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where 𝜆s is the solid phase thermal conductivity, 𝑇s is the solid phase temperature, and 𝑄 is the heat generation.  

 
Figure 1: Schematic view of (a) cell unit of a solid oxide fuel cell (SOFC) and (b) mesh layers for quasi-3D 

SOFC model [1]. 

 

The equation (1) is utilized exclusively in the top separator mesh layer, bottom separator mesh layer, and 

positive-electrolyte-negative assembly (PEN) & electric insulator mesh layer, as illustrated in Figure 1. The 

general expression for the first law of thermodynamics can be expressed as equation (2) and further expanded 

as in equation (3). 

 

𝐸in − 𝐸out = ∆𝐸system (2) 

(𝑄in − 𝑄out) + (𝑊in −𝑊out) + (𝐸mass,in − 𝐸mass,out) = ∆𝑈 + ∆𝐾𝐸 + ∆𝑃𝐸 (3) 

 

Taking into account the separator layers and PEN & electric insulator shown in Figure 1(a), the net energy 

transfer by work and mass is zero. Additionally, since the system is stationary, there is no change in either the 

kinetic or potential energies. This can be expressed using the following equation: 

 

𝑄in − 𝑄out = ∆𝑈 (4) 

0 = 𝑄out − 𝑄in +𝑚𝑐∆𝑇s (5) 

 

Compare equation (1) with equation (5) give 

 
𝜕
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𝜕𝑇s
𝜕𝑥

) +
𝜕

𝜕𝑧
(𝜆s

𝜕𝑇s
𝜕𝑧

) + 𝑄 = 𝑄out − 𝑄in +𝑚𝑐∆𝑇s (6) 

 

The first and second terms on the left-hand side of equation (6) represent the heat conduction flux in the x- 

and z-directions, respectively, within the separators and PEN & electric insulator. On the other hand, the third 



term on the left-hand side of equation (5) represent the heat that is generated within the considered volume of 

analysis.  
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� Attenuation factor of charge

transfer current density is derived.

� Concentration loss is derived from

the dusty-gas model by consid-

ering local losses.

� Root of attenuation factor is

determined by the Newton Raph-

son method.

� Effect of anode thickness between

5 and 1000 mm towards active

thickness is studied.

� Sufficiently thick electrode is

required for the quasi-3D SOFC

model.
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a b s t r a c t

A quasi-three-dimensional solid oxide fuel cell (SOFC) model reduces the computational

cost by strategically ignoring the thinnest direction in an SOFC by incorporating a charge-

transfer current density model to represent its active thickness in electrodes to represent

its complex phenomenon in an electrode. Therefore, high accuracy of this charge-transfer
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ASR area-specific resistance

DGM dusty-gas model

FM Fick's model

GDC gadolinia-doped ceria

H2 hydrogen

H2O steam

LSCF lanthanum strontium cobalt f

LSV lanthanum strontium vanada

N2 nitrogen

Ni nickel

O2 oxygen

PEN positive-electrolyte-negative a

SIMPLE semi-implicit method for the p

equations

SOFC solid oxide fuel cell

YSZ yttria-stabilized zirconia

asf surface area of porous materia

Cp heat capacity (J$kg�1$K�1)

Deff
ij effective binary diffusion coef

Deff
i;m effective molecular diffusion c

multicomponent gas (m2$s�1)

Deff
K;i effective Knudsen diffusion co

species i (m2$s�1)

f inertia coefficient (�)

F Faraday's constant (C$mol�1)

h thickness of electrode (m)

hsf porous interfacial heat transfe

(W$m�1$K�1)

i0 exchange current density (A$m

ict charge-transfer current densit

I current density (A$m�2)

K permeability (m2)

Mi molecular mass of gas species

Ni molar flux of gas species i (mo
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current density model is required. The concentration loss is mathematically related to the

charge-transfer current density based on the dusty-gas model together with activation and

ohmic losses in this work. The numerical results from this study are validated with the

experimental results. The influence of anode's thickness towards anode active thickness is

studied with the anode thickness of 5, 10, 50, 100, 500 and 1000 mm. It is found that the

quasi-three-dimensional SOFC model is capable of analysing SOFC with a sufficiently thick

electrode. Also, a thick electrode and a high average current density result in a thin active

thickness.

© 2023 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
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ls (m2)

ficient (m2$s�1)

oefficient of

efficient of gas

r coefficient

�2)

y (A$m�2)

i (kg$mol�1)

l$m�2$s�1)

P total pressure (Pa)

Q heat generation term (W$m�3)

r average radius of pore (m)

R ideal gas constant (J$mol�1$K�1)

SYi
mass transport source term for species i

(kg$m�3$s�1)

Sf charge transport source term (V$m�3)

Tin inlet temperature (K)

Tf fluid phase temperature (K)

Ts solid phase temperature (K)

u x-velocity component (m$s�1)

uin inlet x-velocity component (m$s�1)

U velocity (m$s�1)

vi diffusion volume of gas species i (m3$kg�1$mol�1)

w diffusion volume of gas species i (m3$kg�1$mol�1)w

z-velocity component (m$s�1)

xi molar fraction of gas species i (�)

Yi mass fraction of gas species i (�)

½i� coefficient of gas species in a mixture in Eqs.

