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Abstract

The development of power conversion systems based on fuel cells has been
demanding reliability studies since the requirements associated with cost and
durability of these technological products have become fundamental to their
acceptance by the energy market. The experimental part of the reliability study
presented in this work consisted of performing life tests with single proton ex-
change membrane fuel cells (PEMFCs). The proposed reliability analysis me-
thodology covered the application of qualitative and quantitative techniques. In
the qualitative approach, a Failure Mode and Effect Analysis was developed in
order to identify and evaluate all potential failures associated with the opera-
tion of fuel cells. In the quantitative approach, a statistical analysis was ap-
plied to the sample data generated in long-term steady-state tests of these de-
vices. A two-parameter exponential distribution was fitted to data and the
maximum likelihood estimate for the mean time to failure (MTTF) of the
fuel cells was calculated. It is important to point out that the tests per-
formed under the scope of this study were the first long-term experiments
performed with the fuel cells produced in the laboratories of IPEN-CNEN/SP,
Brazil. Although the results indicated that fuel cell performance and durabili-
ty were still at a level below the targets normally established for similar com-
mercial devices, the improvement of the main components of PEMFCs has
been the objective of several projects developed at the institute. Thus, the
main benefit brought by this study is the proposed methodology, which can
be implemented as part of a reliability growth analysis of the fuel cells and
can be integrated into the design process of these devices.
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1. Introduction

The increasing global concern with the environment and climate changes has
been encouraging scientists and energy companies to search low impact energy
sources, high efficiency power generation systems and low polluting automotive
vehicles. Therefore, this scenario has been favorable to the maturing process of
the so-called “hydrogen economy”, in which the concept of the energy conver-
sion system known as “fuel cell” is inserted. Fundamentally, fuel cells are gas fed
batteries, Ze. devices that convert chemical energy directly into electrical and
thermal energy by the electrochemical combustion of a fuel, usually hydrogen.
However, unlike a battery, the reactants in a fuel cell are stored externally and
supplied continually. For larger scale applications, fuel cells have several advan-
tages over batteries, including smaller size, lighter weight, quick refueling, and
longer range [1].

Nowadays, the United States of America, Japan, Canada and some European
Union countries carry out important programs in this area and establish well de-
fined targets in relation to the application of hydrogen and fuel cell technology
to transportation (cars, buses, trains, spaceships, forklifts, etc.), stationary power
(low to moderate power level) and portable power (computers, cell phones, etc.).
Regarding Brazil, it is expected that this technology, which is associated to a low
pollutant emission and high efficiency use of fuel, may take an important role in
the planning of its national energy matrix [2].

Significant scientific progress in fuel cell technology has been achieved over
the past few decades, mainly in relation to system efficiency, fuel diversity and
operational flexibility [3] [4] [5] [6]. Nevertheless, durability and cost have been
identified as the top two issues still challenging the success of this technology.
On the one hand, it is recognized that only when fuel cell costs are dramatically
reduced to the target of the United States Department of Energy (US DOE) of
$30 kW' will fuel cells be competitive for virtually every type of power applica-
tion. On the other hand, to reach technological readiness, automotive fuel cell
power systems need to be as durable as today’s internal combustion engines,
corresponding to a 5000-hour operating lifetime (approximately 7 months over
a range of vehicle operating conditions), and stationary fuel cells must also meet
operating lifetime targets of more than 60,000 hours (approximately 6.8 years of
continuous operation) to compete with existent distributed power generation
systems, based on the 2016 US DOE targets at component, stack, and system le-
vels. The US DOE durability targets for transportation and stationary fuel cell
applications stand on the lifetimes of energy conversion devices that are compet-
itive with fuel cells, such as internal combustion engines and micro turbines, re-
spectively. However, the lifetimes of fuel cell vehicles and stationary cogenera-
tion systems are currently around 3900 hours and 12,000 hours, respectively [7].

