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Abstract

‘We have reviewed more than 100 references that are related to water management in proton exchange membrane (PEM) fuel cells, with a particular
focus on the issue of water flooding, its diagnosis and mitigation. It was found that extensive work has been carried out on the issues of flooding
during the last two decades, including prediction through numerical modeling, detection by experimental measurements, and mitigation through
the design of cell components and manipulating the operating conditions. Two classes of strategies to mitigate flooding have been developed. The
first is based on system design and engineering, which is often accompanied by significant parasitic power loss. The second class is based on
membrane electrode assembly (MEA) design and engineering, and involves modifying the material and structural properties of the gas diffusion
layer (GDL), cathode catalyst layer (CCL) and membrane to function in the presence of liquid water. In this review, several insightful directions
are also suggested for future investigation.
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1. Introduction

As environmental concerns grow and fossil fuel reserves are
being depleted, hydrogen and bio-fuels have been considered
as feasible and sustainable clean energy carriers for the future.
Together with these carriers, fuel cells have attracted increasing
attention as the most promising energy converters, due to their
high-energy efficiency and low/zero emissions. Of the differ-
ent types of fuel cells, PEM fuel cells are the most promising
candidates, especially for automobile applications, because of
their high-energy density at low operating temperatures, quick
start-up, zero emissions and system robustness [1-4]. However,
despite the great advances in PEM fuel cell technology over the
past two decades through intensive research and development
activities, the large-scale commercialization of PEM fuel cells
is still hampered by the high cost of materials (such as ionomer
materials and platinum-based catalysts) and low reliability (in
terms of early failure modes and relatively short durability). Cur-
rently, active research is underway with the goal to reduce the
cost by: (i) reducing the loading of platinum catalyst, (ii) seek-
ing inexpensive materials and construction methods, and (iii)
improving cell performance and durability [5,6].

Improvements to fuel cell performance will have far-reaching
positive consequences for every aspect of fuel cell technology.
It has long been recognized that, for PEM fuel cells, cathode
performance [6,7] is one of the key factors affecting fuel cell
performance. Two major issues contribute to the cathode being
the limiting factor of the cell performance. One is the slow kinet-
ics of the oxygen reduction reaction (ORR) at the cathode when
compared to that of the hydrogen oxidation reaction at the anode.
Despite improvements in catalyst formulations, the rate of ORR
is four to six orders of magnitude lower than that of the hydro-
gen oxidation reaction [8], thus making the cathode reaction the
rate limiting step. The second issue is that of the mass transport
limitation imposed by liquid water, especially at high current
densities. It is often difficult to remove the product water from
the cathode side of the fuel cell, which leads to the compromised
transferal of oxygen to the reaction sites at the cathode electrode.

The accumulation of liquid water is the major cause of the
oxygen mass transport limitation in a PEM fuel cell. Water is
generated in the cathode by the ORR (O, + 4H* +4e~ — 2H,0)

in addition to being transported with the proton as it travels
across the electrolyte from the anode to the cathode by electro-
osmotic drag. If the water removal rate does not keep up with
the generation rate (at the cathode in particular), excessive water
will accumulate, causing water flooding and thus hindering the
transport of oxygen by blocking the pores in the porous CCL and
GDL, covering up active sites in the catalyst layer and plugging
the gas transport channels in the flow field. In addition, water
flooding within the catalyst layer, GDL and/or gas flow chan-
nels can result in a non-uniform distribution of reactants over
the active catalyst area and among cells in the stack. This non-
uniformity of distribution can result in both poor performance
and cell-to-cell performance variation within a stack [9,10].
Therefore, water flooding will make the cell performance unpre-
dictable, unreliable and unrepeatable under nominally identical
operating conditions [11-13].

The ionic conductivity of the proton-conducting membrane
is strongly dependant on its degree of humidification, or water
content, with high ionic conductivities at maximum humidifica-
tion. When the water removal rate exceeds the water generation
rate, membrane dehydration occurs, which can result in perfor-
mance degradation due to significant ohmic losses within the cell
[14]. Therefore, maintaining the proper balance in the fuel cell
between water production and removal is essential in optimizing
PEM fuel cell performance.

Water flooding is the most important aspect of water man-
agement, along with membrane dehydration and feed gas
humidification. Water flooding, as a significantly negative factor
in PEM fuel cells, is an interrelated and complex phenomenon
that has garnered a significant amount of attention. Studies on
the water flooding phenomena have ranged from numerical sim-
ulation and prediction (modeling), to experimental investigation
and diagnosis, with the ultimate goal of developing mitigation
strategies. Fundamental modeling that addresses water flooding
through two-phase flow has developed rapidly, and has been
useful in understanding both the importance of water man-
agement and the sensitivity of water flooding to changes in
operating conditions and fuel cell components. Direct visualiza-
tion and pressure drop measurement experimental methods are
well developed, especially for qualitatively investigating water
flooding. Efforts to mitigate flooding involve the hydrophobic
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treatment of GDL with PTFE, the addition of a micro-porous
layer (MPL) in the MEA, and the serpentine layout of flow
field design. Each of these strategies has been very successful at
flooding mitigation in a PEM fuel cell.

The purpose of this review is to summarize the progress and
status of water-flooding-related research for PEM fuel cells.
Firstly, the water movement and balance in a PEM fuel cell
are introduced and explained briefly. Secondly, the effects of
GDL, CCL, flow field and operating conditions on water flood-
ing and cell performance are summarized. Thirdly, experimental
diagnostic tools and mitigating strategies for water flooding are
reviewed. Suggested research directions are also discussed.

2. Water movement inside a PEM fuel cell

Water management has a significant impact on the overall
system performance, and is, therefore, one of the most criti-
cal and widely studied issues in PEM fuel cells. Proper water
management requires meeting two conflicting needs: adequate
membrane hydration and avoidance of water flooding in the cat-
alyst layer and/or GDL. To ensure a fully hydrated membrane,
fuel and oxidant (air) streams are fully or partially humidified
before entering the fuel cell. However, under certain operating
conditions, and especially at low temperatures, high humidifica-
tion levels, and high current densities, the gases inside the fuel
cell become oversaturated with water vapour and condensation
may occur at the cathode side, resulting in reduced performance.
Clearly, adequate understanding of water generation, transport
and distribution within the PEM fuel cell is essential.

