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Abstract

This paper provides an overview of several operating conditions which can have a significant effect on the durability of polymer electrolyte
fuel cells (PEFCs) and direct methanol fuel cells (DMFC), including: low reactant flows, high and low humidification levels, and high and
low temperatures. The possible effects of these conditions, along with possible mitigating strategies, are discussed. Data from various tests
are presented demonstrating lifetimes from 1000 h to greater than 13,000 h for various conditions and applications.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Fuel cell systems, when properly designed, can be a
reliable and durable method to produce efficient and en-
vironmentally friendly energy for various applications. As
polymer electrolyte fuel cells (PEFCs) approach commer-
cialization, significant progress is being made towards pro-
ducing systems that achieve the optimum balance of cost,
efficiency, reliability and durability.

Fuel cell lifetime requirements vary significantly, rang-
ing from 3000 to 5000 operating hours for car applications,
up to 20,000 operating hours for bus applications and up to
40,000 operating hours for stationary applications. There can
be various lifetime requirements for other types of applica-
tions, such as portable power, un-interrupted power supply
(UPS), etc. Degradation rate requirements are normally set
based on beginning-of-life (BOL) performance, end-of-life
(EOL) performance requirements, and lifetime durability re-
quirements in terms of operational hours and/or stand-by
hours. The degradation range of 2–10�V/h is common for
most applications.

The most common fuel for the PEFC is hydrogen, which
can be either in an essentially pure gas stream or in the
form of reformate produced from various fuels, such as
methane, methanol, and gasoline. A special case of PEFCs
is that of direct methanol fuel cells (DMFC), which con-
vert methanol directly into electrical energy, without the use
of a reformer. Wasmus[1] provides an overview of DMFC
technology. Such systems offer many advantages in terms of
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system simplicity and will likely be preferred for a number
of niche markets, but development lags hydrogen based PE-
FCs. Degradation rates of DMFCs are generally higher than
that of hydrogen PEFCs, and depend on the application, but
are typically in the range of 10–25�V/h.

The ability of the fuel cell to operate under a wide range
of operating conditions with different system characteristics
is described by the term, “fuel cell operational flexibility”.
Optimum fuel cell operational flexibility must take into
account both specified and an estimated amount of unex-
pected, or “out-of-specification” conditions over the fuel
cell target lifetime. Some of the conditions to consider in-
clude: reactant flow rates and composition, operating and
environmental temperature, operating and environmental
pressure, humidification levels, peak load requirements and
turn-down ratios, duty-cycle characteristics (including per-
centage of time at different load points), and required rate
of transient responses.

Due to the absence of moving parts, the fuel cell is an
inherently reliable system, but can be prone to material
degradation from the presence of: reactants; various mate-
rials, including catalyst; significant electrical potential and
current density; and various operating conditions, including
temperature and pressure ranges. The management of the
fuel cell stack for lifetime is dependent on how these compo-
nents and interacting conditions are designed and managed.
As a very general statement, the lifetime achieved in a fuel
cell can often be traded-off against another characteristic,
such as operating regime, cost, and power density. Targeted
lifetime and failure testing can be conducted during the de-
velopment stage, to provide the basis to understand potential
failure mechanisms and develop the necessary technology
to mitigate such mechanisms. Therefore, a fuel cell system
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may be custom designed to meet the needs of a particular
application, including a target lifetime requirement.

This paper will provide an overview of some operational
conditions that can affect fuel cell lifetime. The conditions
to be discussed include: low reactant flows, high and low
humidification levels, and high and low temperatures. Each
of these conditions and associated failures can be discussed
in much more depth, but is beyond the scope of this paper.
For a discussion on the effects of water management, please
refer to the paper by St-Pierre et al.[2]. For a literature
review of PEFC durability, please refer to the discussion by
Wilkinson and St-Pierre[3].

2. Experimental

Various standard Ballard fuel cells and fuel cell stacks
were used to generate the data presented in this paper, with
active areas ranging from 49 to 1280 cm2. Tests were con-
ducted on single-cells or short-stacks (typically in the range
of 4–20 cells). The conditions used varied with the appli-
cation and are noted with the data when relevant. Standard
Ballard test equipment, including humidifier, test station, gas
mixer, and electronic load, was used for control of operating
conditions.

