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a b s t r a c t

We investigated a solid oxide fuel cell stack that employs anode-supported planar cells in which two
intermediate plates are installed every 10 cells to determine the influence of the separation and recon-
nection of the intermediate plates after high temperature operation. We showed that this separation
and reconnection caused no significant degradation in stack performance. A 30-cell stack, which was
eywords:
olid oxide fuel cell
ell stack
estoration after cells failure

constructed by removing two 10-cell sub-stacks from a 50-cell stack that had operated stably 1200 h,
functioned well. The difference between the average voltages of the cells in the 50- and 30-cell stacks
was less than 3% when the current density, fuel utilization, and oxygen utilization were 0.30 A cm−2, 60%,
and 15%, respectively. The 30-cell stack operated stably for about 1200 h with almost no degradation.
These findings indicate that our stack can be restored after cells in the stack have broken down simply
by removing the 10-cell sub-stacks that contain the broken cells and replacing them with undamaged

10-cell sub-stacks.

. Introduction

Solid oxide fuel cells (SOFC) have been attracting attention
ecause of their high electrical conversion efficiency, which exceeds
0% [1–3]. We have been developing a power generation system
hat employs an SOFC for use in our communication bases, where
lectricity is more important than heat as an energy source. The key
o establishing a highly efficient fuel cell system is the performance
f the fuel cells and cell stacks.

We have already developed an SOFC with an anode-supported
tructure that provides a high power density [4,5]. The anode-
upported structure allows the use of a thin electrolyte, which
rovides a low electrical resistance. We use scandia-alumina sta-
ilized zirconia (SASZ) as the electrolyte, because of its high ionic
onductivity [4,5]. A cermet consisting of nickel oxide and SASZ is
sed for the anode, which has a double-layer structure [5]. Fur-
hermore, as the cathode material we use lanthanum nickel ferrite
LNF), which has a high electrical conductivity and is resistant to
hromium poisoning [6–9].

We have also developed a highly efficient and durable SOFC stack
ith an internal manifold structure by using our anode-supported

ells [10–12]. A stack using 25 cells (100-mm-diameter) provided

n output of 350 W and an electrical conversion efficiency of 56%
ased on the lower heating value (LHV) of methane, which was used
s a fuel [10,11]. The output and efficiency were maintained for over
100 h [10,11]. Furthermore, a 50-cell stack using 120-mm-diameter
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cells provided an output of 1100 W [12]. The energy conversion effi-
ciency and durability of the 50-cell stack were almost the same as
those of the 25-cell stack [12].

Our SOFC stacks provided acceptable efficiency and durability.
However, these stacks, in which all the cells are electrically con-
nected in series, are difficult to be restored when one cell in the
stack breaks down. This is because it is difficult to replace only the
broken part since the metal plates used as the stack components
bonded together after high temperature operation. It is desirable to
restore the stacks simply by replacing the broken part.

This paper presents the results of a basic investigation into
restoring the stacks solely by replacing the broken part. In par-
ticular, we describe the influence on stack performance of the
disassembly and reassembly of the stack after high temperature
operation.

2. Stack configuration

Our stacks were constructed by combining power generation
units, each of which had 1 anode-supported cell and 5 metal plates
as its main components [11,12]. The 1.0-mm-thick metal plates were
made of corrosion resistant ferritic stainless steel.

When we constructed the stacks, we occasionally introduced
intermediate plates that were 2.5-mm-thick [12]. Two intermedi-
ate plates were inserted in the stacks every 10 power generation

units as shown in Fig. 1. Here, Fig. 1 shows a 50-cell stack with
intermediate plates. When we disassembled the stacks containing
intermediate plates after high temperature operation, we separated
the intermediate plates as shown in Fig. 2. We refer to a set of 10
power generation units as a 10-cell sub-stack. By contrast, stacks

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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Fig. 1. 50-cell stack with intermediate plates.

ithout intermediate plates were disassembled by separating the
ower generation units from each other after high temperature
peration as shown in Fig. 3.

. Experiments
.1. Stack without intermediate plates

A 50-cell stack without intermediate plates was constructed by
sing cells that were 100 mm in diameter. The 100-mm-diameter

Fig. 2. Separation of intermediate plates.
ources 190 (2009) 252–257 253

cell has an active electrode area of 60 cm2. The configuration of the
system we used for evaluating the 50-cell stack has been previously
reported [11,12]. Dry hydrogen was used as a fuel and dry air was
used as an oxidant. The 50-cell stack was installed in an electric
furnace with three zones. The temperature of the three zones was
set at 1073 K.

