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ARTICLE INFO ABSTRACT

Keywords: Metal-supported solid oxide fuel cell (MS-SOFC) is very promising for intermediate temperature
Mefal'suPported ?Olld oxide fuel cell solid oxide fuel cell (SOFC) due to better mechanical strength, low materials cost, and simplified
Ceria-based multi-layer electrolyte stack assembling. However, the effects of metal support on the performance and temperature field

Multi-physical model
Radiation
Comprehensive field analysis

of MS-SOFC is still necessary for further study. In this study, a three-dimensional multi-physical
model is developed to investigate how the use of metal support influence the electrochemical
performance and the temperature field of MS-SOFC with a ceria-based electrolyte. The multi-
physical model fully considers the conservation equations of mass, momentum, and energy
that are coupled with mass transport and electrochemical reactions. The wall temperature in the
radiation model is calculated using a discrete method. It is found that the radiation heat flux
accounts for 3.13 % of the total heat flux. More importantly, the temperature difference of MS-
SOFC is 3.61 % lower than that of conventional anode-supported SOFC, leading to improved
temperature uniformity and cell durability.

1. Introduction

SOFC is a high-efficiency clean power generation device [1-3]. Early SOFCs are based on tubular configurations, which have high
mechanical strength and easy for sealing but suffer from high ohmic loss due to the long electron conduction path along the perimeter
of the tubes [4]. For comparison, planar SOFC features easy stacking, promising fabrication of large cells, and low ohmic loss due to
short path for electron conduction [5,6]. For planar SOFCs, one layer needs to be sufficiently thick to provide the required mechanical
strength [7]. The electrolyte-supported SOFC (ES-SOFC) with a thick electrolyte layer suffers from significant ohmic loss which is
proportional to the thickness of the electrolyte [8,9]. While cathode-supported SOFC (CS-SOFC) with a thick cathode layer suffers from
serious cathode concentration loss due to the slow diffusion of O through the porous cathode. For comparison, the diffusion of H is

* Corresponding author.
** Corresponding author.
E-mail addresses: wangenhua@bit.edu.cn (E. Wang), meng.ni@polyu.edu.hk (M. Ni).

https://doi.org/10.1016/j.heliyon.2024.e37271

Received 15 August 2024; Received in revised form 27 August 2024; Accepted 29 August 2024

Available online 4 September 2024

2405-8440/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license
(http://creativecommons.org/licenses/by-nc/4.0/).


mailto:wangenhua@bit.edu.cn
mailto:meng.ni@polyu.edu.hk
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e37271
https://doi.org/10.1016/j.heliyon.2024.e37271
http://creativecommons.org/licenses/by-nc/4.0/

M. Zhang et al. Heliyon 10 (2024) e37271

fast and would not cause high concentration loss even with a thick anode layer [10]. Thus, the anode-supported configuration is
popular for planar SOFCs. However, the anode-supported SOFC with porous anode support may experience crystal phase change of
Ni-YSZ (typical composite anode material) in the long-term operation, which could cause volume change of the anode, leading to poor
contact between the anode and the electrolyte and poor durability [11].

To achieve optimal design of planar SOFC, a thorough consideration of mass and heat transfer, and electrochemical reactions is
necessary to obtain distributions of current density, power density, and concentrations of reactants and products. On this basis, a
preliminary simulation model can be used to optimize the fuel cell (FC)at a lower cost compared to direct experiments based on trial
and error [12,13]. This makes computational fluid dynamics (CFD) an essential tool in the iterative design process [14-16]. Shen et al.
[17] developed a two-dimensional CFD model and investigated the heat and mass transfer characteristics in an anode-supported SOFC
(AS-SOFC) under diverse operational conditions. The overall cell performance and local temperature distribution were analyzed
considering the effects of operating temperature, flow direction arrangement, and flow velocity. The results showed that increasing the
operating temperature and reducing the cathode flow velocity resulted in an increase in local temperature. Moreover, a significant
change in the temperature distribution occurred when the counter-flow arrangement was used instead of co-flow arrangement.
Additionally, it was found that the effect of anode flow velocity on temperature distribution was negligible. Russner et al. [18] built a
2D model and finite element method was employed to estimate the underlying chemical and physical processes. Both the electrical
performance and temperature distributions of planar SOFC stack layers were determined when operating with reformate fuels. The
numerical study revealed the different performances of AS-SOFC and ES-SOFC, demonstrating how operational conditions affected the
electrical performance and temperature distribution, and elucidating how individual loss contributions influenced the temperature
distributions within the stack layer. Zeng et al. [19] established a 3D simulation model that considered radiation heat transfer and
discovered that radiation could significantly affect the performance of SOFC. The maximum temperatures inside the SOFC were
1124.19 K and 1109.79 K when the emissivity was 0 and 1, respectively. Tan et al. [20] built a quasi-3D numerical model of an SOFC
short stack and investigated the impact of flow configurations. The counter-flow stack achieved the highest voltage efficiency among
the co-, counter-, and cross-flow configurations, and exhibited significant dispersion in current density distribution on the cells. Chen
et al. [21] developed a 3D electrochemical multi-physical model to investigate the impact of the new parallel-cylindrical flow field on
SOFC performance. The new parallel-cylindrical flow field increased the current density by 38 % and improved the reactant distri-
bution uniformity by 60 %. Liu et al. [22] developed a 3D model coupling mass transfer, charge transport, and electrochemical re-
actions based on CFD. The impact of novel parallel S-type flow channels on ammonia decomposition and the electrical performance of
direct ammonia solid oxide fuel cell (DA-SOFC) were investigated, and four channel arrangements were compared including con-
ventional unbent channels, single type channels, double S-type channels, and triple S-type channels. The results showed that S-type
channels exhibited self-heating effect due to heat released from electrochemical reactions in the rear supporting ammonia decom-
position in the front part of the channel, enhancing Hjy concentration and electrochemical reaction rates. Guo et al. [23] utilized
three-dimension CFD to compare the operating performances of various interconnector (IC) designs, including discrete rectangular
solid ribs, discrete cylindrical ribs, discrete rhombus ribs, narrowed ribs and channels, wave-like ribs, trapezoid ribs, staggered cuboid
ribs, and parallel traditional IC. The results indicated that the new IC design achieved a more uniform distribution of O, in the cathode,
resulting in a 27.86 % increase in peak power density of the SOFC compared to the conventional parallel IC. Iibas et al. [24] studied the
effects of parameters on a CS-SOFC and an ES-SOFC based on multi-physical models. Compared to the ES-SOFC, the CS-SOFC showed a
higher performance.

