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Polymer electrolyte membrane fuel cell (PEMFC) stacks offer a great potential for combined heat and
power (CHP) applications because of their good performance and technical maturity of the key com-
ponents. Nonetheless, some developmental issues have remained open. Among those are the long-term
stability with respect to performance degradation and sudden death phenomena like membrane rupture.

In a development program for domestic CHP systems, PEMFC stacks intended for long-term operation
on reformate were developed. Development targets were high performance, high media utilization, good

I;E{/‘;\l’:ocrds" longevity and low degradation rates. In this paper, results on long-term performance tests of these stacks
CHP are reported. Operating times of more than 15,000 h with degradation rates of approx. 10 wVh-! have

Longevity test been achieved.

Long-term operation
Reformate operation
Degradation

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The Viessmann Group is one of the leading international man-
ufacturers of heating systems. Viessmann has developed field test
units of a domestic cogeneration system based on a PEM fuel cell
for detached and two-family houses. Natural gas is used as fuel for
the system. ZSW has been working for more than 15 years in the
field of polymer electrolyte membrane fuel cells (PEMFC), including
the development of stacks from 2 W to 20 kW. Experimental results
presented in this work are based on a PEMFC stack developed by
Viessmann and ZSW. The developmental results with respect to
stack technology are reported in [1,2].

Numerous data on PEMFC performance under ambient and
pressurized conditions exists ([3-5]) but up to now only limited
information on long-term performance tests are reported (e.g.
[6-8]). Performance test results of PEMFC systems are given e.g.
in [9]. The influence of contaminant gases (H,S, NH3, CO, ethylene)
on the stack performance was reported in a previous publication
[1].

Data shown in this publication are obtained using synthetic
methane steam reformate including trace constituents such as CHy,
CO, and for certain test runs, air bleed.
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The reported results were obtained using short and long stacks
(10and 60 cells, respectively). The cells have active areas of 148 cm?
in the initial generation and 142 cm? in the improved generation.
The stack improvement relates to the gas distribution fields, the
membrane electrode assemblies (MEAs) and gas diffusion layers as
well as operating conditions. Detailed results of the developmen-
tal activities are reported in [1,2]. Some aspects relevant for the
flowfield and stack development are given in [10,11].

2. Experimental procedure

The long-term operation of PEMFC stacks was investigated using
test benches with 24/7 capability which are described with respect
to general layout in [3]. The anode and cathode gases were mixed
using gas flow controllers (Millipore) which are controlled by a PLC
unit (SIEMENS S7 300). Elektro-Automatik and Hécherl & Hackl
electronic loads were used for the experiments. Both the anode
and the cathode gases are humidified with bubbler humidifiers
which temperatures are set according to Table 1 for the long-term
operation tests. The standard reformate anode gas is a simulated
reformate containing hydrogen with additional 30 mol% CO, and
5mol% CH,4. CO and air bleed were added as specified below. The
influence of gas compositions were investigated as close as possi-
ble to real operation conditions as the performance decay strongly
depends on operating parameters such as cell temperature, gas
composition, gas humidification and media utilization.
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Table 1
Overview of selected stack endurance tests and corresponding operation conditions.

Stackno.  Number of Operating MEA  Flow field  Active area Media flow  Coolant inlet Utilization (%) Dew point (°C)

cells hours (h) (cm?) temperature (°C)
Anode Cathode Anode Cathode

1 10 2945 B A 148 Counter 75 70 25 73 52

2 15 484 A B-1 142 Counter 75 70 35-40 73 55

3 10 500 A B 142 Counter 75 70 40 73 50

4 10 1700 A B 142 Co 75 70 40 72 52

5 10 15000 B B 142 Co 65 80 50 60 60

6 60 7000 B B 142 Co 65 80 50 65 60

The cell temperature is kept according to levels specified in
Table 1 operating temperature (coolant inlet) using the cooling
water loop of the test bench. During the experiment, the cell was
operated under current control. A predefined 24 h load cycle, which
is shown in Fig. 1, was applied.

The load cycle included an OCV test under media flow. Every
week, a current voltage curve and an OCV test under air shutdown
were recorded. The settlement time was 15 min for each step of the
current voltage curve (all data measured in a descending order) and
3 min for the OCV test without air supply.

