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bstract

The performance of two-cell planar solid oxide fuel cell stacks using coal syngas, with and without hydrogen sulfide (H2S), was studied. All
ells were tested at 850 ◦C with a constant current load of 15.2 A (current density of 0.22 A cm−2 per cell) and 30% fuel utilization. The H2S
njection immediately and significantly affected the power degradation of the stack system regardless of the carrier fuel. Results for the test with
nly H2 and N2 in the presence of H2S (119–120 ppm) indicated that the power decay and area-specific resistance (ASR) degradation values were

ower than those for the tests where simulated syngas containing CO and increased water content was used. The results indicate that contact points
n the stack contributed to the power degradation of the system. Other factors, including contamination from the upstream fuel gas tubing, may
ave contributed to the higher degradation under simulated syngas conditions. In general the data confirm previous results for single cell testing,
nd showed that for this specific short stacks (two-cells) arrangement both a fast and a slow response to H2S injection that eventually stabilized.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Solid oxide fuel cell (SOFC) technology has become a lead-
ng candidate for future coal-fueled power generation systems
ecause it can use carbon monoxide (CO) in syngas [1–4]. How-
ver, most syngas fuels also contain hydrogen sulfide (H2S),
hich presents a significant hurdle to implementing a syngas
OFC [1]. In addition, stacks of planar SOFCs in series need to
e assembled to produce sufficient power for a variety of appli-
ations [5–12]. These stacks present many challenges, namely:
aterials cost and development, electrical conductivity between
he materials (cells, interconnects) and their interfaces across the
tack arrangement, and high temperature material degradation
3–5,7–30]. Several studies modeling planar SOFC stacks have
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ental performance; Long-term testing

een conducted to evaluate the performance of the stacks under
variety of conditions and situations [9,31–46]. Table 1 sum-
arizes the main experimental and modeling studies involving

lanar stack SOFC testing. In summary, the literature indicates
hat the stability of the materials in a planar SOFC stack con-
guration has not been studied in depth or that the experiments
ave not been performed for long periods of time when using
2S and/or syngas.
This paper reports the long-term performance of two-cell pla-

ar solid oxide fuel cell stacks (short stacks) in experiments with
oal-derived syngas (H2, CO and H2O) with and without the
resence of H2S.

. Experimental

.1. Stack test setup
The electrolyte-supported planar solid oxide fuel cells used
n these studies were provided by SOFCo-EFS. Briefly, they
onsist of a three-layered anode (a layer nickel and gadolinium
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Table 1
Summary of several studies of planar stack SOFC systems

Type of work/material under study Conditions/details Reference

Experimental/hermetic solid-state sealant between
interconnect and electrolyte

Leak rate testing inside an alumina tube mounted on a
furnace; ac impedance

[3]

Experimental/ScSZ-based anode and electrolyte
materials

Natural gas reforming; 1000 ◦C; 1 kW SOFC system (68
cells stacks)

[4]

Experimental/all-ceramic interconnect material for
SOFC; 10 kW SOFC system

Multilayer ceramic packaging; tape-casting, screen
printing, co-sintering

[5,6,14,18,22,23]

Experimental/modeling/ceramic interface contact
resistance

Applied mechanical load on LSM pellets; 1000 ◦C [8]

Modeling/micro-thin film SOFCs Effect on thin-film geometry on thermal stress and
mechanical stability

[9]

Experimental/modeling/ceramic interface contact
resistance

Auxiliary power unit applications; stack of 60 cells;
850 ◦C; fuel is CPOX diesel reformate

[11]

Experimental/novel interconnect material PrCaCrO H2 fuel; YSZ–SOFC; 800 ◦C [12]
Experimental/La–Ga electrolyte material; 1 kW

generator
Intermediate temperature SOFC (600–800 ◦C); natural
gas fuel

[15]

Experimental/silver wire seal Metallic interconnect; one-cell stack; leak rates; 500 ◦C [16]
Experimental/LaCaCrO seal Interlayer reactions; elemental diffusion; YSZ-CrO