Compared with conventional planar SOFCs, MS-SOFC appeared in recent years as a promising design due to the high mechanical
strength and low cost. MS-SOFC has demonstrated excellent reliability and durability by operating at low to medium temperatures
below 700 °C [25-28]. However, current research on MS-SOFC mainly relied on zero-dimensional models, without considering the
distribution of the physical quantities in the MS-SOFC [28,29]. Only Park et al. established 3D model of MS-SOFC with an operating
temperature of 750-850 °C, but did not consider the influence of radiation on temperature field [30]. Some researchers have found
that the radiation heat transfer had a significant effect on the heat transfer rate [31]. More importantly, the use of metal support with a
high thermal conductivity may facilitate the heat transfer process, which in turn could influence the thermal stress and the electro-
chemical performance of the MS-SOFC. However, no study has been conducted to systematically investigate how the use of metal
support influences the temperature field and the electrochemical performance of MS-SOFC. To fill in this research gap, a 3D
multi-physical model is developed to numerically study the MS-SOFC. Considering the lower operation temperature of about 650 °C,
ceria-based electrolyte is used. Unlike the existing models on MS-SOFC in the literature, the model reported in this study fully considers
the coupled transport and electrochemical reaction processes, in particular, the radiative heat transfer process is considered.

2. Methodology

Ceria-based electrolytes, such as gadolinium-doped ceria (GDC) and Samaria-doped ceria (SDC), exhibit a higher ionic conductivity
at temperatures ranging from 500 to 700 °C compared to conventional yttrium-stabilized zirconia (YSZ). Currently, GDC is employed
in the MS-SOFC developed by Ceres Power Ltd. Nevertheless, GDC suffers from significant electronic leakage at high temperatures.
Ceres Power Ltd. [32] designed an MS-SOFC with a triple-layer electrolyte to inhibit electronic leakage, which was studied by Zhang
etal. [29] as well. In this study, an MS-SOFC with the same structure is employed. A triple-layer electrolyte structure of Ceg 9Gdg 1023
(Y203)0.04(Zr02)0.92| Ceo.9Gdo.1025 (GDC|YSZ|GDC), in which YSZ is used to inhibit electron conduction through the electrolyte layer.
GDC is used as the main electrolyte with a thickness of 10 pm. A layer of YSZ in 1 pm is deposited on the surface of GDC as a barrier
layer to prevent electronic leakage. In addition, a 0.2 pm GDC thin layer is deposited on the YSZ layer as a barrier layer to avoid the
direct solid reaction between YSZ and the cathode material Lag ¢Sro.4Cog.2Fep.g03.5 (LSCF) and the formation of a low-conductivity
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impure phase. The anode (Ni/GDC) and cathode (LSCF/GDC) are the same as that of the MS-SOFC of Ceres Power Co., Ltd. A porous
metal support layer is used beneath the anode to provide enough mechanical strength to the entire cell. The working principle of
MS-SOEFC is illustrated as follows. In operation, the fuel (normally hydrogen) and the air are supplied to the anode and the cathode,
respectively. Oxygen is reduced at the cathode, producing oxygen ions, which are conducted to the anode layer through the dense
electrolyte. At the anode side, the oxygen ions react with hydrogen to generate water and electrons. The water is taken away via the
anode channel while the electrons are transported to the cathode through the external circuit to produce useful power. A 3D model for
the single channel of the cell is established for the MS-SOFC, as shown in Fig. 1. The model consists of the interconnect with parallel
flow channels, the anode flow channel, the metal support layer, the anode reaction layer, the triple-layer electrolyte GDC|YSZ|GDC,
the cathode reaction layer, the cathode diffusion layer, and the cathode flow channel. Table 1 lists the specific geometric parameters of
the MS-SOFC.

According to the established geometric and multi-physical model, the following assumptions are specified for the 3D numerical
simulation.

(1) The channel shape is rectangular;

(2) All gases are ideal;

(3) The pressures at the outlets of the anode and cathode are 0.1 MPa;

(4) The temperature of the fluid at the inlet of the anode or the cathode is constant;
(5) The flow inside the flow passages is laminar.