The voltages of stack and power generation units were mea-
sured as a function of current density after the anodes of the cells
had been reduced by hydrogen. Surface temperature was measured
for power generation units 10, 20, 30, and 40 with thermocouples.
The power generation units were numbered from the bottom in
this paper. AC impedance measurement was carried out for all the
power generation units under an open circuit condition. After mea-
suring the voltages as a function of current density, we operated the
stack at a current density of 0.3 A cm−2.

The 50-cell stack was disassembled by separating the power
generation units after the power generation test.

3.2. Stack with intermediate plates

Cells with a diameter of 100 mm were also used in a 50-cell stack
with intermediate plates. The evaluation system and experimental
procedure for the power generation test on the 50-cell stack with
intermediate plates were the same as those used for the 50-cell
stack without intermediate plates.

After the power generation test, the 50-cell stack was divided
into five 10-cell sub-stacks by separating the intermediate plates.
Then, we reassembled a 30-cell stack with intermediate plates
using three 10-cell sub-stacks. Fig. 4 shows the configuration of the
30-cell stack in detail. Here, the 10-cell sub-stacks A, B, C, D, and
E were composed of power generation units 1–10, 11–20, 21–30,
31–40, and 41–50, respectively. As shown in Fig. 4, the 10-cell sub-
stacks B and D were removed from the 50-cell stack, and the 30-cell
stack was composed of the 10-cell sub-stacks A, C, and E. For the
30-cell stack, we measured the voltage drop between the 10-cell
sub-stacks as shown in Fig. 4.

The evaluation system for the 30-cell stack with intermediate
plates was the same as that used for the 50-cell stacks with and
without intermediate plates. Surface temperature was measured
for power generation units 10, 30, and 50 with thermocouples. AC
impedance measurement was carried out for all the power gener-
ation units under an open circuit condition. We measured voltages
of stack and power generation units as a function of current density,
and then operated the stack at a current density of 0.3 A cm−2.

4. Results and discussion

4.1. Stack without intermediate plates

The surface temperatures of the power generation units were
1078 ± 5 K under an open circuit condition in a 50-cell stack with-
out intermediate plates. There were little differences in the AC
impedance spectra under the open circuit condition among all
the power generation units. The direct current resistances, which
are intersection points of real part axis in Cole–Cole plot of AC
impedance spectra, were about 0.5 � cm2 for all the power gen-
eration units. The relationship between average unit voltage and
current density was almost the same with the relationship between
voltage and current density in a single 100-mm-diameter cell.
Here, the average unit voltage was calculated by dividing the total

stack voltage by the number of power generation units. The initial
performance of the 50-cell stack was acceptable. The surface tem-
peratures of the power generation units were 1083 ± 5 K at a current
density of 0.3 A cm−2. Though the temperatures at the current den-
sity of 0.3 A cm−2 were slightly higher than those under the open
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Fig. 3. Separation o

ircuit condition, there was little change in the temperature gradi-
nt. The fluctuation in the voltages of the power generation units
as ±5% at the current density of 0.3 A cm−2. This agrees with the

esults that the AC impedance spectra under the open circuit con-
ition were almost the same for all the power generation units and
hat the temperature gradient in the stack was still small at the cur-
ent density of 0.3 A cm−2. Moreover, these results suggest that the
ydrogen and air was distributed to all the power generation units
lmost equally.

Then, we operated the stack at a current density of 0.3 A cm−2

nd at a fuel utilization of 60%. However, the average unit voltage
or the 50-cell stack fell immediately. This is because one cell in the
0-cell stack broke down. We believe that this occurred because
rrors related to the position and angle of the stack parts were so
arge that the stack parts were not arranged properly [12]. We had
laned to operate the stack at a fuel utilization of 70%, but the cell in

he stack broke down before we increased the fuel utilization from
0% to 70%.

After the power generation test, we separated the power gen-
ration unit with the broken cell and tried to replace it with an
ndamaged power generation unit. However, the metal plates of

ig. 4. Configuration of 30-cell stack (sub-stack A: power generation units 1–10, sub-st
ub-stack D: power generation units 31–40, sub-stack E: power generation units 41–50).
er generation units.

the power generation units were severely deformed by the separa-
tion process, and it was impossible to reconnect the surfaces of the
separated units.

