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Water management is one of the most critical issues for high-performance polymer-
electrolyte-membrane (PEM) fuel cells. A water-flux model for vapor and liquid phases
along a gas flow channel is developed. The dependency of the operating and design
parameters, such as temperature, pressure, gas and liquid flow rate, and size of the fuel
cell, on the water management along the flow channel is demonstrated. Issues associated
with liquid water and membrane/electrode dry out as well as system water balance are
identified. An “intracell” water-exchange method, which can remove or supply water
within a cell depending on local demand, is described. This water management scheme
effectively minimizes the issues described above. Good cell performance with a high
limiting current at low reactant pressure and high reactant utilization is demonstrated
with this advanced water management system. © 2004 American Institute of Chemical
Engineers AIChE J, 50: 2594–2603, 2004
Keywords: PEM fuel cells, water management, mass transport, flow field, water transport
plate

Introduction

The polymer-electrolyte-membrane (PEM) fuel cell has
gained an enormous amount of attention as a power source
(St-Pierre et al., 2001). Low cost and high power density are
obtained with a low-temperature operation and with a mem-
brane electrolyte that will not migrate as do liquid electrolytes.
The sulfonated ion-exchange membrane transports protons
across its thickness because of an electrical potential differ-
ence. Because proton mobility within the membrane strongly
depends on the water content of the membrane the proton-
exchange membrane must be well humidified within the fuel
cell to maintain good proton conductivity (Gottesfeld, 1997).
Generally, humidified reactant gases are used to maintain
membrane humidity. Often, this requires an external compo-
nent for the fuel cell system, and additional energy is expended
to humidify the fuel stream. Alternative humidification
schemes include internal membrane humidification by wicking

or by platinum implantation in membranes, self-humidification
with counter flow reactants, and liquid water injection. Re-
views of the humidification techniques are provided by St-
Pierre et al. (1997) and Wood et al. (1998).

The removal of water transported from the anode and generated
at the cathode is also very critical. Once the gas stream becomes
saturated, the water will exist in liquid form because the cell
temperature is lower than the boiling point of water. The presence
of liquid water can result in mass-transport limitations resulting
from the restriction of oxygen transport through the gas-diffusion
electrode and flooding of active catalyst sites, especially at high
current density. Also, water within the gas-diffusion layer (GDL)
and/or gas flow channels can result in a nonuniform distribution of
reactants over the active catalyst area and among cells in a stack.
This can result in both poor cell performance, and cell-to-cell
performance variation within a stack. Therefore, managing water
within the cell, not only to hydrate the membrane but also to
minimize transport resistance, is a critical issue for high-perfor-
mance PEM fuel cells.

Many researchers have investigated water distribution and
behavior within each layer of the cell to minimize ohmic and
mass transport resistances. Water retention and transport in the
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membrane were studied by Springer et al. (1991). Their model
accounted for both electro-osmotic drag and diffusion of water
through the membrane, from which they concluded that the net
water transport through the membrane from anode to cathode
could be insignificant relative to the amount of water gener-
ated. Bernardi and Verbrugge (1991, 1992) developed models,
including reactant and water transport in the electrode, and
estimated the hydraulic pressure profile through the electrode
and membrane. A significant increase in hydraulic pressure at
the electrode is predicted from their model. Recently, the
temperature profile in the membrane and electrode was simu-
lated by Rowe and Li (2001), predicting the effect of relative
humidity on the energy distribution and, therefore, on the cell
performance for various operating conditions.