2.1. Governing equations

The electrochemical reactions occurring in the anode and cathode of the MS-SOFC can be expressed by [33,34]:

H, +027 —>H20+267 (1)
1 _ o
502 +2e =0 2)

The multi-physical model fully considers fluid flow, mass transport, and electrochemical reactions. For gas flow in the channel, a
laminar flow is assumed due to the low Reynolds number. The governing equations for fluid flow include the continuity, momentum,
and energy equations. The Navier-Stokes equation for incompressible flow is used to describe the flows in the anode and cathode
channels [21,23].

2
(puV)-u= —Vp+V- {ﬂ[Vu—&-(Vu)T} 3 (Vu)} 3)
The Brinkman equation is employed to describe the flow in the porous electrodes.
Py B e 1 2kl (e Sm
g(u V) o= Vp+V {8 [Vu+(Vu)'] 3€(V u)} </4k +82)u @

where y is the dynamic viscosity of the gas mixture, u is the velocity vector (m-s 1), p is the density (kg-m~>), T'is the temperature (K), x
is the permeability of the porous media (m?), ¢ is the porosity of the porous media, and S, is the source term of continuity, which can be
expressed:

Sﬁ =Su, + Su,0 %)

Terminal cathode collector

Air inlet

Cc\\\e‘“” |_—Fuel outlet

™ Terminal anode collector

Air outlet Cathode diffusion layer

Fuel inlet

GDC block electrolyte layer -~
YSZ block electrolyte layer

GDC electrolyte layer

Fig. 1. Geometric model of the single-channel MS-SOFC.
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Table 1

Geometric parameters of the designed MS-SOFC.
Geometry Value Unit
Flow channel length 8.0 x 1072 m
Flow channel height 1.0 x 1073 m
Flow channel width 1.0 x 1073 m
Anode reaction layer thickness 10.0 x 107 m
GDC main electrolyte thickness 10.0 x 107 m
YSZ thickness 1.0 x 10°° m
GDC barrier layer thickness 0.2 x 107® m
Cathode reaction layer thickness 10.0 x 107 m
Cathode diffusion layer thickness 25.0 x 107° m
Metal support thickness 100.0 x 107 m
Interconnector height 1.2 x 1073 m
Interconnector width 2.0 x 1073 m

S =S, )

The mass transfer due to diffusion is modeled by the Maxwell-Stefan equation involving the Knudsen diffusion [35].
off Vp
— pw; Z D Vxl — LU,’) ? +poiu | = Si (7)

where w; is mass fraction of species i, x; is the molar fraction of species i, p is the pressure (Pa), and Df]ﬁ is the effective diffusion
coefficient (m?-s) [36,37].

1 1\
Deff
v DU * Du ®

where Dy is the binary diffusion coefficient and Dy is the Knudsen coefficient for the specie i (m?s). The source term S; is the production
or consumption of species i owing to the electrochemical reactions, which are expressed as follows:

SH2 = - ZJ_F Wh, ()]
Shy,0= J SeMw,o (10)
2 2F 2
So= — - Mwo an
" 4F 2

where F is the Faraday constant (C-mol 1), j is the current density (A-m~2), Mw; is the molecular weight of species (kg-mol™1).
The conservation equation of electronic charge transport for the electrode and electrolyte is denoted by

V- (=0aVey)=Sa (12)
The conservation of ionic charge transfer is represented by

V(= 60Vegi,) =—So 13)

where 6, and 6;, are the electronic conductivity and ionic conductivity (S-m ™), respectively. ¢, and ¢;,, are the electronic and ionic
potentials (V), respectively.

The Butler-Volmer equation is employed to model the activation overpotential and the effects of the concentrations are also
considered [38,39].

For the anode,

H,
nFi 1 — a)nF
oA, (Cc ) {exp (a Rn;a,a) e (( o nﬂ a4
2 ref
For the cathode,
70,
nFi 1 — a)nF
lc —A l() " <CC(')02 ) {exp <(1 R”;Scr,c) —exp <( (2,1-. r]act‘c>:| (15)
2 ref

where iglzref and ioozref are the reference exchange current densities for Hy oxidation and Oy reduction reactions (A-m~2) at the reference
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concentrations, Cp, . and Co, ., respectively, R is the ideal gas constant (J -m01’1~K’1), and 7 is the activation overpotential (V), a is the
charge transfer coefficient (or symmetry factor), whose value is 0.5. The reactive surface area per unit volume (4,) is determined based
on the random packing of binary spherical particles proposed by Costamagna et al. [40-42].

With regard to the energy equation, the local thermal equilibrium assumption is used in the heat transfer model [43,44].

V- (=A-VT) =S, — pGou - VT (16)
where 4 is the volumetric average thermal conductivity (W~m’1~K’1), Cp is the specific heat capacity (J -kg’1~K’1). S, is the source term

computed in Egs. 18-20.
The volumetric average thermal conductivity 4 consists of two parts, the solid and the fluid, and is determined by

A=ek+ (1 — &)k aa7)

where ¢ is porosity of solid, the subscripts f and s refer to the fluid and the solid, respectively.
Only electronic conductivity exists in the interconnect and the metal support as well as the diffusion layer of the cathode. Hence,

Sq_e=0aVo, - Vo, (18)
In the electrolyte, the conductivity of the oxygen ions is modeled by

Sq.i=0uV @i, - Vepy, (19)
Both the electronic and ionic conductivities are considered in the reaction layers of the anode and the cathode.