These values show that, in order to achieve the proposed objectives, future
developments are necessary [8]. In addition, current knowledge on the reliability

of proton exchange membrane fuel cells (PEMFCs) is still in the early stages of
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development and further research aimed at promoting the commercialization of
this device should be promoted [9]. It should be noted that studies on reliability
techniques applied to PEMFC systems are limited in the literature and analysis
strategies may vary depending on the operating conditions of the device, such as
those discussed in this work [10].

This work aims to describe the adopted methodology and to present the main
results regarding the reliability study of single PEMFCs that have been produced
in the laboratories of IPEN-CNENY/SP, Brazil. In this case, a broad and complete
methodology to analyze the reliability of PEMFCs was defined. Thus, it is worth
emphasizing the importance of considering two main stages for the development
of the analysis: an initial qualitative evaluation of the factors that contribute to
fuel cell failure; and a stage of life tests, whose protocols were established based
on local practices. In addition, this methodology allows the evolution of the fuel

cell design to be monitored and compared with the results of previous tests.

2. Methodology
2.1. Reliability Analysis

In industry, the concept of reliability is usually associated with the quality re-
quirements of a product and intrinsically covers the aspects of durability, main-
tainability and safety. Improving product reliability is an important part of the
overall picture of improving its quality. Concerning fuel cells, special emphasis
may be given to the aspect of durability, which is the capability of these devices to
resist a permanent degradation in performance and can be considered a measure
of their useful lifetime.

Concerning the technical definition, reliability is the probability of an item to
perform its specified function adequately in the designated environment and for
a determined period of time or number of cycles/events [11]. This is the most
widely accepted definition of reliability and it implies that some important ele-
ments must be identified:

o the specified function of the item;

e the meaning of an adequate performance of the item;

¢ the environmental and operating conditions in which the item shall function;
and

e the period of time or number of cycles/events in which the item shall func-
tion adequately. This period of time or number of cycles/events usually refers
to the mission time/cycle of the item.

Several techniques can be used in the reliability study of an item, ranging from
a qualitative analysis, in which critical failures of this item can be identified and
evaluated, to a statistical analysis of lifetime data, for predicting and assessing
various quantities of interest regarding item reliability. In this article, the single
PEMEFC was considered a device.

The initial stage of the reliability study discussed in this work consisted of the

identification of all potential failures associated with the operation of single
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PEMFCs. The technique applied in this stage was a Failure Mode and Effect
Analysis (FMEA), which is an inductive, systematic and detailed method of iden-
tifying all possible failures of a product/process, investigating failure causes, eva-
luating failure effects, checking existing resources for failure detection and con-
trol, and defining preventive/corrective actions that could eliminate the causes
or mitigate the undesirable effects of failures [11] [12]. A formal FMEA process
may be a part of a comprehensive quality control system since it is a technique
quoted in ISO 9004, which has an equivalent standard in Brazil, named ABNT
NB-9004 [13]. This method has not been commonly applied in fuel cell reliabili-
ty studies, at least not integrated to the life-testing stage as it was done in this
work, to obtain both qualitative and quantitative data on the performance of
these devices. Therefore, a FMEA was developed to identify failures related to
the operation of the PEMFCs and some studies published in the literature that
addressed degradation mechanisms and failures of major components of these
devices were taken into consideration [14]-[22]. It is important to mention that
many factors can affect the performance and durability of fuel cells, such as: en-
vironmental conditions, operating conditions, system operating modes, confi-
guration of fuel cell components, materials used in fuel cell composition, manu-
facturing process, assembly process, presence of impurities or contaminants in
the process, human factors, etc. All these factors were evaluated during the de-
velopment of the FMEA for the PEMFCs. Thus, after FMEA development, it was
possible to conclude that the most critical failures of PEMFCs are chemical de-
gradation of the membrane, degradation of the catalytic layer and carbon corro-
sion of the surface of graphite plates.