Fig. 1 schematically depicts water transport in a PEM fuel
cell [4,14-17]. Water is generated internally at the cathode
catalyst-membrane interface as a result of ORR, and is also sup-
plied to the fuel cell by humidified reactant gases or by direct
liquid hydration [18,19], represented by anode and cathode inlet
relative humidity values. Through the membrane between the
anode and the cathode, two modes of water transport occur:
electro-osmotic drag transport and back-diffusion transport. The
former drives the water migration from the anode to the cathode
along with the protons, and the latter, caused by the concen-
tration gradient of water across the membrane, drives the water
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Fig. 1. Schematic picture of water movement inside a PEM fuel cell.

flux towards the anode. The water flux due to the electro-osmotic
drag effect is proportional to the protonic flux (/ee/F), and the
back-diffusion flux is related to the water diffusion coefficient
through the ionomer and the concentration gradient of water.
In addition, a sufficient amount of water that is generated at
the cathode must be transported away from the catalyst layer
by evaporation, water—vapor diffusion and capillary transport
of liquid water through the GDL into the flow channels of the
flow field, and then exhausted at the outlet. If this does not
occur, excess water exists at the cathode side and condenses,
thus blocking the pores of the GDL and reducing the active sites
of the CCL. This phenomenon is known as “flooding”, and is
an important limiting factor of PEM fuel cell performance. The
extent of flooding and the effects of flooding depend upon the
interaction of the operating conditions and the MEA properties.
Generally, flooding of an electrode is linked to high current den-
sity operation that results in a water production rate that is higher
than the removal rate. However, flooding can also occur even at
low current densities under certain operating conditions, such as
low temperatures and low gas flow rates, where faster saturation
of the gas phase by water—vapor [20] can occur. Therefore, water
management is a critical design consideration for PEM fuel cell
systems. The amount and disposition of water within the fuel
cell strongly affects efficiency and reliability [21].

3. PEM fuel cell water flooding and its effects on cell
performance

As discussed above, excess water in a PEM fuel cell can cause
water flooding, resulting in a significant loss of cell performance.
InFig. 2, polarization curves with various degrees of water flood-
ing are compared to a curve that is free from flooding. It can be
seen that the slopes of the cell performance curves affected by
water flooding become much steeper at the higher current den-
sities where internal water production is greater. This significant
performance loss is attributable to the greatly reduced oxygen
transport rate incurred by water flooding at high current densi-
ties where the water generation rate exceeds the water removal
rate.
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Fig. 2. Polarization curves of a PEM fuel cell illustrating the effect of water
flooding on cell performance: (1) no flooding; (2—4) increasing water flooding.
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Fig. 3. A typical water flooding pattern in a PEM fuel cell operated at constant
current density.

The time-dependent oscillation of cell voltage at fixed current
density shown in Fig. 3 represents a typical flooding pattern in a
PEM fuel cell (as observed in the NRC/IFCI laboratory). When
the operating conditions allow the liquid water to accumulate
to some extent and severe water flooding occurs, the gas flow
path can be temporarily blocked, giving rise to a negative spike
in cell voltage; then the blocking of the gas flow path can result
in a sudden build-up of local pressure that quickly flushes out
the excess liquid water, thereby resulting in a quick restoration
of the cell voltage. The periodic build-up and removal of lig-
uid water in the cell causes the observed fluctuation in the cell
performance, causing unstable, unreliable and inconsistent cell
performance. Of course, depending on the properties of the fuel
cell components, the flooding pattern may be different from the
one illustrated in Fig. 3. In addition, water flooding not only
compromises the cell performance in a transitory manner but
also degrades the durability of the fuel cell [11].

It has to be noted that flooding occurs not only in the GDL
and/or the catalyst layer but in the gas flow channels of the flow
field as well, depending on the interplay of the properties and
engineering of those components, and the operating conditions.
Therefore, it is important to understand how these variables
affect water flooding both independently and interactively.

The general consensus is that water flooding is more prone
to occur at the cathode, where water is generated by the ORR
and electro-osmotic drag. Therefore, the literature has focused
almost exclusively on cathode flooding, with a few exceptions
[22,23]. In this review, the term “flooding” refers to “cathode
flooding” unless otherwise stated.

3.1. Effects of GDL on flooding

The GDL is a key component of a PEM fuel cell that fulfills
several functions [24]: (1) reactant gas permeability: providing
access for reactant gases from flow-field channels to catalyst lay-
ers; (2) liquid permeability: providing paths for product water
to be removed from the catalyst layer area to flow field chan-
nels; (3) electronic conductivity: providing passage for electron
transport from bipolar plates to catalyst layers; (4) heat conduc-
tivity: providing efficient heat conduction between bipolar plates

and MEA; and (5) mechanical strength: providing mechanical
support to the MEA. These functions, especially the interfacial
electrical and thermal conductivities between the bipolar plates
and catalyst layers, depend significantly on the GDL compres-
sion behavior. Porous carbon materials, such as carbon paper and
carbon cloth, are the most commonly used materials for GDLs
[25-29]. Mathias et al. [24] present detailed information on the
different materials and manufacturing procedures of GDLs.

The GDL plays a crucial role in water management that
maintains the delicate balance between membrane hydration
and water removal. Product water must be transported through
the GDL from the catalyst layers to the flow field channels.
If the liquid water accumulates in a region needed for reac-
tant supply, flooding will occur and significant gas transport
limitations can result. To avoid flooding the porous interstitial
spaces with accumulated water, the GDL is often treated with
hydrophobic materials, such as PTFE, to change its wetting
characteristics so that the water is better expelled. Such treat-
ment results in hydrophobic and hydrophilic pockets of pores in
the GDL [24,30,31], which allow separate paths for gas trans-
port and liquid water transport [32—38]. Various techniques have
been developed to load the PTFE into the GDL, such as dipping,
spraying and brushing. A wide range of PTFE loading has been
used, generally falling between 5 and 30 wt.%.

In addition to the bulk hydrophobic treatment of the GDL,
a micro-porous layer (MPL) is often added between the GDL
and the catalyst layer to: assist in the distribution of the reac-
tant gas flows to the catalyst surface; enhance the mechanical
compatibility and contact between the layers; improve the local
current density distribution; and most importantly, provide effec-
tive wicking of liquid water from the catalyst layer into the GDL
[24]. To distinguish a MPL from a GDL, this paper defines a
GDL as the combination of a gas diffusion media (GDM) and a
MPL. MPLs are usually a mixture of carbon or graphite particles
and a polymeric binder (usually PTFE), coated on one side of
the GDM [39]. It is an industrial practice to refer to this MPL
as a carbon sub-layer. The pore size of MPLs ranges from 0.1
to 0.5 wm compared with 10 to 30 wm for GDMs [24].

