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ABSTRACT

Solid oxide fuel cells (SOFCs) are among one of the promising technologies for efficient and clean energy. SOFCs offer
several advantages over other types of fuel cells under relatively high temperatures (600 C to 800 C). However, the thermal
behavior of SOFC stacks at high operating temperatures is a serious issue in SOFC development because it can be asso-
ciated with detrimental thermal stresses on the life span of the stacks. The thermal behavior of SOFC stacks can be influ-
enced by operating or material properties. Therefore, this work aims to investigate the effects of the thermal conductivity
of each component (anode, cathode, and electrolyte) on the thermal behavior of samarium-doped ceria-based SOFCs at
intermediate temperatures. Computational fluid dynamics is used to simulate SOFC operation at 600 C. The temperature
distributions and gradients of a single cell at 0.7 V under different thermal conductivity values are analyzed and discussed
to determine their relationship. Simulations reveal that the influence of thermal conductivity is more remarkable for the
anode and electrolyte than for the cathode. Increasing the thermal conductivity of the anode by 50% results in a 23% drop
in the maximum thermal gradients. The results for the electrolyte are subtle, with a ~67% reduction in thermal conductivity
that only results in an 8% reduction in the maximum temperature gradient. The effect of thermal conductivity on tem-
perature gradient is important because it can be used to predict thermal stress generation.
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1. Introduction operating temperatures lead to difficulties in selecting
materials. Moreover, decreased durability associated
Solid oxide fuel cells (SOFCs) are among one of  with thermal stress generation during prolonged
the most efficient energy conversion tools with effi- ~ operations is unavoidable and has become a hurdle in
ciencies of up to 65% [1]. This technology can serve  the commercialization of SOFCs [3]. To overcome
as a stationary power generator to replace traditional ~ these issues, scholars have focused on developing
internal combustion. SOFCs exhibit advantages such ~ SOFCs with high performance at operating tempera-
as fuel flexibility, low pollution, and potential for co-  tures lower than 800°C [4,5]. Although numerous
generation with other industries, under typically high  researchers have focused on the electrochemical per-
temperatures (600°C to 1000°C) [2]. However, high ~ formance of SOFCs, the thermal performance of
these tools at intermediate temperatures requires
equal attention. The durability issue can be addressed
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major sources that contribute to the reduced thermal
durability of SOFCs is thermal stress generation
within stacks during start-up, operation, and shut
down [6]. Thermal stresses can be influenced by tem-
perature gradients and components thermal expan-
sion coefficients [7,8]. An increase in temperature
gradients causes thermal stress to rise [9]. Localized
hot spots where the highest temperature gradients
occur bear the highest thermal stress because materi-
als expand greatly at these points; mismatch among
thermal expansion coefficients of component also
worsens stress generation given that it may result in
the curling of the components [10].

Temperature gradients can be managed through
several methods, such as the cooling effect by inlet
gasses or materials thermal conductivities. The cool-
ing effect resulting from the variation in air flow rates
reduces the temperature difference within a stack

[11,12]. However, the discussion on the effects of
materials thermal conductivities on the temperature
behavior of SOFCs remains limited [13,14]. Research-
ers can predict the temperature distributions and gra-
dients within cells and plan for effective heat
management strategies by understanding the effects
of materials thermal conductivities. Therefore, the
current study aims to determine and discuss the
effects of the thermal conductivities of the anode,
cathode, and electrolyte on the temperature distribu-
tion within a single samarium-doped ceria (SDC)-
based SOFC stack. The SDC-based SOFC is selected
in this study due to the performance of SDC at inter-
mediate temperatures (600°C to 800°C), which is bet-
ter than that of the traditional yttria stabilized zirconia
('YSZ) [12]. The thermal behavior of the SOFC is
investigated at 600°C because it is the lower limit of
intermediate temperatures.

Anode gas channel
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interconnect
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Cathode

Cathode gas channel
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.i. contact/ current collector
Z X
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Inlet

Cathode interconnect contact/
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Fig. 1. Schematic of SOFC stack model: (a) front view and (b) isometric view.
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Table 1. Details of SOFC stack model used in this study

Electrochem. Sci. Technol., 2020, 11(2), 132-139

Component Material Length (mm) Width (mm) Thickness/height (mm)
Electrolyte SDC 40 2 0.02

Anode Ni-SDC 40 2 0.35

Cathode LSCF-SDC 40 2 0.02
Interconnect Stainless steel 40 3 13
Gas channel 40 2 1

Table 2. Physical properties of anode, cathode, and electrolyte

Parameter Unit Anode (Ni-SDC) Electrolyte (SDC) Cathode (LSCF)
Porosity, % 30 110 30
Permeability, m 110 110 110
Tortuosity factor, 3 3 3

Ratio of active surface

area to volume, S/V m /m 3 10 i 3 10
Electrical conductivity, m 80000 [15] 8400 [16]
Pore size m 110 110 110