The main purpose of starting the reliability study with a qualitative analysis
before the experiments in the laboratory were performed was to promote fami-
liarization with the phenomena involved during the operation of the PEMFCs,
including the formation of a theoretical basis on the failure mechanisms that could
occur during life tests. It is important to mention that some effects of component
failures evaluated by the FMEA, regarding the performance of the fuel cells, are
not directly identified during a test. In this case, it is necessary that the fuel cells
be dismantled and diagnostic techniques be applied so that they can be diag-
nosed. In the present study, only the polarization curve was considered, since it
did not require the dismantling of the fuel cells. Other diagnostic techniques,
such as cyclic voltammetry, electrochemical impedance spectroscopy, etc., were
applied to the fuel cells used during the tests, but were not part of the scope of
this reliability study.

In the quantitative stage of the reliability study of the PEMFCs, two different
approaches were adopted: 1) analysis of performance data, based on the records
of fuel cell voltage and power density as a function of time; and 2) analysis of
failure times (or lifetime data), that covered the aspect of fuel cell durability [23]
[24] [25]. In general, the collection of lifetime data is extracted from sources such
as: laboratory tests on early prototype units; operating records of early production
units in the field; and records of systematic longer-term tracking of products in
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the field [11] [23]. Considering that field data of this type of product were not
available, reliability data needed to be obtained from life tests, also known as re-
liability/durability tests.

Determining the number of required tests, ie. the appropriate sample size to
evaluate the reliability of fuel cells, is an important issue and should not be
omitted in the discussion and interpretation of the analysis results. In general,
the sample size is determined based on the accuracy that is desired in the relia-
bility measures of the devices. However, it is very common for constraints in-
volving test time and experiment conditions that the sample size obtainable be
reduced. Thus, the representativeness of the sample to fulfill the objectives of the
study shall be discussed in the presentation of the final results. In the life tests
performed to generate sample data, actual operating conditions of the fuel cells,
both stable and dynamic, could be simulated in the test stations. The end of test
criterion adopted for the fuel cell life tests was: if the fuel cell voltage went below
a pre-defined minimum value, the test had to be stopped and a failure of the de-
vice would be characterized. The period of time up to the moment of this occur-
rence would be recorded as a failure time. Thus, a minimum voltage of 0.3 V was
defined based on the harmful or catastrophic effect generated by this condition
in the system and to avoid irreversible damage of the cell components. In addi-
tion, in some cases, the test was terminated due to time constraints imposed on
test duration or due to the occurrence of a failure that was not of primary inter-
est for the study. Hence, two types of censoring mechanisms were observed in
the reliability data analysis: “time censoring”, when unfailed units were removed
from test at a predetermined time; and “random right censoring”, when units
failed from causes that were not of primary interest for the study, e.g. failure of
some test station item, failure in the supply of reactant gases, etc. Both censoring
mechanisms contributed to the generation of a set of “right-censored data”, that
is, the exact failure times of some units were not determined, but they were
known to be greater than the censoring time. At any rate, these incomplete or
partial data should not be neglected when estimating reliability parameters.

The first part of the statistical analysis of lifetime data obtained from tests
consisted of the application of descriptive methods for assessing fuel cell per-
formance as a function of time [26] [27] [28] [29]. Therefore, for each test unit,
polarization curves (fuel cell voltage vs. time and fuel cell power density vs. time)
were constructed and fuel cell degradation was evaluated by means of the fol-
lowing performance measures over a selected period of time: mean and standard
deviation of the fuel cell voltage (mV); voltage decay rate (mV-h™'); percentage
of the voltage loss at the end of the test (%); mean and standard deviation of the
fuel cell power density (mW-cm™); power density decay rate (mW-cm>h™);
percentage of the power density loss at the end of the test (%).

The second part of the statistical analysis of lifetime data obtained from tests
consisted of a failure-time analysis [23] [24] [25], which was carried out by
means of two different approaches: the nonparametric estimation of the fuel cell

reliability function; and the parametric modeling of failure-time data using a
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known probability distribution. The nonparametric estimation is a model-free
tool for reliability data analysis, which involves analytical and graphical tech-
niques that do not require strong model assumptions. Such techniques allow the
singly right-censored data (failure times and censoring times) obtained from the
tests to be used to calculate estimates and confidence limits for the fuel cell fail-
ure-time distribution function. In the parametric analysis, a well-known proba-
bility distribution, suitable to model failure-time processes, may be adjusted to
data obtained from the tests. In this case, the most commonly used parametric
probability distributions are exponential, Weibull, gamma, lognormal and nor-
mal. After fitting the most appropriate model, its parameters and some impor-
tant functions of the parameters were estimated, and quantities of interest such
as mean lifetime (or mean time to failure), distribution quantiles and failure rate
of the fuel cells were calculated. For research purposes, it is important and useful
to compare the results obtained from both parametric and nonparametric ana-

lyses of the same data set.