Reactant transport through the GDL was also investigated by
Bernardi and Verbrugge (1991, 1992) and by Springer et al.
(1993). In their studies, only vapor-phase water transport was
considered, using the Stefan–Maxwell diffusion equation, with
an average reactant concentration in the gas flow channel.
Many researchers have investigated the effect of the ribs of the
gas flow field on the reactant diffusion in the GDL with various
complexities (Kulikovsky et al., 1999; West and Fuller, 1996;
Yi and Nguyen, 1995). Again, their studies were related to
gas-phase diffusion only. Recently, Natarajan and Nguyen
(2001) added the effect of capillary flow of liquid water within
the GDL on the gas diffusion through the GDL, including the
presence of channel and rib area. In those studies, various
degrees of transport resistance through the GDL are reported as
the result of the various assumptions used in each model. To
reduce mass transport resistance, the gas-diffusion media may
be configured to function in the presence of liquid water and to
expel liquid water. As an example, convective gas flow through
the GDL has been proposed not only to improve the reactant
transport rate, but also to push liquid water out from the GDL
to the gas flow channel by modifying the flow field to have
interdigitated dead-ended channels (Amakawa and Uozumi,
1986; Ledjeff et al., 1993; Nguyen 1996; Wilkinson et al.,
1993; Wilson, 1997). The effects of interdigitated convective
flow was also theoretically studied by considering the gas
phase only (Kazim et al., 1999; Yi and Nguyen; 1999), and by
including the presence of liquid water (He et al., 2000). Much
better utilization of the area under the rib due to faster reactant
transport is reported from those studies. A similar convection
effect was also reported by using the serpentine flow field
design (Dutta et al., 2001; Kulikovsky, 2001). Changes of the
GDL hydrophobicity also have been proposed to improve mass
transport in the GDL (Mueller et al., 1998). Liquid water drawn
from the cathode to the anode through the membrane by a
water vapor partial pressure gradient has also been investigated
(Wilkinson et al., 1994).

After water is transported from GDL to the flow channels, it
still must be removed from the stack along the gas flow
channel. Therefore, water management along the gas flow
channel is also important for developing an effective water
management PEM fuel cell design. To understand water trans-
port behavior in the flow channels, numerous models of PEM
fuel cells describing the water transport phenomenon along the
gas flow direction have been developed. Fuller and Newman
(1993) described the water vapor effect on gas concentration
along the reactant flow direction for various flow rates and
demonstrated that water and thermal management are tightly

interrelated. Kimble and Vanderborgh (1992) modeled the ef-
fect of the presence of liquid water on the reactant concentra-
tion profile along the channel as a consequence of temperature
profile changes. Nguyen and White (1993) studied the cell
performance for various humidification and heat removal de-
signs simulating gas- and liquid-phase flows along the channel.
Wang et al. (2000) also modeled gas and liquid water profiles
along the flow channels. However, thermal effects associated
with vaporization and condensation were not included in
Wang’s model. To evaluate various operating conditions on
cell performance, a multicomponent, two-phase fuel cell model
was developed by Yi and Nguyen (1998). Their study evalu-
ated different coolant flow schemes, and they concluded that
the counter-coolant flow is preferable for thermal and water
management purposes, as did St-Pierre et al. (1997). The
models discussed above did not consider the pressure changes
along the flow channel; however, the effect of pressure change
along the channel has been studied by other research groups
(Dutta et al., 2000, 2001; Futerko and Hsing, 2000; Gurau et
al., 1998; Kulikovsky, 2001). Gurau et al. (1998) modeled
hydrodynamics along the gas flow path using the Navier–
Stokes equation, claiming that some of the convective flow
along the gas flow channel penetrates into the GDL. Dutta et al.
(2000, 2001) developed three-dimensional models and simu-
lated a complete cell with a straight flow field as well as a
serpentine flow field. However, effects of temperature distri-
bution, which are very closely coupled with pressure changes
and very critical for water management, were not included in
the pressure models presented above.

In this communication, water vapor removal and liquid wa-
ter flow within the cell are mathematically described and re-
lated to the temperature and pressure profiles along the gas flow
channels. The critical issues related to water management in
designing fuel cell stacks are discussed. Then, the intracell
water-exchange system used at UTC Fuel Cells is demon-
strated as a liquid water removal scheme as well as for mem-
brane humidification. The effectiveness of this system is dis-
cussed, demonstrated, and related to water management in
PEM fuel cells.

Water Vapor Flow along a Gas Flow Channel

When water is formed in the electrode, it must be transported
out either through the GDL to the gas channel or through the
membrane toward the other electrode. The effectiveness of
water removal affects the reactant transport resistance in the
electrode and GDL. The change of water content also affects
the ohmic resistance of the membrane. Because understanding
of the water management phenomena along the reactant
streams is the aim of this paper, it is expedient to treat both the
catalyst layer and the gas-diffusion layer as a single interface
by assuming that water is transported effectively through the
layers. Then the water vapor flow along the gas stream is
mathematically modeled to describe the phase-exchange phe-
nomenon of water along the channel resulting from condition
changes. The simplified schematic of the modeled domain is
shown in Figure 1. From a material balance for water vapor in
a volume element of a gas flow channel, the molar flux of water
exchanged from the gas stream perpendicular to the plane of
the electrode (Ns) is derived, and is represented as
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Ns � Ngen � Ndrag � h
dNv

dx
(1)

where Ngen is water generation attributed to reaction. There-
fore, it can be written as

