Correlation coefficients to determine fΓ ( ) for asymmetric Butler-Volmer reaction kinetics with α = 0.8.

φT a b c d Err0.3V

≥4 1.3241 1.0412 0.2650 0.5142 1.7%

3 1.3698 1.1071 0.2323 0.5488 1.2%

2.5 1.3886 1.1422 0.2365 0.5673 1.0%

2 1.3925 1.1777 0.2925 0.5860 0.8%

1.8 1.3842 1.1898 0.3465 0.5925 0.7%

1.6 1.3660 1.1998 0.4331 0.5980 0.6%

1.4 1.3356 1.2053 0.5637 0.6011 0.5%

1.2 1.2935 1.2077 0.7532 0.6027 0.5%

1 1.2392 1.2045 1.0243 0.6015 0.4%

0.8 1.1778 1.1967 1.4034 0.5978 0.3%

0.7 1.1466 1.1915 1.6465 0.5954 0.3%

0.6 1.1158 1.1845 1.9379 0.5919 0.2%

0.5 1.0870 1.1767 2.2908 0.5881 0.3%

0.4 1.0614 1.1689 2.7295 0.5842 0.4%

0.3 1.0393 1.1595 3.3012 0.5794 0.4%

0.2 1.0218 1.1494 4.1104 0.5741 0.4%

0.15 1.0149 1.1438 4.6855 0.5712 0.5%

0.1 1.0093 1.1369 5.4955 0.5674 0.5%

0.07 1.0065 1.1315 6.2066 0.5644 0.5%

≤0.05 1.0049 1.1267 6.8764 0.5614 0.5%

η̃tot

η̃tot
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in Tables 5 and 6.

Fig. 5 shows that the relative effectiveness,

, has values higher than 1.0 for small 

ranges, which is different from the behavior of

 for symmetric (α = 0.5) and asymmetric

(α > 0.5) Butler-Volmer reaction kinetics shown in

Figs. 3 and 4, respectively. This trend can be

explained by the ButlerVolmer reaction kinetics

curves shown in Fig. 2. The Butler-Volmer equation

with α ≥ 0.5 always results in a higher transfer cur-

rent density at a given overpotential, compared with

the linear polarization equation. The relative effec-

tiveness, , is equal to 1.0 when the transfer

current density vs. local activation overpotential (itr,V-

η) curve strictly follows the linear polarization rela-

tionship. The deviation of itr,V-η curves with α ≥ 0.5

from the linear polarization relationship leads to

 which is smaller than 1.0 in Figs. 3 and 4. In

contrast, the Butler-Volmer equation with α < 0.5 hasf
Γ
η̃tot( ) η̃tot

f
Γ
η̃tot( )

f
Γ
η̃tot( )

f
Γ
η̃tot( )

Fig. 4. Relative effectiveness factor, , for the current

generation performance of the active reaction layer in IT-

SOFCs: Asymmetric Butler-Volmer reaction kinetics with (a)

α = 0.6, (b) α = 0.7, and (c) α = 0.8.

f
Γ
η̃tot( )

Fig. 5. Relative effectiveness factor, , for the current

generation performance of the active reaction layer in IT-

SOFCs: Asymmetric Butler-Volmer reaction kinetics with (a)

α = 0.4 and (b) α = 0.3.

f
Γ
η̃tot( )
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Table 5. Correlation coefficients to determine fΓ ( ) for asymmetric Butler-Volmer reaction kinetics with α = 0.4.

φT a b c d Err0.3V

≥4 1.0887 0.5696 1.3731 0.2811 3.5%

3 1.0906 0.5783 1.3751 0.2853 3.5%

2.5 1.0920 0.5923 1.3833 0.2919 3.4%

2 1.0980 0.6314 1.4064 0.3104 3.2%

1.8 1.1014 0.6596 1.4300 0.3240 3.0%

1.6 1.1057 0.6989 1.4689 0.3428 2.8%

1.4 1.1098 0.7493 1.5344 0.3670 2.5%

1.2 1.1120 0.8127 1.6458 0.3976 2.2%

1 1.1088 0.8849 1.8302 0.4327 1.8%

0.8 1.0959 0.9574 2.1286 0.4679 1.3%

0.7 1.0853 0.9908 2.3380 0.4841 1.0%

0.6 1.0727 1.0206 2.5986 0.4984 0.8%

0.5 1.0575 1.0425 2.9252 0.5082 0.7%

0.4 1.0417 1.0582 3.3414 0.5146 0.5%

0.3 1.0262 1.0628 3.8837 0.5133 0.3%

0.2 1.0131 1.0563 4.6483 0.5027 0.2%

0.15 1.0075 1.0453 5.1819 0.4896 0.1%

0.1 1.0033 1.0287 5.9230 0.4675 0.1%

0.07 1.0016 1.0167 6.5715 0.4473 0.0%

≤0.05 1.0008 1.0083 7.1861 0.4293 0.0%

Table 6. Correlation coefficients to determine fΓ ( ) for asymmetric Butler-Volmer reaction kinetics with α = 0.3.