2.2. Experimental Procedures

The production of MEAs and the assembly of single PEMFCs can be made by
using various techniques and several types of materials in their composition. An
optimization of the process for the production of MEAs based on the sieve
printing method has been implemented at IPEN-CNEN/SP laboratories [30] and
the test units used in this study were produced by this process.

Firstly, DuPont™ Nafion” N115 membranes were treated in hydrogen peroxide
solution (3% v/v) at 80°C for 1 hour to eliminate organic impurities, followed by
rinsing with water in the same conditions to remove H,O, traces. Then, the
membranes were treated with sulphuric acid 0.5 mol-L™" solution at 80°C for 1
hour, with subsequent washing in water to eliminate acid residues. Catalyst lay-
ers of gas diffusion electrodes (GDE) for single PEMFCs were prepared as de-
scribed in [30], considering that the application of the catalyst ink to the surface
of the diffusion layer of each electrode (anode and cathode) was made by the
painting method called sieve printing. In all cases, 35.5 wt% of Nafion™ (5 wt%
solution in a mixture of alcohols, DuPont), which corresponds to 1.1 mg-cm™,
was applied to the catalyst layer. The total metal loading (Pt/C 20 wt% Pt, BASF)
ranged from 0.40 to 0.56 mg-cm™” for the anodes and from 0.60 to 0.85 mg-cm™
for the cathodes. The gas diffusion layer (GDL) consisted of a carbon cloth
wet-proofed with Teflon™ (ElectroChem). The membrane electrode assemblies
(MEAs) were fabricated by hot pressing the anode and the cathode to the elec-
trolyte membranes at 125°C and 1000 kgf-cm™ for 2 minutes. The main features
of the fuel cells tested in this study are summarized in Table 1.

Life tests were carried out in order to generate the sample data required for
the performance evaluation and durability estimation of the fuel cells. The expe-
riments were executed in two automated test stations Evaluator C10-LT, manu-

factured by FuelCon.
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Table 1. Main features of the single PEMFCs produced for this study at IPEN-CNEN/SP

laboratories.
Fuel cell features Description
Active cell area 25 cm?

Type of polymer electrolyte
membrane

Membrane thickness

Type of gas diffusion layer

Catalyst composition and loading

Type of flow field plate

Flow field configuration

Plate dimensions

Type of current collector plate
Gasket type

Cell heater

Manufacturers

DuPont™ Nafion® N115

127 ym

EC-CC1-060T—carbon cloth wet-proofed with Teflon®
Thickness = 0.11 mm; ElectroChem Inc.

Sieve Printing—EKRA model E-1—application of
the catalyst layer to the surface of the gas diffusion layer

Graphite
(including penetrations for resistance thermometers PT100
of 3 mm diameter and for tubular resistances of 5 mm)

Serpentine type

9.5cm x9.5cm x 1.2 cm

Copper treated surface finished with gold
Fibreglass cloth wet-proofed with Teflon®
Tubular resistance with 5 mm diameter (60 W)

IPEN-CNENY/SP and Electrocell

The tests were divided into two main groups: 1) tests performed in stable op-
erating conditions in order to determine the evolution of cell voltage as a func-
tion of time at a fixed current density, also called long-term steady-state tests;
and 2) tests performed in dynamic operating conditions in order to determine
the evolution of cell voltage as a function of the current density following an
on/off profile versus time, also called accelerated (or ageing) life tests. Accele-
rated life tests are tests in which the stress applied to the item exceeds its nomin-
al operating conditions so as to shorten the time required for failure occurrence.