Table 3. Parameters for modeling the reactions

Electrode Reactions Reference exchange current density, I (A/m)
Anode 2H +O 2HO+2e 2.191 10 [15,17]
Cathode O+ O 610.834 10 [4,17]

2. Experimantal

2.1 Cell geometry

Commercial computational fluid dynamics (CFD)
software package CFD-ACE+™ v2014.0 is used to
model and simulate the operation of the SOFC stack at
600°C. The three-dimensional model is built on the
basis of the SOFC stack developed by Cui et al.
(2010), as shown in Fig. 1. The SOFC model consists
of four main components, namely, electrolyte, anode,
cathode, and a pair of interconnects at the anode and
cathode sides. The work of Cui et al. (2010) is used as
a reference due to the similarities of the SDC-based
materials studied and their use of simulations to sup-
port their findings. Therefore, some of the parameters
used in the current study are obtained from their work.
The components of the electrolyte, anode, cathode,
and interconnects and their dimensions are listed in
Table 1. The manipulated variable is the thermal con-
ductivity of the anode, cathode, and electrolyte. Other
physical properties of the three components are fixed
throughout the experiment (Table 2).

2.2. Chemical reactions

In an SOFC, fuel and air are supplied to the anode
and cathode for electrochemical reactions to occur.
The chemical reactions are modeled as a surface
reaction with oxygen reduction at the cathode and
hydrogen oxidation at the anode. The other values
used to model the reactions are listed in Table 3. The
values for the reference exchange current densities
are based on several published works, including that
of Cui et al. (2010), to ensure the suitability of the
values to the developed model.

2.3. Boundary conditions

The inlet of the anode channel is supplied with
humidified hydrogen (97% H,+3%H,0), and the
cathode channel is supplied with air
(21%0,+79%N,) in the same direction [18]. The
simulation is conducted at 600°C and 0.7 V. The
operating voltage is set to 0.7 V due to the nature of
SOFCs, which are usually operated between 0.6 and
0.7 V [19]. The humidified hydrogen is supplied at
1 10® kg/s, and that of air is supplied at 8 107 kg/s.
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The temperatures of both gases at the inlets are fixed
at 600°C. The pressure is fixed at 1 atm at both out-
lets. The anode and cathode contact (located on the
interconnects surfaces) is treated as an isothermal
wall with a temperature of 600°C, and the other walls
are treated as an adiabatic wall to focus on the impact
of heat generation from the electrochemical reac-
tions on the thermal behavior of the model [9].

2.4. Model validation

A grid independent test is carried out by changing
the mesh element size at the anode electrolyte cath-
ode structure and along the model length. Four mod-
els with 32 000, 48 800, 62 400, and 78 000 mesh
elements are simulated and compared in terms of
their output current values and profile temperatures.
The mesh elements exert an insignificant effect on
output current values. However, the temperature pro-
files change significantly when the number of mesh
elements increases. Grid independency is achieved at
62 400 mesh elements as increasing mesh numbers
beyond this value has an insignificant effect on the
current output value and temperature profile. There-
fore, the model with 62 400 mesh elements is
selected to be used throughout this study. The simula-
tion is terminated when the residual for the numerical
solutions decreases by at least four orders of magni-
tude for each computed variable [20]. Convergence is
reached in approximately 8 h on an Intel fi Xeon fi 4
CPU with 16 GB RAM and 3.6 GHz.

For validation, the voltage current density (IV)
curve from the simulation data is compared with that
reported by Cui et al. (2010) (experimental); in both
studies, the SOFCs are based on SDC. To obtain the
IV curve closest to the one from the study of Cui et
al. (2010), the present work manipulates the Tafel
constant (), one of the parameters for electrochemi-
cal reaction. This value is usually set to 0.5 in SOFC
simulations [21]. However, during validation, the
pattern can be made closer to that in the literature by

Table 4. Thermal conductivities used for simulations

0.90

= Cuietal. (2010) (experiment)
Current model (simulation)

0.85 |-
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0.70 |-
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Fig. 2. Comparison between IV curves in this study and in
literature.

changing the value. Therefore, is tested within 0.5
to 1 given that the suitable value for SOFC simula-
tions typically ranges from 0 to 1 [22]. After varying
the value, the IV curve pattern that closely matches
the IV curve from the literature is found at =1. Fig-
ure 2 shows the comparison of the simulated and
experimental IV curves. The simulation results agree
well with the experimental data reported by Cui et al.
(2010) and present a relatively low average root
mean square error of 0.014, which indicates that the
model is reliable to be used for the entire study.

3. Results and Discussion

Thermal conductivity is an important parameter in
heat transfer because it affects temperature distribu-
tions and gradients. Each component (electrolyte,
cathode, and anode) is simulated with different val-
ues to determine their significance to the thermal
behavior of the model. The values represent the
effects of the high, low, and original thermal conduc-
tivities of each component. The original value is the
thermal conductivity obtained from the literature for

Component

Thermal conductivity value from literature,

Tested thermal conductivity, k (W/m.K)

k (W/m.K) Lower Higher
Electrolyte 2.5[23] 15 35
Cathode 3.5[24] 25 45
Anode 12 [25] 6 15
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each component. The values of the thermal conduc-
tivity simulated are listed in Table 4.