Fuel starvation was induced by replacing the fuel with
humidified nitrogen. An external power supply was used to
simulate the stack power to drive the current through the cell
or short-stack. External humidifiers were used for humid-
ification experiments, with control of humidification level
through adjustment of dew point temperature. Lifetime tests
were generally conducted by applying a constant load (un-
less otherwise stated) over a fixed period of time. During the
lifetime, voltage performance points were recorded contin-
uously. Diagnostic tests were generally conducted through-
out the test period, but are not shown on the charts. Only
operational hours are included in the lifetime calculations.
Freeze–thaw data was collected by running a cell through a
repetitive cycle, consisting of operation at two different load
points, removal of the load and gases, cool down and purg-
ing of the cell, freezing, then warm-up and re-introduction
of gases and load.

3. Discussion

3.1. Low reactant flow

High reactant utilization is generally required for most
applications in order to maximize fuel efficiency and reduce
system parasitic load, size, and weight that may be associ-
ated with the oxidant and fuel delivery and/or storage sys-
tems. Transient operation, particularly under the demanding
conditions of automotive applications, introduces greater
challenges due to rapid load changes and the resulting wide
range of conditions.

During high overall stack utilization, uneven flow shar-
ing between cells can result in partial fuel and/or air star-
vation conditions in individual cells. This situation can be
exacerbated by the presence of liquid water in channels or
other blockages, resulting in further flow sharing difficulties
that in extreme cases can lead to complete starvation condi-
tions. One example of such a condition is sub-zero start-up
or operation. As long as the stack temperature remains be-
low zero, the cells are prone to ice formation and subsequent
flow channel blockage. Although the stack and system oper-
ation can be designed to reduce these occurrences, it is gen-
erally accepted that rapid heating of the stack to minimize
ice formation is desirable.

In the case of oxidant starvation, the protons passing
through the membrane will combine, in the absence of oxy-
gen, to form hydrogen, and the cell essentially acts as a hy-
drogen pump. The cathode potential drops due to the lack
of oxygen and the presence of hydrogen, and the cell volt-
age generally drops to very low levels or may even become
negative.

In the case of fuel starvation, if hydrogen is no longer
available to be oxidized, the anode potential will rise to
that required to oxidize water, assuming water is available,
resulting in the evolution of oxygen and protons at the anode,
according to:

H2O → 1

2
O2 + 2H+ + 2e− (1)

The protons will pass through the membrane and combine
with oxygen at the cathode in the normal reduction reaction
to produce water (reverse of reaction (1)).

A polarization of a complete fuel starvation (no hydrogen)
with humidified nitrogen flowing on the anode is presented
in Fig. 1for an anode with a 4 mg Pt/cm2 loading of Pt black
catalyst on the anode. The cell voltage, as measured from
the cathode to the anode, drops due to a rise in anode poten-
tial, which reaches levels sufficient for water oxidation, i.e.
>1.23 V. The values of the cathode and anode potential are
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Fig. 1. Fuel starvation polarization. Humidified anode/cathode feed
streams: nitrogen/air. 3 bar, 75◦C, 4 mg/cm2 Pt on each of cathode and
anode.
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Fig. 2. Schematic representation of degradation of carbon catalyst support
during operation in the absence of fuel.

not individually known, but the presence of oxygen on the
anode due to reaction (1) was confirmed by gas chromato-
graphic (GC) analysis, indicating that high anode potentials
are being achieved.

Most current technology development is focussed on the
use of platinum (or platinum and ruthenium) supported on
carbon particles, in order to reduce the amount of platinum
required on the anode down to 0.05–0.45 mg/cm2, and as
described in[4]. These types of anodes are prone to degrada-
tion during fuel starvation due to reaction (2), the oxidation
of carbon, which is catalyzed by the presence of platinum
[5]. This reaction proceeds at an appreciable rate at the elec-
trode potentials required to electrolyze water in the presence
of platinum (greater than approximately 1.4 V[6]).

C + 2H2O → CO2 + 4H+ + 4e− (2)

This is shown schematically inFig. 2. The catalyst support
is converted to CO2, and Pt and/or Ru particles may be lost
from the electrode, resulting in loss of performance.