Ngen �
i

2F
for cathode (2a)

Ngen � 0 for anode (2b)

and the water dragged through the membrane (Ndrag) is

Ndrag � �
i

F
for cathode (3a)

Ndrag � ��
i

F
for anode (3b)

where i is the current density, F is the Faraday’s constant, and
� is the net water transport coefficient through the membrane
from anode to cathode. Here, a constant current density along
the flow channel is assumed, and the average value of the net
transport coefficient of water is used. The third term in the right
side of Eq. 1 describes the molar flux change of water vapor
ascribed to temperature and pressure variations, where h is the
depth of the gas flow channel and Nv is the molar flux of water
vapor. The molar flux of water vapor can be expressed in terms
of vapor pressure as the following

Nv

Nv � ¥j Nj
�

pw
v

p
(4)

where p is the total gas pressure in the channel, Nj is the dry gas
flux of the specie j in the channel at a given location, and pw

v is
the vapor pressure of water at a given temperature (T). An
empirically correlated equation expressing the dependency of
water vapor pressure on temperature is used (Felder and Rous-
seau, 1986). The dry gas flux can be written as the following,
assuming uniform current distribution along the channel

�
j

Nj �
i�c � r�

nFch � L

Uyin
� x� (5)

where c is the channel width, r is the rib width of the gas flow
channel, L is the total length of the channel, n is the number of
electrons used for a mole of reactant, U is the reactant utiliza-

tion, and yin is the supplied dry reactant concentration. There-
fore, the water balance equation for the anode and cathode can
be written as

Ns �
i

2F
�

�i

F
�

i

4F

c � r

c �
pw

v

p

1 �
pw

v

p
�

�
h ¥j Nj

p

�dT

dx

dpw
v

dT
�

pw
v

p

dp

dx�
�1 �

pw
v

p �
2 for cathode (6a)

Ns � �
�i

F
�

i

2F

c � r

c �
pw

v

p

1 �
pw

v

p
�

�
h ¥j Nj

p

�dT

dx

dpw
v

dT
�

pw
v

p

dp

dx�
�1 �

pw
v

p �
2 for anode (6b)

Here, the third term in Eq. 6a is the condensation of water
attributed to the pressure change caused by the consumption of
oxygen by reaction, and the last term is the water vapor flux
change resulting from temperature and pressure changes along
the gas flow channel. The terms in Eq. 6b are analogous.
Therefore, for given temperature and pressure profiles along
the gas flow channel, the required flux of water exchanged
from the vapor water stream can be calculated with contribu-
tions attributed to reaction, drag, pressure, and temperature
changes. If Ns is positive, it means that liquid water is con-
densed from the gas stream, and a negative Ns means that water
needs to be vaporized to maintain saturation of the gas stream.

In the cathode, water is supplied by generation and trans-
portation through the membrane. Thus the first and the second
terms of Eq. 6a are positive. Here, a positive net transport
coefficient (�) is used for this calculation (Ren and Gottesfeld,
2001; Springer et al., 1991; Yi and Nguyen, 1998). As the
reactant stream flows along the channel, the reactant flux will
be decreased because of consumption, indicating that the third
term of Eq. 6a will contribute to the condensation of water
from the gas stream. Therefore, to manage the water conden-
sation or vaporization rate locally for a given operating condi-
tion, the temperature gradient (dT/dx) and pressure gradient
(dp/dx) in the last term are the only control parameters. It needs
to be pointed out that the temperature gradient and the pressure
gradient are affected by the energy used for phase change of
water and by the amount of water present in the channel,
respectively.