Figs. 3, 4 and 5 show the temperature distributions
along the model at different thermal conductivity val-
ues for the electrolyte, cathode, and anode, respec-
tively. The temperature distribution pattern is nearly
the same for all components. The temperature
increases along the length of the model and reaches
the maximum near the outlet. The increase in tem-
perature is mainly due to heat generation during elec-
trochemical reactions and conduction along the
components. For the cathode and electrolyte, the
variation in the temperature profiles is nearly unno-

600 600.2 600.4 600.6 600.8

ticeable at different thermal conductivity levels.
However, a different case is observed at varying ther-
mal conductivity levels of the anode. Fig. 5 shows
that the maximum temperature near the outlet
increases with the increase in thermal conductivity.
This finding is probably due to the fast heat transfer
at high thermal conductivity [14]. The temperature
gradients along the cell are determined to further
understand the thermal behavior of the model and
relate it to thermal stress.

Fig. 6 shows the temperature gradient along the
single cell for different electrolyte, cathode, and
anode thermal conductivities. For all values of ther-

6012 601.4 601.6 601.8 602

2 " x

600 | ——

s T-°C

1.5 WmK

2.5 W/mk

3.5W/mK

(Inlet)

(Outlet)

Fig. 3. Temperature profile along the model for different thermal conductivity values of the electrolyte.

Fig. 4. Temperature profile along the model for different thermal conductivity values of the cathode.
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Fig. 5. Temperature profile along the model for different thermal conductivity values of the anode.

Fig. 6. Temperature gradients along the length of the model at different thermal conductivity levels: (a) electrolyte, (b)
cathode, and (c) anode.

mal conductivities, the temperature gradient pattern  gradient occurs near the inlet (z = 0.0 cm). The gradi-
can be divided into three parts. The first temperature  ent is smaller than that in the middle part of the single
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cell because the electrochemical reactions just start
and the flow is still developing. The second tempera-
ture gradient is at the middle of the single cell, where
the temperature increases steadily and greatly com-
pared with that in the first gradient. The increase in
temperature along the model is due to the heat gener-
ated by the electrochemical reactions at the anode
electrolyte interface [11]. In real applications, hydro-
gen oxidation at the anode electrolyte interface is
highly exothermic, whereas the oxygen reduction at
the electrolyte cathode interface is endothermic in
nature [26]. The difference in heat generated and con-
sumed in both reactions results in the large tempera-
ture gradient along the single cell. The third part was
near the outlet (z = 4.0 cm) where the temperature
gradient decreases as the flow approaches the outlet
due to lower external temperature.

From the temperature gradients for each compo-
nent, the effects of thermal conductivity on tempera-
ture gradient are more visible for the anode than for
the electrolyte and cathode. The simulations show
that the temperature gradient for the electrolyte
decreases by 8.3% from 77.42 K/m to 70.97 K/m
when the thermal conductivity decreases by 67%
from 1.5 W/m.K to 0.5 W/m.K; it does not change
when the thermal conductivity further increases. For
the anode, the temperature gradient decreases by
23% from 74.90 K/m to 57.40 K/m when the thermal
conductivity decreases by 50% from 12 W/m.K to
6 W/m.K; it increases by 11.5% from 74.90 K/m to
82.60 K/m when the thermal conductivity increases
by 25% to 15 W/m.K. The remarkable variation in
temperature gradients for different thermal conduc-
tivity levels of the anode is probably due to its thick
support structure relative to the thin electrolyte [27].
On the contrary, the thermal conductivity of the cath-
ode does not exert a substantial effect on the tempera-
ture gradients probably due to the endothermic
generation at the cathode. The anode has the largest
temperature gradient and is thus more susceptible to
thermal stress than the other components [27]. There-
fore, producing anodes and electrolytes with the low-
est thermal conductivities possible is important to
avoid damage due to thermal stress [7,28].

4. Conclusions

To determine the effects of the thermal conductiv-
ity of each component (electrolyte, anode, and cath-

ode) on the temperature distributions of SOFCs, this
study presents a CFD model of SDC-based SOFC.
The simulation data are validated with experimental
data from the literature to ensure the reliability of the
predicted results. A good agreement is obtained
between the simulation and experimental results. The
effects of the thermal conductivity of each compo-
nent are further simulated. The thermal conductivi-
ties of the anode and electrolyte influence the stack s
temperature distribution particularly due to the exo-
thermic reaction. The significance of thermal con-
ductivity is greater for the anode because it has a
thicker structure than the electrolyte. Meanwhile, the
thermal conductivity of the cathode is insignificant in
controlling the stack s temperature distribution.
Overall, anodes and electrolytes with low thermal
conductivities are preferred to control the tempera-
ture distributions and gradients within SOFC stacks.
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