Reduced degradation can be achieved through modifi-
cation of the anode structure to favour oxidation of water
over carbon. Some strategies to accomplish this include:
enhanced water retention on the anode (e.g. through mod-
ifications to PTFE and/or ionomer, and addition of water
blocking components such as graphite); use of improved
catalysts to reduce the required anode potential for water
electrolysis and thus the associated carbon oxidation (e.g.
additional Ru on the anode); use of a more robust catalyst
support (e.g. more graphitic carbon or alternative support
materials); and increased catalyst coverage on the support to
reduce contact of carbon with reactants (e.g. higher weight
percentage Pt on the carbon)[7–10].

Fig. 3 shows the cell voltage response over time of four
different four-cell stacks with different anode designs. Each
stack was subjected to fuel starvation conditions through an
equivalent number of cycles. Each stack was then finally
starved of hydrogen and allowed to go into voltage reversal
until an average cell voltage of−2 V was reached. The length
of time the cells operated prior to reaching−2 V is a measure
of robustness to fuel starvation.

3.2. Low humidification

Water management is key to optimum reliability and dura-
bility of fuel cells. Inadequate water content, either globally

Fig. 3. Comparison of different anode structures in severe failure testing.
Each cell has equivalent cathode (∼0.7 mg/cm2 Pt, supported on carbon).
Testing conducted at 200 mA/cm2, fully humidified nitrogen on anode.
Anode loading at∼0.3 mg/cm2 Pt supported on carbon (varied materials
and compositions). Each curve represents the results from a four-cell
stack with each cell in the stack of identical composition. Four separate
stack tests were run to generate the curves.

within the stack or locally at certain locations within the unit
cell, results in reduced conductivity in the membrane and in
any ionomer present in the catalyst layer. This results in in-
creased ohmic losses and a drop in cell voltage. This effect
can be demonstrated by conducting controlled tests on a cell
design that has not been optimized for low humidification
conditions. The results of such a test are shown inFig. 4.
The cell is initially running fully humidified with a constant
performance. Once a step-change is made through a reduc-
tion in humidification level, the performance quickly drops.
The drier the conditions, the greater the loss in performance.
When the humidification level is subsequently increased, the
performance quickly recovers.

Inadequate water content can also accelerate membrane
physical degradation, and can ultimately result in mem-
brane holes and reactant gas crossover. This effect was ob-
served through a series of tests in which the same type of

Fig. 4. Effect of reduced humidification levels on non-optimized cell de-
sign. Air/hydrogen operation with specified humidification levels. Current
density: 1 A/cm2.
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Fig. 5. Time to significant gas crossover (>10 cm3/min at 2 bar pressure
differential) as a function of inlet gas humidification for a non-optimized
cell design. Air/hydrogen operation, current density: 540 mA/cm2, coolant
temperature: 75◦C, humidification levels of reactant streams as indicated.

non-optimized cell design was run under varying humidi-
fication conditions. The results of these tests are shown in
Fig. 5, where, as conditions become drier, failure due to sig-
nificant reactant gas crossover occurs after shorter lifetimes.

It is possible to continue running a cell with membrane
holes present, but the performance becomes very sensitive
to pressure differentials across the membrane. In this case,
the reactants are able to transfer across the membrane, and
dilute or consume the opposite reactant. When this occurs,
either fuel or air starvation can result, depending on the
direction of the pressure differential.Fig. 6shows a lifetime
plot for an eight-cell stack during which a large crossover
leak developed in one cell. The stack was operated with the
fuel pressure slightly higher than the air pressure, resulting
in air starvation in that cell. It can be observed that the cell
voltage dropped to negative values, but continued operation
for approximately 500 h prior to the end of the lifetime test.
The remaining cells in the stack continued to operate with
stable voltages for the entire planned 3000 h test duration.