This parameter field simulates the load changes expected for a
CHP house energy supply. If some operating parameters could not
be adjusted to the target values in the first phases of project, slightly
modified parameters were used instead. The daily load changes
(shown in Fig. 1) as well as the weekly characterization curves were
integrated into the test bench program, such that the operation
could be performed automatically. During the test phase, a semi
automated analysis procedure was developed, such that curves
like degradation over time, current voltage curves, OCV over time,
and utilization voltage curves were generated with little operator
interaction.

3. Results and discussion
3.1. Investigations on PEMFC stacks

The cumulated operation time of the stacks investigated was
more than 65,000 h, which equals to an accumulated testing time
of almost 8 years. The performance and long time behavior of
stacks dependent on components selection and operating param-
eters were investigated.
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Fig. 1. Load cycle (one period) used for longevity tests (stack 5).

3.2. Long time performance tests of PEMFC stacks

The operation of the stacks was performed using a parameter
field defined by Viessmann, which also includes time dependent
load changes as given in Fig. 1. A summarizing table on all tests per-
formed and the applied operating conditions are given in Table 1.

3.3. Initial long-term test results

The initial long-term test results, i.e. the results obtained with
stacks prior to the improvements of the components and operating
conditions, are reported in [1].

This status is represented by the test series of stack 1 (flowfield
“A”). The operating time of stack 1 was 3000 h, using a standard
reformate with 10 ppm CO. After that time, the media tightness was
slightly reduced, presumably due to the beginning of pinhole for-
mation. This reduction could be detected by anodic pressure drop
tests showing a 90% pressure drop after 10 min waiting time with
closed anode cell connectors. The degradation diagram is given in
Fig. 2. The corresponding operating parameters (Table 1) also rep-
resent the range of possible operating points at that stage. It was
possible to use anode utilization degrees of up to 75% and cath-
ode utilization degrees of up to 35%. Two data points starting at
2500 h were recorded without CO, whereas all other data points
were recorded with 10 ppm CO in the anode gas. A survey of current
voltage curves is given in Fig. 3.

It can be concluded from current voltage curves given in Fig. 3,
that most of the degradation effects are kinetic and active area
reduction based. This analysis is supported by the degradation rates
given in Fig. 2, which are comparably high for all current densi-
ties from 0.2 to 0.4Acm~2 (24.6-29.7 wV h~1), indicating that the
main degradation process has a high effect already at current densi-
ties of <0.2 Acm~—2. On the other hand, OCV degradation rate under
media flow is quite low (6.5 wVh~1), such that only kinetic and
active area reduction effects remain as possible mechanisms. Post
test analysis of MEAs showed, that the electrodes were deactivated
in some areas (visible as electrode material loss in some parts of
the active area). This phenomenon overlapped with kinetic effects,
and it is not possible to give exact figures on the contribution of
both effects. For this stack, it is also difficult to distinguish between
anodic and cathodic degradation processes, since the anode was
operated almost permanently with CO containing gases, but it is
expected from results reported below, that the observed degrada-
tion rates are caused both from anode and cathode degradation.
At the end of operating time, also some mass transport limitations
contribute to the voltage degradation. This can be concluded from
the additional voltage decay of current voltage curves (shown in
Fig.3)from 0.5 to 0.6 Acm~2 at operating times of 2.000 h and more.

3.4. Long-term test results for the improved stacks

In a developmental program, which included simulations as
well as experimental diagnostic techniques (area resolved current
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Fig. 2. Diagram of averaged single cell voltage vs. time for stack 1.

density measurements, flow simulations in transparent half cells,
extended test programs with a wide range of operating conditions,
including condensing operating parameters), the flow field geom-
etry was changed both at the anode and the cathode side. The
general approach was to reduce the parallelization degree of flow-
field channels, including a reduction of the total cross sectional area
of the flowfields. All relevant dimensions (rib and channel diame-
ter, channel depth) were changed to less than 1 mm. The result of
the flowfield improvements was a much better condensate removal
capability even at ¥4 of nominal media flow rates.

Also the GDL selection was optimized with respect to the new
flowfield and the operating parameters selected. So, using the
newly developed flow field type “B”, it is possible to operate the
stack routinely also under two phase conditions (formation of con-
densate within the stack). Utilization degrees of up to 80% (anode)
and up to 50% (cathode) for a broad range of operating conditions
have been achieved. The results are reported in detail in [1,2].