In both cases, that is in the steady-state or accelerated life tests, the proposed
test protocols were based on protocols recommended by regulatory agencies [23]
[24] [25].

The main steps of these test protocols were: system start up and fuel cell heat-
ing; fuel cell voltage cycling; conditioning of the fuel cell during a 24-hour pe-
riod; performance of the initial polarization curve; long-term steady-state test or
accelerated on-off cycling test; performance of the final polarization curve; and
system shutdown.

System parameters such as reactant gas (fuel and oxidant) temperature and
flow rate, humidifier (anode and cathode) temperature, fuel cell temperature,
system pressure, etc., were adjusted during the development of the experiments,
and the ideal conditions for the operation of a 25 cm®-area single PEMFC for

long term tests were considered.
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The process variables controlled during the life tests are presented in Table 2.
Operating conditions indicated in Table 2 were expected to remain stable dur-
ing all the measurement steps.

Among the various tests performed, seventeen were considered valid and re-
levant to this study. Thirteen life tests were performed with the fuel cells operat-
ing at stable conditions (steady-state), ten of which were interrupted due to con-
straints on test duration and three were terminated after the occurrence of a
failure in the system. Among the four accelerated life tests, one was interrupted
due to constraints on the number of cycles (500 cycles) and three tests were ter-
minated after the occurrence of a failure in the system.

The main criteria used to determine the validity of a test were: reproducibility
during the manufacture and assembly of the fuel cells and repeatability of test
conditions. Thus, the tests that were eliminated from this study did not meet
these requirements satisfactorily. The results to be presented in the following
section correspond to the statistical analysis of the reliability data generated

from the valid long-term steady-state tests.

3. Results and Discussion

According to the analysis methodology proposed for this study, sample data ob-
tained from the long-term steady-state tests of the PEMFCs were compiled and
the results were divided into two main groups:

1) performance of the fuel cells, associated with the observed measures of fuel
cell voltage and power density over selected periods of time; and

2) durability of the fuel cells, associated with the failure/censoring times ob-

served during the tests.

Table 2. System operating conditions during the life tests of single PEMFCs.

Input variable Specified value Range
Fuel composition Hydrogen 99.9992% (V) -
Oxidant composition Oxygen 99.995% (V) -
Fuel cell temperature 75°C +5°C
Temperature of fuel gas at cell inlet 85°C +10°C
Temperature of oxidant gas at cell inlet 80°C +5°C
Pressure at fuel gas line 1 atm
Pressure at oxidant gas line 1 atm
Fuel gas flow rate 300 mL-min™! +100 mL-min™
Oxidant gas flow rate 200 mL-min™* +15 mL-min™'
Relative humidity of fuel gas 100% -
Relative humidity of oxidant gas 100% -
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Concerning the fuel cell performance during the tests, which was assessed by
the measures of voltage and power density over selected periods of time, it can
be shown that the percentage of voltage loss at the end of the test varied within
the range from 2.59% to 93.12%, and most values were within the range from
3.00% to 8.00%. The complete set of data is given in Table 3 and the most rele-
vant results are described as follow. The median value of the percentage of vol-
tage loss was 6.33%. The voltage decay rate of the fuel cells varied within the
range from 0.04 to 1.30 mV-h™' (40 to 1300 uV-h™"). Most values (67%) were be-
low 0.10 mV-h™" (100 uV-h™"), and the median value of the voltage decay rate was
0.08 mV-h™' (80 uV-h™"). The percentage of power density loss at the end of the
test varied within the range from 0.42% to 88.33%, with most of the values below
6.54%. The median value of the percentage of power density loss was 4.84%.

The power density decay rate of the fuel cells varied within the range from
0.004 to 0.79 mW-cm >h™" (4 to 790 pW-cm>h™'). Most values (67%) were
below 60 pW-cm>h™' and the median value was 0.05 mW-cm>h™" (50
UW-.cm™2h™).

Some graphical results obtained from the life tests in which the fuel cells were
operated at fixed current and stable conditions (long-term steady-state tests) are
illustrated in Figures 1-4.