Improved water management can be achieved through
various strategies. One challenge faced by cell and stack
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Fig. 6. Lifetime test showing effect of membrane damage resulting in gas
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designers is how to effectively distribute the product water
within the cell. Unless the inlet gas streams are fully humid-
ified, the inlet region will have low humidity. High oxygen
concentration at the inlet can also result in high catalytic
activity in this region, which, when combined with the re-
duced water for heat transfer removal, can result in increased
local temperatures. The combined effects of low humidi-
fication and locally increased temperatures can result in a
region prone to membrane failure. Conversely, as the prod-
uct water accumulates, the back portion of the cell may be
fully saturated, leading to the possibility of two-phase flow
and potential mass transport losses, contamination, and flow
sharing issues.

One of the easiest strategies to implement to redistribute
product water within the cell is through operation with coun-
tercurrent reactant flows, essentially using the MEA as an
in-cell humidifier[2,11,12]. A study was conducted to deter-
mine the optimum flow configuration for drier conditions (no
air humidification, fuel humidification at 10◦C lower than
the inlet coolant temperature). The strategies tested included
co- and counter-flow strategies for the three fluid streams:
air, fuel, and coolant. In this case, the cell was operated with
a 15◦C temperature differential from inlet to outlet in the
coolant stream. Operation with fuel counter-flow to air and
coolant achieved the most stable performance and the lowest
cell resistance.Fig. 7 shows a lifetime test run under these
conditions, with no degradation observed. The other config-
urations tested resulted in a steady decrease in cell voltage
and the accompanying increase in cell resistance, indicating
the effect was due to membrane drying, resulting in proton
conductivity loss.

3.3. High humidification

While insufficient humidification can introduce problems
for durability and reliability, excess humidification can also
cause many potential problems. Excess humidification may
result from several scenarios. During transient operation,
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rapid electrical load changes may be demanded of the fuel
cell. The change in operating conditions may lag behind
that of the load and the conditions can become temporarily
non-optimized. This situation may cause flooding or drying
conditions to exist in the stack. Stack and system design
must be carefully optimized to ensure uniform temperatures
throughout the stack. Any local regions of lower tempera-
ture have the potential to cause associated water condensa-
tion and/or pooling. The use of reformed fuel is generally
associated with a large fuel water content which in some
cases may result in greater than 100% saturation upon being
cooled to stack temperature if the moisture is not adequately
removed prior to entering the stack. A more fundamental
problem with the fuel cell is the production of water as the
gases are consumed, resulting in the tendency for product
water to accumulate in the back half of the cell. In most ap-
plications, the fuels are run with low gas flows to minimize
parasitic losses, which may be inadequate to completely va-
porize and/or entrain all of the water produced, although
various strategies exist to reduce oversaturation[12,13].

Excess water content, if not properly managed, can result
in reactant diffusion blockages, particularly on the cathode,
causing an increase in mass transport losses. Excess water
can also increase flow-sharing issues, which becomes par-
ticularly significant when running under low flows. A fur-
ther effect of excess water is the increase in contaminants
that may be leached out of system/stack components, and
the increased opportunities to transfer these to the cell. This
has resulting degradation effects, such as a reduction in hy-
drophobicity in the cell, which further exacerbates the ef-
fects of increased water content[2]. Other contamination
effects may include loss of membrane conductivity, loss of
active catalyst sites, and increased mass transport losses.

Many of the strategies for mitigation of excess water
are similar to those used to reduce the impact of drying
conditions. The product and humidification water must be
properly distributed throughout the cell and between cells.
Strategies which can be used include reactant flow strate-
gies (such as counter-flow design discussed previously),
flowfield and plate design, and MEA design[14].

One example of MEA design to mitigate the product water
accumulation is the use of a non-uniform in-plane electrode
structure to improve water retention in the drier inlet re-
gions, and enhance water removal in the wetter outlet regions
[2,14,15]. This strategy minimizes both dry and flooded re-
gions. This may be achieved through a localized increase
in electrode gas diffusion layer (GDL) substrate porosity
in areas where water accumulates, such as the oxidant out-
let. Fig. 8 shows one example of electrode design and per-
formance improvements achieved at high current densities
[14,15]. In this case, the GDL contains added perforations,
with increased density of perforations in the wetter outlet
region. The performance is equivalent in the low current
density region, but shows a significant improvement to con-
ventional GDL design in the region of greater than 1 A/cm2,
which is typically limited by mass transport losses.