Figures 2 and 3 show the required temperature profile to
supply or eliminate water from the cell using the vapor stream
without any liquid water condensation in the channel or mem-
brane/electrode dry out (Ns � 0). A linear pressure profile is
used for this calculation. The pressure profile can be manipu-
lated by the size and type of the gas channels. Also, for a given

Figure 1. Modeled domain.
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flow channel design, the reactant gas utilization can be varied
to change the pressure drop in the gas flow channel. Once the
pressure gradient is determined, the required temperature gra-
dient at any location can be calculated for a given inlet tem-
perature, as shown in Figures 2 and 3. If a local temperature is
higher than the temperature profile given in the figure at any
point, it will lead to membrane/electrode dry out. If the tem-
perature is lower than the profile calculated above, liquid water
forms inside of the cell, causing a two-phase flow in the
channel to occur. In other words, to prevent membrane/elec-
trode dry out and the formation of liquid water, the temperature
profile is fixed for a given flow field design and operating
conditions. In the cathode, a continuously increasing tempera-
ture profile is required for relatively low pressure gradient
cases as shown in Figure 2. However, the required temperature
gradient starts to decrease as �p increases. In the anode, a

decrease in the temperature profile is required as shown in
Figure 3. The temperature profile along the gas stream can be
manipulated by arranging the reactant and coolant flow con-
figurations (St-Pierre et al., 1997; Yi and Nguyen, 1998).

The reactant gas utilization can also be adjusted to change
the temperature profile within the cell. In this simulation, a
uniform current density and a constant net transport coefficient
of the membrane are assumed along the gas stream. In oper-
ating fuel cells, the values may vary depending on the operat-
ing and design parameters. To prevent membrane/electrode dry
out or two-phase flow, the required temperature profiles of the
anode and the cathode may be different from the profile pre-
dicted in Figures 2 and 3. Precisely manipulating the temper-
ature profile for each location in the flow field is not practical.
In addition, trying to satisfy both the anode and cathode pro-
files at the same time is not realistic. Therefore, a two-phase

Figure 2. Air cathode temperature profiles required for single-phase operation of PEM fuel cells.
i � 1.0 A/cm2, � � 0.1, h � 0.5 cm, pin � 304 kPa, UO2 � 0.6.

Figure 3. Anode required temperature profiles for single-phase operation of PEM fuel cells.
i � 1.0 A/cm2, � � 0.1, h � 0.5 cm, pin � 304 kPa, 50% H2 reformate, UH2 � 0.8.
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flow in the gas flow channels of a realistic fuel cell application
is unavoidable.

Two-phase flow in reactant streams

The liquid water generated at a given location in the active
area must be eliminated from the cell to prevent liquid water
accumulation. With commonly used solid bipolar plates, the
liquid water has to be carried along the flow channel. There-
fore, the liquid water flow rate (Ml) is calculated by integrating
the water condensation rate described by Eq. 6 over the channel
distance (x) as shown below

Ml� x� � c �
0

x

Nsdx (7)

where Ml(x) is the liquid water flow rate at a given location to
prevent any water accumulation. However, the liquid water
flow rate is proportional to the gas flow rates and the water drag
coefficient at the flow channel surface. If the liquid water flow
is lower than the liquid water flow rate calculated in Eq. 7, then
water droplets will stay on the surface of the flow channels,
causing gas flow maldistribution. Therefore, the gas flow rates,
the dimension, and the surface condition of the flow channels
must be carefully selected to prevent water accumulation inside
of the flow channel.

Figure 4 shows the flow channel scale up effects on the
profile of the liquid water flow rate along the cathode flow
channel. A fixed temperature difference between the inlet and
outlet is applied, assuming the coolant flow of the stack can be
managed to maintain the same temperature difference for var-
ious channel lengths. With an increasing channel length, the
electrode area covered by the flow channel also increases;
therefore, the ratio of the pressure drop increase in the flow
channel is the squared amount of the increase in channel length
for a fixed gas utilization (Perry et al., 1984). Three different
channel lengths with corresponding flow field pressure drops

are compared in Figure 4. The amount of liquid water flowing
in the channel grows continuously along the channel with small
cells. Higher water flow rate with the longer channel is ob-
served for case L2 compared to case L1. However, a significant
decrease in the liquid water flow rate is observed as the exit for
the longer channel is approached (case L3). This is because the
effect of the pressure gradient becomes more significant as the
channel length increases. Case L3 shows that within a cell, it is
possible to have both a region in excess of liquid water,
indicated by a positive water flow, and a region with water
deficit, indicated by a negative water flow. Flooding will take
place in regions with excessive liquid water, and membrane/
electrode dry out may occur in regions deficient of water.

