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where A is the solid phase thermal conductivity, T is the solid phase temperature, and Q is the heat generation.
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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 = AEsystem 2)
(Qin - Qout) + (VVm - Wout) + (Emass,in - Emass,out) = AU + AKE + APE (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 = AU (4)
0 = Qout — Qin + mcAT; (5)

Compare equation (1) with equation (5) give
9] 0T 9] 0Ty
% <As E) +5 (As E) + Q@ = Qout — Qin + mcAT (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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Please note that the article used in this example cannot be used again in assignment 2. Additionally, the
way in which you discuss the equation or formula will depend on your creativity and approach to the
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example which demonstrates how to properly insert a figure or diagram and provide a detailed
explanation within the paragraph.
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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

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.
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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 [4—6]. Anode thickness for a metal-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 [7—9]. 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 pm thickness anode has an active thickness
between 4.5 and 8.1 um under 99% of the electrochemical re-
action. Then, Ge et al. [10] descript that the 23 pm thick
lanthanum strontium vanadate (LSV)-yttria-stabilized zirco-
nia (YSZ) anode has an active thickness of 5-20 um under 99%
of the reaction. Andersson et al. [11] state 6.2 pm of the active
thickness (under 90% of the reaction) for a 415 um 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 um. In
summary, the anode active thickness that represents the
thickness of the anode involved in the electrochemical reac-
tion is below 20 um.

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

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

(a)

'} Fuel channel

} Air channel

-

— Top separator mesh layer

—— Fuel channel mesh layer

I [TTTTITT] —— PEN & electric insulator mesh layer

7

‘ —— Air channel mesh layer

—— Bottom separator mesh layer

Fig. 1 — Schematic view of (a) cell unit and (b) mesh layers
for quasi-3D SOFC model.
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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 x 3.40 x 60.0 mm? consists of 101 x 9 x 71 meshes in the
quasi-3D SOFC model. The cell has an effective area of
80.0 x 60.0 mm? 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 SOFC model 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:

dpu) | d(pw) _
x| oz =25 @)

Momentum conservation:

0 /puu 9 pwuy| oP 0 ou 0 ou
{&(T>+§( € )}7 fox Tox\Mox) Toz Moz

10/ ou\ 20/ ow\ o/ ow\ & of
+§&<“& *m(“&)*&(*‘&)*ﬁ“*ﬁ'w“
0 /puw 0 rpwwy| oP 0 ow 0 ow
[&( )Jrai( )}7 862+6x<“ax>+az <“az>

20,008 (00 g
(3)

(2)

Energy conservation:
(fluid phase in the channels filled with metal foam)

6(Pcp“Tf)+a(PCPWTf):i Aeffa_Tf +£ Aeffa_Tf
ax 0z ax \'f ox ) ez \'f oz

+ hsfasf (Ts - Tf)

(solid phase in the channels filled with metal foam)

_ 0 (er0Ts) 9 [ herrdTs _
0_ax (AS o) Tz \ S oy + herge (Te — Ts) (5)

(solid phases in the separator and the cell)

0 0T, 0 0T,

Species conservation:

0 0 0 oY;\ 0 aY;
— (puY;) +— (pwY;) =— ( pDEE—1) 4+ — ( pDetf——1 7
ax (PUYD) + o (pwYi) = (p i 6x> +3 <p gy | TSh ()

Charge conservation

i effaﬁ i effaﬁ ﬁ effaidJ _
ox (05 6x> +E)y <US oy Taz\% oz =5 (®)

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

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 X)'Nl' — XiNj P X KP
S A vk (14— |vP,
CEADYES CE Al A ®
VP 72% (10)
T Iy g
%
2 (8RT, _
ot =3(%) 7 (a1)

where x;, N; and M; are the mole fraction, the molar flux and
the molecular mass of gas species, respectively. u, R, Ts and P
are the viscosity, gas constant, temperature and total pressure
of the gas mixture. VP is the pressure gradient. ¥ is the average
radius of the pore in an electrode. Dgf 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 Die)-ff are described in Egs (12) and
(13) [24].