Figure 1 and Figure 2 correspond to the observed performance along time
(fuel cell voltage vs. time) of the units named Cel 1 MEA 11 and Cel 1 MEA 12,

respectively.

Table 3. Results of the long-term durability tests and correspondent median values.

Power
Current  Voltage loss .
i density loss .
Steady-state  densityat attheend of Voltage at the end Power density
Sample period steady-state steady-state decay rate decay rate
h iod iod Vh! W-cm2h™
() ( ni:r:r)n'z) P ‘Zi/l(; (}1 ) steady—state (}1 om )
? period (%)

Cel 1 MEA 3 491.38 577.88 93.12 1116.0 88.33 640.0
Cel 1 MEA 5 505.10 599.60 5.56 60.0 1.38 10.0
Cel 1 MEA 10 668.80 622.77 6.59 60.0 3.39 20.0
Cel 1 MEA 11 524.90 585.67 3.64 40.0 2.92 20.0
Cel 1 MEA 12 668.20 535.17 17.11 160.0 16.58 80.0
Cel2 MEA 1 426.42 587.55 2.59 37.0 0.42 3.6

Cel 4 MEA 2 249.40 623.08 53.55 1300.0 51.43 790.0
Cel 5 MEA 3 504.50 658.25 4.58 60.0 2.58 20.0
Cel 5 MEA 4 361.22 573.48 6.07 100.0 5.83 60.0
Cel 5 MEA 5 399.52 663.96 34.33 520.0 36.66 380.0
Cel 5 MEA 6 610.72 679.51 8.84 90.0 6.54 40.0
Cel 5 MEA 7 265.8 638.71 3.08 70.0 3.86 60.0
Median value 497.940 611.185 6.33 80 4.845 50
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Single PEM fuel cell - Cel 1 MEA 11
Long-term steady state life test

1.00 4 i = 0.585 A cm-2 (mean value); T = 75°C

0 100 200 300 400 500 600
Time/h

Figure 1. Single PEMFC performance (voltage vs. time) at fixed cur-
rent, 75°C, 100% RH, 1 atm, H,/O,—Test unit Cel 1 MEA 11.

Single PEM fuel cell - Cel 1 MEA 12
Long-term steady state life test
1.10
1.00] i=0.535 A cm2 (mean value); T = 75°C
0.90 4
2 0.80 4
g 0.70 4 .
£ 0.60 v
$ 050
8 0.40 4
0.30 4 .
0.20 4
0.104
0.00 T T T T T T
0 100 200 300 400 500 600
Time /h

Figure 2. Single PEMFC performance (voltage vs. time) at fixed cur-
rent, 75°C, 100% RH, 1 atm, H,/O,—Test unit Cel 1 MEA 12.

Single PEM fuel cell - Cel 1 MEA 11
Polarization curves

1.10 4
1.00 4 —&— Initial Polarization Curve
) —&— Final Polarization Curve

0.90
0.80 -
0.70 1
0.60 -
0.50 -
0.40 -
0.30 1
0.20 1
0.10 -

0.00 4 T T T T T T
0.00 020 040 060 080 1.00 1.20
Current density / A.cm?

Cell voltage / V

Figure 3. Single PEMFC performance (voltage vs. current density) at
75°C, 100% RH, 1 atm, H,/O,—Test unit Cel 1 MEA 11.
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Single PEM fuel cell - Cel 1 MEA 12
Polarization curves
1.10
1.00 —&— Initial Polarization Curve
’ —— Final Polarization Curve
0.90
> 0.804
:‘,’, 0.70-
& 0.601
g 0.50 4
T 0.40-
© 0.30-
0.20 4
0.10 1
0.00 4 T T T T T T
000 020 040 060 080 1.00 1.20
Current density / A.cm™

Figure 4. Single PEMFC performance (voltage vs. current density) at
75°C, 100% RH, 1 atm, H,/O,—Test unit Cel 1 MEA 12.

