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Abstract

The pace at which fuel cell systems are widely adopted by the marketplace will be determined primarily by two factors: (1) the rate at which
system cost decreases and (2) the rate at which system reliability increases. This paper describes the field reliability and its improvement
through a combination of software and hardware changes of Plug Power’s GenSysTM fleet of 5 kWe (plus up to 9 kW of thermal energy) proton
exchange membrane (PEM) fuel cell systems. Plug Power has shipped more than 300 of these systems to more than 50 customer locations in
more than 10 countries. This fleet is of sufficient size, and has been operating for a sufficient length of time, to develop statistically significant
o series of
s el reliability
s own, and the
g
©

K

1

m
(
g
G
o
b
(
e
c
u
6
s
5

f

ys-
ture

1–5
rts a
te
emi-
EM
3) a
pro-
ergy
wer
dule,

im-
ange
fuel
tack
ys-
the

0
d

bservations of system reliability. Nondimensionalized probability plots of PEM stack lifetime in field units are presented, and a
ystem-level changes are described that have increased PEM stack life by about a factor of 4. Nondimensionalized, system-lev
tatistics are also presented for the installed fleet. Pareto charts describing the top causes for system failures in the field are sh
eneral methodologies for improving system-level reliability are discussed.
2005 Elsevier B.V. All rights reserved.
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. Introduction

For several years, Plug Power Inc. has been developing,
anufacturing, and selling proton exchange membrane

PEM) fuel cell systems intended for stationary power
eneration in residential and commercial applications. The
enSysTM family of products is one of Plug Power’s current
fferings in this market. GenSysTM fuel cell systems can
e fuelled by either natural gas or liquefied petroleum gas
LPG), and can provide both heat and electric power to the
nd user. Depending upon the specific model and installation
onfiguration, GenSysTM systems are capable of producing
p to 5 kW of ac electric power, 5 kWe (at either 50 or
0 Hz) and up to 9 kW of thermal energy. Plug Power has
hipped more than 300 5 kWe fuel cell systems to more than
0 customer locations around the world.

∗ Corresponding author. Tel.: +1 518 782 7441x1414;
ax: +1 518 782 7914.

E-mail address:alan feitelberg@plugpower.com (A.S. Feitelberg).

Barbir [1] discusses the overall design of fuel cell s
tems for stationary power generation applications. A pic
of the GenSysTM fuel cell system is shown inFig. 1. This
fuel cell system contains five major modules, numbered
in this figure: (1) a fuel processing module, which conve
hydrocarbon fuel into a high H2, low CO content reforma
stream; (2) a power generation module, which electroch
cally converts hydrogen and oxygen into water inside a P
fuel cell stack, producing both electric power and heat; (
power electronics module, which converts the dc power
duced by the stack into ac power; (4) an electrical en
storage module, which ensures continuity of electric po
during transients; and (5) a thermal management mo
which transfers usable heat to the customer.

Inadequate reliability is one of the primary factors that
pede the large-scale commercialization of proton exch
membrane fuel cell systems. The reliability of the entire
cell system depends upon the reliability of the fuel cell s
and the reliability of all the other components within the s
tem. Every component within a fuel cell stack may affect
378-7753/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2005.01.012
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Fig. 1. A GenSysTM fuel cell system. Numbers refer to modules which are
described in Section1.

reliability of the stack. A PEM stack is normally composed of
tens to hundreds of unit cells, and these unit cells are stacked
in series to generate the power and voltage required by the
end user. A failure within a single cell may require the en-
tire fuel cell system to be shut down. In addition, failures of
upstream components within the fuel cell system can lead to
premature stack damage and failure.

A recent review of membrane electrode assembly (MEA)
and short stack reliability is available[2], and a general dis-
cussion on reliability of fuel cell stacks can be found in Fowler
et al.[3]. However, there is much less information in the liter-
ature on the reliability of PEM fuel cell systems. This paper
is intended to help fill this gap.

Several major design iterations have been deployed in or-
der to improve fuel cell system reliability and/or performance
since the first GenSysTM units (referred to here as the “B1”
units) were placed in the field in August 2001. Subsequent
major product revisions are referred to as the “B2”–“B6”
units in this paper, with the numbering scheme reflecting
the chronological order in which revisions were released.
Table 1summarizes the approximate date each GenSysTM

version entered production and the number of units manufac-
tured. The most recent version, B6, is still in production (as
of December 2004) and continues to be deployed to customer
sites.

The installed fleet of GenSysTM units is of sufficient size,
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system reliability. These observations help identify the root
causes for system failures in the field, and can be used to
prioritize future technology development needs. The rate at
which system reliability is improving is an important metric
that can be used for program planning purposes. The remain-
der of this paper will focus on these topics.