In a fuel cell of practical size, temperature variations within
a cell and among cells are unavoidable and result in different
rates of liquid water formation. With the presence of liquid
water droplets flowing along with the gas, the pressure drop in
a gas flow stream increases. This causes reactant flow maldis-
tribution from channel to channel. A gas maldistribution from
cell to cell can also be created in a stack, resulting in lower cell
performance. To resolve this issue, a high-pressure drop along
the flow channel is required. To maintain a high-pressure drop
between the inlet and the outlet of the channel, serpentine flow
fields are commonly used (Stumper, 1998). The inlet reactant
pressure must be sufficiently high enough to allow a high �p.
At the same time, a temperature profile has to be carefully
selected so that local membrane/electrode dry out is mini-
mized. Therefore, redesigning the flow field plates are required
for scaling up a fuel cell stack.

Water Balance and System Design

Typically, hydrogen supplied to the fuel cell is completely
consumed for a pure hydrogen system, and the residual amount
of oxygen in the cathode stream is exhausted with inert gases.
To maintain water balance, the amount of water exhausted
from the system should be equal to the amount of water
generated, expressed as

Figure 4. Effect of channel length on liquid water profile along the air cathode flow channel of PEM fuel cells.
i � 1.0 A/cm2, � � 0.1, h � 0.5 cm, pin � 304 kPa, Tin � 85°C, Tout � 65°C, linear temperature profile, UO2 � 0.6.

2598 AIChE JournalOctober 2004 Vol. 50, No. 10



Mgen � Mexh
v (8)

where the water generation rate in the system can be described
as

Mgen � NgenA (9)

where Ngen is the water generated as the result of the electro-
chemical reaction, which is defined in Eq. 2a, and A is the
active area of the fuel cell stack. The water vapor exhaust rate
(Mv) can be derived from Eq. 4 in relation to the exhaust dry
gas flow rate (Mexh

g ) and the water vapor pressure, which is a
function of the exhaust dew temperature as shown below

Mexh
v �

pw
v

p

�1 �
pw

v

p �
Mexh

g (10)

The exhaust dry gas flow rate can be expressed as

Mexh
g �

iA

4F � 1

UO2yO2,in
� 1� (11)

By combining the above equations, a water balance equation is
derived and is expressed as

UO2 �

pw
v �T�

p

yO2,in�2 �
pw

v �T�

p � (12)

As shown in Figure 5, net water will be lost from the system if
the exhaust dew point is higher than the stated value in the
figure with a fixed exhaust pressure and air utilization. Thus, a

water recovery device is required to maintain water balance,
resulting in increased volume and weight for the system. As
Figure 5 shows, higher air utilization and higher exit pressure
are preferred to allow a higher exhaust dew point. However, as
the air utilization of the system increases, the cell performance
decreases not only because of the decrease in average reactant
concentration but mainly because of the increase in mass
transport resistance related to water management, as discussed
previously. The air pumping power also increases as the oper-
ating pressure increases and also as air utilization decreases,
resulting in increasing the parasitic power of the system. Thus,
it is often necessary to optimize a system based on its cell stack
technology and its application, and the water management
along the channel plays important roles in designing a fuel cell
stack as well as an optimized fuel cell system.

Intracell Water-Exchange System

To eliminate water related issues in a PEM, an intracell
water-exchange scheme is used at UTC Fuel Cells. Key to this
water management system is the water transport plate (WTP),
a porous bipolar plate in which the pores are filled with liquid
water. The WTP is gas impermeable, similar to a regular
bipolar plate, preventing gas ingestion to the coolant streams
while allowing water exchange. This concept was proposed by
Schutz (1989) in an Austrian patent. The idea of using a
fine-pore WTP and its system concept was independently pro-
posed, demonstrated, and adopted at UTC Fuel Cell (Meyer et
al., 1996; Reiser, 1994, 1997). A schematic of the intracell
water-exchange system is shown in Figure 6. The reactant gas
streams are maintained at a higher pressure than the pressure in
the coolant stream with a predetermined pressure difference
between the gas and the coolant flow fields. This pressure
difference causes excess liquid water in contact with the WTP
to be wicked into the WTP and moved to the coolant passage
network at a local level. The local water flux to the WTP is
described by Eq. 6, the differential form, as opposed to Eq. 7,
the integral form, that is used for the common solid bipolar

Figure 5. Effect of maximum air utilization on system exhaust dew point on various gas exit pressures for water
balance of hydrogen/air fuel cell system.
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plates. Thus, issues associated with liquid water accumulation
along the channel are eliminated.