(14)e(18) (s$m�2)

a symmetric coefficient in Butler-Volmer-like

equation (�)

ε porosity (�)

hconc concentration loss (V)

htotal total voltage loss (V)

l attenuation factor (�)

lefff fluid phase effective thermal conductivity

(W$m�1$K�1)

ls solid phase thermal conductivity (W$m�1$K�1)

m viscosity (Pa$s)

r density (kg$m�3)

seffionic effective ionic conductivity (S$m�1)

seffs effective solid phase conductivity (S$m�1)

t tortuosity factor (�)

f electric potential (V)
Introduction

Solid oxide fuel cell (SOFC) converts chemical energy within

supplied reactants to electrical energy through electro-

chemical processes. The efficiency of an SOFC depends on

the transport of mass and species in fuel and air channels of

a cell and porous medium within electrodes, transport of
merical analysis on the a
rogen Energy, https://do
charge carriers in a cell, heat transfer within a cell and

interaction with the environment. SOFCs are divided into

anode-, cathode- and electrolyte-supported SOFCs accord-

ingly to the thickest layer of either anode, cathode or elec-

trolyte within a cell to provide sufficient mechanical

strength. Both the anode- and cathode-supported SOFCs

have the advantage of high ionic conductivity, which enable

high efficiency of a cell.
node active thickness using quasi-three-dimensional solid oxide
i.org/10.1016/j.ijhydene.2023.01.361

https://doi.org/10.1016/j.ijhydene.2023.01.361


Fig. 1 e Schematic view of (a) cell unit and (b) mesh layers

for quasi-3D SOFC model.
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The anode thickness of an anode-supported SOFC is

thicker than an electrolyte-supported SOFC or cathode-

supported SOFC to provide sufficient strength to the cell.

Anode-supported cell offers better performance by reducing

the ohmic loss in a thick electrolyte of an electrolyte-

supported cell. Furthermore, this anode-supported cell offers

higher stability than the cathode-supported cell. Therefore,

anode-supported cell gains high attention for the range of

intermediate- and high-temperature SOFC. Anode-supported

SOFC has a common drawback of a high anodic concentra-

tion loss, especially at high current density operation. Several

strategies are proposed to overcome such disadvantage, like

multiplying layers of anode [1] to have high porosity near the

surface of an anode to promote better gas species transport

and high reaction sites density to encourage higher electro-

chemical reaction rate as well as the phase inversion fabri-

cation method [2,3] to improve the transportation of gas

species. Recently with a focus on low-temperature SOFC, a

porous metal layer is introduced to provide mechanical

strength to the cell [4e6]. Anode thickness for ametal-support

SOFC has greatly reduced to a significant thin around 100 nm.

The active thickness of an electrode represents the loca-

tions where the half-reaction of the electrochemical reaction

takes place within the electrode during operation. Due to the

limitation of available physical devices to measure the charge

transport within the relatively thin electrode of an SOFC, such

studies of the active thickness were conducted through nu-

merical analysis [7e9]. Zheng et al. [9] found that the active

thickness depends on activation loss, ohmic loss and con-

centration loss within an electrode. Also, a high ratio of both

activation to ohmic losses is found to contribute to a large

active thickness. Note that, the activation loss is under the

consideration of the effect of concentration loss. Zheng et al.

[9] report the 400 mm thickness anode has an active thickness

between 4.5 and 8.1 mm under 99% of the electrochemical re-

action. Then, Ge et al. [10] descript that the 23 mm thick

lanthanum strontium vanadate (LSV)-yttria-stabilized zirco-

nia (YSZ) anode has an active thickness of 5e20 mmunder 99%

of the reaction. Andersson et al. [11] state 6.2 mm of the active

thickness (under 90% of the reaction) for a 415 mm thick nickel

(Ni)-YSZ anode under operation temperature of 1010 K. Kish-

imoto et al. [12] study the 3D microstructure of an infiltrated

Ni-gadolinia-doped ceria (GDC) anode. The active thickness of

infiltrated Ni-GDC anode has an active thickness of ~10 mm. In

summary, the anode active thickness that represents the

thickness of the anode involved in the electrochemical reac-

tion is below 20 mm.

A quasi-3D SOFC model was previously developed and

used for the analysis of intermediate-temperature direct-in-

ternal-reforming SOFC [13]. A porous material is assumed to

be inserted in the passages as a current collector in this quasi-

3D SOFC model to reduce the computation time. The electro-

chemical reaction is assumed to take place at the electrode-

electrolyte interfaces. Later, Onaka et al. [14] considered the

influence of both activation and ohmic losses within an

electrode during the development of a charge-transfer distri-

bution model, which explains the electrochemical reaction

rate within an electrode. This update enables the electro-

chemical reaction to be extended further from the electrode-

electrolyte interface in the quasi-3D SOFC model. Although
Please cite this article as: Tan WC et al., Numerical analysis on the a
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the attenuation factor in the charge-transfer distribution

model is determined as the minimum total voltage losses in

the electrode, the contribution concentration loss is neglected

in the work of Onaka et al. [14]. It is due to the considered

concentration loss only focusing on the partial pressure of gas

species within the channels and at the electrode-electrolyte

interface, which is determined by Fick's model by Chan et al.