SOFC; 1200–1400 ◦C
[17]

Experimental/dynamic behavior of short stacks H2–air; 750–825 ◦C; five-cell stack; thermal cycling; ac
impedance

[19]

Experimental/reactive air-brazing for hermetic sealing
of SOFCs

Ni–YSZ, YSZ, metallic interconnect; sealing tests;
thermal cycling

[20]

Experimental/alternate sealing materials for SOFCs
stacks

Mica powers; metallic interconnects; leak rate tests;
800 ◦C

[25]

Experimental/metallic interconnect, Haynes 242 alloy Ar–H2–H2O fuel; oxidation of Cr; Cr2O3 formation [26]
Experimental/interactions steel

interconnect—glass–ceramic sealants
YSZ, LSM/LSFC; 800 ◦C; Ar–H2 fuel [28]

Modeling/planar SOFC stacks H2 fuel; Ni–ZrO2 anodes; 800 ◦C [31]
Modeling/stack as network of hydraulic resistances Gas distribution; manifold channels; H2-water fuel;

800–1000 ◦C
[34,35]

Modeling/micro-structural optimization; anode
supported SOFCs

H2-water fuel/air; 600–800 ◦C; interconnect resistance,
ohmic loss

[36]

Modeling/numerical study of SOFC stacks cell-to-cell
variations

One-dimensional/co-flow model; CFD techniques [38]

Modeling/novel design for SOFC stacks Reduced spatial variations; H2-water fuel/air [39]
Modeling/three-dimensional electrochemical model for

SOFC stacks
CFD techniques; co-flow; temperature distribution; PEN
body

[41]

M imensional; heat and mass transfer; porous
ates; CH4 reforming

[46]
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odeling/mass and heat transport in planar substrates
SOFCs

Two-d
substr

oped ceria [Ni-GDC], a layer of GDC and a layer of Ni); a tape
ast 3 mol% yttria doped stabilized electrolyte; and a two-layers
athode: one of La0.75Sr0.2MnO3 (LSM) and 3YSZ and on
op of that a layer of LSM only [1]. Further details about the
onstruction of the cells have been provided in the literature [1].
ach stack was made of three ceramic interconnects, top and bot-

om current collector plates, and two planar 72.7 cm2 cells (see
ig. 1). Sealant was added to prevent fuel leakage, while con-
uctive vias provided the paths for the current to flow across the
tacks. Air and fuel were provided to the stack assembly, and the
nternal manifolds of the interconnects provided fuel to the anode
ide and air to the cathode side, respectively (Figs. 2 and 3). The
athode and anode gas streams pass through the stack assembly
n a co-flow arrangement (Figs. 2 and 3) [5,13,14,18,23]. The
eramic interconnect used in the stack arrangement was made of

ultiple layers of yttria-stabilized zirconia (YSZ) (Figs. 1 and 2)

5,13,14,18]. Two-cell short stacks were assembled and tested
nder syngas operation to examine performance and behavior
f the components. Fig. 1. Schematic of a short-stack (two-cell) assembly.
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Fig. 2. The stack assembly, showing the co-flow fuel/air configuration and the
interconnect structure with flow channels for air and fuel.
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Fig. 3. Inlet manifold of a typical stack assembly.

The experimental setup for the stack tests is illustrated in
igs. 3 and 4. Similar to previous work at Ohio University [1], a

as delivery system (GDS) and a data acquisition system were
sed to carefully establish and monitor experimental conditions.
he flow diagram and PID for the anode stream of the GDS is
iven in the previous reference [1]. The fuel stream consisted of

ig. 4. The stack is installed inside the thermal insulation, shown near the center
f the test stand.
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combination of H2, N2, CO, H2O, and H2S blended together in
he desired composition using the GDS, as to simulated syngas
onditions. The reactive fuel flow (H2 and CO) was kept constant
or all conditions at 0.75 slpm to maintain relatively constant
uel utilization (at 30%). The N2 flow used was 0.75 splm for test
ith only H2 and N2, but was reduced to 0.38 slpm for simulated

yngas tests. H2S was introduced, from a small cylinder of pure
2S, in the fuel stream system by using the GDS as to achieve
contaminant level of 119–120 ppm H2S. Water was added to

he fuel stream by passing the mixture through a water bubbler
ocated at the test stand. Water temperature was varied from
oom temperature to 70 ◦C to control H2O content. The airflow
as held constant at 8.0 slpm for all experiments. For all the

ests, the temperature was kept constant at 850 ◦C.