7
= 12
187(1—¢)° 12
0.5
175
_0.01013T, <1O%M, + ﬁ)
Dt = (13)

€ P{(Zui)l/a“" (ZU)‘)IB}Z

where 7 and ¢ are the tortuosity factor and the volume fraction
of the pore phase within an electrode, respectively. v; is the
diffusion volume of gas species. The mole fraction gradient of
the gas mixture of H, — H,O — N, within an anode and gas
mixture of O, — N, within a cathode can be given similar to the
work of Vural et al. [25] as:

Anode:
Y. d
d RT, / fet 4Y
@(XHz): P 'OT'[Hﬂ (14)
5
d RT, / et 4Y
@(tzo): 5 ~°T~[HZO] (15)

Please cite this article as: Tan WC et al., Numerical analysis on the anode active thickness using quasi-three-dimensional solid oxide
fuel cell model, International Journal of Hydrogen Energy, https://doi.org/10.1016/j.ijhydene.2023.01.361



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

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY XXX (XXXX) XXX 5

)
Cathode
yi d
%(XOZ):RZS-%-[OA 17)
/yl d
L) BTl iy (18)

where the coefficient of [H,], [H,0] and |N,] in the mixture of H,
— H,0 — N, within an anode can be given as follow:

1 1
(1 i uDiﬁHz) <D‘eﬁ*2 Dglf"zo)
1+ (S e1-{20 + XeN2 KP
{ (D T DR oL, ) w (17a)

Hy0

_ XH, + XH,0 XN, 1
Deff + Deff + Deff
H,-H,0 Hy—Np K.Hy

1 1
XH,0 (1 + HDeff > <Deff  peff >
K.HyO K.Hy K.Hy0

{1+ <Deff +D’Z§‘€° + oo > %} (18a)
2

(xHZ+XHzO+ XN, 4 1 )

[Ho]=

[H,0] =

eff eff eff
DHZO H, DHZO N, DKHZO

KP 1 1
XN, (1 + wDeft > <Deff — Dot >
K.Ny KHy KH0/ XN, XN, (19)
eff eff
1+ ?f[fz + X:f[fzo + XNy Kp DNZ’HZO D H,
Dih, Dihy0 kN, )M

[Ny]=

The coefficient of [0,] and [N,] in the gas mixture of O, — N,
within a cathode can be given as follow:

1 1
( + ADeff > <D§f32> B X, . 1 0)
Dgfzf Deff

0,]=
1 Xo, 4 XN, | kP K.O,
e (o) 5

(21)

Concentration loss

The concentration loss within an electrode with the thickness
of h can be given as follow:

h -h
/ LetMconc,local d}’ / LetMconc,local dy
0 __JO

h - I
/ ive dy
0

Neone =

Also, the local concentration loss at y distance from the
electrode-electrolyte interface can be given as follow:

RT, {tzo‘ X, (y)} _ _RT,

TMconc local.ano = — oF Xg, Xu,0(Y) 2F
23
XH,0 Xy, + (hano - Y) % (XHZ) ( )
XH, XH,0 t (hano - y) d_dy (XHZO)
o RTS n Xo, (y) o RTS n Xo, + (hcat - )’) % (XOZ)
Nconc,local,cat = 4F Xo, - 4F Xo,
(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 Egs. (23)
and (24) with the mole fraction gradient of the gas mixture
as given in Egs. (14)—(18) as follows:

1 .
Nconc,ano = T Tet
0

B RT, X1, XH,0 + hano%XHzO[HZ] y ZFPIXHZO[HZ] d
2F XHZ XHZO =+ hano%xl{z [Hzo] y IZ;PIXHZ [Hzo]
(25)
heat
. hel 0] - y SR [0
Nconc,cat :}/ Iet | — RT, In Xo, + taEp [ 2} Y are [ 2] dy
I F Xo.
0 2
(26)

