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A comprehensive two-dimensional model has been developed to investigate the performance of
tubular solid oxide fuel cell (T-SOFC) stack with different supported structures. The discrepancy
between the anode-supported tubular SOFC (AST-SOFC) stack and the cathode-supported tubular
SOFC (CST-SOFC) stack are examined by varying temperature, electrical conductivity, porosity,
contact resistance and output voltage. The results illustrate that the different supported structures have
an significant influence on the performance of stack. The performance of CST-SOFC stack is much
better than AST-SOFC stack for any aforementioned working parameters. Especially in lower
temperature, smaller cathode conductivity, larger cathode porosity and lower output
voltage, the advantage is more outstanding.
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1. INTRODUCTION

In recent years, in order to deal with the crisis of energy resource and environmental pollution,
countries around the world are actively developing clean, efficient and environmentally friendly new
energy technology, such as solar energy, nuclear power and wind energy. Solid Oxide Fuel Cell
(SOFC) exhibits a great advantages and potential in solution of energy crisis and environmental
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pollution due to its high efficiency of energy conversion, lower or zero emissions of pollutants,
flexibility in fuel choice and without noble metal catalytic, etc[1-4]. Therefore, it has made great
strides in worldwide, which is considered to be the most developed renewable source in the 21st
century [5, 6].

There are many choices in its structure and shape design due to all-solid-state structure of
SOFC. Therefore, it can be designed according to different usage requirements and environments.
Moreover, the design of SOFC should be persisted in reliable performance, easy to enlarge and
maintenance as well as reasonable price principle. At present, the major SOFC types include the planar
SOFC and the tubular SOFC [7]. The Planar SOFC is of the simple structure, preparation process,
short current paths and high energy conversion efficient [8]. However, planar SOFC sealing at high
temperature is difficult, which leads to poor thermal cycling performance. And thus, it is a huge
challenge for the reliability and long-term stability of SOFC. In contrast, tubular SOFC (T-
SOFC)shows the advantages of simple sealing, high volume energy density, better thermal shock
resistance and mechanical strength, easy in series or parallel mode of each single cell assembled into
large scale fuel cell system[7-9].Furthermore, long-term stability tests with T-SOFC up to 69,000 h
were reported[10], so the research on its structure and performance has been the frontier and hot
direction in the research of fuel cell.

In published literatures, there are some studies about the CST-SOFC and AST-SOFC. Li et al.
[11] established a CST-SOFC model and investigate the influence of temperature and species
concentration on the electrochemical properties of CST-SOFC. Lee et al. [12] designed a new cell
structure to reduce the high ohmic loss and increase the uniform gas distribution in anode-supported
micro-tubular SOFC. Cui et al. [13] compared the different current collector types and found the
current collector type played a key role in improving the cell performance. Zhou et al.[14] developed
an AST-SOFC model and pointed out that the maximum output power density of the cell at
800°Cincreased from 266.7 to 306 mW/cm? with the fuel gas pressure rising from 1 atm to 6 atm. Jia et
al. [15] proposed an electrochemical model of the T-SOFC stack with radiation heat transfer inside
tube, and showed that reducing the electrolyte thickness and increasing the mean pore radius of the
electrode are beneficial to increasing the cell performance.

Su et al. [16] compared the performance difference of the anode-supported planar SOFC (ASP-
SOFC) stack with that of the cathode-supported planar SOFC (CSP-SOFC) stack from gas
concentration distribution, potential distribution to temperature distribution. At the same time, the
discrepancy between ASP-SOFC and CSP-SOFC are further verified by changing contact resistance
rib size, and pitch width. The results indicated that the output of the CSP-SOFC with the optimal rib
size was obviously higher than the that of ASP-SOFC for different pitch widths and contact
resistances. But, whether this conclusion is applicable to the T-SOFC, there is currently no found in the
existing literature. Therefore, the feasibility of the research in this area has not been confirmed yet and
this is also the purpose and essence of this paper.