.2. Experimental testing

Tests were initially started using a fuel gas mixture of H2/N2
umidified to 3% H2O. The start-up procedure was similar to
revious work with the tests run under constant current control
ut with a slight increase in the operating current load to 15.2 A,
r a current density of 0.22 A cm−2 for each of the 72.7 cm−2

ells [1]. Two primary fuel gas mixtures were used maintaining
0% fuel utilization. The first set of tests used equal parts of H2
nd N2, while the second was a simulated syngas blend of H2,
O, and N2. In order to prevent carbon deposition additional
ater was added to the fuel gas by increasing the water bub-
ler temperature, thereby enlarging the steam to carbon ratio
1]. In both set of tests, H2S was injected in a 119–120 ppm
evel as to evaluate its effect on the performance. Similar instru-

entation for the electrochemical experiments, data acquisition
nd material analysis was used as in previous work, and all the
xperiments were completed at the SOFCo-Alliance facilities
1].

. Results and discussion

.1. Test with syngas mixture CO–H2–N2–H2O

The performance of the stack voltage drops (Fig. 1) and cur-
ent were measured for a representative test (Stack 3) under
yngas conditions. Fig. 5 shows the stack power on a per cell
asis for the test and also indicates the anode feed gas compo-
ition. The bubbler temperature indicates the fraction of water
apor in the anode gas. The test was started with a dry 50/50
2/N2 mixture humidified with approximately 3% H2O. After
5 h CO was introduced and the water fraction was increased to
0–31% by raising the bubbler temperature as shown in Fig. 5.
he power dropped immediately after the CO/H2O injection
ue to the change in Open Cell Voltage (OCV) and continued
o decrease at a rate of about 30% per 500 h (see Table 2).
fter returning to H2/N2 conditions at 215 h, the power recu-
erated entirely, but only for a few hours, and then continued to

ecay at approximately 30% per 500 h. The power level degra-
ation rate slowed near the end of the test. In total, the stack was
xposed to syngas conditions for 170 h and the results clearly
ndicate that the simultaneous injection of CO and increased
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ig. 5. Power and bubbler temperature traces for the test of Stack 3, running w
igh water content (30–31% in the mixture), for 170 h to match the CO injectio

ater content had a significant effect on the short stack power
erformance.

The ASR variation for this test is shown in Fig. 6. The stack
tarted with an ASR of 1.40 � cm2 per cell; with cell average
alues of 1.20–1.25 � cm2 per cell (see Table 2). After 140 h,
r almost 100 h under syngas conditions, the ASR degradation
alues of the stack and the cells increased to 1.60 � cm2 and
.40 � cm2 per cell, respectively. After returning to initial fuel

onditions, the ASR values continued to increase. They reached
.20 � cm2 per cell for the stack and 2.00 � cm2 per cell for the
ell average after 350 h (135 h on H2/N2 with 3% H2O). By the
nd of the test (475 h or 260 h after re-establishing initial con-

able 2
esults of the power degradation and ASR per test

est no. % Power degradation
(per 500 h)

ASR value
(� cm2 per cell)

Time (h) Fig.