The charge-transfer current density i is expressed as
follow [26]:

ice = Al exp(—2y) (27)

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

ict(hano)
1 RTs
MNconc,ano — ﬁ oF
ict(0)
In Xy, XH,0 + hano%tzO[Hz] + } };};PIXHZO Hz]ln( ) die
X, XH,0 + hano%xl-lz [H20] +1 ];};;tz [H2O]In(* t)
(28)
fec(hear) RTI 1 RTel et
. _1RT, 1 | X0z T heatarp [O2] — 5 7 [OafIn (5) di
conc,cat )\I 4F on ct
ict(0)
(29)

Lastly, the concentration loss can be given as follow:
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7 __ RTS In Xu, XH,0 + hano%tzO[HZ] 4 RTS exp| - Xp,XH,0 + hano%x}izo [HZ] 2| Ei Xy, XH,0 + hano%XHZO[HZ] A
conc,ano oF X, Xu,0 + hano%tz [H2O} 2F %XHZO [Hz] %XH:O [Hz]
(30)
_ RT; exp| - X1, X11,0 + NanoSeixy, [H20] & Xi1,Xi1,0 + Nano Sy, [H20]
2F Ig;IXHZ [Hz O} Rz';;lez [Hzo]
_ RTS ln XOZ + hcat% [02] + RTs exp _ XOZ + hcat% [02] A El XOZ + hcati%:l [02] )\ (31)
Nconc,cat AF XOZ 4F 12’51 [02] }Z'I;;I [02]

Eiin Egs. (30) and (31) is the exponential integral, which is Attenuation factor A
defined as a definite integral of the ratio between an expo-
nential function and its argument. With the DGM for the The concentration loss as expressed in Egs. (30) and (31) are

transport of mass and species within an electrode, the con- considered together with the activation and ohmic losses
centration loss is found also be influenced by the charge- based on the work of Onaka et al. [14] as the total voltage
transfer distribution. losses as follow:

2i0_anoRTs RTS . 1 Al 2i0.anoRTs I 2 2 I RTS Xy, XH,0 + hanoEXH o[Hz]
Motalano = \ ~1aF T oF sinh ( = oF ome A+l + Y R +4 - In < H, 2Fp X,

MlaF 2i0.ano ionic.ano 2F XH,XH,0 + hano%xl{z [HZO]
n RT; exp| - Xt1,XH1,0 + Nano'grpXi1,0[Ha) 3| Ei X1, X11,0 + Nano'3rs 1,0 [Hoa] . RT; exp| - Xi1,X11,0 + Nano'gr X, [H20] P
2F S Xn,0[He] SFrXu,0[Ho] 2F S, [H20]
Ei Xn,XH,0 + hano%xl-{z [H,0]
}ZT;;IXHZ [HZ O]
(32)
—_— { RTsAI } I _RT, In | Xor * Neathisd [0,] +RTs exp| - X0, + Neal3E [O,] o] %ot NeatiEs! (O] o
T YRR ET vy B B B %0, o
(33)
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The value of the minimum total voltage loss is obtained at
the condition of dnym/dA = 0, and it is given by

YSZ) anode, YSZ electrolyte, gadolinium-doped ceria (GDC)
barrier layer, lanthanum strontium cobalt ferrite (LSCF) — GDC

RT; <2i0,ano> < . I )212 41-1 Lo I . RT 'XHZ XH,0 + hano%x}]z [Hzo] ) _ XH,XH,0 + hanu%tz [Hzo} 3
of \ I2? Zioano 2053} ano?” X, [H20] X, [H20]
Ei X1, XH,0 + hano%tz [H,0] B RTs Xu,Xu,0 + hano%tzo[HZ] exp| - X1, XH,0 + hano%XHzo[HZ] 3
S X, [H20] 2F SFpXn,0[He] SFvXn,0[Hz]
Ei XH,XH,0 + hano%tzo[HZ] 3 —0
SFpXn,0[Ho]
(34)
{ RT,I }+ B I Ll RT; Xo, + heatyrp (03]  Xo, + Nearhel (O] g %ot heathss! [0,] o (35)
44Fiocar 205 ic cat” 4 0] i [02] i [02]