Water transport in the GDL is a complex process due to the
two-phase flow conditions. The two-phase flow in the porous
GDL is governed by capillary force, shear force and evaporation,
and the relative magnitudes of these forces control the two-phase
distribution and flow regimes [32,40]. Within the cathode side
GDL of a PEM fuel cell, most of the product water moves in
the direction of the flow channel by gas-phase diffusion and/or
liquid-phase transport. When humid air is introduced into the
cathode compartment, the water vapor generated from ORR may
partially or completely condense.

Among the properties that the GDL must possess to fulfill
the multi-functionality listed above, several of them are related
to water management, including porosity, wettability (contact
angle), pore size, thickness and fluid permeability (fluid trans-
port). Most of the characterization techniques of these properties
are still under development. However, some techniques are
presently established, such as the measurement of porosity and
contact angle. The characterization of the two-phase transport
properties, such as the diffusion coefficients of the gases and
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the coefficients for capillary-induced liquid transport, has been
the main focus of the characterization study of GDLs [41-43].
Due to the unique and important role that the GDL plays in
transporting gases and water, most attention has been drawn to
it in the examination of water flooding issues in PEM fuel cells.
Yang and Zhang [44] carried out experimental investigations by
using transparent fuel cells to probe the details of liquid water
transport from the GDL into the gas flow channels. Numerical
approaches have also been very important in numerous studies
of the two-phase transport in GDLs [1,45-47].

3.1.1. Effects of PTFE treatment and the PTFE content of
GDLs

Although PTFE treatment has become a common industrial
practice in preparing GDLs, there has been much research inter-
est in studying the effects of PTFE treatment and the PTFE
content of GDLs [5,32,48-50]. Shimpalee et al. [49] experimen-
tally and numerically studied the effects of PTFE treatment of
the GDM on flooding and cell performance. In their experiments,
they investigated two different types of GDM: one was PTFE-
treated to create a hydrophobic surface while the other was not
treated at all. The same PTFE-treated MPLs were employed in
both cases to isolate the effect of the GDM from that of the MPL.
Fig. 4 shows the polarization curves at the following operating
conditions: 65 °C cell temperature, anode and cathode gases at
100% relative humidity (RH), 1.2/2.5 Hy/Air stoichiometries,
triple serpentine flow field channels and with O psig back pres-
sure. The cell performance obtained with the untreated GDM
is observed to be significantly lower than that with the PTFE-
treated GDM. At about 0.6 A cm 2, the cell voltage is 200 mV
lower with the untreated GDM, due to severe flooding in that fuel
cell. They also carried out numerical modeling to predict cell per-
formance by correlating the effective diffusivity with the degree
of water flooding. Their model was based on a steady-state,
multi-phase phenomena and a three-dimensional mass transfer
process, including the heat transfer process in a PEM fuel cell.
Their modeled cell performance was in good agreement with
the experimental results for both PTFE-treated and untreated
GDMs.
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Fig. 4. Experimental data of PTFE treated and untreated GDLs under 65 °C, 40%
Ha/air, 100%/100% RH, 1.2/2.5 stoichiometries, 0 psig [49] (with permission
from Elsevier Ltd.).

Tiiber et al. [48] experimentally studied the water flooding
issue in small fuel cells for portable applications operated at
ambient pressure and low temperatures (<30 °C) and in the cur-
rent density range of less than 0.25 A cm™2, using untreated and
treated Toray paper as the GDL. They investigated the influence
of the wetting properties of the GDM on water flooding and
cell performance, by treating the standard Toray carbon paper
(TGP-H-90) to make it strongly hydrophobic (20 wt.% PTFE).
Their results suggested that the wetting property of the GDL
could directly influence the accumulation of product water in
the gas channels if the operating temperature was in the vicin-
ity of 30 °C as would be the case during fuel cell start-up and
outdoor operation. Specifically, the hydrophilic GDL turned out
to be the more effective one in reducing water flooding, due to
effective water removal from the CCL to the GDL.

The effects of PTFE content in the GDM and MPL have
been widely studied [5,32,51]. Park et al. [32] studied the
behavior of water in the GDM with a wide range of PTFE con-
tent (0—45 wt.%) under various single-cell operation conditions.
They concluded that the capillary force in the GDM was not the
main driving force for water transportation. Instead, the shear
force of fluid and water evaporation were the dominant driving
forces due to the relatively larger pores of the GDM compared
to those of the CCL and MPL. They also concluded that the
increased PTFE content in the GDM hampered the ejection of
water from the catalyst layer to the flow channels through the
GDM, especially at conditions with high relative humidity. This
would result in water flooding of the catalyst layer. Velayutham
et al. [5] experimentally investigated the effects of PTFE con-
tent in the GDM and MPL. The PTFE content ranged from 7 to
30 wt.% in the GDM and 10 to 32 wt.% in the MPL. They found
that the optimal PTFE contents were 23 and 20 wt.% for the
GDM and MPL, respectively, in terms of water flooding control
at the operating conditions under which they carried out their
study.

3.1.2. Effects of the GDL materials

Manufacturing methods and materials used can significantly
affect the water management characteristics of the GDL and
the performance of the cell in which it is placed [25-29,52,53].
Development and modification of GDLs to improve cell perfor-
mance has been the focus of attention of many studies. Although
most of the reports concluded that the enhanced fuel cell per-
formance by modifying GDLs was the result of improved gas
permeability and electrical conductivity, the role of GDLs in
improving water management cannot be ignored.

There have been numerical [54-56] and experimental
[36,39,50] approaches to study the effects on water manage-
ment of GDLs with different materials or different properties.
For example, Spernjak et al. [39] explored the influence of GDL
materials on water formation and transport, using untreated car-
bon cloth from Ballard, untreated carbon paper from Toray
and 5 wt.% PTFE-treated carbon fiber from SGL Carbon. The
direct visualization technique in their experiments showed that
water dynamics changed as the GDL material changed. With
the PTFE-treated GDL material from SGL, water emerged as
droplets over the surface of the flow channels, but with the Bal-
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lard and Toray GDL materials, water tended to move along the
sidewall of the channels in the form of films and slugs. Spernjak
et al. believed that the water droplet removal mechanism was far
more effective than the film and slug removal mechanism. Fur-
thermore, the untreated Ballard and Toray GDLs were unable
to push the water to the membrane side through the catalyst
layer, just as they were not able to efficiently expel the water
into the flow channels of the bipolar plates. This resulted in poor
membrane hydration and thus low ionic conductivities of MEAs
that were made with the Ballard and Toray GDLs. It should be
pointed out that, in their experiments with the SGL material,
other properties of the GDL materials, such as pore structure,
average pore diameter and pore diameter distribution, thickness,
tortuosity, porosity and the addition of a MPL could have played
some roles in the water removal mechanism.