Sq=0aVy, -V, + 60V, - Vo, — %TAS — I e (20)
The heat flux including net radiative heat flux for the air and fuel channels determined by

n-(=AVT) =g, (21)

where q; is the net heat radiative transfer rate from the electrode surface to the interconnect surface (W-m’z).

eEy Ji
(1 -8By

aG

(b)

Ep, =

Fig. 2. Radiation in MS-SOFC: (a) the configuration for diffuse interchange in the MS-SOFC; (b) radiation heat transfer between gray surfaces; (c)
thermal radiation equivalent network diagram for surface to interconnect in the MS-SOFC; (d) radiation heat transfer between two faces at arbitrary.
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2.2. Thermal radiation model

The temperature is particularly important for the durability of SOFC. Therefore, an accurate temperature field model is needed to
estimate the internal temperature distribution. At present, the literature on SOFC have found that the surface radiation heat transfer
between electrodes and interconnects accounted for a significant proportion in SOFC [19,45]. However, such a description of radiation
is only available for traditional SOFC under a temperature above 800 °C. For MS-SOFC operating at medium and low temperatures,
there is still no report regarding radiation; in addition, previous investigation calculated the amount of surface radiation heat transfer
between the electrode and the interconnect, assuming that the temperature of the interconnect was equal to the furnace temperature
[19]. In this paper, the MS-SOFC is divided into ten separate parts and the local temperature of each part is solved separately
considering radiation heat transfer. Each individual’s electrode surface exchanges heat with the connecting body surfaces of all in-
dividuals through radiation, two selected in particular for display, as shown in Fig. 2(a).

The integral equation of radiation is rather complex, typically depending on multiple independent variables such as time, spatial
variables, angular variables describing the direction of radiation propagation and wavelength. In addition, due to the fourth power
dependence of emission power on temperature, the control equation is non-linear. Apart from the difficulties associated with solving
these equations, the accuracy of any analysis is always subject to the nature of the known radiation characteristics. Therefore, for the
purpose of conducting a simple radiation analysis, this study assumes that all surfaces inside the channel are opaque, diffuse, and gray.
The method of determining the surface net radiation heat transfer rate based on radiation quantity includes concepts such as radiosity
and irradiation, as shown in Fig. 2(b), (c), and (d).

Fig. 2(b) shows the radiosity, which indicates the rate at which radiation leaves a unit area of a surface in all directions [46]. As
shown in Fig. 2(c),the Kirchhoff’s law of radiation is used to calculate the radiation between diffuse gray surfaces. For an opaque
surface, the radiosity can be presented as:

J=(1-¢)G + eoT* (22)
where J is the radiosity (W-m’z); ¢ is the surface emissivity; G is the irradiation (W~m’2); o is the Stefan-Boltzmann constant, 5.67 x

10 8wm 2K
The radiation flux incident on a surface from all directions is called irradiation G, and is expressed as:
G=G, + FumoTi s (23)
where G, is the mutual irradiation (W-m™2), being from other surfaces in the model; Fopyp is the ambient view factor [47]; Tqmp is the
ambient temperature (K).

As shown in Fig. 2(d), for the specific point, p(x,y,z), in a surface, the irradiation of the point p’(x’, y’, 2’) to the point p(x,y,z) can be
defined as:

A ,
Gp — / MIM 24)
0

alrl*

where A is the wall surface area (mz); n’ is the unit normal factor of p’(x’, ¥, 2”) in solid surface; r is the vector from the point p(x,y,z) to
p’(x’, y’, 27; n is the unit normal factor of p(x,y,z) in solid surface; J' is the radiosity of p’(x’, y’, 2°).
The ambient view factor is evaluated by

Fap=1— (X12+X13+... +X1) (25)

where X , is the configuration factor and given by

A"/ -n . .
m [ R, 0

0 alr*
According to the energy balance, the net flux of the heat transfer from a surface is denoted by ¢, and is expressed as
qr = J-G (27)

With Egs. (22), (23) and (27), the net radiation heat transfer rate can be received.

Table 2

Thermophysical properties of materials of the MS-SOFC.
Property Density (kg~m’3) Specific heat (J~kg’1~K’1)) Thermal conductivity Wm LK Ref.
Anode 6870 595 6 [19,49]
Electrolyte 5900 606 2.7 [19,49]
Cathode 3310 430 11 [19,50]
Interconnector/metal support 3030 550 20 [19,23]
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2.3. Boundary conditions

The thermal and physical properties of the materials in the MS-SOFC are given in Table 2. The main parameters of the cell are listed
in Table 3 and other parameters can be referenced in Refs. [19,48]. The gas flow of the MS-SOFC is counter-flow configuration.
The boundary conditions for the multi-physical model are listed in Table 4.