The first and second terms in the left-hand side of Egs. (34)
and (35) are the term dn/d2 from the activation and ohmic
losses, respectively. Recall that the coefficient of [H,] and [H,0]
in the mixture of H, — H,O — N, within an anode in Egs. (172)
and (18a) and the coefficient of [O,] in the mixture of O, — N,
within a cathode in Eq. (20) is not influenced by the attenua-
tion factor A. The root of A in Egs. (34) and (35) for anode and
cathode are determined by Newton Raphson method. Miya-
waki et al. [26] proposed that the attenuation factor A must be
a positive value. Also, a small A indicates a relatively homo-
geneous distribution of the electrochemical reaction in an
electrode. On the other hand, a large % indicates the electro-
chemical reaction mostly takes place in the vicinity of the
electrode-electrolyte interface.

Microstructure information
The validation of the developed numerical model is conducted

with the real microstructure which is manufactured by SOL-
IDpower S.p.A. with nickel — yttria-stabilized zirconia (Ni-

Table 1 — Microstructure of commercial Ni-YSZ/YSZ/GDC/

LSCF-GDGC/LSCF SOFC.

Parameters Anode Cathode
[27] [28]

Average diameter of pore phase [um] 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 497 x 10° —
boundary line [m/m?]

Volumetric density of double-phase = 6.67 x 10°

boundary line [m%/m?]

function layer of cathode and LSCF current collector layer of
LSCF. The cell has an effective area of 80 mm x 60 mm with a
thickness of 240, 8, 4, and 50 um 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 [29-50] in 2022, refs
[51-73] in 2021, refs [19,74—92] in 2020, refs. [93—111] in 2019
and refs [112—128] 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
maximum anode thickness are 0.15 and 2140 um, respectively.
The distribution has the lower and upper quartiles of 55 and
680 pm, 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 um. As a result, the
considered anode thickness in this study is 5, 10, 50, 100, 500
and 1000 pm.

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 (H,): steam
(H20): nitrogen (N,) and 0.210:0.790 for oxygen (O,):N, 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

Please cite this article as: Tan WC et al., Numerical analysis on the anode active thickness using quasi-three-dimensional solid oxide
fuel cell model, International Journal of Hydrogen Energy, https://doi.org/10.1016/j.ijhydene.2023.01.361



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

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY XXX (XXXX> XXX

(a)

2500 T T T T T

No of publication

2000 - .

Publication
> o
[ =) o
o o

500 - .

Year

0 " 1 1 1 L 1 L 1 L 1
1995 2000 2005 2010 2015 2020 2025

(b)

-E 10000 T

= ssse—— 2140(Max)

.f 1000 ¢ I 680(75%)3
S 100k o 3
(0] oo %
5 55(25%)
S 10 F . 3
£ gL . ]
o .

-8 01 L L 0.15(Min) 1
=

<C 0.01 :

92 articles between 2018 - 2022

Fig. 2 — 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 — Boundary conditions.
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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/m? (973 K), 5000 A/m?’
(1023 K) and 6500 A/m? (1073 K). The obtained ASR values are
compared to the same average current density with FM for the
gas transportation model within electrodes as shown in Fig. 4.
The stacked bar chart shows the ASR values for each voltage

Average current density [A/m?]

Fig. 3 — Comparison of current-voltage characteristics. For
a commercial SOFC with an anode thickness of 240 pm.

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 Egs. (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. As more electrochemical reaction occurs close to
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Fig. 4 — Comparison of ASR values at 973, 1023 and 1073 K for a commercial SOFC with an anode thickness of 240 pm at the
average current density of 3500, 5000 and 6500 A/m?, respectively.