Stack 3 30% – 45 5
30% – 215 5

1.40 0 6
1.60 140 6
2.20 350 6
2.30 475 6

Stack 4 5% – 100 8
10% – 165 8
10% – 219 8
12% – 630 8
22% – After 630 8
23% – 1000 8

1.25 0 9
1.92 Cell 1 1000 9
3.26 Cell 2 1000 9

Stack 5 15% – 100 11
11% – 100.1 11, 12

8% – 1000 11
1.57 0 13, 14
2.40 1000 13, 14
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yngas for about 170 h. The bubbler temperature was raised to 70 ◦C to ensure

itions), the ASR degradation slowed. Values were 2.30 � cm2

er cell for the stack and 2.15–2.20 � cm2 per cell for the cells
Table 2).

The power decay and ASR degradation rate for the stack tests
as nearly double that seen in previous single-cell tests [1], indi-

ating an effect not only in the cells but also in the additional
omponents of the stack, where the simultaneous injection of
O and increased water content caused the system to degrade
t a high rate. The stack performance indicated contact fail-
res as evidenced by the noisy power signal that is seen in
ig. 5. This was also observed during V–I scans (voltage ver-
us current) as shown in Fig. 7, when the power temporarily
ecovered after taking the stack down to OCV and back up to

ower.

Post-test examination revealed evidence of deposition of
ickel, likely removed from the stand piping, in the flow con-

rol passages of the interconnects. Deposits in these passages

ig. 6. ASR history for the test of Stack 3. The stack starts with an ASR of
.40 � cm2 per cell, with a cell average value of 1.20–1.25 � cm2 per cell and
ncreases over time. All the values of ASR are reported on a per cell basis (� cm2

er cell).
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Fig. 7. V–I scan for Stack 3 taken 353 h after the start of test. The scan displays
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Fig. 9. History of individual stack contributions to the ASR based on measured
OCV, for the test operating with syngas and H2S (Stack 4). CC1 is Current
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ysteresis as the power level reaches a higher value at the end of the scan than
t the beginning.

ould increase the stack back pressure. Further, there was evi-
ence of fuel leakage upstream of the stack at the inlet manifold,
hich could lead to fuel starvation of the cells and an increased
egradation rate.

.2. Test with syngas mixture and H2S (119–120 ppm)

Fig. 8 displays the power trace for the test of Stack 4. The test
as started with a 50/50 H2/N2 mixture humidified to approxi-
ately 3% H2O. After 24 h of operation the bubbler temperature
as raised to achieve 30–31% water content. The short stack was
perated for 36 h under these conditions until the bubbler heater
ontroller tripped off for 40 h as shown in Fig. 8. Increased bub-
ler temperature was re-established at 100 h and continued until

65 h, when CO was introduced to the stack. The data indicate
hat injection of CO caused the power decay rate to increase
rom about 5% for the H2/N2 operation up to more than 10%
er 500 h (Table 2).

w
i
c
t

Fig. 8. Power and bubbler temperature history for the test of Stack 4, run with sy
ollector 1; CC2 is Current Collector 2; Cell 1 is the top cell in the stack
chematic shown in Fig. 1. Cell 2 is the bottom cell. All the values of ASR are
eported on a per cell basis (� cm2 per cell).

H2S injection took place after 219 h and remained constant
ntil 1000 h of operation. It had an immediate impact on power,
hich decreased approximately 10%, as shown in Fig. 8. The

ong-term degradation rate after the start of H2S injection was
elatively unchanged when compared to the trend after the start
f CO injection and was about 12% per 500 h up to 630 h. At
his time the degradation rate increased to about 22% per 500 h
orresponding to an apparent change to Cell 2. The overall power
egradation for the test was 23% per 500 h (Table 2).