The test with Cel 1 MEA 11 was interrupted due to time constraints and the
observed fuel cell lifetime in this case was considered a censoring time. During
the test with unit Cel 1 MEA 12, some non-expected interruptions had occurred
and the performance degradation leaded to a failure of the fuel cell.

Figure 3 and Figure 4 correspond to the polarization curves (fuel cell voltage
vs. current density) extracted during the tests with units Cel 1 MEA 11 and Cel 1
MEA 12, respectively.

The final polarization curve extracted after the conclusion of the test with Cel
1 MEA 12 showed evidence of the strong degradation of the fuel cell (Figure 4).

In general, the comparison between the initial and final polarization curves
showed that, in 50% of the tests, there was a significant increase in the over poten-
tial of the electrodes after a long period of fuel cell operation in the steady-state
condition, as shown in Figure 4.

The fuel cell performance loss generally corresponded to an increase in activa-
tion energy and ohmic resistance. The activation energy, which mainly comes
from the electron transfer resistance at the electrode interface, is the phenome-
non that governs the electrochemical process when the fuel cell is operating at
low current densities. When pure hydrogen is supplied to the fuel cell, the key
reaction in this range of operation is the oxygen reduction reaction (ORR) that
occurs at the cathode, and that is much slower than the hydrogen oxidation
reaction (HOR) that occurs at the anode. Moreover, certain operational prob-
lems, such as excessive accumulation of water in the diffusion layer of the GDE
(gas diffusion electrode) or in the flow channels of the graphite plates can influ-
ence the electrochemical reactions and especially the ORR. The main causes may
be a failure in water management in the membrane of the fuel cell or an inade-
quate configuration of the flow channels in the graphite plates. The increased
ohmic losses may be related to the degradation of the polymer electrolyte mem-

brane.
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Regarding fuel cell durability assessment, all failure times (F) or censoring
times (C) of the units tested under steady-state conditions were taken into con-
sideration, as shown in Figure 5.

Initially, a non-parametric analysis was performed in order to estimate the re-
liability function based on the failure/censoring times shown in Figure 5. The
statistical method applied to this analysis was described in [23] [24] and [25] and
the Kaplan-Meier estimator was used to generate an estimate of the fuel cell re-
liability function. In Table 4, the Kaplan-Meier estimate of the reliability func-
tion, denoted as Ryy(t), as well as the 95% confidence limits for this estimate are
presented.

The following step of the failure-time (or lifetime) analysis consisted of fitting
a known parametric model (exponential, Weibull, normal, log-normal or gam-
ma) to sample data.

By using the computer program ReliaSoft Weibull++ version 6 [31], it was
found that the model that best fits the observed data was a two-parameter expo-
nential distribution.

Besides that, it was verified that the reliability function estimates of the para-
metric models, for operating times smaller than 668.20 hours, are all close to the
non-parametric estimation (Kaplan-Meier). For operating times greater than
668.20 hours, the most optimistic parametric model regarding the reliability of
fuel cells analyzed in this study is the exponential model. The exponential model
is the one that best reflects this expectation and, for this reason, was chosen to
represent the lifetimes of the fuel cells. In addition, the exponential model, cha-
racterized by a constant failure rate function, is able to explain the fact that some
fuel cells have presented a linear loss of performance over time, considering the
period of observation of the test.

The probability density function A #) of a random variable T (failure-time) that

follows a two-parameter exponential distribution is given by Equation (1) below:
f(t)= 2 (1)

where y is a position parameter (in hours) and 1/1 is a scale parameter (in
hours), considering that {#) 20, A>0andt =0 or y.