φT a b c d Err0.3V

≥4 1.1374 0.3187 1.4973 0.1531 13.9%

3 1.1360 0.3257 1.4948 0.1560 13.6%

2.5 1.1339 0.3409 1.4931 0.1623 13.2%

2 1.1294 0.3845 1.5052 0.1812 12.2%

1.8 1.1269 0.4185 1.5232 0.1962 11.5%

1.6 1.1242 0.4654 1.5561 0.2168 10.6%

1.4 1.1211 0.5297 1.6159 0.2452 9.5%

1.2 1.1162 0.6097 1.7199 0.2804 8.2%

1 1.1072 0.7038 1.8980 0.3219 6.5%

0.8 1.0912 0.8034 2.1920 0.3657 4.8%

0.7 1.0794 0.8493 2.3982 0.3853 3.8%

0.6 1.0662 0.8929 2.6577 0.4037 2.9%

0.5 1.0513 0.9282 2.9792 0.4168 2.2%

0.4 1.0362 0.9553 3.3845 0.4243 1.4%

0.3 1.0221 0.9732 3.9124 0.4236 0.8%

0.2 1.0106 0.9827 4.6563 0.4119 0.4%

0.15 1.0060 0.9819 5.1709 0.3959 0.2%

0.1 1.0028 0.9863 5.9244 0.3794 0.1%

0.07 1.0011 0.9667 6.3845 0.3090 0.0%

≤0.05 1.0005 0.9643 6.8269 0.2512 0.0%

η̃tot

η̃tot
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a low overpotential region where the transfer current

density is smaller than the linear polarization rela-

tionship (for η in the range of 0-0.12 V with α = 0.4

and for η in the range of 0-0.26 V with α = 0.3 in Fig.

2). Thus, the relative effectiveness, , becomes

larger than 1.0 in those low overpotential regions (for

 in the range of 0-1.1 with α = 0.4 and for  in

the range of 0-1.8 with α = 0.3 in Fig. 5).

In this study, the correlation equation of Eq. (16)

was replaced with the following equation for α < 0.5

to describe the observed behavior of  greater

than 1.0. The lines in Fig. 5 represent the fitting

curves of Eq. (18).

(18)

In Tables 5 and 6, the maximum correlation

error, Err0.3V, is smaller than 3.5% for α = 0.4 but

as large as 13.9% for α = 0.3. As observed in Fig.

5, most correlation errors occur at low dimension-

less total overpotential, , correspond to the

cathode total overpotential range of 0-0.05 V or 0-

0.08 V at T = 1000 K. For  higher than these

ranges, the correlation errors are relatively small

as shown in Fig. 5. Thus, it may be necessary in

future studies to develop a new correlation equa-

tion, other than Eq. (18), which is more appropri-

a t e  f o r  d e s c r i b i n g  t h e  e l e c t r o c h e m i c a l

effectiveness for current generation in the active

reaction layer subject to asymmetric Butler-Vol-

mer reaction kinetics with α < 0.5.

4. Conclusions

In this study, extensive numerical calculations

were performed to obtain the electrochemical effec-

tiveness factors for current generation in the active

reaction layer of SOFCs. Both the symmetric and

asymmetric Butler-Volmer equations were consid-

ered to study the charge transfer process by varying

the charge transfer coefficient from 0.3 to 0.8. Sim-

ple correlation equations were proposed for easy

and accurate determination of the numerically

determined effectiveness data, and the correspond-

ing correlation coefficients and their estimated

errors were summarized. It is anticipated that these

results will prove to be useful for estimating current

generation in the anodes and cathodes of SOFCs.
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Γ
η̃tot( )

η̃tot η̃tot

f
Γ
η̃tot( )

f
Γ
η̃tot( ) a

1 exp
η̃tot c–

b
-----------------⎝ ⎠
⎛ ⎞+

d
-------------------------------------------------=

η̃tot

η̃tot

a, b, c, d Correlation coefficients

F Faraday constant (96,485 C mol-1)

Relative effectiveness factor at finite overpo-
tential of 

iel Electronic current density (A m-2)

iex,V Volume-specific exchange current density
(A m-3)

iio Ionic current density (A m-2)

imax,A Maximum current density in the active reaction
layer (A m-2)

ireal,A Actual current density in the active reaction
layer (A m-2)

itpb TPBL-specific exchange current density
(A m-1)

itr,V Volumetric charge transfer current density
(A m-3)

L Active reaction layer thickness (m)

ne Number of electrons for electrochemical
reactions (2 for anode, 4 for cathode)

R Universal gas constant (8.314 J kg-1 K-1)

rp,V Volume-specific linear polarization resistance
(Ω m3)

rtpb TPBL-specific linear polarization resistance
(Ω m)

T Temperature (K)

z Coordinate (m)

α Charge transfer coefficient

φT Thiele modulus

Γeff Electrochemical effectiveness factor

Γeff,0V Base effectiveness factor at zero overpotential

η Activation overpotential (V)

ηconc Concentration overpotential (V)

ηtot Total activation overpotential applied to the
active reaction layer (V)

Dimensionless total activation overpotential,

f
Γ
η̃tot( )

η̃tot

η̃tot

η̃tot αneFηtot RT( )⁄≡
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ϕo Nernst potential (V)

ϕel Electronic potential (V)

ϕio Ionic potential (V)

λtpb,V Volume-specific TPBL (m m-3)

σeff Effective charge conductivity, 
σeff = (1/σio,eff + 1/σel,eff)

 -1 (S m-1),

σel,eff Effective electronic conductivity (S m-1)

σio,eff Effective ionic conductivity (S m-1)