Fig. 9 shows the individual contributions to the ASR (based
n measured OCV) for each component shown in Fig. 1: bottom
urrent collector (CC1), Cell 1, Cell 2, and top current collec-
or (CC2). The contributions to ASR from the current collectors

ere essentially constant throughout the test. (The ASR for CC1

s larger than that of CC2 because it includes the bottom inter-
onnect via resistance). The increase in ASR is observed in the
wo cell groups. Each group includes a cell, interconnects, and

ngas and H2S. CO was introduced after 165 h; H2S was added after 219 h.
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ig. 10. Cell 1 after the test of Stack 4, showing the bond layer (conductive lay
ear left edge are the remaining bond layer.

ontact resistances. Cell 2 (top cell, Fig. 1) showed a slightly
igher ASR value than Cell 1 during the entire trial. The change
n stack power after 630 h shown in Fig. 8 corresponds with the
ramatic increase in the Cell 2 ASR. The average cell ASR based
n measured OCV starts at 1.25 � cm2 per cell with a final value
f 1.92 � cm2 per cell for Cell 1 and 3.26 � cm2 per cell for Cell
(Table 2).
The anode side of the stack experienced increasing back pres-

ure throughout the test and post-test examination again revealed
eposition in the flow control passages of the interconnects as
bserved in Stack 3. The contacts between the cells and inter-
onnects also may have contributed to the high degradation of
he stack. During examination after testing, the bond layers on
he anode side detached from the cells during disassembly, as
hown in Fig. 10. This is unusual and is normally only seen in
ore localized regions. This was not observed in Stack 3 and
ay indicate an effect of the H2S on the fuel stream.

.3. Test with H2 and H2S (119–120 ppm)
For this test (Stack 5), the effects of only H2S on the short
tack were evaluated. The wet gas compositions were: 48.2%
2, 48.2% N2, and 3.6% H2O. H2S was injected after 100 h for

n additional 900 h. The results are presented in Figs. 11–13. The

f
H

d

top of the anode nearly completely disbanded from the cell. The darker areas

nitial power decay rate was approximately 15% per 500 h for
he first 100 h of operation before the H2S injection, as shown
n Fig. 11. Within 30 min after H2S was injected at 100.1 h,
he average power decreased from 10.4 W to 9.5 W per cell,
s shown in Fig. 12. The power then continued to decrease, and
ends to level off to the baseline line degradation rate with having
nly H2/N2 (Stack 3 test, after 200 h in Fig. 5) at about 8% per
00 h as seen in Fig. 11. The total power degradation rate was
bout 11% per 500 h (Table 2). This strongly indicates that H2S
ignificantly affected the performance of the stack system.

Fig. 13 shows the ASR contribution history (based on mea-
ured OCV) for each component of Stack 5, which can be
ompared with Fig. 9 for Stack 4. Again, the contribution
o the ASR from the current collectors remained essentially
nchanged during the entire 1000 h of operation. From Fig. 13,
he stack average ASR per cell based on measured OCV started
t 1.57 � cm2 per cell with a final value of 2.40 � cm2 per cell
Table 2). Comparing these results to those of the Stack 4 test,
he contributions of the cells to the stack degradation perfor-

ance are significant, and the rate of degradation is lower than

or the test combining higher water content, CO injection and

2S injection.
The stack performance indicated contact failures as evi-

enced by the noisy power signal noted in Fig. 11. The V–I scans
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Fig. 11. Power trace for the test of Stack 5, run with only H2/N2 and H2S. After 100 h,
of the test at 1000 h.

Fig. 12. Instantaneous power variation of each cell and the cell average for the
test of Stack 5 after 100 h of operation (immediately after H2S injection).

Fig. 13. History of individual stack contributions to the ASR, based on measured
OCV, for the test operated with only H2 and H2S (Stack 5). All the values of
ASR are reported on a per cell basis (� cm2 per cell).
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H2S was introduced (119–120 ppm) and was kept constant until the conclusion

n Fig. 14 show that before H2S was injected, the ascending and
escending V–I scan curves were very similar. However, the scan

aken after 700 h of H2S injection displays a hysteresis between
he two curves, similar to that shown in Fig. 7 for Stack 3.