[15].

The numerical analysis allows researchers to understand

the complex phenomena in SOFCs. A quasi-3D SOFC model

with real microstructure information was developed in the

authors' group to study the effect of cell aspect ratio on cell

performance [16] and the effects of the air-flow configuration

in a short stack [17]. Recently, some researchers apply artifi-

cial intelligence technology to study the complex phenomena

in SOFCs. Liu et al. [18] study the correlation between micro-

structures with five effective properties like effective elastic

modulus, Poisson's ratio, shear modulus, coefficient of ther-

mal expansion and triple-phase boundary length density

using deep learning model. Xu et al. [19] combine deep

learning with multi-physics simulation to achieve optimisa-

tion for the performance of an SOFC. In this work, the con-

centration loss together with activation and ohmic losses in

the electrode is considered in the charge-transfer distribution

model. The gas species transport within electrodes is

modelled by the dusty-gas model (DGM) to address its rela-

tionship with the charge-transfer distribution within an

electrode. Also, the active thickness of an SOFC is analysed

using the updated quasi-3D SOFC model with the DGM.
Modelling method

A cell unit as shown in Fig. 1(a) consists of top and bottom

separators, fuel and air channels, and a positive-electrolyte-

negative assembly (PEN) is considered in this study. Each

component has only one mesh on the y-axis. Note that both

fuel and air channels consist of solid- and fluid-phase meshes

as shown in Fig. 1(b). Additionally, two layers of mesh located
node active thickness using quasi-three-dimensional solid oxide
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at the top and bottom of the cell unit are introduced as

boundary layers. Hence, a cell unit with a dimension of

89.0 � 3.40 � 60.0 mm3 consists of 101 � 9 � 71 meshes in the

quasi-3D SOFC model. The cell has an effective area of

80.0 � 60.0 mm2. The electrochemical reaction is no longer

limited to occur at the anode-electrolyte interface but

extended toward its surface accordingly to its charge-transfer

distribution. Details of the quasi-3D SOFCmodel have already

been described in our previous reports [16,17], therefore only

essential equations are summarized below.

Governing equations

The numerical analysis was based on conservation equations

of mass, momentum, species, and energy.

Mass conservation:

vðruÞ
vx

þ vðrwÞ
vz

¼
X

SYi
(1)
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Energy conservation:

(fluid phase in the channels filled with metal foam)

v
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 (4)

(solid phase in the channels filled with metal foam)

0¼ v
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�
leffs

vTs
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�
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(5)

(solid phases in the separator and the cell)
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�
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þ Q (6)

Species conservation:
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Charge conservation
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Both fuel and gas channels are filled with metal foam,

which acts as a current collector in the equivalent circuit

model [13]. The developed model adopts the geometric pa-

rameters representing the porous metal foam in the channels
Please cite this article as: Tan WC et al., Numerical analysis on the a
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from Bhattacharya et al. [20] and Calmidi and Mahajan [21].

The validation of the developed quasi-3D SOFC model with

the updated DGM within electrodes was conducted in our

previous works [22]. An in-house Fortran code is developed

and run with a laptop that is equipped with an Intel i5 pro-

cessor 1.7 GHz and 12 GB RAM.

Dusty-gas model

Dusty-gas model (DGM) is implemented for the transport of

reactants and product in the porous anode. DGM can be

expressed as follows [23]:

Ni

Deff
K;i

þ
X
isj

xjNi � xiNj

Deff
ij

¼ � P
RTs

Vxi � xi

RTs

 
1þ KP

mDeff
K;i

!
VP; (9)

VP¼ �
P Ni

Deff
K;i

1
RTs

þ K
m

P
xiDeff

K;i

(10)

Deff
K;i ¼

2
3

�
8RTs

pMi

�1 =

2

r (11)

where xi, Ni and Mi are the mole fraction, the molar flux and

the molecular mass of gas species, respectively. m, R, Ts and P

are the viscosity, gas constant, temperature and total pressure

of the gas mixture. VP is the pressure gradient. r is the average

radius of the pore in an electrode. Deff
K;i is the effective Knudsen

diffusion of gas species, which is related to the porosity and

tortuosity factor of the pore phase of the porous medium. The

permeability constant in the porous medium K and the

effective binary gas diffusion Deff
ij are described in Eqs (12) and

(13) [24].