Due to the new MEA and improved flowfield and GDL, also the
electrical efficiency and the degree of air utilization of the stack
were improved. For some operating conditions, the air utilization
was increased from 25 to 60% (stoichiometry 4-1.7). So, the use of
flowfield B led to a big extension of allowable operating parameters.
In Fig. 4 a comparison of operating points of both flowfield types is
shown.

A more detailed analysis of the non stable operating points
given in Fig. 4a was performed by measurements in a Perspex cell
(flow velocity distribution), spatially resolved current density mea-
surements, and by a theoretical analysis showed that there is a
close interaction between expected or measured condensate for-
mation, and a non stable cell performance. So, a better condensate
removal capability was one of the main topics of flowfield devel-
opment.

A set of corresponding current voltage curves is given in Fig. 5.

The current voltage curves show a decreasing voltage level with
time, even within a short operation time. This is also shown in the
voltage time characteristic of stack 2 (Fig. 6). The degradation rates
are high and vary between 44 and 87 wV h~! under load. The test
run of stack 2 and 3 were stopped after 500 h of operation out of
the reason that the degradation rates were even higher compared
to the initial stack (stack 1).

Combinations of further changes were necessary to reduce the
degradation rates significantly. These changes include the oper-
ating parameters, especially the change from counter- to coflow
(Hy/air), the reduction of the stack operating temperature, the
selection of a more humid operation regime and an additional mod-
erate anodic air bleed (0.8%). The influence of flow directions was
investigated with stack 4, which was operated using the same con-
ditions as for stack 3, but with coflow instead of counterflow. In
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Fig. 3. Survey on current voltage curves for stack 1 (cathode utilization degree: 25%).
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Fig. 4. Stable operating points and corresponding average cell voltages of a 5-cell stack for the reference cell design (flowfield A, a) and the improved cell design (flowfield
B, b), reformate/air; ambient pressure at outlets; stack temperature: 75 °C; dewpoint anode/cathode: 75/30°C.
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Fig. 5. Current voltage curves of stack 3 (cathode utilization: 40%).

Fig. 7, the corresponding voltage time diagram is shown. In Fig. 8,
the current voltage curves of this stack are shown.

By the change to media coflow, the degradation rates were
reduced from 44 to 82 wVh~! (stack 2) down to 21 to 36 wVh-!
(stack 4). Also, the leakage rates (represented by OCV decay) were
strongly reduced by the change from counter- to coflow. The cor-
responding values are 89 wV h-! for stack 2 but only 7 wVh-1 for

stack 4. The current voltage curves of stack 4 (Fig. 8) show no visible
mass transport effects which might be due to less GDL hydropho-
bicity loss and less resulting flooding effects in stack 4 compared to
stack 2.

In Fig. 9, the voltage time behavior for a 10-cell stack is given,
and in Fig. 10 the voltage time chart for a 60-cell long stack is shown.
Both stacks use the same materials and were operated nearly under
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Fig. 6. Diagram of averaged single cell voltage vs. time of stack 2.
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Table 2
Overview of selected stack endurance tests and corresponding voltage decay rates.
Stackno. Number of Operating MEA Flow field Active area  Media flow Coolant Voltage Voltage Voltage Voltage
cells hours (h) (cm?) inlet tem- decay @ decay @ decay @ decay @
perature ocv 02Acm? 03Acm? 04Acm—2
Q) (mVvh) (wh1) (wVvh) (wh1)
1 10 2945 B A 148 Counter 75 6.5 24.6 26.7 29.7
2 15 484 A B-1 142 Counter 75 88.9 443 57.6 823
3 10 500 A B 142 Counter 75 112 -2 -2 -2
4 10 1700 A B 142 Co 75 7.2 21.2 28.1 35.8
5 10 15000 B B 142 Co 65 1.6 4.2 7.5 10.3
6 60 7000 B B 142 Co 65 2.5 6.4 8.0 10.2

2 No data available since change of operating conditions

the same conditions. The only difference is the number of cells per
stack.