3.1.3. Effects of the MPL

The attention to the MPL as an additional layer to a conven-
tional GDL for better water removal from the catalyst layer is
reflected in the number of papers that have been published in
recent years [16,27,30,34,39,51,54,57-67]. The consensus now
is that the placement of a MPL between the GDM and the cat-
alyst layer can greatly improve cell performance, as illustrated
in Fig. 5. However, the explanation for this improvement is still
a subject for debate.

Qi et al. [51] experimentally studied single-cell performance
with and without a MPL. In addition to benefits in cell perfor-
mance afforded by inclusion of a MPL layer, such as diminishing
the differences between different GDMs, preventing the catalyst
from penetrating deeply into the GDM, and making the con-
tact between catalyst and GDL more intimate, they particularly
reported the definite enhancement of fuel cell water manage-
ment with the presence of a MPL. Qi et al. also speculated that
the microporosity and more uniform pore distribution might be
the major contributors to the improved water management, and
the improved water management could make, not only the MPL
itself, but also the catalyst layer less likely to be flooded.

Nam et al. [54] and Pasaogullari et al. [57] found through half-
cell modeling that the placement of a MPL helps reduce water
saturation in the adjacent CCL and enhances water removal
rate from the CCL to the cathode GDM, thereby preventing
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Fig. 5. Cell performance curve with and without a MPL in the MEAS (Tcel:
60 OC; Tanodehumidiﬁer: SOOC; Tcmhodehumidiﬁer: 3OOC; hydrogen stoich: 2-5; air
stoich: 2.5) [3] (with permission from ECS—The Electrochemical Society).

CCL flooding. Weber et al. [58] employed a two-phase, two-
dimensional fuel cell model to study the influence of the MPL
on water transport. They fitted their key model parameters from
the experimental data of Qi and Kaufman [51]. Based on their
modeled results, they claimed that the MPL acts as a valve that
forces water away from the cathode side and through the mem-
brane to the anode side, which is in contrast to the modeled
results from Nam et al. [54].

Lin et al. [60] experimentally investigated the effects of dif-
ferent MPLs on water flooding and cell performance. From the
positive effect observed by adding a MPL to the GDM, they
hypothesized that the MPL increases the back-diffusion of water
from the cathode through the membrane to the anode.

These studies [23,39,51,54,57-59] obviously present con-
trasting explanations about the role of the MPL in water
transport. However, the results of later research [23,39,59]
appear to agree on the role of the MPL, i.e. (1) saturated vapor
pressure is higher inside the MPL than inside the GDM, due
to smaller pore size and enhanced hydrophobicity, rendering
the MPL less prone to flooding; (2) the MPL renders the GDL
more like a pressure valve with a two-fold function: pushing the
water to the membrane side to effectively hydrate the membrane,
and providing a pressure buildup necessary to expel the water
through the less hydrophobic GDM pores into the cathode flow
channels.

In order to clarify whether the MPL enhances back-diffusion
of water from the cathode to the anode, or to improve water
removal from the CCL to the GDM, Atiyeh et al. [30,68] recently
carried out a systematic experimental study of the net water drag
under various operating conditions. Their preliminary results
have shown that the function of the MPL in improving water
management and fuel cell performance was not associated with
overall water drag.

3.1.4. Effects of porosity

The porous structure of both the GDM and the MPL is one
of the most important factors that influence the two-phase trans-
port across the GDL. It not only determines the permeability
for the gases and liquid water but also affects the liquid water
saturation profile across the GDL and catalyst layer [57]. The
effect of GDL porosity has been studied mostly in modeling
work, in which the porosity of the GDL has often been assumed,
for the sake of simplicity, to be uniform and constant during
fuel cell operation [69-72,55,73]. However, this may not reflect
the importance of GDL porosity for liquid water transport. Due
to the complex and highly porous structure of the GDL, any
change in its composition or morphology can lead to a substan-
tial change in porosity and thus have a significant influence on
cell performance [27,33,74-76]. During fuel cell operation, the
presence of liquid water in the GDL can change the effective
porosity and this change may vary with time and position. In
their numerical studies on the effect of porosity on water flood-
ing and cell performance, Chu et al. [33] employed the concept
of “effective porosity” to account for the porosity change that
was caused by liquid water accumulating in the pores of the
GDL. They reported that a higher porosity in the GDL would
lead to a higher consumption of oxygen. However, a high poros-
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ity would be accompanied by water flooding in the GDL, which
would markedly decrease the cell performance.

In summary, the effects of the GDL, including both the GDM
and the MPL, on water flooding are very complex, depending
on the interactions of several properties of the GDL (porosity,
morphology, thickness and the PTFE content) and the interaction
between the GDL and the flow fields of a PEM fuel cell [46].

3.2. Effects of flow field design on flooding

The water that is transported from the GDL to the flow chan-
nels must be removed from the flow channels to be exhausted
out of the fuel cell. Therefore, water management along the
gas flow channels is also important for effective water manage-
ment of a PEM fuel cell. In fact, the appropriate design of flow
channels has been considered to be the most successful strategy
in tackling water flooding issues, among others [41,52]. Fig. 6
shows the three main flow field layouts developed so far: the
conventional flow field consisting of straight parallel channels,
the interdigitated flow field and the serpentine flow field.

In the conventional flow field where gases flow within parallel
channels over the surface of the GDL, diffusion is the dominant
mechanism for the reactants and products to travel to and from
the electrode. Consequently, liquid water may accumulate and
cell performance can be limited by the transport rate of the reac-
tants. This design has been proved by many researchers to be
prone to unacceptable non-uniformity in air streams and catas-
trophic flooding [77-79]. Therefore, this layout is only suitable
for applications in which high gas flow and low-pressure drop
are required [3].