K¼ ε
3r2

18tð1� εÞ2 ; (12)

Deff
ij ¼ t

ε

$

0:01013Ts
1:75

�
1

103Mi
þ 1

103Mj

�0:5

P
h
ðPviÞ1=3 þ

	P
vj


1=3i2 : (13)

where t and ε are the tortuosity factor and the volume fraction

of the pore phase within an electrode, respectively. vi is the

diffusion volume of gas species. The mole fraction gradient of

the gas mixture of H2 e H2O e N2 within an anode and gas

mixture of O2eN2within a cathode can be given similar to the

work of Vural et al. [25] as:

Anode:

d
dy

	
xH2


¼RTs

P
$

Z y

o

ict dy

2F
$½H2� (14)

d
dy

	
xH2O


¼RTs

P
$

Z y

o

ict dy

2F
$½H2O� (15)
node active thickness using quasi-three-dimensional solid oxide
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where the coefficient of ½H2�, ½H2O� and ½N2� in themixture of H2

e H2O e N2 within an anode can be given as follow:
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The coefficient of ½O2� and ½N2� in the gasmixture of O2 eN2

within a cathode can be given as follow:
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Concentration loss

The concentration loss within an electrode with the thickness

of h can be given as follow:

hconc ¼

Z h

0

icthconc;local dyZ h

0

ict dy

¼

Z h

0

icthconc;local dy

I
(22)
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Also, the local concentration loss at y distance from the

electrode-electrolyte interface can be given as follow:

hconc;local;ano ¼ �RTs

2F
ln

�
xH2O

xH2

$
xH2

ðyÞ
xH2OðyÞ

�
¼ � RTs

2F

ln

2
664xH2O

xH2

$
xH2

þ ðhano � yÞ d
dy

	
xH2



xH2O þ ðhano � yÞ d

dy

	
xH2O



3
775

(23)

hconc;local;cat ¼ �RTs

4F
ln

�
xO2

ðyÞ
xO2

�
¼ � RTs

4F
ln

2
664xO2

þ ðhcat � yÞ d
dy

	
xO2



xO2

3
775

(24)

Then, the concentration loss can be expressed accordingly

to Eq. (22) by considering the local concentration loss at y

distance from the electrode-electrolyte interface in Eqs. (23)

and (24) with the mole fraction gradient of the gas mixture

as given in Eqs. (14)e(18) as follows:

hconc;ano ¼ 1
I

Zhano
0

ict

2
64� RTs

2F
ln

0
B@ xH2

xH2O þ hano
RTs I
2FPxH2O½H2� � y RTs I

2FPxH2O½H2�
xH2

xH2O þ hano
RTs I
2FPxH2

½H2O� � y RTs I
2FPxH2

½H2O�

1
CA
3
75dy
(25)

hconc;cat ¼
1
I

Zhcat
0

ict

2
64� RTs

4F
ln

0
B@xO2

þ hcat
RTs I
4FP ½O2� � y RTs I

2FP ½O2�
xO2

1
CA
3
75dy

(26)

The charge-transfer current density ict is expressed as

follow [26]:

ict ¼ lI expð�lyÞ (27)

Equations (25) and (26) can be rewrite as follow:

hconc;ano ¼
1
lI
$
RTs

2F

ZictðhanoÞ
ictð0Þ

ln

0
BB@ xH2

xH2O þ hano
RTs I
2FPxH2O½H2� þ 1

l

RTs I
2FPxH2O½H2�ln

	
ict
lI



xH2

xH2O þ hano
RTs I
2FPxH2

½H2O� þ 1
l

RTs I
2FPxH2

½H2O�ln	ict
lI



1
CCAdict

(28)

hconc;cat ¼
1
lI
$
RTs

4F

ZictðhcatÞ
ictð0Þ

ln

0
BB@xO2

þ hcat
RTs I
4FP ½O2� � 1

l

RTs I
2FP ½O2�ln

	
ict
lI



xO2

1
CCAdict

(29)

Lastly, the concentration loss can be given as follow:
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hconc;ano ¼ �RTs

2F
ln

0
B@xH2

xH2O þ hano
RTs I
2FPxH2O½H2�

xH2
xH2O þ hano

RTs I
2FPxH2

½H2O�

1
CAþRTs

2F
exp

0
B@� xH2

xH2O þ hano
RTsI
2FPxH2O½H2�

RTs I
2FPxH2O½H2�

l

1
CAEi

0
B@xH2

xH2O þ hano
RTsI
2FPxH2O½H2�

RTs I
2FPxH2O½H2�

l

1
CA

� RTs

2F
exp

0
B@� xH2

xH2O þ hano
RTs I
2FPxH2

½H2O�
RTs I
2FPxH2

½H2O� l

1
CAEi

0
B@xH2

xH2O þ hano
RTs I
2FPxH2

½H2O�
RTs I
2FPxH2

½H2O� l

1
CA

(30)

hconc;cat ¼ �RTs

4F
ln

0
B@xO2

þ hcat
RTs I
4FP ½O2�

xO2

1
CAþ RTs

4F
exp

0
B@� xO2

þ hcat
RTs I
4FP ½O2�

RTs I
4FP ½O2�

l

1
CAEi

0
B@xO2

þ hcat
RTs I
4FP ½O2�

RTsI
4FP ½O2�

l

1
CA (31)
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Ei in Eqs. (30) and (31) is the exponential integral, which is