2. Definitions

Any discussion of reliability requires a common under-
standing of terms and nomenclature. In this section, we define
some of the terms that will be used in the subsequent discus-
sion of system and component reliability. Afailure is defined
as an end-user detectable and verifiable loss of product func-
tionality, resulting in an unscheduled repair and/or replace-
ment to restore the lost functionality. For example, a failure is
regarded as occurring when the stack voltage becomes lower
than a predetermined value at a certain power output, even if
the fuel cell system is still operable. Productreliability is the
conditional probability, at a given confidence level, that the
system will perform its intended function(s) without failure
for a specified time period when operated under proscribed
usage and environmental conditions.Development timeis the
total accumulated time between the launch of the first prod-
uct version (or B1) and any subsequent product revision (e.g.,
t st
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nd has been operating for a sufficient length of time
nable us to develop statistically significant observation

able 1
ummary of GenSysTM build version dates and production volumes

enSysTM build
ersion

Production launch
date

Number of units
produced

1 August 2001 33
2 August 2001 33
3 October 2001 40
4 March 2002 54
5 September 2002 45
6 January 2003 108
he B4 version).Cell ratio is defined as the ratio of the lowe
ell voltage to the mean cell voltage within a stack.

. Results and discussion

.1. Overall system reliability

The evolving reliability of the GenSysTM fleet is shown in
ig. 2, which plots the cumulative average number of failu
er system as a function of development time for units
ave been in the field for 3 months (�) and 12 months (�).
he data in this figure have been normalized by taking
umulative average number of failures per system for
1 units after 12 months as 1.0. Cumulative average fai
er system were determined by fitting a Crow power
eliability growth model[4] to the raw data on failures for th
ystems considered. The units within each product rev
ad acquired an average of 5900–7900 h of field run
efore being fit to the Crow power law model. The B2 u
eliability is not shown in this figure because the B2 u
ere released the same month as the B1 units and ha
ame reliability.

The reliability data from only about 40% of the units lis
n Table 1were included inFig. 2 for a variety of reason
or example, most units were installed at distant loca
nd required remote communication capability to acquir

iability data. Some of these units experienced data co
ion or transmission errors. In other cases, customers s
eclined to provide the necessary reliability data.
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Fig. 2. Cumulative failures of the GenSysTM fuel cell system fleet. The build
version fromTable 1is shown next to each point for clarity.

Two observations are immediately apparent fromFig. 2.
First, units that have been in the field for 12 months have
more cumulative failures than units that have been in the
field for only 3 months, as expected. Second, after 18 months
of continuous development, the B6 systems are significantly
more reliable than the B1 systems. Early life failures (failures
within the first 3 months of field exposure) were reduced by
77% from the B1 to B6 versions. After 12 months of field
use, the projected failures from the B6 units were 54% lower
than the B1 units.

The GenSysTM fuel cell system is a repairable system.
In other words, when a component fails, a repair is made
and the system is restored to operation. For repairable
systems, the time between successive failures is particularly
interesting because the reliability can be modeled using a
nonhomogeneous Poisson process[5]. The rate of improve-
ment in system reliability, referred to as a “learning curve”,
can be modeled by this process, and design decisions can
be made which affect the overall system reliability[6].
By monitoring learning curves over several development
programs, the similarities across programs can be used to
guide program plans and evaluate development efforts. For
these reasons, we believeFig. 2conveys a significant amount
of valuable technical information.

The overall system reliability improvements shown in
Fig. 2were achieved through a combination of hardware and
s nges
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Fig. 3. Most frequent component failures in the installed fleet during October
2002.

circulation scheme; changes to the PEM stack membrane
electrode assembly (MEA); and the elimination of selected
sensors.

3.2. Component reliability

One aspect of the overall system reliability improvement
shown inFig. 2 is a series of component-level changes de-
signed to eliminate failures. Tracking and understanding the
failure modes and failure frequencies of system components
are important elements in improving overall system reliabil-
ity. Figs. 3 and 4are “snapshots” in time from October 2002
and from June 2004, respectively, illustrating the seven most
frequent component failures in the GenSysTM fleet during
each of the two months indicated. The data from October
2002 come from a sample of 75 field units, while the June
2004 data come from a different sample of 45 field units.
Since the sample sizes are not identical (and the samples
contain different build versions), the component failure data
in each figure have been normalized by the number of fail-
ures of the component that failed most frequently during the
month indicated. The run time for the units in each sam-
ple ranged from about 4000 to 12,000 h. Stack failures ex-
ceeded the failures of any other individual component, and
have been excluded from the component failure data shown

F June
2

oftware changes to the original B1 product. These cha
ot only improved reliability, but also decreased system
y ∼50% and added two new product features. The
ew product features were: grid standby capability, w
llows the unit to continue to power critical loads, eve

he local electrical grid goes down; and LPG fuel capab
ajor hardware changes implemented in this time pe

nclude: a new inverter design; changes to the stack co

ig. 4. Most frequent component failures in the installed fleet during
004.
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in Figs. 3 and 4to highlight the reliability of other parts of
the system. Stack reliability will be discussed in Section3.3.