The operation time obtained was more than 15,000 h (10 cell)
stacks, and more than 7000 h (60-cell long stack). The long stack
test had to be terminated after that time for test bench fail-
ures, the 10-cell stack test is still ongoing. The degradation rates
obtained (averaged data from 2300 to 15,000 h operating time)
are ranging from 1.6 wV h~1 (OCV with media flow) to 10.3 WV h~!
(@0.46 Acm~2). The long stack shows comparable degradation
rates.

The corresponding current voltage curves for stack 5 (10-cell
stack) are shown in Fig. 11.

The presented current voltage curves show only small and no
increasing changes with time which are mainly contributed to
kinetic effects. Moreover, it can be observed that small, but sig-
nificant mass transport effects occur after more than 11,000 h
operating time. The curves recorded with 10 ppm CO and 0.8 vol.%
air bleed (starting after 2300 h operation time) show no signifi-
cantly lower voltage levels than the curves recorded with CO- and
air bleed-free reformate. This effect is independent of operation
time; even after 10,000 h operating time there are no significant
voltage changes, if both CO and air bleed are added. Other exper-
iments reported in [12] show that the moderate air bleed dosage
of 0.8% has even a protective effect with respect to a 10 ppm CO
addition and related degradation effects. On the other hand, an
additional performance decay can be observed, if CO is added and
no air bleed is applied [1,13]. The OCV behavior under media flow
(Fig. 9) indicates that no significant leakage formation occurs up
to 15,000 h. The OCV line shows almost no degradation (approx.
1.6 wVh=1) at all operation times. So it can be expected that the
10-cell stack can be operated for another several 1000h. This
assumption is also supported by gas leak tests which show no sig-
nificant changes in anodic gas tightness from start to 8600 h (see
Fig. 12). The pressure drop after 8600 h is even lower than close to
initial stage. This variation lies in the measurement error.

4. Summary

The operation time obtained for a single stack could be increased
from approx. 2500 h in the initial phase of the project to more than
15,000 h (ongoing test) in the ending phase. This more than a 6-
fold increase is achieved by combined effects of stack development,
material improvements, and a selection of operating parameters.
The degradation rates were reduced from 50 to 80 wVh~! in the
initial phase to 10.3 wV h~! (@0.46 Acm~2)in the final phase. These
achievements are accompanied by the change from H,/N, mix-
tures to the use of simulated reformate (including 10 ppm CO and
0.8% air bleed). A survey on the degradation rates dependent on the
operating conditions and stack type is given in Table 2.

It is shown that for the first stacks, the degradation rate is of sim-
ilar amount for low and high current densities (stack 1) or may also
be comparable for OCV and at high current densities (stack 2). The

effect of a flow direction change can be observed comparing stacks
3 and 4, where almost no other change was made. These stacks
were intentionally equipped with the more degradation sensitive
membrane type “A”, to evaluate the influence of the cell design
change on performance and degradation. The flow field change led
to a higher degradation, if operated in counterflow mode (stacks
2 and 3), but the flow change to coflow allowed to reproduce the
degradation rate obtained with the reference stack (stack 1), still
obtaining a much broader window of operation parameters. A fur-
ther reduction of degradation rate was obtained by a combined
change of the MEA, maintaining the same base type of membrane,
and a further change of operating parameters (stacks 5 and 6). In
the optimized stacks (5 and 6), the degradation rates are very low
at high current densities (approx. 10 wV h~1), and are even smaller
at lower current densities, such that a higher fraction of cell voltage
level can be recovered by a slight current density reduction.
Moreover, the voltage level at a current density of 0.3 Acm—2
was increased from less than 600 mV to approximately 720 mV. At
0.5Acm™2, the corresponding voltage increase was from 560 mV
for the initial stack to 660 mV in the improved stack (Figs. 2 and 10).
To achieve these results, long-term tests on more than 37 stacks
with a total operating time of more than 65,000 h were performed.

5. Conclusions

The obtained results show a 6-fold increase of lifetime since
start of the second project phase, combined with a voltage increase
of 100 mV per cell at comparable operating points. The combined
efforts of stack development, operation condition selection and
materials development allowed to increase the operating time of
stacks using reformate/air to more than 15,000 h with low degrada-
tion rates. This opens a perspective to achieve the operation targets
for stationary operation in CHP units of 40,000 h under low degra-
dation rates.
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