The interdigitated flow field, which consists of dead-ended
inlet and outlet channels, was proposed by Nguyen to resolve
the water flooding issue [77]. In the interdigitated flow field, the
incoming reactant gas is forced to flow through the GDL to the
catalyst layer. As a result, the transport of the reactant and prod-
uct to and from the catalyst layer through the GDL is changed
from a diffusion dominant mechanism to a forced convection
mechanism, which provides a much higher transport rate. More
importantly, the shear force exerted by the gas flow flushes the
liquid water out of the electrode, thus effectively reducing the
water flooding of the cathode and significantly improving the
cell performance [18]. However, forcing gas to flow through the
GDL requires higher pressures, which can result in significant

Qutlet

parasitic power loss. Furthermore, the highly enhanced mass
transport in the GDL could lead to membrane dehydration at
low current densities if a dry feed is used [3].

The serpentine flow field, including single and multiple par-
allel serpentine channels, is the most widely known and used,
often regarded as the “industrial standard” due to the high cell
performance and durability/reliability associated with this lay-
out [41]. In a serpentine flow field, the flow is mainly along
the channels. However, the contrast between the small channel
cross-section, in the order of 1 mm by 1 mm or smaller, and
the long length of the channels, in the order of meters, plus the
numerous turns, together create a higher pressure drop between
adjacent channels. This higher pressure drop promotes a cross-
leakage flow between the adjacent channels and through the
GDL, thus allowing the serpentine flow field design to have
the convective feature of the interdigitated flow field and its
inherent benefits. However, the serpentine flow field has its own
drawbacks, which include significant parasitic power loss due to
higher pressure drop [80,81], and a possibly significant decrease
of reactant concentration along the long flow path. More impor-
tantly, the use of a serpentine flow field often causes membrane
dehydration near the channel inlet region, while water flooding
occurs near the channel exit due to excessive water carried out
by the gas stream from upstream. This contributes to scale-up
difficulties [20,41]. For a dry reactant stream or in cases where
operations are at less than 100% relative humidity, a single ser-
pentine flow field can result in a loss of cell performance at low
current densities, due to membrane dehydration [82,83].

As discussed above, the layout of the flow field can have
a significant effect on the water removal capability of a PEM
fuel cell. However, even with the same layout of the flow field,
the degree that the layout affects the water removal capabil-
ity depends on the operating conditions. Therefore, it is crucial
to fundamentally understand how operating conditions affect
water behavior and transport of reactants in flow channels, in
order to optimize the operating conditions for a specific flow
field layout. There has been extensive modeling work on the ser-
pentine flow field, describing the water transport phenomenon
along the gas flow direction [84], studying the effects of vapor
and liquid water on the gas concentration profile along the gas
flow direction [85], simulating the liquid water profiles [45] and
pressure change profiles [84,86—88] along the flow channels, and
investigating the effects of operating conditions on flow chan-

Outlet Cross flow Main flow

Inlet Inlet
(A) (B)

Conventional flow field

Interdigitated flow field

Serpentine flow field

Fig. 6. Flow field designs: (1) conventional; (2) interdigitated; (3) serpentine [3] (reproduced by permission from ECS—The Electrochemical Society).
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nel water flooding [18,89]. It should also be emphasized that in
addition to the flow channel layout, channel dimensions [41,77]
and cross-section geometry [90] also influence water removal
and cell performance.

3.3. Effects of the CCL on flooding

A CCL, placed between the membrane and the GDL, consists
mainly of catalyst particles, an ionomer and pore space, each of
which are critical for the formation of the three-phase boundary
where the ORR takes place to produce water. An insufficient
amount of water in the CCL result in reduced ionic conductivity
and render the catalyst surface partially accessible, which will, in
turn, contribute to resistive and kinetic cell voltage loss [91]. Too
much water, on the other hand, will block the catalyst surface
and constrain reactant gas transport, which will lead to mass-
transport-related performance loss.

Over the last few decades, research efforts on PEM fuel
cell catalysts have been focused on reducing platinum loading.
As a result of these efforts, the catalyst layer has developed
from the conventional PTFE bonded catalyst to the thin-film
Nafion bonded catalyst, with the platinum loading reduced from
4mg cm~2toaslowas0.014 mg cm~2[92,93]. In addition to the
work on catalyst loading, efforts have focused on optimization
of the properties of the CCL, including the reactant permeabil-
ity, ionic and electronic conductivity, porosity and wettability,
in order to achieve higher utilization of the catalyst material.

The role of the CCL in water balance has never been explored
in depth either experimentally or numerically, in contrast to the
intensive research activities studying the effects of the GDL and
flow fields on water management. Most cell and stack mod-
els among the published modeling work on PEM fuel cells
treat CCLs as infinitesimally thin interfaces without structural
resolution. Eikerling and Kornyshev [94] recently developed a
structure-based model that links spatial distributions of pro-
cesses across the CCL with water handling ability and cell
performance. The results from the model reveal that the CCL
is the prime component for the conversion of liquid water
to vapor and acts like a watershed that regulates the balance
between the opposing water fluxes toward the membrane and the
GDL.

3.4. Effects of operating conditions on flooding

PEM fuel cell operating conditions include inlet humidity
of the feed streams, cell temperature, operating current density,
back pressure, air and fuel stoichiometric flows, and other fac-
tors. Favorable operating conditions can vary widely and depend
on the application. For example, zero or minimal humidification
combined with ambient temperature and pressure are desirable
for portable devices. High relative humidity (60—100%) of the
feed streams, 50-200kPa (gauge) back pressure and operat-
ing temperatures around 80 °C are preferred for stationary and
automotive applications. These operating conditions interac-
tively affect the water balance in the fuel cell and ultimately the
cell performance. However, the optimal conditions in terms of
water management depend on the given membrane and electrode

assembly. Typically, the effects of operating conditions on water
balance and cell performance are determined through modeling
for each MEA and GDL combination [2,7,21,51,95-100]. As
an alternative to these theoretical methods, extensive experi-
mental procedures can be used to quantify these effects for a
specific combination of MEA and GDL [22,23,39,101]. There-
fore, any conclusion about the effects of operating conditions
depends on the component specifications of the fuel cell used
in the work and must be validated. Generally, humidification
of the feed streams ensures the hydration of the membrane,
especially at low current densities. However, at higher current
densities where more water is electrochemically produced, high
humidification may cause excessive water accumulation that can
result in water flooding. Back pressure and feed stoichiometric
flow have significant influences on the pressure drop of the two-
phase flow, which directly affects the movement of water in the
GDL and along the flow channels and thus affects the water
balance in the fuel cell. Cell operating temperature determines
the water saturation level of the feed streams in the GDL and
catalyst layer, which in turn affects water evaporation and con-
densation. Normally, as the operating temperature increases, the
saturation vapor pressure increases and surface tension between
water and substrate decreases, which makes liquid water evapo-
rate more easily and thus lowers the water flooding level [102].
However, the increased water vapor pressure at high tempera-
ture may result in the reactant gas being significantly diluted
[10].