Fig. 8. Water management through MEA design. (a) Plan view of MEA
showing perforations in GDL with increased perforation density in wet-
ter outlet region. (b) Performance of MEA at increased current density
compared to a conventional, non-pierced MEA design.

A particular case where water management is of high
importance is that of direct methanol fuel cells (DMFC).
Although the cathode reactions in a DMFC are the same
as that of hydrogen based fuel cells, the fuel consists of
a methanol and water mixture, usually introduced into the
anode in the liquid phase. DMFCs do not suffer from issues
with dry regions due to the liquid fuel, but are particularly
prone to cathode flooding. A significant portion of the liquid
water in the fuel stream will ultimately cross over to the
cathode. This results in increased cathode mass transport
losses due to the difficulty of the reactants to diffuse through
water vapour and/or liquid present which must be removed
by the cathode gas stream.

As a result of liquid fuel feed, DMFCs require different
water management strategies than hydrogen based PEFCs.
One strategy that can be used to recover performance loss
is load cycling. When operating under constant load, the
cells tend to suffer high performance degradation due to an
increase in gas diffusion limitations as water builds up on
the cathode. This can be seen in the polarization curves of
Fig. 9. A cell operating for only 16 h under constant current
load has lost significant performance at high current densi-
ties, indicative of mass transport losses due to gas diffusion
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limitations. Quantification of this increased loss can be ac-
complished through testing of the cell in the high current
density region on each of two different oxidants, air and a
mixture, termed “helox”, consisting of 21% oxygen and 79%
helium. The voltage response as a function of current den-
sity and oxidant used provides information on gas diffusion
limited performance, with an increasing gap at high current
densities indicating increased losses[2,16]. The change in
gas diffusion limited performance of a DMFC run continu-
ously for only 16 h is compared inFig. 10against one run
under load cycling for almost 2000 h. These cells suffered
a change in gas diffusion limited performance of∼370 and
∼35%, respectively, an order of magnitude improvement in
degradation. The load cycling strategy used in this case con-
sists of removing the load from the cell for 30 s during every
30 min operational period. As can be observed given the re-
sults inFig. 10, this has proven to be very effective in main-
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taining low degradation rates. InFig. 11, a DMFC lifetime
plot at 0.2 A/cm2, during which the load cycling strategy
was used, is presented. The lifetime performance was very
good for this type of fuel cell, with a degradation rate of only
13�V/h for almost 2000 h with no failures. It is important
to note that many DMFC applications can also achieve these
low degradation rates simply due to the dynamic nature of
load conditions, including on–off cycles.

3.4. Low temperature

A wide range of operating temperatures is required for
fuel cells, depending on the application. For automotive ap-
plications, this may include sub-zero operation upon start-up
in freezing temperatures[17]. Regardless of the start-up re-
quirements, the stack and system will likely be required
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to withstand many freeze–thaw cycles. Possible low tem-
perature effects can include: reduced material degradation
rates; increased contamination effects, e.g. carbon monox-
ide, which is generally present in reformed fuel, is adsorbed
much more strongly at lower temperatures[18]; lower per-
formance due to increased kinetic, ohmic, and reactant trans-
port losses; and increased importance of water management.
Water management is particularly important for sub-zero op-
eration, as water blocking channels may freeze, resulting in
partial or complete reactant starvation in some cells.

One mitigation strategy that can be used for operation
when sub-zero temperatures are expected, is purging of flow
channels. This is an effective technique to clear the chan-
nels of water prior to freezing[19]. Fig. 12shows the per-
formance of a cell after each of 55 freeze–thaw cycles, with
operation and purging during each cycle. No significant per-
formance loss is observed at 0.5 A/cm2, and at 1.0 A/cm2 a
loss of only 0.2 mV/cycle is observed. This is consistent with
data reported in[20], in which no degradation was observed
when the cell was cooled to−78◦C, and with that reported
in [21], in which three freeze–thaw cycles to−10◦C were
completed with no observable degradation.