The effectiveness of liquid water removal is shown in Figure
7. The cell performance is plotted against the pressure differ-
ence applied between the reactant and the coolant stream. At
low pressure differential, the cell performance is low, and the
flow field pressure drop was observed to be higher than in the
case with the higher pressure difference between gas flow
channel and coolant flow channel. This indicates a two-phase
flow occurring in the flow fields with the lower pressure dif-
ferential. However, as the pressure differential increases, the
cell performance increases. A maximum cell performance is

observed after a certain pressure differential (�ppeak). This
pressure differential is the optimum driving force for differen-
tial liquid water removal.

Because liquid water is effectively removed from the reac-
tant stream at a local level, the temperature and pressure
constraints to prevent membrane/electrode dry out or two-
phase flow in the gas flow stream are not applied for this
system. Thus, the scale-up issues discussed previously for the
regular bipolar plate also do not apply. Figure 8 shows the
performance comparison for different sizes of fuel cell stacks
with the intracell water-exchange method. No difference in
performance is demonstrated among a single cell, a 20-cell

Figure 6. Within-cell water-exchange system used in UTC Fuel Cells.

Figure 7. Effect of pressure difference applied between reactant stream and coolant stream on cell potential for the
within-cell water-exchange stack.
H2/Air, near ambient reactant pressure, 1.5 A/cm2, UH2 � 0.8, UO2 � 0.6, 65°C.
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stack, and a 75 kW stack, even though the temperature profiles
are vastly different for those three cases.

In addition, because a high-pressure drop within the flow
channel is not required for this water management method,
near-ambient pressure operation is possible, allowing a simpler
flow field design, and minimizing required parasitic power for
air compression to maximize the overall system efficiency. By
minimizing the mass transport resistance attributed to the pres-
ence of liquid water in the gas stream, operation at high air
utilization is also possible without significant stack perfor-
mance penalty. Figure 9 shows the oxygen utilization re-
sponses on cell potential at various high current densities.
Figure 9 indicates that 70 to 80% oxygen utilizations are
possible without significant performance loss at relatively high

current densities with near-ambient inlet pressure operation.
Even better utilization response is obtained at lower current
densities.

Because liquid water is removed on a differential level, the
stack can be used as a water recovery device. With 80%
oxygen utilization, an ambient pressure hydrogen system can
be in water balance if the cathode air exits the stack with a dew
point equal to 68°C as shown in Figure 5. By arranging the cell
stack so that the coolant enters the stack at about 68°C and
leaves the cell stack at about 80 or 90°C, the system may be in
heat and water balance without any external water recovery
device.

In addition to the liquid water removal capability, when the
reactant stream is dry, the water in the WTP pores spontane-

Figure 8. Comparison of stack size on cell performance for the UTC Fuel Cells within-cell water-exchange PEM fuel
cell system.
H2/Air, near ambient reactant pressure, 1.5 A/cm2, UH2 � 0.8, UO2 � 0.6, 65°C.

Figure 9. Effect of oxygen utilization on cell performance for full-size single cell with the within-cell water-exchange
system.
H2/Air, near ambient pressure, UH2 � 0.8, T � 65°C.
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ously vaporizes to humidify the dry reactant stream. The pores
maintain their water fill by capillary movement of water from
the coolant channels (Bett et al., 1998). Therefore, water bal-
ance in every location of the cell is spontaneously achieved
with intracell water removal or reactant humidification as
needed.

Summary

Water flow along the channel was theoretically analyzed,
and it was determined that a two-phase flow in the gas flow
channel is unavoidable for a fuel cell stack of any practical
size. The two-phase flow creates liquid water issues, espe-
cially when scaling up the stack for different applications.
For good stack water management, lower reactant utiliza-
tion, and higher pressure drop in the reactant stream are
desirable. In contrast, higher reactant utilization and a lower
pressure drop in the reactant are preferred for overall system
efficiency and system water balance. Trade studies for these
design and operating parameters are required to optimize the
overall system.

At UTC Fuel Cells, an intracell water-exchange scheme is
used with a fine-pore water transport plate. Humidification and
water recovery are achieved within the cell, eliminating any
external components. Furthermore, water removal is achieved
within the cell on a differential level by applying a pressure
difference between the reactants and coolant. Thus, high per-
formance is achieved even with high reactant utilization, mak-
ing ambient pressure operation possible.
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