The maximum likelihood method was used in order to calculate the estimates
of the model parameters. The parameters yand A were estimated at 265.80 hours
and 0.0012 failures per hour, respectively. Thus, the reliability function R(?) es-
timated for this study is given by Equation (2) below:

R(t) _ e—0.0012(t—265.8)- )

R(9 is graphically represented in Figure 6. Based on the adjusted exponential
model, the maximum likelihood estimate for the mean time to failure (MTTF) of
the single PEMFCs was 1094.58 hours, and the 95% confidence interval for this
parameter was [533.03 hours; 2836.13 hours]. The estimate for the median of the
distribution was 840.27 hours, and the 95% confidence interval was [451.03
hours; 2047.42 hours].
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Observed lifetime of single PEM fuel cells during steady state tests

Cel5SMEA7T4————————a F
Cel 5 MEA 6 c
Cel 5 MEA 5 c
Cel 5 MEA 4 C F = failure
Cel 5 MEA 3 ¢ C = censoring
Cel4MEA2 ————— & C
Cel 2 MEA 1 C
Cel 1 MEA 5 C
Cel 1 MEA 3 F
Cel 1 MEA 12 F
Cel 1 MEA 11 C
Cel 1 MEA 10 C

Test unit

0 100 200 300 400 500 600 700
Lifetime / h

Figure 5. Failure/censoring times of single PEMFCs tested in stable
conditions (fixed current, 75°C, 100% RH, 1 atm, H,/O,).

PEM Fuel Cell Reliability Function - Exponential Model

1.40 4
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Figure 6. Reliability function of the two-parameter exponential
model adjusted for the single PEMFCs.

Table 4. Kaplan-Meier estimate for the reliability function of single PEMFCs.

Time (h) K:'iplan-Meier 95% Confidence Int'erv'al 95% Confidence Int'erv'al
estimate Ryy,(t) for Ry (t) —lower limit for Ry (t) —upper limit
0 1 - B,
265.80 0.909 0.640 0.983
491.38 0.779 0.477 0.932
668.20 0.390 0.082 0.820

The non-parametric and the parametric estimates obtained for the reliability
of the fuel cells can be compared through the calculation of Ry, (t) and R(t) at a
specified time. For example, in Table 4, it can be observed that Ry(668.20) is
0.390. By Equation (2), the reliability of the fuel cells for a 668.2-hour mission,
R(668.20), is 0.617. This result indicates that the exponential model adjusted in

the analysis may be overestimating the reliability of the fuel cells tested for this
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study. Thus, until the sample size of failure times observed in fuel cell life tests is
large enough to improve the accuracy of the estimates calculated in this analysis,
the results obtained from fitting a two-parameter exponential model should be

interpreted with adequate reservation.

4. Conclusions

The methodology proposed in this study included both approaches, qualitative
and quantitative, for performing the reliability analysis of fuel cells. In the quan-
titative approach, which was the main theme of this article, the sample data gen-
erated in life tests of single PEMFCs were analyzed. Statistical methods for relia-
bility data were applied and the following results were obtained: 1) assessment of
fuel cell durability; and 2) assessment of fuel cell performance over time.

Among the main results generated from this study, it is important to mention
that PEMFCs lifetime was modeled according to a two-parameter exponential
distribution, and the parameters A and y were estimated at 265.80 hours and
0.0012 failures per hour, respectively. Thus, the mean time to failure of single
PEMFCs produced at IPEN-CNEN/SP was estimated at 1094.58 hours, and
[533.03 hours; 2836.13 hours] was the 95% confidence interval for this parame-
ter. In addition, the voltage decay rate of these single PEMFCs could be represented
by its median value which was calculated at 0.08 mV-h™" (80 pV-h™).

One of the main limitations of the research developed in this study is that the
quantitative results on the performance and durability of the fuel cells obtained
from the tests should be used with great caution, taking into consideration a
critical evaluation of the selected devices and test conditions imposed on them.
In general, experiments like the ones that were conducted in this study are af-
fected by several factors, including, in practice, budget constraints, man-hours
available for test execution, and laboratory infrastructure. On the other hand, the
application of the methodology proposed in this study to the development and
improvement of fuel cell components represents a great advance and offers sev-
eral opportunities for future research activities. Furthermore, this methodology
can be implemented as part of a reliability growth analysis of the fuel cells and
can be integrated into the design process of these devices.

Finally, the laboratorial infrastructure of IPEN-CNEN/SP, which is adequately
prepared for fuel cell testing, may be shared with other research institutes and
universities in a partnership framework for the development of power conver-

sion systems based on fuel cells.
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