defined as a definite integral of the ratio between an expo-

nential function and its argument. With the DGM for the

transport of mass and species within an electrode, the con-

centration loss is found also be influenced by the charge-

transfer distribution.
htotal;ano ¼
8<
:2i0;anoRTs

lIaF
þRTs

aF
sinh�1

�
lI

2i0;ano

�
� 2i0;anoRTs

lIaF

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
I

2i0;ano

�2

l2 þ
s

þRTs

2F
exp

0
B@� xH2

xH2O þ hano
RTs I
2FPxH2O½H2�

RTsI
2FPxH2O½H2�

l

1
CAEi

0
B@xH2

xH2O þ han

RTsI
2FPxH2

Ei

0
B@xH2

xH2O þ hano
RTs I
2FPxH2

½H2O�
RTs I
2FPxH2

½H2O� l

1
CA
9>=
>;

htotal;cat ¼
�

RTslI
4:4Fi0;cat

�
þ
(

I

2seff
ionic;catl

)
þ

8><
>:� RTs

4F
ln

0
B@xO2

þ hcat
RTs I
4FP ½O2�

xO2

1
CA
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Attenuation factor l

The concentration loss as expressed in Eqs. (30) and (31) are

considered together with the activation and ohmic losses

based on the work of Onaka et al. [14] as the total voltage

losses as follow:
ffiffiffiffiffiffiffi
1

9=
;þ

(
I

2seff
ionic;anol

)
þ

8><
>:� RTs

2F
ln

0
B@xH2

xH2O þ hano
RTsI
2FPxH2O½H2�

xH2
xH2O þ hano

RTs I
2FPxH2

½H2O�

1
CA

o
RTs I
2FPxH2O½H2�

O½H2�
l

1
CA�RTs

2F
exp

0
B@� xH2

xH2O þ hano
RTsI
2FPxH2

½H2O�
RTs I
2FPxH2

½H2O� l

1
CA

(32)

þRTs

4F
exp

0
B@� xO2

þ hcat
RTs I
4FP ½O2�

RTs I
4FP ½O2�

l

1
CAEi

0
B@xO2

þ hcat
RTs I
4FP ½O2�

RTs I
4FP ½O2�

l

1
CA
9>=
>;¼0

(33)
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The value of the minimum total voltage loss is obtained at

the condition of dhtotal=dl ¼ 0, and it is given by
8<
:RTs

aF

�
2i0;ano
Il2

�24
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�

I
2i0;ano

�2

l2 þ 1

s
�1

3
5
9=
;þ

(
� I

2seff
ionic;anol

2

)
þ

8><
>:
RTs

2F
$
xH2

xH2O þ hano
RTs I
2FPxH2

½H2O�
RTs I
2FPxH2

½H2O� $exp

0
B@� xH2

xH2O þ hano
RTs I
2FPxH2

½H2O�
RTs I
2FPxH2

½H2O� l

1
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Ei

0
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xH2O þ hano
RTs I
2FPxH2

½H2O�
RTs I
2FPxH2

½H2O� l

1
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2F
$
xH2

xH2O þ hano
RTs I
2FPxH2O½H2�

RTs I
2FPxH2O½H2�

$exp

0
B@� xH2

xH2O þ hano
RTs I
2FPxH2O½H2�

RTs I
2FPxH2O½H2�

l

1
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0
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RTs I
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1
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(34)

�
RTsI

4:4Fi0;cat

�
þ
(

� I

2seff
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2

)
þ

8><
>:� RTs

4F
$
xO2

þ hcat
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4FP ½O2�

RTsI
4FP ½O2�

$exp

0
B@� xO2

þ hcat
RTs I
4FP ½O2�

RTs I
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l

1
CAEi

0
B@xO2
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RTs I
4FP ½O2�

RTs I
4FP ½O2�

l

1
CA
9>=
>;¼0 (35)
The first and second terms in the left-hand side of Eqs. (34)

and (35) are the term dh=dl from the activation and ohmic

losses, respectively. Recall that the coefficient of ½H2� and ½H2O�
in the mixture of H2 e H2O e N2 within an anode in Eqs. (17a)

and (18a) and the coefficient of ½O2� in the mixture of O2 e N2

within a cathode in Eq. (20) is not influenced by the attenua-

tion factor l. The root of l in Eqs. (34) and (35) for anode and

cathode are determined by Newton Raphson method. Miya-

waki et al. [26] proposed that the attenuation factor l must be

a positive value. Also, a small l indicates a relatively homo-

geneous distribution of the electrochemical reaction in an

electrode. On the other hand, a large l indicates the electro-

chemical reaction mostly takes place in the vicinity of the

electrode-electrolyte interface.

Microstructure information

The validation of the developed numericalmodel is conducted

with the real microstructure which is manufactured by SOL-

IDpower S.p.A. with nickel e yttria-stabilized zirconia (Ni-
Table 1 eMicrostructure of commercial Ni-YSZ/YSZ/GDC/
LSCF-GDC/LSCF SOFC.