2.4. Model validation

The 3D model is built in COMSOL. Fig. 3(a) shows the results of the mesh independence test. The operating voltage is set to 0.75 V
and the emissivity is 0.80. The cell length is set to 8 cm. The gas flow of the MS-SOFC is counter-flow configuration. A tetrahedral mesh
is employed. The variation of the average temperatures at the outlets of the fuel and the air sides are plotted for five different mesh
numbers 8,400, 10,920, 15,960, 24,360, and 42,000. When the mesh number is greater than 24,360, the average temperatures tend to
be converged. Considering the computational load, the mesh with a cell number of 24,360 is selected for the following 3D simulation.
On the other hand, the precision of the established CFD model is compared with those in literature. Specifically, to be consistent with
Ref. [19], the cell length of Fig. 3(b) and (c) are set to 2 cm. Subsequently, the radiation heat transfer model of AS-SOFC is validated
and the results are shown in Fig. 3(b). The simulated profile is in good consistency with the data and the deviations are within 3.05 %.
Additionally, Fig. 3(c) shows a comparison of the temperature distribution between the MS-SOFC and the AS-SOFC in Ref. [19] using
the same operation conditions with a co-current flow arrangement. It can be seen that the tendencies of temperature distribution are
not exactly the same because the electrolyte GDC is used in the MS-SOFC instead of YSZ in the AS-SOFC. The upper part of the reference
AS-SOFC model is the anode side and the lower part is the cathode side. The layout of the MS-SOFC is similar. The emissivity is set to 1.
At the position X = 0.2 cm, the highest temperature occurs near the electrolyte and the lowest temperature occurs in the cathodic flow
channel. The minimum and maximum temperatures of the reference model are 1083.2 K and 1084.3 K, respectively. The minimum and
maximum temperatures of the MS-SOFC model in this study are 1074.73 K and 1078.68 K, respectively, with an error of 0.78 % and
0.49 %. Therefore, the established CFD model manifests an acceptable accuracy. Fig. 3(d) shows a comparison of the polarization curve
of the MS-SOFC with the experimental data from Ceres Power Ltd [28]. when the operating temperature is 600 °C. The cell length is set
to 8 cm. The variation trends are consistent, and the average relative deviation is 17.28 %.

3. Results and discussion

The 3D simulation is performed at 923.15 K and 0.1 MPa. The fuel mixture (97 % hydrogen and 3 % steam) is supplied to the anode
from the left in a speed of 0.89 m s~! and the air is delivered to the cathode from the right in a speed of 3.44 m s~!. The results are
obtained and the effects of radiation on the temperature fields and the performance of the MS-SOFC are analyzed in detail.

3.1. Influence of radiation on the temperature field of MS-SOFC

In the heat transfer model of SOFC, the phenomenon of radiation is often ignored. However, SOFCs operate at high temperatures
and radiation is inevitable. Hence, the accuracy of the model is affected. The heat transfer caused by radiation is relatively significant,
which is proportional to the fourth power of temperature. Because the electrochemical performance of SOFC is affected by the tem-
perature, the results of the heat transfer model will also affect the accuracy of the entire electrochemical model. Since the actual
interval between the inner surface of the cell and the channel height is much smaller than the length of the cell, the radiation heat
transfer between the inner surface of that is approximately the radiation heat transfer between two parallel plates, ignoring the gas
radiation. The results in Fig. 4(a) are obtained based on an operating voltage of 0.75V and an emissivity of 0.8. To solve the total,
convection, conduction, and radiation heat transfer of all domains inside FC, involving calculation equations including (27), (28) and
(29). As shown in Fig. 4(a), the total heat flux is 0.32 W cm 2. The parts for the convection, conduction, and radiation account for
75.01 %, 21.86 % and 3.13 %, respectively. It can be seen that the part of radiation heat transfer is apparently less than the heat
conductivity. However, the prediction accuracy of the MS-SOFC model can be improved when radiation is modeled. Further in-situ
experimental investigation is required to validate the results. It can be observed from Fig. 4(b) that the inclusion of radiation
model apparently increases the temperatures along the flow channels. For the anode side, the maximum temperatures with and
without radiation are 1010.78 K and 1012.95 K respectively, with corresponding maximum temperature differences of 87.63K and
89.8K, compared to the lowest temperature of the MS-SOFC (the inlet temperatures of anode and cathode are 923.15K); For the

Table 3

Main parameters for multi-physical model of the MS-SOFC.
Property Value Unit Ref.
Tonic conductivity of GDC 1.1 x 10 'exp(3500,/T) sm! [19]
Tonic conductivity of YSZ 3.34 x 10%xp(-10300/T) Sm™? [19]
Electrical conductivity of anode reaction layer 8.0 x 10* Sm! [19]
Electrical conductivity of cathode reaction layer 8.4 x 10* Sm~! [19]
Electrical conductivity of cathode diffusion layer 8.4 x 10* sm! [19]
Electrical conductivity of interconnector and metal support 1.13 x 10° S-m™! [19]
Porosity of the metal support 0.5
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Table 4
Boundary conditions of multi-physical field model for the MS-SOFC.

Heliyon 10 (2024) e37271

Boundary Variable Value (unit)
Terminal anode collector Electric ground 0 (V)
Terminal cathode collector Potential 0.3-1.15 (V)
Fuel inlet Velocity 0.89 (ms™ 1)
Molar fraction 0.97:0.03 (Hs: Hy0)
Temperature 923.15 (K)
Air inlet Velocity 3.44 (ms 1)
Molar fraction 0.79:0.21 (N5:05)
Temperature 923.15 (K)
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Fig. 3. Results for model validation: (a) the grid independence test; (b) validation of radiation heat transfer model with the literature [19,481; (c)

comparison of the temperature fields of the MS-SOFC with the results of the AS-SOFC

(d)

[191; (d) comparison of polarization curve of the MS-SOFC

with the results of Ceres Power Ltd [28]. [Reproduced with permission. Copyright 2005, 2006, 2012, Elsevier.].
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Fig. 4. Effects of radiation on the heat transfer in MS-SOFC: (a) heat flux comparison of convection, conduction, and radiation in MS-SOFC; (b)
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cathode side, the maximum temperatures with and without radiation are 1009.07 K and 1011.20 K respectively, with corresponding
maximum temperature differences of 85.92K and 88.05K, compared to the lowest temperature of the MS-SOFC (the inlet temperatures
of anode and cathode are 923.15K). Compared to no radiation, the maximum temperature difference is reduced by 2.42 % when
radiation is taken into account.
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Geonduction =KV'T (29)