In order to further verify the performance merits between AST-SOFC and CST-SOFC, a 2D
model of SOFC is established firstly. The performance analyses and comparing of the fuel cells
mentioned above are carried out based on specified geometries of the T-SOFC, and then illustrates the
influence of the cell design on the cell performance.
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2. MODEL

2.1 Geometry Model

Figure 1. The cross-section of the T-SOFC
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Generally, the T-SOFC stack includes many single cells and interconnectors. An single cell has
a electrolyte, anode and cathode, as shown in Fig. 1. According to the symmetry of tubular SOFC
structure, this work selects half of the repeating unit as computational domain, as shown in Fig. 2. The
geometric parameters involved in the simulation process are listed in Table 1.
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Table 1. Geometric parameters

Cell component Value (um)
anode-supported
anode thickness 1000
electrolyte thickness 20
cathode thickness 50
cathode-supported
anode thickness 50
electrolyte thickness 20
cathode thickness 1000
inside diameter 9000
interconnect width 3000
interconnect height 2500

2.2 Governing equations

2.2.1 Governing equations of Gas transport in electrodes
The molar flux of species in electrodes may be expressed as [17,18]:
Deff D_eff
eff . effII< eff vCi
DlZ + X1D2K + X2 DlK

N, =—
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Because the all parameters symbols in this paper are same to that in reference[17], the meaning

of parameters symbols don't given here again.
D;" and D;" can be expressed as follows [17,19]:

0.5
off &€ 3.198x108T*"( 1 1
Dij = — " 5 V+M_ (2)
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2.2.2 Governing equations of charge conductive

Electron current density and ion current density can be expressed as [17]:

V- I ( effv¢e|) current (4)
v-|i0=v-(—a;ﬁv¢,o)=—s (5)

current
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2.2.3 Butler-Volmer equations

For Ni/YSZTPB the charge transfer current density( i

N—

.an van EH2 1 1
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ref

For LSM/YSZTPB, i

Ph, Pri.o RT
can be written as [17,20]:

trans
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Table 2. Model input parameters
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The values of input parameters used in the model are shown in Table 2.

) can be written as [17,20]:

F
niélﬂ (6
nﬁj] (7

ca
af 1ﬂr

Descriptions Symbol Value
Temperature (C) T 1000
Operation voltage (V) Vo 0.7
Tortuosity factor T 35
Porosity & 0.3

Mole fraction of fuel H, X0 0.7,0.3
Mole fraction of air Xo, » Xu, 0.21,0.79
Inlet concentration of fuel (mol m™) gz , 220 6.7,2.87
Inlet concentration of air (mol m™) 22 , (N’z 2.01, 7.56
Activation energies for the anode (J mol™) E, 1.2¢
Activation energies for the cathode (J mol™) E, 1.3¢°
Exchange transfer current density of anode(A m™) i 2000
Exchange transfer current density of cathode (Am™ | i 860
1F\;ea(:tion symmetric factor for anode o g 2,1
Reaction symmetric factor for cathode ca 15,1
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2.3 Boundary conditions

Different boundary conditions have to be set to solve the coupled partial differential equations
mentioned above, as described in Table 3.

Table 3. Boundary settings in numerical simulation

Location Boundary conditions Boundary type

(mass ,charge)

c® = pg /RIT H, molar concentration
Anode / channel c = pg o/ RIT H,O molar concentration
Anode / rib E, (= 1. 1v) Reference potential

0.01 Q cm?- 0.05 Q cm? Contact resistance

—in AR 12F H, Inward molar flux
Anode / electrolyte i AR 2F H,O Inward molar flux
trans PB
—jan A Inward current flow(Electronic transfer)
trans”“TPB
jan gA Interior current source(lonic transfer)
trans” "TPB
Cathode / channel c’=pd /IRIT O, molar concentration
¢’ = pgz /IRIT N2 molar concentration
Cathode / rib Vop Reference potential

0.01 Q cm® 0.05 Q cm? Contact resistance

ica A
—i2 Ah. 4F O, Inward molar flux
Cathode / electrolyte 0 N> Inward molar flux
i A Inward current flow(Electronic transfer)
—j@ A Interior current source(lonic transfer)
trans” “TPB
All others - Insulation / Electric insulation

Note: A/, is the area-specific TPB length, insulation means no flow through the border and electric

insulation means that the normal component of the electric current is zero [17].
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3. RESULTS AND DISCUSSION

In order to research the difference between the AST-SOFC and CST-SOFC, two 2D models
were developed with the same basic model parameters listed in Table 1 except the thickness of
electrodes. The anode and cathode thickness of AST-SOFC stack are 1000 and 50 um, respectively,
which for CST-SOFC stack are 50 and 1000 um, respectively. Based on the established physical
model, two different electrode supported structures are compared in terms of operating temperature,
electrical conductivity, porosity, contact resistance and output voltage.