To illustrate graphically the effects of operating conditions
on flooding, pressure drop and cell voltage, an experimental
plot from the work of Barbir et al. [103] is presented in Fig. 7
for a three-cell stack consisting of six parallel channels in a
serpentine flow field layout. It can be seen that, when the humidi-
fication temperature is higher than the stack temperature, the air
stream cools down and some of the water in that stream will
condense. As a result, water flooding occurs, which is charac-
terized by erratic cell potential behavior, and is also reflected
in an increased pressure drop. As the stack temperature rises
above the humidification temperature and water condensation
slows or stops, the pressure drop starts to decline and the cell
performance becomes relatively stable.
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Fig. 7. Illustration of stack flooding and recovery [103] (with permission from
Elsevier Ltd.).



H. Li et al. / Journal of Power Sources 178 (2008) 103-117 111

4. Modeling work on water flooding

The number of PEM fuel cell modeling papers has been
increasing dramatically over the last decade, by the dozens
per year. The complexity and scope of the models have also
increased. The models have evolved from the zero-dimensional
or one-dimensional, single-phase flow, isothermal models that
only cover some of the layers of the fuel cell sandwich [15,71],
to two-dimensional or three-dimensional, non-isothermal mod-
els that involve all layers of the sandwich [7,56,85,89]. Recently,
the inclusion of two-phase flow phenomena and transient phe-
nomena is becoming more common [7,57,104,105]. Detailed
consideration of water management at each region of the fuel
cell has become a new trend [9,40,98]. More and more mod-
eling work has begun to study the effects of water flooding on
cell performance [7,49,95,96], or to predict water flooding of
the fuel cell [96,97,106,107].

Wang [20] has provided a comprehensive review of funda-
mental models for PEM fuel cell engineering, and Weber et al.
[108] have given a detailed overview of transport modeling in
PEM fuel cells. Both these reviews cover publications through
the end of 2003. More recent reviews of PEM fuel cell model-
ing are also available [109,110]. Therefore, a review of water
management modeling is not presented in the present work.

5. Experimental diagnosis and mitigation of water
flooding

Flooding is a poorly understood phenomenon. There are no
established diagnostic tools at present time to identify in which
part of the structure of a PEM fuel cell the flooding occurs.
Furthermore, no universally applicable strategies exist for water
management. This is due to the fact that water transport in vari-
ous components is affected by operating conditions such as feed
stream humidification levels, cell temperature, back pressure,
etc. However, there has been an abundance of research atten-
tion toward the development of diagnostic tools and mitigating
strategies for the issues surrounding water flooding in PEM fuel
cells.

5.1. Experimental diagnosis of water flooding

Diagnostic tools for monitoring water dynamics and detect-
ing water flooding in PEM fuel cells can be classified into two
groups: imaging techniques and measurements of physical indi-
cators.

5.1.1. Imaging techniques

Known imaging techniques for monitoring the water dynam-
ics and water distribution inside PEM fuel cells include direct
visualization [4,39,44,48,102,111], neutron imaging [112,113],
magnetic resonance imaging [114,115] and X-ray imaging
[116]. Among these, the direct visualization technique has been
the most widely used. It requires a transparent cell plate that
allows access to the channels for optical devices, including dig-
ital camcorder and high-speed camera [39,48], infrared camera
[102] and CCD camera [4,117]. Direct visualization offers the

advantage of studying the two-phase flow at different levels in
an operating fuel cell, from the flow field level [48,102] to the
smaller scale of the GDL pores [44,111] and to the micro-scale
of the catalyst surface [39]. It is especially useful to directly
observe the effects of operating conditions on water droplet
formation, growth and movement. However, the visualization
technique primarily provides qualitative data because of lim-
ited depth perception from the top of the transparent window,
and also because of the highly reflective nature of GDLs, which
make it almost impossible to quantitatively evaluate the volume
of water [39].

Neutron imaging has been recognized by Ballard [91] as the
only diagnostic tool that provides all of the three requirements
for diagnostic tools in water management: in situ applicability,
minimal invasiveness and the ability to provide local informa-
tion. The idea of using the neutron imaging technique for a
hydrogen fuel cell is based on the sensitive response of neutrons
to hydrogen-containing compounds such as water. The neutron
imaging technique was first used in a PEM fuel cell to determine
water distribution in 1999 by Bellows et al. [118]. Subse-
quently, a few other institutes equipped with neutron sources
have explored this technique as an experimental tool to perform
in situ non-destructive analysis on an operational PEM fuel cell
[112,113,119-121]. For example, Satija et al. [112] used a spe-
cially designed neutron imaging setup to pass a neutron beam
through the operational fuel cell. The neutron beam was then
converted to a light beam that was focused on a CCD camera chip
for photos. A real-time radiography consisting of 1000 images
at 2-s intervals was used to create a movie that provided an
immediate qualitative evaluation of water production, transport
and removal throughout the fuel cell. Normalizing the images
allowed for the quantitative analysis of the total cell water con-
tent, flow field water content and membrane/GDL water content.
Despite the various advantages mentioned earlier, the neutron
imaging technique has limited application due to the rare avail-
ability of radioactive radiation equipment that provides neutron
sources.

5.1.2. Measurements of physical indicators

Besides cell voltage losses, water flooding can also cause
changes in the characteristic properties of an operating PEM
fuel cell. For example, (i) the presence of liquid water in the
porous GDL or in the flow field causes the gas flow resistance
to rise, which in turn results in an increase in the pressure drop
between the inlet and outlet of the fuel cell [103,122]; (ii) water
condensation in a local area of a fuel cell leads to a locally
lower current density due to water-hindered gas transport; (iii) a
locally elevated temperature due to the released enthalpy of the
condensing water could result in an uneven local distribution of
current density and temperature; and (iv) too much humidifica-
tion causes flooding, and inadequate humidification leads to a
dry membrane, both of which can be reflected in a change in
the cell resistance [103]. Based on these relationships between
water flooding and the characteristic properties of an operating
PEM fuel cell, the measurement of physical indicators has been
employed by many researchers as a diagnostic tool to measure
the extent of water flooding in an operating fuel cell.
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General Motors patented a method and apparatus that was
based on pressure drop monitoring for detecting and correcting
water flooding in an air-breathing PEM fuel cell [123]. In the
embodiment of their invention, if the pressure drop exceeds the
predetermined threshold, corrective measures are automatically
triggered, such as turning off humidification, reducing gas pres-
sure, increasing gas flow rate, etc. General Motors also patented
a method for monitoring the cell resistance in order to avoid the
over-humidification that often results in water flooding [124].