3.2. Polarization curve

Fig. 5(a) shows the estimated polarization curve of the MS-SOFC. With the increase of current density, the operating voltage of the
MS-SOFC decreases gradually. When the operating voltage is 0.75 V, the current density is 0.87 A cm ™2 and the peak power density is
0.65 W em 2. Fig. 5(b) delineates the variations of polarization losses as a function of current density. The ohmic loss is a linear
function of the current density when the operating temperature is fixed. As shown in Fig. 5(b), the ohmic loss of the GDC electrolyte
NRgpe @Ccounts for only 32.04 % of the overall ohmic loss 77z, exhibiting GDC has a superior advantage in the MS-SOFC operating under
the intermediate temperature. The overpotential in the anode incorporates the anodic activation overpotential due to resistance to
charge exchange reactions, the ohmic overpotential due to resistance to electron and ion transports in the anode reaction layer and the
electron flow in the metal support, and the anodic concentration overpotential due to resistance to the flow of reactants through the
porous anode. Cathode overpotential also includes similar terms. It can be seen from Fig. 5(c) that the activation overpotential of the
anode maintains at a small order of magnitude and the concentration overpotential gradually increases with the increase of current
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Fig. 6. Physical fields distributions in the MS-SOFC along the flow direction: (a) current density on XY section; (b) pressure on XZ section at Y = 0.1
cm; (¢) molar fraction on XY section.
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density. Compared with the anode side, the overpotentials of activation and concentration manifest opposite trends on the cathode
side, as depicted in Fig. 5(d). When the current density is 0.09 A cm ™2, the concentration overpotential of the anode and cathode is
0.05 V and 0.02 V, respectively. However, when the current density is increased to 1.69 A cm ™2, the concentration overpotential is
0.22 V and 0.07 V, respectively. A relatively large concentration overpotential in the anode is mainly because the reactants need to
overcome the resistance of the metal support to reach the three-phase reaction interfaces, which indicates that the structure of the
metal support has a serious impact on the diffusion of gas components, and then affects the performance of the MS-SOFC. It is worth
noting that when the current density is 0.09 A cm‘z, the activation overpotentials in Fig. 5(c) and (d) are 0.588 mV and 30.9 mV,
respectively. When the current density is 1.69 A cm ™2, the associated activation overpotentials are 20.7 mV and 269 mV, respectively.
Compared to the anode, the activation overpotential of the cathode is approximately two orders of magnitude larger, indicating that
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Fig. 7. Temperature distributions in the MS-SOFC and AS-SOFC on two typical YZ sections: (a) and (b) temperature on XZ section at Y = 0.1 cm, (a)
temperature of MS-SOFC, (b) temperature of AS-SOFC; (c) and (e) X = 0.4 cm; (d) and (f) X = 7.6 cm, (c¢) and (d) temperature of MS-SOFC, (e) and
(f) temperature of AS-SOFC.
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the oxygen reduction reaction of the cathode is more difficult to occur.
3.3. Distributions of physical fields in MS-SOFC

The distributions of physical fields for the MS-SOFC are analyzed in this section and the results are shown in Fig. 6. Fig. 6(a)
displays the distribution of current density in electrolyte. The zone with a high current density is concentrated near the inlet of the
anode, gradually decreasing along the direction from the inlet to the outlet. The current density at the entrance is 1.27 A cm ™2, while it
is 0.24 A cm™2 at the exit. The magnitude of change in current density is 1.03 A cm 2. Fig. 6(b1) and (b2) illustrate the pressure drops
inside the flow channels of the anode and cathode, respectively. The maximum pressure drops in the anode and cathode are 79.07 Pa
and 326.4 Pa, respectively, which is below the limit value. Fig. 6(c1) represents the distributions of the molar fraction of the hydrogen
in the anode electrode and metal support of the MS-SOFC. Hydrogen has a fuel utilization of 83 %. The concentration of hydrogen
decreases significantly along the flow direction in the anode, resulting in a large difference of concentrations between the inlet and
outlet. As a result, the current density near the inlet of hydrogen increases while the current density near the outlet decreases. The
variation trend of current density is similar to that of the hydrogen partial pressure. Additionally, the relatively low current density
occurs in the zone where the ribs and the electrodes contact. Fig. 6(c2) delineates the distributions of the molar fraction of the oxygen
in the cathode reaction layer and diffusion layer of the MS-SOFC. It shows that the variation of oxygen is small, because excess air is
usually passed through the cathode flow channel. Furthermore, the molar fractions of Hy in the anode and the flow passages are
compared in Fig. 6(c1) and (c3). The molar fraction of H; inside the passage is relatively higher at the same position. The average Hy
molar fraction in the anode electrode and the metal support are 0.47 and 0.5 at the outlet, respectively, mainly due to the transfer of
specie to the porous electrode. There will be an apparent change in gas concentration due to diffusion resistance in the electrode and
the metal support. Therefore, it is necessary to reasonably design the structure of the metal support to avoid serious impact on gas
diffusion. How and to what extent the metal support affects the electrical performance and temperature of the MS-SOFC will be
described in detail in the next section.