3.1 Effect of Operating Temperature

Temperature plays a key role in affecting the performance of the cell, while the high
temperature is conducive to the improvement of cell performance, as illustrated in Fig. 3. The output
current density increases 15.7% and 3.2% from T=850Cto T=1150C for the AST-SOFC stack and
CST-SOFC stack, respectively. This results are similar with the experimental data reported in
references[21-23]. Ullah et al. reported that the output power density were increased about 18.80%
when operating temperature increased from 650 °C to 750 °C. Lopez-Robledo et al. fabricated micro-
tubular SOFC and founded that the peak power densities of cell was 335 mW cm 2 at 750 °C and 525
mW cm2at 800 °C. It is shown that the performance of AST-SOFC is influenced remarkably by
temperature. It is attributed to the fact that the electrode conductivity increases with the increase of the
temperature, while thinner cathode of AST-SOFC is more susceptible to temperature. It appears that
the performance of CST-SOFC has been better than the performance of AST-SOFC at different
operating temperatures, especially under low operating temperature, the advantage is more obvious.
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Figure 3. AST-SOFC stack and the CST-SOFC stack performance comparison with different
operating temperature.
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3.2 Effect of Electrical Conductivity

Fig. 4 shows the effect of electrical conductivity on the AST-SOFC performance and CST-
SOFC. The output current density of AST-SOFC and CST-SOFC increases with the increase of anode
electrical conductivity, but the current density of AST-SOFC is slightly affected by electrical
conductivity. This results are similar with the data reported in references[17], which founded that the
output of AST-SOFC wasn't almost change when anode conductivity increased from 4510 S m™ to
45100 S m™. For AST-SOFC, the anode is thick. Moreover, the anode conductivity is quite large. As a
result, the effect of anode conductivity on AST-SOFC performance is almost negligible when anode

conductivity is lager.
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Figure 4. AST-SOFC stack and the CST-SOFC stack performance comparison with different electrical

conductivity.
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The different effects of the anode conductivity on the AST-SOFC and CST-SOFC performance

are due to the anode thickness difference. Furthermore, the current density of CST-SOFC is greatly
improved compared with AST-SOFC, as can be seen in Fig. 4(a). When the anode electrical
conductivity is 2.2¢ S/m, the output current density of the CST-SOFC increases 18.2% compared with
AST-SOFC. While the anode electrical conductivity is 0.2¢ S/m, it increases only 4.7%. Clearly, the
bigger the anode electrical conductivity is, the more outstanding the performance advantages of the
CST-SOFC is.
Fig. 4(b) describes the relationship between output current density and cathode conductivity. It is
obvious that the change of cathode conductivity has a profound influence on the output performance of
cell. With the cathode conductivity varying from 0.2c S/m to 2.2c S/m, the output current density of
CST-SOFC is superior to the AST-SOFC. Furthemore, the performance advantage of CST-SOFC is
more significant in the smaller cathode conductivity situation.

3.3 Effect of Porosity

Porosity is an important parameter in describing difficulty lever of gas transmission in the
electrode. Fig.5 describes the correspondence relationship between the porosity and the current density
of different cell designs. As shown in Fig. 5(a), the output current density of AST-SOFC first ascended
and the descended with the increment of anode porosity, but is slightly affected by anode porosity.
However, the output current density of CST-SOFC is decreased gradually at a more conspicuous rate
with increasing anode porosity. For the change of anode porosity, the reason for the opposite trend of
the current density is that the anode in anode supported SOFC is thicker, the diffusion of fuel gas
caused a greater concentration polarization.

[ #— anode-supported anode
. @ cathode-supported anode

3500 -
3400 -
3300 - .
3200 4

3100

Current Density (Ajmz)

30004 = - - - -
-

2900 T T T T T T T T T T T v T d
0.20 0.25 0.30 0.35 0.40 0.45 0.50
&

(a) anode



Int. J. Electrochem. Sci., Vol. 11, 2016 10219

3600

#— anode-supported cathode
™ @ cathode-supported cathode

3400

32001 = o

(A/m?)