Component reliability changed significantly from the B1
to B6 systems. A comparison ofFigs. 3 and 4shows that
six of the seven most frequent component failures in October
2002 no longer made the top seven list in June 2004. As
the most frequent component failures were retired through
hardware and/or software changes, other problems percolated
to the top of the list. Enterprise-wide software tools were
used to systematically report failures and track problems to
resolution. We believe that tools of this type are essential to
achieving the high reliability required for stationary power
generation equipment.

When comparingFigs. 3 and 4, note that some com-
ponents may experience more than one failure mode, and
design changes that reduce or eliminate one failure mode
may not eliminate all failure modes caused or experienced by
that component (and may actually create new, unanticipated
failure modes). The failures shown inFigs. 3 and 4are failure
categories which group together all failures of a particular
component, regardless of the failure mode. In other words, the
reliability of a component can be improved without necessar-
ily eliminating all failures associated with that component,
or improving the overall reliability of the system. Aging
of the fleet and component wear can, over time, cause new
problems to appear with higher failure rates than previous
p
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B3 stacks to reach zero.Fig. 5 shows that the time required
for 50% of the stacks to fail (i.e., the median stack life) has
increased by more than a factor of 4 from the B3 to B6
builds.

The large increase in median stack life was achieved
through a combination of software and hardware changes.
The dramatic improvement from the B3 to B4 builds was
mainly due to a software upgrade and control algorithm
changes. The new software and control algorithms provided
better control of stack coolant inlet temperature by using
a cascaded proportional–integral–derivative (PID) control
scheme. The coolant temperature change across the stack was
put under closed loop control, using the coolant pump speed
as the adjustable parameter. Closed loop control of cath-
ode humidification was also implemented. These software
changes enabled more precise control of the stack coolant
and reactant inlet temperatures. In addition, the new software
and control algorithms periodically cycled certain movable
components to prevent them from sticking.

The improvement in stack life in the B5 and B6 builds
was primarily the result of hardware changes. One change
reduced cell-to-cell temperature variations by improving the
coolant distribution between cells within the stack. A hard-
ware change in the fuel processing module resulted in a reduc-
tion in the reformate CO concentration. Other major changes
included using more reliable components and reducing unit-
t
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.3. PEM stack reliability

No discussion of PEM fuel cell system reliability is co
lete without mentioning the reliability of the fuel cell sta
e have found that a Weibull distribution[7] provides a rea

onably good fit to failure time data of stacks deployed in
eld.

Fig. 5 shows Weibull fits to field stack reliability da
rom the B3–B6 systems. System run time inFig. 5 has
een normalized by the time required for the reliability

ig. 5. Weibull distributions of GenSysTM fuel cell system stack reliabilit
o-unit variation.
For each GenSysTM fuel cell system deployed in the fie

ore than 200 parameters are periodically recorded. Se
tack parameters are used, in conjunction with other
ators, as monitors of stack “health”.Fig. 6 shows two o
hese indicators, stack voltage (normalized by the maxim
ecorded stack voltage) and cell ratio, in the time period
ween January and December 2004. The data inFig. 6 are
rom a single fielded system that was commissioned in
003 and had been running for over 13,000 h at the

his paper was written. From a linear regression of the s

ig. 6. Performance of a fuel cell stack in a GenSysTM fuel cell system
s of December 2004, this system has been running in the field for
3,000 h.
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voltage, an average stack degradation rate was found to be
3.5�V cell−1 h−1.

Fig. 6also shows that the cell ratio, which is defined as the
ratio of the lowest cell voltage to the mean cell voltage, was
nearly constant before July 2004. This observation indicates
that the performance of all the cells was about the same during
the first 9500 operating hours. However, starting in July 2004,
the cell ratio decreased, indicating that the voltage of one or
more cells decreased much faster than the majority of other
cells. The loss of an adequate voltage in one or more cells in
a GenSysTM stack will cause a stack failure, even if the stack
voltage as a whole is still acceptable.

We find that individual cells within a GenSysTM stack of-
ten exhibit similar patterns while failing. Failing cells often
experience a slow voltage decay over a long time period,
much like other cells. Cells that will eventually fail then ex-
perience a somewhat faster voltage decrease over a shorter
time period, followed by a very rapid loss of voltage during
a short time period (a phenomenon sometimes referred to as
“sudden death”). We note that once the voltage loss within a
cell starts to accelerate, sudden death of that cell is normally
not far away.

The acceleration of voltage loss is consistent with the for-
mation of small holes in the MEA. We believe that the onset
of accelerating voltage decrease corresponds to the formation
of pinholes in the MEA. Sudden death occurs when the MEA
h
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4, decreasing product cost by about 50%, and adding new
features through a combination of software and hardware
changes. The rate at which system reliability was improved in
this fleet of fuel cell systems can be used to develop program
plans and schedules. The Weibull distribution was found to
provide a reasonably good fit to failure time data of stacks
deployed in the field. Data presented here on component re-
liability can be used to prioritize future research and devel-
opment needs.
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