4.2. Stack with intermediate plates

As with the stack without intermediate plates, the surface tem-
peratures of the power generation units were 1078 ± 5 K and the
AC impedance spectra were almost the same for all the power gen-
eration units under an open circuit condition in a 50-cell stack
with intermediate plates. The direct current resistances were about
0.5 � cm2 for all the power generation units. The initial character-
istic of the 50-cell stack was almost the same as that of a single
cell. The surface temperatures of the power generation units were
1083 ± 5 K and the fluctuation in the voltages of the power genera-
tion units was ±5% at a current density of 0.3 A cm−2. Furthermore,

the 50-cell stack operated stably for about 1200 h as shown in Fig. 5.
During this long-term operation, the current density, fuel utiliza-
tion, and oxygen utilization were kept at 0.3 A cm−2, 70%, and 15%,
respectively. The durability of the 50-cell stack was acceptable. The
intermediate plates were effective as regards cancelling out cumu-

ack B: power generation units 11–20, sub-stack C: power generation nits 21–30,
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Fig. 5. Temporal change in average unit voltage for 50-cell stack with intermediate
plates.

Fig. 6. Open circuit voltage of each power generation unit in 50- and 30-cell stacks
with intermediate plates. Fuel flow rate: 10.5 L min−1 for 50-cell stack, 6.3 L min−1

for 30-cell stack. Air flow rate: 100 L min−1 for 50-cell stack, 60 L min−1 for 30-cell
stack.

Fig. 7. Cole–Cole plots of AC impedance spectra of power generation units in 50- and 30-c
unit 21).
ources 190 (2009) 252–257 255

lative errors related to the position and angle of the stack parts
and ensuring that they were arranged properly, thus stabilizing the
stack condition and performance [12].

We disassembled the 50-cell stack with intermediate plates by
separating the intermediate plates after 1200 h of operation. The
intermediate plates exhibited hardly any deformation when com-
pared with the metal plates composing the power generation units,
since the former were thicker than the latter. Furthermore, the sep-
arated surfaces of the intermediate plates exhibited metallic luster.
After the separation, we constructed a 30-cell stack with interme-
diate plates by piling up 10-cell sub-stacks as shown in Fig. 4.

The open circuit voltage (OCV) of each power generation unit
in the 50- and 30-cell stacks with intermediate plates is shown in
Fig. 6. Here, the OCV for the 50-cell stack was that after 1200 h of
operation. For the 50- and 30-cell stacks, respectively, the fuel flow
rates were 10.5 L min−1 and 6.3 L min−1, and the air flow rates were
100 L min−1 and 60 L min−1. At these fuel and air flow rates, the fuel
and oxygen utilization was 60% and 15%, respectively, when the cur-
rent density was 0.3 A cm−2. The surface temperatures of the power
generation units were 1078 ± 5 K also in the 30-cell stack. The OCV
in the power generation unit 8 decreased to 1.01 V from 1.04 V. We
estimate that the gas sealant performance decreased in the power
generation unit 8. By contrast, the other power generation units
exhibited no degradation in terms of OCV.

The Cole–Cole plots of the AC impedance spectra for represen-
tative power generation units in both the 50- and 30-cell stacks
are shown in Fig. 7. There were little changes between the 50- and
30-cell stacks in the AC impedance spectra for all the power gen-
eration units except for the power generation unit 21. For example,
the Cole–Cole plots of the AC impedance spectra for the power
generation unit 1 in the 50- and 30-cell stacks were almost the
same as shown in Fig. 7a. By contrast, the direct current resistance
increased by 1.8 times (from 0.5 � cm2 to 0.9 � cm2) and both the
low and high frequency arcs became larger in the power genera-
tion unit 21 as shown in Fig. 7b. For this power generation unit, we
found that a transformed Cole–Cole plot of the AC impedance spec-
trum in the 30-cell stack, which is obtained by assuming that the
active electrode area decreased by 0.56 (=1/1.8) times, was in good
agreement with the original Cole–Cole plot in the 50-cell stack. It is
suggested that the active electrode area decreased by 0.56 times in
the power generation unit 21. We estimate that the contact between

the cell and the separator became worse mainly at the cathode side,
because the contact hardly becomes worse at the anode side since
a deformable porous metal is placed there [11].

