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Abstract— This study investigates the effect of reforming
reaction and water-shift reactions on the performance of a SOFC
stack. This study utilizes a software package to solve the cell
temperature and current density distribution of each stack in this 10-
stack SOFC. The results show that the reforming reaction and water-
shift reaction can effectively promote the total power and drop the
current density deviation, but slightly affect the average cell
temperature and cell temperature deviation. Therefore, these two
reactions are advanced for the operation of a SOFC stack.
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1.  Introduction

A solid oxide fuel cell (SOFC) includes anodes, cathodes,
solid electrolytes, and interconnectors. Its operating
temperature is between 600 and 1000°C, and the fuel can be
many types such as methane or ethanol. Because the
electrolyte is solid, the structure of SOFC stack can easily be
formed as different shapes, which generally are cylindrical and
plate shape. The plate type of SOFC stack is wider application
due to its ease for stacking.

For producing higher power, the reaction area of a SOFC
is large due to the benefit of its solid electrolyte, and hence the
temperature difference on the reaction area becomes obvious
and important for the performance and life of the fuel cell. In
the performance analysis of a SOFC, most literature utilize
numerical methods, and can be classified three kinds: the
three-dimensional analysis for one fuel channel, one air
channel, as well as the anode, cathode, and electrolyte between
the two channels [1-3]; two-dimensional analysis for the
whole reaction area [4-5]; three-dimensional analysis for the
whole stacks of a SOFC [6-8]. Because the three-dimensional
analysis for a SOFC stack needs large of calculating memories
and time, the research results are published after another till
recent.

As mentioned before, the SOFC has high operating
temperature and can use the methane as the fuel, so the
hydrogen concentration will be affected by the other reactions
in the anode side except the main electrochemistry reaction,
such as the reforming reaction and water-shift reaction. In the
research of reforming reaction in a SOFC, most literature
builds the theoretical model of reforming reaction, and
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discusses the effect of reforming reaction on the performance
of the SOFC [9-11]. In the research of water-shift reaction,
there are literature utilizes experimental method to find the
reaction rate expression and its parameters [12-14]. This study
plans to cite the reforming reaction model from literature [11],
and water-shift reaction model from literature [13].

In the previous literature focusing on the analysis of a
SOFC stack [6-8], most of them do not consider the reforming
reaction and water-shift reaction. Therefore, this study
investigates the effect of reforming reaction and water-shift
reaction on the thermal and electrical performance of a SOFC
stack. The results of this study will provide a valuable
reference for an engineer in the design of a solid oxide fuel
cell.

n. Analysis

This study considers the species of fuel including the CHy,,
H,0, CO, H,, CO,, and N,, as well as air including O, and
N,. In anode side, the reactions include the main
electrochemistry, reforming, and water-shift reactions.

CO+0% —>CO, +2e~

1)
H,+0%> > H,0+2¢"
. (2)
CH,+H,03H,+CO  AH,,,=206 kJ mol’ (3)
CO+H,0 <« H, +CO, AH 5, =-41.1 kJ mol* 4)
In cathode side, the electrochemistry reaction is
O, +4e~ —20°~ (5)

This study neglects the variation of all variables along
the thickness direction in each stack, because the thickness is
much less than the size of reaction surface side. Therefore, the
analysis of each stack is two-dimensional problem. This study
analyzes every stack repeatedly and gets the temperature field
and current density field. Figure 1 shows the schematic
diagram of a SOFC with multi-stacks. Meanwhile, the
superscript k stands for the stack number.

This study builds the governing equation of mass,
energy, and electrochemistry for each stack, because the
feature of repeating layer in a SOFC stack. The following are
the mass conservation equations of each stack.

In anode,
1 d(”ij)k_ (6)
2220
In cathode,
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Fig. 1 Schematic diagram of a SOFC with multi-stacks

Meanwhile, the S; represents the reaction rate of
reactants and products, and the superscript k is stack number.
The reaction rate of each species in anode are as following.

i , i ,

SH2 = _7': + 3Rreforrn + Rshiﬂ SHZO = E - Rreform - Rshift

— ’ | ’
SCHA - _Rreform SCO = _E + Rreform - Rshift SC02 = + Rshlft (8)
The reaction rate of each species in cathode is as foIIowmg.

_ 9)
4F
The calculation of reforming reaction rate is cited from

literature [11].
Eal
[ q ]|: Pen, Pro —

(2]
Kegreorn =€ (11)
Meanwhile, E;=94950 J mol™ and k=9110 mol s* atm?

The calculation of water-shift reaction rate is cited from

literature [13].