Parameters Anode
[27]

Cathode
[28]

Average diameter of pore phase [mm] 0.566 1.01

Volume fraction of pore phase [�] 0.251 0.410

Volume fraction of ionic phase [�]

YSZ(anode), GDC/LSCF(cathode) 0.383 0.260/0.330

Tortuosity factor of pore phase [�] 20.1 2.24

Tortuosity factor of ionic phase [�]

YSZ(anode), GDC/LSCF(cathode) 2.44 20.3/4.29

Volumetric density of triple-phase

boundary line [m/m3]

4.97 � 105 e

Volumetric density of double-phase

boundary line [m2/m3]

e 6.67 � 106
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YSZ) anode, YSZ electrolyte, gadolinium-doped ceria (GDC)

barrier layer, lanthanum strontium cobalt ferrite (LSCF)eGDC
function layer of cathode and LSCF current collector layer of

LSCF. The cell has an effective area of 80 mm � 60 mm with a

thickness of 240, 8, 4, and 50 mm for the anode, electrolyte,

GDC barrier layer, and cathode layer, respectively. The details

of the microstructure are given in Table 1.

The effective anode thickness is studied with the same

cell's microstructure. Fig. 2(a) shows the annual research ar-

ticles in solid oxide fuel cells after 1999.1% of the research

articles within the recent 5 years: refs [29e50] in 2022, refs

[51e73] in 2021, refs [19,74e92] in 2020, refs. [93e111] in 2019

and refs [112e128] in 2018. Are randomly considered to sum-

marise the involved thickness of the anode and it is summa-

rized in Fig. 2(b). The distribution of the anode thicknesses

that are found in the research articles, is given by the round

dot on the left-hand side in Fig. 2(b). On the other hand, the

box chart on the right-hand side illustrates how the anode

thicknesses are spread. It is found that the minimum and the

maximumanode thickness are 0.15 and 2140 mm, respectively.

The distribution has the lower and upper quartiles of 55 and

680 mm, respectively, which are represented by the box. The

square within the box indicates the mean value of anode

thickness, which has a value of 460.05 mm. As a result, the

considered anode thickness in this study is 5, 10, 50, 100, 500

and 1000 mm.

Calculation conditions

The numerical analysis is conducted with the volumetric flow

rates of 0.5 and 3.0 L/min in the standard state with mole

fraction ratios of 0.600: 0.020: 0.380 for hydrogen (H2): steam

(H2O): nitrogen (N2) and 0.210:0.790 for oxygen (O2):N2 are

supplied to the fuel and air channel, respectively. The outlet

pressure of both the fuel and air mixture is maintained at the

atmospheric pressure.

The boundary conditions for the validation with the

experimental [16] are given in Table 2. Note that the electric
node active thickness using quasi-three-dimensional solid oxide
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Fig. 2 e Annual research article publication of SOFC (a) between 1999 and 2022, (b) anode thickness that is reported by 1% of

research articles (92 articles) of SOFC between 2018 and 2022.

Table 2 e Boundary conditions.

u W Tf Ts Yi p

Inlet u ¼ uin w ¼ 0 Tf ¼ Tin vTs

vx
¼ 0

Yi ¼ Yi, in vf

vx
¼ 0

Outlet vu
vx

¼ 0
vw
vx

¼ 0
vTf

vx
¼ 0

vTs

vx
¼ 0

vYi

vx
¼ 0

vf

vx
¼ 0

Wall u ¼ 0 w ¼ 0 vTf

vz
¼ 0

Ts ¼ Tin vYi

vz
¼ 0

vf

vz
¼ 0
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potential difference between the top and bottom separators is

the terminal voltage of the cell unit and is iteratively tuned to

achieve a pre-determined average current density. The pres-

sure fields in the fuel and air channels are solved by the semi-

implicit method for the pressure-linked equations (SIMPLE)

algorithm, while its outlet is set at 1 atm. During the analysis

of the effect of the anode active thickness, the boundary

condition of the Ts at walls is updated to an adiabatic condi-

tion to simulate a real operation of an SOFC.
Fig. 3 e Comparison of current-voltage characteristics. For

a commercial SOFC with an anode thickness of 240 mm.
Results and discussion

The numerical results in this work are compared with the

numerical results from our previous work using Fick's model

(FM) for the gas species transport in the electrodes [16]. The

details of the experiment can be found elsewhere [129,130].

Fig. 3 shows the comparison of the current-voltage charac-

teristics at temperatures of 973, 1023, and 1073 K by blue-,

green- and red-coloured squares, dashed and dotted lines,

respectively. The squares indicate the experimental results,

the dashed lines represent the numerical results from Tan

et al. [16], and the prediction of the present SOFC numerical

model is shown by the dotted lines. The numerical results

from this study have a closer agreement with the experi-

mental results as compared to the numerical results from Tan

et al. [16].