He et al. [122] investigated the pressure drop as a function
of water flooding of a PEM fuel cell with an interdigitated flow
field, under a variety of operating conditions. Due to the strong
dependence of the gas permeability of the GDL on liquid water
content, the pressure drop between the inlet and outlet, which is
inversely proportional to the gas permeability of the GDL, can
be correlated with the water saturation level in the GDL. Thus,
the pressure drop measurement can be used as an effective diag-
nostic tool to monitor the liquid water content in the electrode.
It can also be used to study the effects of temperature, gas flow
rates and GDL properties, such as wetting and water transport
characteristics, on the water accumulation and removal rates in
the electrodes of PEM fuel cells.

Barbir et al. [103] studied the relationship between pressure
drop and cell resistance for a PEM fuel cell stack. They pointed
out that, although the increased pressure drop can be a reliable
indication of increased water content in the fuel cell, it cannot be
used to detect whether the cell is drying out. The reason for this is
thatin the case of a cell that is drying out, the pressure drop would
remain unchanged. However, by combining the pressure drop
with the cell resistance measurements, they were able to detect
both water flooding and membrane drying in an operational fuel
cell stack.

Hakenjos et al. [102] investigated the combined measurement
of current and temperature distributions as a diagnostic tool for
detection of the flooded areas in the flow field. They focused
on the effects of water condensation on the current density and
temperature distributions in the flow field. This method was iden-
tified as a way to provide experimental data for validating fuel
cell simulation and optimizing flow field design.

Stumper et al. [91] developed a diagnostic tool that com-
bined membrane resistance and electrode diffusivity (MRED)
measurements with current mapping [125]. Using this diagnos-
tic tool, the distribution of water in the membrane across the
active area, and the total amount of liquid water present in the
anode or cathode chamber could be determined.

Canut et al. [126] established a detection method that
employed the impedance response in conjunction with cell volt-
age to differentiate the PEM fuel cell stack failures associated
with membrane drying and fuel cell flooding.

5.2. Strategies for mitigating water flooding

Optimum cell performance relies strongly on the ability of the
fuel cell system to maintain the delicate balance between mem-
brane hydration and avoiding cathode flooding. Achieving this
balance has driven persistent research efforts in understanding
the role of water in each component of the fuel cell structure, and

in developing strategies for proper water management and water
flooding mitigation. Ballard (Canada) played a leading role in
the 1990s in recognizing water flooding issues and developing
various strategies [10,11,127-131]. Nguyen’s group at Univer-
sity of Kansas (USA) has recently been very active in areas that
relate to the research and development of water management
strategies.

The main strategies developed so far for removing cathode
water can be summarized as follows.

5.2.1. Flow field design

A long, serpentine oxidant channel layout, along with proper
design of the channel dimensions (landing, channel width and
depth), has been employed as an effective strategy for removing
liquid water. As discussed earlier, the combination of convective
force and high-pressure drop along the channel length drives
out excess liquid water [107,132]. Recently, Xu et al. developed
a new serpentine channel layout by modifying the patterns of
conventional serpentine channels to enhance the water removal
and mass transfer [133].

In addition to the channel layout strategy, incorporation
of special hydrophilic wicking structures into cathode flow
channels has also been proposed to redistribute liquid water
[134-136]. For example, Ge et al. [136] developed a cathode
serpentine flow field mounted with one or two strips of absorbent
wicking material (such as PVA sponge, cotton cloth, cotton
paper, etc.) to remove liquid water. Using this specially designed
flow field, improved water removal was achieved at a current
density of 1.2 A cm™2.

Another interesting work related to flow field design was
demonstrated by UTC fuel cells [9,137,138] for fuel cell stacks.
As shown in Fig. 8, a porous bipolar plate is used as the water
transport plate (WTP). The WTP is gas impermeable, preventing
gas ingestion into the coolant streams while allowing excess
liquid water to be wicked out into the coolant passage network
due to the predetermined pressure difference between the gas
and the coolant flow field. By using this porous flow field as
the water removal tool, the issues associated with liquid water
accumulation along the channels of a fuel cell stack were claimed
to be minimized and the stack performance penalty for a 20-stack
fuel cell eliminated [9].

Other strategies regarding flow field design involve the use of
a porous gas distributor plate [137,138], and inclusion of several
sequential regions across a plate that have different functions
related to water removal and humidification [139].

5.2.2. Anode water removal

A strategy for cathode flooding control, known as “anode
water removal”, was first developed by Wilkinson et al. at
Ballard [10,127]. By appropriate stack design, liquid water accu-
mulated in the cathode can be drawn by a concentration gradient
across the membrane to the anode and removed in the fuel stream
without causing additional parasitic load. Using this approach,
Ballard was able to run fuel cells with an air stoichiometry close
to 1.0, without any significant mass transfer losses that could
be attributable to cathode flooding. Anode water removal can
also be achieved by creating a differential gas pressure between
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Fig. 8. Within-cell water-exchange system used in UTC Fuel cell [9] (with permission from Wiley Ltd.).

cathode and anode [12,140], that forces liquid water through
the membrane from cathode to anode side. However, this high
differential pressure requires relatively high operating pressures,
which can result in considerable parasitic load, as well as the pos-
sibility of membrane rupture in designs that do not adequately
support the MEA.

5.2.3. Operating condition control

Manipulation of the operating conditions is a very com-
mon strategy to mitigate flooding. These approaches include:
increasing cathode gas flow rate well above stoichiometric
levels to remove water through evaporation and advection
[48,107,127,129,141], flushing the cathode periodically with

momentarily high air flow rate [132,141], increasing gas tem-
perature [128], shaking the cell during operation [12], creating
a coolant temperature gradient [130], and employing a reactant
gas counter-flow operation [131]. This class of strategies often
causes significant parasitic losses that are directly linked to pres-
sure, volume flow rate and pressure drop, or that adds to the fuel
cell system complexity.