Compared with the AS-SOFC operating at 750 °C, the working temperature of the MS-SOFC has decreased to an intermediate
temperature of 650 °C owing to the employment of GDC electrolyte instead of YSZ in the AS-SOFC. However, such a high temperature
atmosphere still poses a great challenge, because the high temperature and the temperature variation will have a negative effect on the
mechanical properties of the cell, resulting in thermal fatigue, delamination, and even fracture of the cell. In addition, temperature
changes will also affect the electrical performance, such as the distributions of the potential, current density, and electrical power.
Therefore, the management and control of the cell temperature is particularly important. Besides, the gas flow in the anode has an
effect on the thermal-electric performance of the FC itself. Moreover, the metal support of MS-SOFC is relatively thick, and the thermal
conductivity is large, hence the temperature of the MS-SOFC is affected greatly, which needs to be taken into account. In order to
further quantify the influence of metal support on the internal temperature of MS-SOFC, the temperature distribution of the AS-SOFC
was calculated under the same operating conditions as listed in Table 4. Moreover, a comparison with the AS-SOFC is conducted. In
order to ensure the principle of single variable, the structure and the materials of this AS-SOFC is consistent with that of the MS-SOFC
introduced in Section 2 with the metal support is replaced with an anode support. The gas flow of the AS-SOFC is also counter-flow
arrangement. Fig. 7 further explores the influence of the metal support on the temperature distribution in the MS-SOFC. In this figure,
the results of the AS-SOFC are obtained under the same conditions. The temperature fields on the anode side including the electrolyte,
the anode reaction layer, the metal or anode support layer, the anode flow channel, and the interconnect are compared. Fig. 7(a) and
(b) give the temperature distributions at the central position where the electrochemical reaction is the most intense. The temperature
of the MS-SOFC increases first and then gradually decreases from the inlet to the outlet along the X direction owing to the mutual
interaction of heat transfer and electrochemical reactions. The maximum temperature for the MS-SOFC is 1011.3 K with a temperature
difference of 88.15 K, while the peak temperature is 1014.6 K for the AS-SOFC with a temperature difference of 91.45 K. Compared to
the AS-SOFC with a similar structure of the MS-SOFC, the temperature difference amplitude of the MS-SOFC has been reduced by 3.61
%.

The temperature variation inside an SOFC during operation can affect the thermal stress of ceramic materials. Excessive thermal
stress will damage the bonding between the ceramic layer and the metal support, seriously affecting the performance and lifespan of
the cell. A further analysis of temperature distribution at different locations inside the entire MS-SOFC provides a reference for
optimizing heat transfer within the cell. Fig. 7(c), (d), (e), and (f) display the magnified views of two typical sections at X = 0.4 cm and
X = 7.6 cm away from the inlet of the anode flow passage. The internal temperature distribution of the MS-SOFC is similar with that of
the AS-SOFC. In Fig. 7(c), the maximum temperature is located at the center of the flow passage of the cathode, approximately 983.79
K, decreasing gradually towards the surrounding to 954.2 K. Meanwhile, the minimum temperature occurs at the center of the flow
passage of the anode, approximately 951.15 K, and increases outwards gradually to 952.91K. Because the oxidation reactions in the
MS-SOFC are exothermic, the temperature of the positive electrode-electrolyte-negative electrode (PEN) layer is relatively high. The
average temperature of the main GDC electrolyte is 954.32 K and gradually diminishes along the X-axis in both directions. The average
temperature is 954.19 K for the anode reaction layer and 954 K for the metal support. The maximum temperature difference across the
entire section is 32.64 K. In comparison, the maximum temperature in Fig. 7(d) appears at the center of the flow passage of the anode,
approximately 939.21 K, and decreases outwards to 936.35 K. Accordingly, the minimum temperature is located at the center of the
flow passage of the cathode, approximately 924.26 K, gradually increasing outwards to 935.87 K. The average temperature of the main
GDC electrolyte is 936.45 K, which decreases slightly along the X-axis in both directions. The average temperature is 936.44 K for the
anode reaction layer and 936.41 K for the metal support. The maximum temperature difference across the entire section decreases to
14.95 K. In Fig. 7(e) and (f), at X = 0.4 cm, the maximum and minimum temperatures of the AS-SOFC are 987.92 K and 954.97 K,
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respectively, and the temperature difference is 32.95 K. At X = 7.6 cm, the maximum and minimum temperatures of the AS-SOFC are
940.52 K and 924.25 K, respectively, and the temperature difference is 16.27 K. Compared to the AS-SOFC, the temperature difference
of the MS-SOFC decreases by 0.94 % and 8.11 %, respectively. From Table 2, the thermal conductivity of the metal support layer is 20
W m~! K1, while the thermal conductivity of the anode Ni/GDC is only 6.0 W m~! K~1. Compared with the anodic material, the
thermal conductivity of the metal support is 3.33 times greater. Therefore, it is evident that the use of metal support is more conducive
to the conduction of ohmic heat inside the electrolyte, which is beneficial for improving the uniformity of internal temperature field,
reducing thermal stress, and increasing the life and reliability of the MS-SOFC.