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 11n 10. Fig. 5 shows
the comparison of the active thickness in the anode between
the FM in the work of Tan et al. [16] and the DGM in the current
work at the average current density of 6500 A/m? 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

10 — Fuel -
I o 3 = —— ]
> Air ==
L =m===== === g
1S
=
w Or ]
%]
2 e
34T 7
L
= -
2+ —— 90% of reaction [16] .
Anode — 90% of reaction, current work
0F — =99% of reaction [16] B
Electrolyte — —99% of reaction, current work
. 1 1 1 1 1 1 1 1
0.00 001 002 003 004 005 006 007 008
X [m]

Fig. 5 — Comparison of 90% and 99% of the anode active
thickness in an anode of a commercial SOFC at Z = 0.03 m
with the operation of 6500 A/m? at 1073 K.

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 pm (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 pm anode thickness cell has
the highest power density of 2741.59 W/m?. It is worth high-
lighting that the cell with 10 um anode thickness shows a
slightly lower performance as compared to the highest-
performance cell with the highest power density of
2734.49 W/m>.

Further analysis is conducted at the average current den-
sity of 6000 A/m? for the cells with anode thicknesses of 5, 10,
50 and 100 um 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 um anode thickness cell is found similar to the
total ASR for the 5 ym 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 um are
excluded as the cells experience a rapid decrement at the
average current density before 6000 A/m?. 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

Please cite this article as: Tan WC et al., Numerical analysis on the anode active thickness using quasi-three-dimensional solid oxide
fuel cell model, International Journal of Hydrogen Energy, https://doi.org/10.1016/j.ijhydene.2023.01.361



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

10 INTERNATIONAL JOURNAL OF HYDROGEN ENERGY XXX (XXXX) XXX

11 3000
10 F
09| 4 2500
! 2000 £
=07} 2 =
= =
o 06 =
=) 41500 2
Sos} o}
2 —5 um B
> o04f 5
--- 10um 4 1000 2
- O
0.3 a
02} - 500
01}
00 1 1 1 1 1 1 1 1 0
0 1000 2000 3000 4000 5000 6000 7000 8000 9000

Average current density [A/m?]

Fig. 6 — Comparison of current density-voltage and current density-power density curves under different anode thicknesses
of 5, 10, 50, 100, 500 and 1000 pm at the temperature of 1073 K.

1.0
L 0.001 g Cathode Concentration
0.9 E | Cathode Ohmic Loss
08 0308 - Cathode Activation
0.7 B ] | Electrolyte Ohmic Loss
e E d | Anode Concentration
£ 06 E —|[E23] Anode Ohmic Loss
G 05 - —| (I Anode Activation
‘E‘ - 0.343 -
A 04 = o
o3 & =
02 0.095 0.095 ol
L 0.007 0.034 0.062 =
0.1 - 0.057 0.055 0.053 -
0.0 E 0.096 0.088 0.081 5

10 50

Anode thickness [pum]

100

Fig. 7 — Comparison of ASR values at 6000 A/m? with the anode thickness of 5, 10, 50 and 100 um, respectively at the

temperature of 1073 K.

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 pm and 1000 um experience 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 pm 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 pm 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/m?,
respectively. It is found that the active thickness is beyond the

actual thickness of 5 pm as shown in Fig. 8(a) except for the
90% of the reaction curve at a high average current density of
6000 A/m?. Again, the active thickness is also found beyond
the actual thickness of 10 pm 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 Zhengetal. [9]. Ina
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 pm thickness anodes
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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 pm to 1000 um at a low average current density of 500
A/m? and a high average current density of 6000 A/m? with the
operating temperature of 973 K. It is found that an SOFC with 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].

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 (Egs. (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-

Please cite this article as: Tan WC et al., Numerical analysis on the anode active thickness using quasi-three-dimensional solid oxide
fuel cell model, International Journal of Hydrogen Energy, https://doi.org/10.1016/j.ijhydene.2023.01.361



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

12 INTERNATIONAL JOURNAL OF HYDROGEN ENERGY XXX (XXXX) XXX

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 pm. 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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