0,

Peo PR,
~Re, =kie KcoiH

eq,reform

} (mols™) (10)

47400
Reo =2.96x10% ( « ]{pcoszo_ K (12)

( 45778 4 33]
T

Pco, P, }

eq,shift

(13)
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The energy conservation equations of a SOFC stack are as

following
For the fuel
d( nX,c, T, ) = (ha),_, (TF =T¢)+(ha),_, (T4 T} )+4—c TS @ B (14)
For the air

) (15)
—(Zn X6, Ta) = (ha), (T =T/ )+ (ha), , (T Tk)—E P

For the ceII including anode, cathode, and electrolyte
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2Tk q2 k k k k-1 k 16
0,20, 7 ), I TT) @ ) ey )
OX E?y Sic
+(ha),  (Tk =T))+ 2 oo T g o T+ e
For the inter-connector
A2k 2Tk k k k+1 k 17
- (ks), (ZXT; - (ko) T~ (ka)... t 5'T' )+(ka).,c (A )+<ha).4(T.* -1 ()

+(ha)., (1 -T)

Meanwhile, the subscript f is fuel, subscript a is air, subscript i
is inter-connector, subscript ¢ is the cell. This study considers
the boundary of the stack is adiabatic, and the top and bottom
facing the surrounding is constant temperature.

T 0T, OTE T, (18)
ot o oy
T/ =T,, k=bottom and top inter-connector (19)

where the T, is a constant temperature of 625°C.

The electrochemical equations of each stack of SOFC are as
follows

Ek _Vk Vokhm +Vakct +Vcin
(20)
k [ PEpE®® 21
B =gl 4 Rle ) e (1)
2F P
El =1.2723-2.7654x10“T* (22)

Meanwhile, the E¥ is Nernst voltage of k-th stack, the EX is the

reversible voltage under standard condition, the V¥ is operation
voltage, the v is Ohm polarization, the v* is activating

polarization, v* is the concentration polarization. The
polarizations are expressed in the following.
vE =ikt (23)
k H3 k A3

VE = R sinht| ! + BT Ginn -t '7 (24)

2F 2|Oanode 2F 2|0calhode
Vk _ RTk n (RT /2FX anude/Danodep::Z )Ik (25)
“n T F 1+(RT 12F )8 no6el Danoce’., ) i*

In the above governing equations, there are six unknown
variables: concentration of species, fuel temperature, air

temperature, cell temperature, inter-connector temperature,
and current density. These variables are functions of x, y, and k,
as well as have interaction between stacks through the heat
transfer. When the operation voltage is set, this study can solve
the equations of (6)-(25). Once the SOFC stack is series
connection, this study can easily convert the distribution of
current density to distribution of operation voltage according
to the unchanged power per area.

Authors have confirmed the accuracy of the software of
FlexPDE in the application of a SOFC unit [15-17]. Therefore,
this study utilizes the software to solve the governing
equations of each stack repeatedly and get the solutions when
the relative error of variables satisfies the criteria. For
accuracy comparison, this study applin~ *hr comn annditine ~F

SEEK

DIGITAL LIBRARY



Proc. of the Intl. Conf. on Advances In Mechanical, Aeronautical and Production Techniques - MAPT 2014.
Copyright © Institute of Research Engineers and Doctors. All rights reserved.
ISBN: 978-1-63248-008-8 doi: 10.15224/ 978-1-63248-008-8-80

literature [16] to solve a SOFC stack without reforming and
water-shift reaction, and compares the results with that in
literature. This comparison support the software is reliable.

. Results and Disscusion

This study considers the SOFC has 10 stacks, and
investigates the effect of reforming reaction and water-shift
reaction on the performance of a SOFC stack. Other
parameters are same to the previous literature [16] except the
species of fuel and the size of reaction area. Figure 2 depicts
the current density distribution with or without reforming and
water-shift reactions when the fuel inlet mole flow rate is 0.09
mol/s. The current density near the inlet of fuel in Fig. 2(c)
and 2(d) is higher than that in Fig. 2(a) and 2(b). This
phenomenon is induced by the water-shift reaction, because
this reaction is a rapid reaction and produces hydrogen in the
inlet of the fuel. Moreover, the reforming reaction produces
more hydrogen, so the lowest current density in Fig. 2(b) and
2(c) is higher than that in Fig. 2(a) and 2(d), respectively.
Because both reforming and water-shift reactions produce
hydrogen, the current density of all SOFC stack in Fig. 2(c) is
higher than that in Fig. 2(b).