Area-specific resistance (ASR) analysis is conducted for the

average current density of 3500 A/m2 (973 K), 5000 A/m2

(1023 K) and 6500 A/m2 (1073 K). The obtained ASR values are

compared to the same average current density with FM for the

gas transportationmodel within electrodes as shown in Fig. 4.

The stacked bar chart shows the ASR values for each voltage
Please cite this article as: Tan WC et al., Numerical analysis on the a
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loss within a cell. From the bottom of the stacked bar chart is

anode activation loss, anode ohmic loss, anode concentration

loss, electrolyte ohmic loss, cathode activation loss, cathode

ohmic loss and cathode concentration loss. The ASRs for the

FM as gas transportation model as considered in the work of

Tan et al. [16] are given on the left-hand side. In contrast, the

ASRs for current work are shown on the right-hand side. It is

found that the implementation of the DGM for the gas species

transport within the electrodes and the consideration of local

concentration loss as given by Eqs. (30) and (31) in this study

results in a slightly low concentration loss, especially at a high

operation temperature for an SOFC. This decrement in con-

centration loss enables the electrochemical reaction to take

place close to the electrode-electrolyte interface regime,

which results in a decrement of the ohmic resistance within

an electrode. Asmore electrochemical reaction occurs close to
node active thickness using quasi-three-dimensional solid oxide
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Fig. 4 e Comparison of ASR values at 973, 1023 and 1073 K for a commercial SOFC with an anode thickness of 240 mm at the

average current density of 3500, 5000 and 6500 A/m2, respectively.
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the electrode-electrolyte interface regime, the cell experi-

ences an increment of the activation loss.

Miyawaki et al. [26] defined the active thickness of an

electrode as the thickness of the electrode from the electrode-

electrolyte interface in which 90% of the electrochemical re-

action takes place and it is expressed as 1
l
ln 10. Fig. 5 shows

the comparison of the active thickness in the anode between

the FM in thework of Tan et al. [16] and the DGM in the current

work at the average current density of 6500 A/m2 at 1073 K.

The solid and dash lines show the anode active thickness

under 90% and 99% of the electrochemical reaction takes

place, respectively. Regardless of 90% or 99% of the reaction,

the cell has a relatively thin anode active thickness at the inlet

region as shown in Fig. 5. This is due to the concentration of

fuel mixture being high and the concentration of the product

of the electrochemical reaction (steam) is low near the inlet.

Such condition allows the electrochemical reaction takes

place near the anode-electrolyte interface to reduce the ohmic

loss. It is found that the anode active thickness in the current
Fig. 5 e Comparison of 90% and 99% of the anode active

thickness in an anode of a commercial SOFC at Z ¼ 0.03 m

with the operation of 6500 A/m2 at 1073 K.
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work is thicker than the previous work under the same

operating condition. As the active thickness of the anode is

slightly extended in the current work, high ohmic resistance

in the cell is observed as shown in Fig. 4. Also, under 99% of the

reaction, the required thickness is nearly double the thickness

for the case of 90% of the reaction.

The same calculation and boundary conditions are used to

study the effect of the anode thickness of an SOFC at the

operation temperature of 973 K. Fig. 6 shows the current and

power densities for various anode thicknesses of an SOFC. The

black and red coloured lines indicate the current density and

power density of the considered cells, respectively. It is found

that the thinnest anode thickness of 5 mm (black solid line)

shows the highest performance as its current density curve is

positioned at the top among all curves for all anode thick-

nesses. It is also found that this 5 mm anode thickness cell has

the highest power density of 2741.59 W/m2. It is worth high-

lighting that the cell with 10 mm anode thickness shows a

slightly lower performance as compared to the highest-

performance cell with the highest power density of

2734.49 W/m2.

Further analysis is conducted at the average current den-

sity of 6000 A/m2 for the cells with anode thicknesses of 5, 10,

50 and 100 mm as shown in Fig. 7. It clearly shows that the

thinnest anode thickness cell has the lowest total ASR. It is

due to the lowest anode concentration resistance within the

cell. As the thickness of the anode is increased, the cell is

suffered from high anodic concentration resistance as the gas

species are required to travel longer paths between electro-

chemical reaction sites and the fuel channel. Again, the total

ASR for the 10 mm anode thickness cell is found similar to the

total ASR for the 5 mm anode thickness cell. As a result, the

same performance of both cells is observed in Fig. 6. In Fig. 7,

the cells with the anode thickness of 500 and 1000 mm are

excluded as the cells experience a rapid decrement at the

average current density before 6000 A/m2. High resistance of

the transport of gas species is expected within a porous anode

due to a high electrochemical reaction rate. It is worsened by
node active thickness using quasi-three-dimensional solid oxide
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Fig. 6 e Comparison of current density-voltage and current density-power density curves under different anode thicknesses

of 5, 10, 50, 100, 500 and 1000 mm at the temperature of 1073 K.