The relationships between the average unit voltage and the cur-
rent density for the 50- and 30-cell stacks with intermediate plates

ell stacks with intermediate plates (a: power generation unit 1, b: power generation
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ig. 8. Relationships between average unit voltage and current density for 50- and
0-cell stacks with intermediate plates.

re shown in Fig. 8. Here, the relationship for the 50-cell stack is
hat after 1200 h of operation. The hydrogen and air flow rates were
etermined so that the fuel and oxygen utilization were 60% and
5%, respectively, when the current density was 0.3 A cm−2. Note
hat the voltage drop between the intermediate plates was consid-
red at the average unit voltage since it was calculated by dividing
he stack voltage by the number of power generation units. No sig-
ificant loss in the stack performance was observed in the 30-cell
tack. The degradation rate of the average unit voltages � was less
han 3% at a current density of 0.30 A cm−2. Here, the � value was
alculated with the following equation:

= V50 − V30

V50
× 100, (1)

here V50 and V30 are average unit voltages of the 50- and 30-cell
tacks, respectively. The surface temperatures of the power genera-
ion units were again 1083 ± 5 K at the current density of 0.3 A cm−2

n the 30-cell stack. The separation and reconnection of the 10-cell

ub-stacks caused almost no degradation in terms of average unit
oltage.

Fig. 9 shows the individual voltages of the power generation
nits in the 50- and 30-cell stacks with intermediate plates at a

ig. 9. Individual voltages of power generation units in 50- and 30-cell stacks with
ntermediate plates at current density of 0.3 A cm−2.
Fig. 10. Voltage drops between 10-cell sub-stacks in 30-cell stack with intermediate
plates as a function of current density.

current density of 0.30 A cm−2. The fuel and oxygen utilization was
60% and 15%, respectively. We calculated the degradation rate of
each power generation unit ıi as follows:

ıi = Vi
50 − Vi

30

Vi
50

× 100, (2)

where Vi
50 and Vi

30 are voltages of power generation units i in the
50- and 30-cell stacks, respectively. The ıi value was no greater than
6% except for the power generation units 8 and 21, which exhibited
large degradation rates of 10% and 16%, respectively. We estimate
that the degradation in the power generation unit 8 had relation
with the decrement of the OCV. Moreover, we consider that the
changes in the AC impedance spectra explain the degradation in
the power generation unit 21.

We measured the voltage drop between the 10-cell sub-stacks
as shown in Fig. 4 as a function of current density and the result
is shown in Fig. 10. There was almost no voltage drop observed
between the 10-cell sub-stacks C and E. By contrast, a voltage drop,

which was almost directly proportional to the current density, was
observed between the 10-cell sub-stacks A and C. We consider
that the contact condition was worse for the intermediate plates
between the 10-cell sub-stacks A and C than between the 10-cell
sub-stacks C and E. We estimated that the deformations of the

Fig. 11. Temporal change in average unit voltage for 30-cell stack with intermediate
plates.
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ormer intermediate plates were larger than those of the later inter-
ediate plates. This problem should be dealt with in the future.
The temporal change in the average unit voltage for the 30-cell

tack with intermediate plates is shown in Fig. 11. The cur-
ent density, fuel utilization, and oxygen utilization were kept at
.30 A cm−2, 40%, and 15%, respectively. We tried to operate the
0-cell stack at a fuel utilization of 70% as well as we did with the 50-
ell stack, but the fuel supply from the evaluation system became
nstable because the absolute fuel flow rate decreased. Therefore
e decided to operate the long-term test with a low fuel utiliza-

ion of 40%. The 30-cell stack operated stably for about 1200 h. The
verage unit voltage increased by 0.3% for approximately the first
00 h, and it then decreased by 0.3% for roughly the last 600 h. It
as shown that the stack provided acceptable durability after the

eparation and reconnection of the 10-cell sub-stacks. Here, it is
lso worth noting that the total power generation time for the cells
n the 30-cell stack was about 2400 h (about 1200 h in the 50-cell
tack and about 1200 h in the 30-cell stack).

We showed that the separation and reconnection of the 10-cell
ub-stacks caused no significant loss of stack performance, which
ndicates that our stack can be restored by removing the 10-cell
ub-stacks with broken cells and replacing them with undamaged
0-cell sub-stacks.

. Conclusion
We investigated the influence of the separation and reconnec-
ion of the intermediate plates after high temperature operation
n an SOFC stack equipped with two such plates every 10 power
eneration units. We showed that this separation and reconnec-

[

[

ources 190 (2009) 252–257 257

tion caused no significant loss of stack performance. A 30-cell stack,
which was constructed by removing two 10-cell sub-stacks from a
50-cell stack that had operated stably for 1200 h, functioned well.
The difference between the average unit voltages of the 50- and 30-
cell stacks was about 3% when the current density, fuel utilization,
and oxygen utilization was 0.30 A cm−2, 60%, and 15%, respectively.
The 30-cell stack operated stably for about 1200 h. These findings
indicate that our stack can be restored after some cells in the stack
have broken down by removing the 10-cell sub-stacks that con-
tain the broken cells and replacing them with undamaged 10-cell
sub-stacks.
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