3.4. Effect of metal support structure

The selection of metal support structure parameters in this section is based on the parameter range for optimal design of metal
support structure as described in the patent of Ceres Power [51]. The initial temperature, pressure, and voltage are set to 923.15K, 0.1
MPa, and 0.75V, respectively. Fig. 8 shows the effect of the structure of metal support on the thermal-electric performance of MS-SOFC,
where Fig. 8(a) shows the effect of the porosity of the metal support where the operating conditions are the same as Table 2. Fig. 8(b)
shows the influence of the thickness of the metal support. It can be seen that the current density and temperature distribution of
MS-SOFC exhibit opposite trends with regard to the porosity and the thickness although the magnitude is small. As can be seen from
Fig. 8(a), when the support thickness is 100 pm and the porosity increases from 0.45, 0.50, 0.55, 0.60 and 0.65, the current density is
8653.13 A m~2,8653.25 A m~2,8652.71 A m 2,8651.88 A m 2 and 8650.51 A m™2, respectively. The current density gradually
increased and then gradually decreases. When the porosity is 0.50, the peak value of current density appears. The temperature in-
creases gradually and slowly at 982.07K, 982.24K, 982.42K, 982.61K and 982.81K, respectively. As can be seen from Fig. 8(b), when
the porosity is 0.50 and the support thickness increases from 50 pm, 100 pm, 150 pm, 200 pm and 250 pm,the current density is
8638.36 Am 2, 8653.21 Am 2, 8661.22 A m ™2, 8668.57 A m 2 and 8675.26 A m~2, respectively, and the current density gradually
increased slowly. Its temperature is 982.79K, 982.24K, 981.86K, 981.47K and 981.09K, respectively, and the temperature gradually
decrease.

The porosity and thickness of the metal support have different effects on the thermo-electric performance of the FC, mainly because
of their various mechanisms. In terms of porosity, it not only affects the mass transport, but also affects the charge collection between
the support and the interconnect. Therefore, the influence of the metal support on the performance of the FC is the results of the trade-
off of these two factors. For the thickness, the thicker the support is, the more difficult the diffusion of the reaction gas in the beginning
part of the flow channel, enhancing the concentrations of the reactant gases at the downstream. On the other hand, the temperature in
the middle zone is the highest along the flow direction. As the thickness of the metal support increases, a more uniform temperature
distribution is obtained due to a better thermal conductivity of the metal support and the temperature at the region in the proximity of
the outlet is improved. As a result, the current density in the beginning part of the flow channel decreases whereas the current densities
in the middle zone and the downstream part increase, leading to a slightly improvement of the overall current density in the considered
range of the metal support thickness. In addition, due to the electrochemical reaction in the FC, the internal electric field changes,
which affects the internal temperature distribution. As the increase of the porosity, due to the decrease of the concentration polari-
zation, the heat generated in the anode due to the exothermic electrochemical reaction increases. However, the heat capacity of the
metal support declines. Therefore, influenced by these two factors, the temperature increases slightly. When the thickness of the metal
support enlarges, the heat capacity of the metal support increases. Meanwhile, more reaction gases inside the metal support which of
temperature is lower, the lower the temperature will be correspondingly because of the gas heat transfer. In general, the influence of
the structure parameters of the metal support on the performance evaluation of FC is complicated, and the structure of the metal
support needs to be carefully designed.

4. Conclusion

A 3D multi-physical model was designed for an MS-SOFC and the internal thermohydraulic and electrochemical performances were
investigated. First, the overall polar curve of the MS-SOFC was obtained according to the simulation results. Then, the distributions of
velocity and species concentration were analyzed. The variations of the ionic and electronic current densities were explored as well.
Finally, the temperature distributions inside the MS-SOFC were discussed. The main conclusions are summarized as follows.

(1) With the thermal radiation model using a discrete method, the prediction of temperature field of the MS-SOFC is improved. The
convection heat flux, conduction heat flux and radiation heat flux account for 75.01 %, 21.86 % and 3.13 % of the total heat
flux, respectively. With and without radiation, the corresponding maximum temperature differences in the anode channel are
87.6 K and 89.8 K; the maximum temperature differences in the cathode channel are 85.9 K and 88.1 K. Compared to that
without radiation, the maximum temperature difference is reduced by 2.42 % when there is radiation.

(2) Anode concentration overpotential is mainly due to the reactants need to overcome the resistance of the metal support to reach
the three-phase reaction interfaces, which indicates that the structure of the metal support has a serious impact on the diffusion
of gas components, and then affects the performance of the MS-SOFC. When the current density is 0.09 A cm ™2, the concen-
tration overpotential of anode and cathode is 0.05 V and 0.02 V, respectively. However, when the current density is increased by
1.69 A cm ™2, the concentration overpotential is 0.22 V and 0.07 V, respectively.

(3) Using the metal support is beneficial for improving the temperature uniformity inside the SOFC. The maximum temperature for
the MS-SOFC is 1011.3 K with a temperature difference of 88.2 K, while that for the AS-SOFC is 1014.6 K with a temperature
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Fig. 8. Effect of metal support on thermal-electrical performance the MS-SOFC: (a) the porosity; (b) the thickness.

difference of 91.5 K. Compared to the AS-SOFC, the temperature difference amplitude of the MS-SOFC has been reduced by
3.61 %. Compared to the AS-SOFC, the temperature difference of MS-SOFC decreases by 0.94 % at X = 0.4 cmand 8.11 % at X =
7.6 cm, respectively. Therefore, the metal support is conducive to improving the conduction of ohmic heat inside the electrolyte
layer and the temperature uniformity, which is important for the reduction of internal thermal stress, and enhancement of the
life and reliability.
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