Fig. 7 e Comparison of ASR values at 6000 A/m2 with the anode thickness of 5, 10, 50 and 100 mm, respectively at the

temperature of 1073 K.
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an SOFC with a thick electrode as shown in Fig. 7 where the

anode concentration is significantly increased. Both SOFCs

with an anode thickness of 500 mmand 1000 mmexperience an

insufficient supply of hydrogen from the fuel channel to the

reaction sites within the anode active thickness to support the

high electrochemical reaction rate.

Based on the observation in Fig. 5, the cell with an anode

thickness of 50, 100, 500 and 1000 mm has no issue with the

anode active thickness as the cell has a sufficient thick anode.

Therefore, the analysis of the anode active thickness is con-

ducted towards the cell with 5 and 10 mm thickness of the

anode as shown in Fig. 8. The red and blue coloured lines

indicate the average current density of 500 and 6000 A/m2,

respectively. It is found that the active thickness is beyond the
Please cite this article as: Tan WC et al., Numerical analysis on the a
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actual thickness of 5 mm as shown in Fig. 8(a) except for the

90% of the reaction curve at a high average current density of

6000 A/m2. Again, the active thickness is also found beyond

the actual thickness of 10 mm as shown in Fig. 8(b) under low

average current density operation. It is also found that the cell

with high current density (or low terminal voltage) has a thin

active thickness as agreed by the results by Zheng et al. [9]. In a

summary, the developed quasi-3D model in this study is

capable of analysing SOFC as shown in the validation. How-

ever, this model is found not suitable for the cell with an

extremely thin electrode. This is due to the charge-transfer

current for a cell with a relatively thin electrode doesn't
follow the decay model as proposed by Miyawaki et al. [26]. In

the study of Miyawaki et al. [26], 4 and 8 mm thickness anodes
node active thickness using quasi-three-dimensional solid oxide
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Fig. 8 e The active thickness of anode at Z ¼ 0.03 m at the operation of 500 and 6000 A/m2 at 973 K for (a) 5 mm anode and (b)

10 mm anode.

Fig. 9 e The active thickness of anode at Z ¼ 0.03 m at 973 K for various anode thicknesses at the average current density of

(a) 500 A/m2 and (b) 6000 A/m2.
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showed a high charge-transfer current density at the surface

of the anode during operation. Therefore, a new charge-

transfer current model is mandatory in this quasi-3D SOFC

model for a cell with an insufficiently thick electrode.

Fig. 9 shows the anode active thickness under the consid-

eration of a 99% reaction rate for various anode thicknesses

from 5 mm to 1000 mm at a low average current density of 500

A/m2 and a high average current density of 6000 A/m2with the

operating temperature of 973 K. It is found that an SOFCwith a

thick anode leads to a thin anode active thickness regardless

of its average current density. An SOFC with thick anode re-

sults in a high anodic concentration resistance as shown in

Fig. 7. Such increment of anodic concentration resistance

promotes a reduction of anode active thickness to minimize

the total voltage loss within a cell. At a high average current

density operation, a cell requires a high supply rate of

hydrogen from the fuel channel. At the same time, the cell

needs to remove the produced steam at a rapid rate. These

phenomena also promote a high anodic concentration resis-

tance. As a result, the anode active thickness for all consid-

ered cells decreases at a high average current density. Such

observation is found in good agreement with the numerical

analysis from Miyawaki et al. [26] and Cai et al. [131].
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Conclusions

The dusty-gas model (DGM) was introduced in the quasi-

three-dimensional (quasi-3D) solid oxide fuel cell (SOFC)

model to consider the influence of the active thickness of

electrodes. The concentration loss within an electrode was

expressed correspond to the active thickness of the electrode

in terms of the attenuation factor for the charge-transfer

current density, current density, concentrations and co-

efficients of reactants and products (Eqs. (14)-(18)) within the

gas mixture, the thickness of the electrode, as well as the

operating conditions such as temperature and pressure of the

gas mixture. Note that the coefficient of reactants and prod-

ucts within a gas mixture is a function of properties of gas

species such as concentration, Knudsen and binary gas

diffusion coefficients, properties of a gas mixture such as

pressure and viscosity, and microstructure of the porous

medium such as permeability, porosity and tortuosity factor

of the pore phase. On the other hand, the attenuation factor of

the charge-transfer current density was determined based on

the minimum total voltage losses using the Newton-Raphson

method by considering all voltage losses including concen-

tration loss. The numerical results from the quasi-three-
node active thickness using quasi-three-dimensional solid oxide
i.org/10.1016/j.ijhydene.2023.01.361
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dimensional SOFC model closely agree with the experimental

results. This indicates that the concentration loss resulting

from the mass and species transport within an electrode in-

fluences the attenuation factor within the charge-transfer

current density model that reflects in both the activation

and ohmic losses of an SOFC. The influence of the anode's
thickness towards anode active thickness was studied with

the thickness of 5, 10, 50, 100, 500 and 1000 mm. It is found that

the quasi-three-dimensional SOFC model is capable of ana-

lysing the performance of an SOFC with a sufficiently thick

electrode. Also, a thick electrode and a high average current

density result in a thin active thickness.
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