" 3000 - N

2800 -

Current Density

2600 - =

2400

0.20 0.25 0.30 0.35 0.40 0.45 0.50
&

(b) cathode

Figure 5. AST-SOFC stack and the CST-SOFC stack performance comparison with different porosity.

And thus, increasing the porosity is favorable to the diffusion of gas, which can reduce the
concentration polarization and raise the output current density. However, it is a quite different situation
for the thinner anode of CST-SOFC. The increase of porosity will lead to a serious decline in electrical
conductivity, which makes the ohmic polarization significantly increased. So, there exists the
phenomenon of current density rapid reduction with the porosity increase. The results are similar with
the findings in the reference [24]. The effective conductivities is the function of porosity with
Bruggeman factor of y=3.5, which means that conductivity reduce sharply with the decrease of
porosity.

In Fig. 5(b), the cell output of AST-SOFC and CST-SOFC decrease by the increase of cathode
porosity. The reason is that the cathode conductivity is lower, and thus the increase of porosity will
cause of seriously reduced cathode conductivity. Further analysis of Fig.5 (a) and (b) show that the
output current density of CST-SOFC is maintaining at a higher level comparing with AST-SOFC,
especially when the anode porosity equals 0.2 and the cathode porosity equals 0.5. The corresponding
current density growth percentage is 17.6% and 25.7% respectively.

3.4 Effect of Contact Resistance

Fig. 6 shows the effect of contact resistance on output current density. As expected, the output
current density reduces with the increase of the contact resistance. When the contact resistance varies
from 0.01 Q cm? to 0.05 Q cm? the output current density decrease by 59.5%, 62.8%, 59.6% and
62.8% for the anode/cathode of AST-SOFC and CST-SOFC, respectively. The results are similar with
the findings in the reference [25]. The current densities decreases from 6909 to 5611 A m 2 with the
increase of contact resistance from 0.01 to 0.05 Q cm® Therefore, it is advisable to decrease the
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contact resistance between the interconnector and electrode so as to improve the cell output. When the
contact resistance is 0.01Q cm?, comparing with AST-SOFC, the output current density of CST-SOFC
rose by 13.9% at the anode sideand 14.0 % at the cathode side. Obviously, CST-SOFC provides
considerably better performance than AST-SOFC.
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Figure 6. AST-SOFC stack and the CST-SOFC stack performance comparison with different contact
resistance.
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3.5 Effect of Output Voltage (Vop)
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Figure 7. AST-SOFC stack and the CST-SOFC stack performance comparison with different VVop.

To analyze the influence of Vop on T-SOFC, different Vop values are selected so that the Vop
changes from 0.5 V to 0.8 V. As is depicted in the Fig.7, the output current density of AST-SOFC and
CST-SOFC decreases rapidly with increasing of Vop. Clearly, the cell output is strongly dependent on
the Vop. This results is similar with the findings in reference [26].

A further observation indicates that the current density curve of CST-SOFC is in the above for
different output voltage. Accordingly, it is important to know that the change of supported structure of
the cell can effectively promote the improvement of the performance of the SOFC stack. What’s more,
this superiority is more apparent when Vop is 0.5 V. Compared with AST-SOFC, the output current
density of CST-SOFC increase by 14.4%.

4. CONCLUSIONS

In this study, the 2D mathematical model of gas transport and charge transport for T-SOFC has
been established to investigate the differences between the AST-SOFC and CST-SOFC. The
performance difference between AST-SOFC stack and CST-SOFC are compared from the
temperature, electrical conductivity, porosity, contact resistance and output voltage respectively. The
results indicate that the performance of SOFC stack can be significantly improved by appropriately
increasing the operating temperature and electrode conductivity, at the same time reducing the porosity
of porous electrode, contact resistance and the output voltage. Moreover, the performance of CST-
SOFC stack is much better than AST-SOFC stack for arbitrary contrast parameters. Especially in lower
temperature, smaller cathode conductivity, larger cathode porosity and lower output
voltage, the advantage is more outstanding.
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