3.5. High temperature

Operation of the fuel cell at increased temperature has
several advantages. Higher temperatures result in reduced
cooling requirements, which is particularly important for au-
tomotive applications in which engine size can be limited
by radiator capacity[22]. Higher temperatures are preferred
for co-generation of heat and electricity, which is partic-
ularly advantageous for residential applications. Contami-
nants tend to adhere less strongly to the catalyst and other
fuel cell components as the temperature is increased. For
example, carbon monoxide present in reformed fuel has less
poisoning effect at higher temperatures. However, the disad-
vantages can include: increased material degradation rates
and associated contaminant levels; and, a reduction in mem-

brane and ionomer moisture content for a given set of oper-
ational conditions[23]. The last effect can result in loss of
performance due to decreased proton conductivity and in-
creased membrane degradation leading to holes and/or thin
spots.

The use of reformed fuel provides an example of a local-
ized high temperature effect that has the potential to reduce
lifetime of the fuel cell. The use of a small stream of air
bleed into the fuel is often used to recover the CO induced
anode catalyst poisoning by oxidizing the CO to CO2 [24].
However, the presence of this air bleed can result in local-
ized hot spots generally close to the fuel flow channel inlet
area, depending on the cell design. Failure analysis of the
problem region is important to detect any link between the
failure and specific features of the flow channel design[25].
The use of modeling techniques can be further used to de-
termine the most likely contributing factors, such as coolant
channel location, plate conductivity, air and coolant channel
locations, interactions with MEA design, etc. In this way,
the cell can be designed to prevent the occurrence of hot
spots and extend the lifetime of the fuel cell under these
conditions.

An example of the improvement achievable using this ap-
proach is represented inFig. 13. In this case, the applica-
tion was the Ballard 250 kW Natural Gas Power plant. In
an early design, the cells began to fail very early for this
type of application; at 5000 h for MEA type 1 and in less
than 2000 h for MEA type 2. In this case, the MEA type
2 was the preferred design in all other respects. Thus, the
strategy mentioned above of failure analysis and modeling
was accomplished to highlight key contributors to the early
failures. Subsequent redesign and testing resulted in very
significant improvements to durability, particularly with the
target MEA type 2. In laboratory simulation trials, a short
stack (17-cells) operated for over 13,000 h without failure,
with an average cell degradation rate of only 0.5�V/h, as
presented inFig. 14. In a field trial under dynamic opera-
tion, the full power plant operated for 7400 h, to the end of
the field trials, with no MEA failures.

0

2,000

4,000

6,000

8,000

10,000

12,000

14,000

Simulated lifetime
test Flowfield

design A

Simulated lifetime
test Flowfield

design B

Dynamic operation
in field service

Flowfield design B

H
ou

rs
 o

f O
pe

ra
tio

n

MEA Type 1
MEA Type 2

Early 
failures 
observed

Operation continuing

Field trial complete, 
7,400 hrs with no 
MEA failures.

Fig. 13. Comparison of lifetimes achieved in 250 kW natural gas power
plant hardware. Air/simulated reformate operation with 2% air bleed.



134 S.D. Knights et al. / Journal of Power Sources 127 (2004) 127–134

200

300

400

500

600

700

800

900

1000

0 2,000 4,000 6,000 8,000 10,000 12,000 14,000
Hours of Operation

A
v
e

ra
g

e
 C

e
ll 

V
o

lt
a

g
e

 (
m

V
)

Degradation rate = 0.5 µV/hr

Laboratory trial of 17-Cell Stack, 

Methane reformate operation, @ 0.5 A/cm2

Test continuing

Fig. 14. Lifetime test of 17-cell stack comprised of 250 kW natural gas
power plant hardware. Coolant operating temperature: 82◦C at stack
outlet. Design of cell optimized to minimize localized high temperature
effects at membrane in fuel inlet. Actual temperature at membrane is not
measured.

4. Conclusions

An overview of the effect of various operational con-
ditions on the durability of the fuel cell was presented.
Lifetime can be extended both through control of these con-
ditions, within application and system abilities, and through
optimized design to reduce the impact of these conditions.
Fundamental understanding of failure mechanisms and
development of mitigating technology is facilitated by di-
rected lifetime and failure testing throughout the technology
development cycle. Various lifetime plots were presented
showing very stable performance. Although DMFC is at an
earlier stage of development, significant progress has been
made in achieving good durability, and it is a prime candi-
date for niche markets with moderate lifetime requirements.
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