5.2.4. Electro-osmotic pumping

Several groups [48,142—145] have examined the electro-
osmotic (EO) pumping technique to mitigate cathode channel
flooding. In Buie’s experimental setup shown in Fig. 9, two
1.1 mm-thick porous glass EO pumps are placed against the wall
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Fig. 9. Schematic of the cross-sectional area (a) and exploded view (b) of a PEM fuel cell design with integrated EO pumping structures [142] (with permission

from Elsevier Ltd.).
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of the cathode channels. During fuel cell operation, water formed
at the cathode is forced out of the GDL by means of hydropho-
bic forces, and then allowed to transform into water droplets.
Liquid water droplets are wicked into the hydrophilic porous
glass structure of the EO pump. Once the EO pump structure
is adequately saturated with water, EO pumping actively drives
water through the porous glass structure into the integrated water
reservoirs in the acrylic top plate. It was reported that the EO
pumps were able not only to prevent cathode flooding but also
to remove water from a flooded cathode to recover the fuel cell,
with only a small portion of the fuel cell power, less than 15%,
consumed as a parasitic loss.

5.2.5. MEA design

The above four classes of strategies function primarily
through system design and engineering, which often adds auxil-
iary systems to the basic fuel cell system to remove water from
the cathode and add significant complexity and cost to the sys-
tem. A simpler approach for water management through material
design and engineering of the components of the MEA is pre-
ferred because it does not usually have an associated parasitic
load [3,10]. Material design and engineering involves changing
the material properties and structures of the GDL and the CCL
to function in the presence of liquid water.

Over the last 15 years, several strategies for using materials
to address water management in PEM fuel cells have become
common practice. Thinner membranes, as thin as 10 pm, have
been used to shorten the distance of the water back-diffusion
process while, at the same time, to reduce the need for anode
humidification and to lower the ionic resistance or ohmic losses
through the membrane. However, thinner membranes are often
associated with poorer durability and higher gas crossover rates,
which has limited the practical membrane thickness to about
25-40 pm for fuel cell applications [146,147].

Optimization of the GDL is another common form of water
management strategy, for example, integrating hydrophobic
materials (such as PTFE) into the GDL to reject water using a
hydrophobic surface, and adding a hydrophobic MPL between
the GDL and the catalyst layer to prevent liquid water blockage
of reaction zones, both of which have been discussed in detail
in Section 3.1.

Modification of the microstructures of the catalyst layer has
been a new attempt of material design and engineering to address
water management in the PEM fuel cell. The group at Univer-
sity of Kansas (USA) has been active in exploring the creation of
a catalyst-layer micro-structure that can withstand higher liquid
water saturation levels and can be optimized to handle two-phase
transport [3,148]. To reduce the effect of flooding in the CCL,
they developed a CCL structure that can provide optimal gas and
liquid transport paths to and from the CCL, while maintaining
higher electronic and ionic conductivities (Fig. 10). This optimal
structure was achieved by first establishing a structure with mul-
tiple ionic (Nafion) and electronic (Carbon) interconnected paths
for proton and electron transport, and then partially filling the
void space with nano-sized hydrophobic particles. The resulting
inserted hydrophobic phase provides an independent gas trans-
port path for the reactant gas, which prevents the impairment of
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Fig. 10. Distribution of an ideal four-phase (electronic—ionic—gas—liquid) CCL
structure [148] (with permission from ECS—The Electrochemical Society).

gas transport by water flooding in the CCL. In comparison to the
conventionally made CCL, which consists of a random matrix
of catalyst particles, electrolytes and pores, the University of
Kansas group’s four-phase matrix provides better cell perfor-
mance at a high current density region where water flooding
would normally be occurring.

Another example of using material property design and engi-
neering to address the water management issue is Watanabe
et al.’s work on membrane modification. They initially pro-
posed a polymer membrane with porous wicks to directly supply
water to the membrane [149] for self-humidification. Later, they
described self-humidifying polymer membranes with integrated
platinum particles and hygroscopic particles, to produce and
store water inside the membrane [150]. Both strategies would
require minimal to zero air-side external humidification, thus
mitigating the issue of cathode flooding.

Clearly, optimization of the MEA material properties and
structures for water removal must be carried out in conjunction
with optimization of other requirements, such as good electrical
conductivity, liquid permeability, corrosion resistance etc., as
well as the operating conditions.

6. Conclusion

Large-scale commercialization of PEM fuel cells calls for
lowering cost, increasing durability and optimizing cell perfor-
mance. PEM fuel cell performance is adversely affected by water
flooding that occurs when the liquid water generation rate at the
cathode, by electro-osmotic drag and the ORR, exceeds the lig-
uid water removal rate from the cathode by back diffusion to
the anode, evaporation, water vapor diffusion and liquid water
capillary transport through the GDL. Flooding in the cathode
impedes oxygen transport to reaction sites and serves effec-
tively to block the surface area of the catalysts, thereby resulting
in a significant, sometimes catastrophic, decrease in cell per-
formance. Water transport and management in PEM fuel cells
depends on several variables, such as the structure and properties
of the cell components, and the operating conditions, of which
the reactant stream humidification, the flow field layout, and
the structural and wetting properties of the GDM and MPL are
important. Over the last 15 years, extensive research work has
been carried out on water flooding, including prediction through
numerical modeling, detection by experimental measurements,
and mitigation through the design of cell components and the
manipulation of operating conditions. Two classes of flooding
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mitigation strategies have been developed. One is based on sys-
tem design and engineering, which is often accompanied by
significant parasitic power loss, and the other is based on MEA
design and engineering that involves modifying the material and
structural properties of the GDL, CCL and membrane to function
in the presence of liquid water.

Water management and flooding mitigation are of paramount
importance to PEM fuel cell commercialization. Water man-
agement and flooding mitigation must be addressed with due
consideration to the overall system design, to maintain the
overall system simplicity and minimize the system parasitic
power loss, thereby decreasing the costs and increasing relia-
bility. Future approaches should focus on the following areas:
(i) development of high-temperature PEM fuel cells that can
avoid water flooding, due to the absence of liquid water at oper-
ation temperatures above 100 °C; (ii) innovative CCL design,
such as a thinner catalyst layer for easier water removal, and
optimization of the CCL through, for example, structural and
hydrophobicity modifications; (iii) new material development,
such as a thinner but stronger membrane that not only facilitates
easy water removal through the membrane but also improves
the reliability of the thin membrane; and (iv) a greater under-
standing of the fundamental processes of water management
and flooding through modeling, especially of the role of the
CCL.
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