(c) Case C

(d) Case D

Fig. 2 Current density distribution with or without reforming
and water-shift reactions when the fuel inlet mole flow rate is
0.09 mol/s, (a) without reforming and water-shift reaction, (b)
with reforming and without water-shift reaction, (c) with
reforming and water-shift reaction, (d) without reforming and
with water-shift reaction.

Figure 3 shows the cell temperature distribution with or
without reforming and water-shift reactions when the fuel inlet
mole flow rate is 0.09 mol/s. Because there is no water-shift
reaction in Fig. 3(a) and 3(b), their cell temperature near the
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fuel inlet is similar to each other. In the exit region in Fig. 3(a)
and 3(b), the cell temperature in Fig. 3(b) is lower than that in
Fig. 3(a), because it exists the reforming reaction in Fig. 3(b),
which is an endothermic reaction. Both Fig. 3(c) and 3(d)
contain the water-shift reaction, so their cell temperature near
the fuel inlet region are similar. Because the water-shift
reaction is an exothermic reaction, the cell temperature near
the fuel inlet region in Fig. 3(c) and 3(d) is higher than that in
Fig. 3(a) and 3(b). Moreover, the cell temperature in the exit
region in Fig. 3(b) and 3(c) is lower than that in Fig. 3(a) and
3(d) because of the endothermic reforming reaction. Due to
combined effect of the exothermic water-shift and
endothermic reforming reaction, the hot spot of cell
temperature in Fig. 3(d) is the highest and that in Fig. 3(b) is
the lowest. Moreover, the cell temperature in Fig. 3(c) is lower
than that in Fig. 3(a), because the quantity of endothermic of
reforming reaction is larger than that of exothermic of water-
shift reaction.

(c) Case C (d) Case D

Fig. 3 Cell temperature distribution with or without reforming
and water-shift reactions when the fuel inlet mole flow rate is
0.09 mol/s, (a) without reforming and water-shift reaction, (b)
with reforming and without water-shift reaction, (c) with
reforming and water-shift reaction, (d) without reforming and
with water-shift reaction.

Figure 4 depicts the average current density, average cell
temperature, current density deviation, and cell temperature
deviation of the SOFC stack. In the Fig. 4(a), the case C has
the highest average current density because this case includes
both the reforming and water-shift reaction, which can
produce more hydrogen through these reactions. As the same
reasion, case A has the lowest average current density because
it has not the two reactions. In the case B and D, the average
current density is dependable to the reaction rate of the
reforming and water-shift reaction. In 73~ A1 ~nnn M bas she
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highest temperature because the reforming reaction is
endothermic and the water-shift reaction is exothermic. As the
same reasion, case B only includes the refoming reaction, so it
has the lowest average cell temperature. The case C includes
both the reforming and water-shift reaction and its average cell
temperature is similar to that of case A, which has not the two
reactions. The average cell temperature of case C is higher
than that of case A when the reforming reaction rate is lower
than that of water-shift reaction. Moreover, the reforming and
water-shift reaction will promote the power of the SOFC, and
slightly change the average cell tempearture through
comparing the Fig. 4(a) and 4(b). Thus, these two reactions are
advanced for a SOFC stack. In Fig. 4(c), the case B and C
including the reforming reaction have lower current density
deviation, and these two cases have about 50 A/m? drop
related to the case A and D. The reforming reaction can
effectively drop the current density deviation, and this result is
good for a fuel cell. In Fig. 4(d), the trend is similar to that in
Fig. 4(c), because the cell temperature depends on the
electrochemistry reaction heat, which is related to the current
density. In this figure, the case B and C have lower
temperature deviation, and there are about 5 °C gap related to
the case A and D. In a fuel cell, the temperature deviation will
induce the non-uniform thermal stress and decreases the fuel
cell life when the derivation is large. Concluding the result of
Fig. 4(a) to 4(d) indicates that the reforming reaction and
water-shift reaction can effectively promote the total power
and drop the current density deviation, but slightly affect the
average cell temperature and cell temperature deviation.
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Fig. 4 Histogram analysis of the performance of a SOFC stack
(a) Average current density (b) Average cell temperature(c)
Current density deviation (d) Cell temperature deviation

iv. Conclusions

This study investigates the effect of reforming and water-
shift reaction on the thermal and electrical performance of a
SOFC with 10 stacks. Through the accuracy comparison, this
study utilizes a reliable software to calculate the mass
conservation equations, energy conservation equations, and
electrochemistry equations, simultaneously, as well as gets the
values of important variables such as the cell temperature and
current density. The results show that the reforming reaction
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and water-shift reaction can effectively promote the total
power and drop the current density deviation, but slightly
affect the average cell temperature and cell temperature
deviation. Thus, these two reactions are advanced for a SOFC
stack.
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