The data indicate that the average power decay when only H2
nd H2S were present in the fuel mixture was half of the decay

ig. 14. V–I scans for the test of Stack 5: (a) after 43 h (beginning of the run);
b) near the end of the test (869 h).
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ig. 15. SEM surface structure (top view) of a portion of the anode of an SOFC
efore testing.

hen using syngas and H2S. Therefore, even though H2S was
he main individual contributor to performance degradation, the
ombined effects of increased water content, CO injection and
2S injection caused a higher degradation rate.
Post-test analysis revealed two notable findings. First there

as no evidence of deposition in the interconnect flow control
assages for Stack 5 as there was for Stacks 3 and 4. Secondly,
he bond layers on the cell were intact for Stack 5 unlike Stack
. The lack of deposition may indicate that the increased degra-
ation for the high CO and H2O fraction tests was related to a
uel starvation issue and not to a reaction with the cell or stack
aterials themselves.

.4. Material analysis

A simplified analysis of the anode materials of each cell was

erformed using SEM and XPS characterization techniques to
larify individual cell contributions to the stack performance
egradation. Fig. 15 shows the anode structure of a fresh cell.
ig. 16 shows the anode structure of a cell after more than 1000 h

ig. 16. SEM surface structure (top view) of a portion of the anode of an SOFC
rom Stack 5 after more than 1000 h of operation with only H2 and H2S.
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f testing in Stack 5, which used only H2 and H2S. It was evident
hat the surface morphology of the cell tested with H2 and H2S
ignificantly differed from that of the fresh cell, indicating that
he H2S diminished performance of the system, as previously
ound [1].

XPS analysis was performed on the anode materials before
nd after testing, which as mentioned before were similar to
he previous work [1]. It was found that for the test with syngas
peration (475 h total operation time, Stack 3), there was a slight
oss of nickel at the surface of the anode material (1–3%), while
he gadolinium doped ceria (GDC) gain was 3–4% and the loss
f Ce was approximately 15–17%.

The anode material from Stack 4, tested with syngas and H2S,
ad a loss of 7–9% nickel, a loss of 1–3% cerium, and a gain of
–3% GDC. In addition, 1.5–2.0% sulfur was present.

Finally, the anode from Stack 5, tested with only H2 and H2S,
ad a nickel reduction of 4–6%, a cerium reduction of 12–14%,
nd a GDC gain of 2–3%. As in Stack 4 and in previous work,
.5–2.0% sulfur was present [1].

These results suggest that while the GDC and Ce content
hanged for each test in a coupled fashion, the Ni and Ce mass
oncentration (%) given from the XPS analysis was always low-
red due to the fuel oxidation preference on these two sites (Ni
nd Ce metals). Also, for the tests with H2S, the Ni and Ce reduc-
ions suggest that the proposed mechanism for degradation may
nclude NiS and CeS2 formation at the surface of each cell. Fur-
her analysis of other components of the stack system is needed
o verify this conclusion. As in previous work by Ohio Univer-
ity, other metals such as Fe, Cr, and Mo were also noticeable
n all the tests, but their presence was due to the piping material
Inconel) used for the anode line, and they did not seem to affect
he behavior of the cells [1]. Thus, the Ni-GDC cell still seems
o be a candidate for operating with syngas in the presence of

2S [1].

. Conclusions

This work studied the effects of coal syngas, with and without
2S, on the performance of short-stack planar solid oxide fuel

ell assemblies. The results indicate that the separate effects
f water content, CO, and H2S can have significant deleterious
ffects on the long-term stack performance. The mechanism by
hich CO and high H2O fraction affected stack performance was
ncertain, and may be due to deposition in flow control passages
f the interconnects. Such deposits could lead to increased back
ressure on the stack and potentially more fuel leakage at the
pstream manifold, making less fuel available for the stack.

The introduction of 119–120 ppm of H2S caused an immedi-
te power decay of approximately 10%. Tests with syngas and
2S had an average final power decay rate per 500 h of 23%;

lmost double that for tests with only H2 and H2S (12%). Stack
lectrical contacts are suspected to be failing in these tests as
videnced by noisy power behavior and hysteresis in the V–I

urves.

The results of the material analysis suggest that the presence
f GDC improved the sulfur tolerance of the individual cells,
ut other components of the stack system require more analysis.
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