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Experimental analysis of water management in a self-humidifying
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Abstract

The performance of a commercial 300 Wel self-humidifying polymer electrolyte fuel cell (PEFC) stack was investigated by studying
polarization curves under different operating conditions (temperature, stoichiometry). It could be demonstrated that internal humidification
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as a major impact on stack performance. Especially when the stack was operated in the low power range at elevated temperatures
as a serious problem. By applying extreme operating conditions, complete MEA drying-out as well as flooding could be observed. K
f the underlying physical and chemical interrelationships is fundamental for the optimum application and control of polymer electr
ell stacks in energy systems.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Due to their high efficiency, fuel cells are widely regarded
s future power sources. Additional characteristics such as

ow noise and emission levels as well as excellent scalabil-
ty open up a magnitude of applications, ranging from power
upplies for portable devices to vehicle propulsion systems.
eanwhile, many companies and research institutes world-
ide are engaged in developing and commercialising fuel
ells. The transition from laboratory scale applications to
emonstration plants or small-scale production has already

aken place or is about to happen. Fuel cells will gain sig-
ificant market shares if power density and lifetime will be

ncreased and, at the same time, production costs will be re-
uced[1].

Within the scope of this communication, a commercially
vailable, self-humidifying fuel cell stack from Heliocentris

∗ Corresponding author. Tel.: +49 89 289 23977; fax: +49 89 289 28313.
E-mail address:reckl@ewk.ei.tum.de (R. Eckl).

Energy Systems (Berlin, Germany) with a rated elect
power output of 300 W was analysed. The fuel cell stac
embedded in a demonstration system for combined pro
tion of heat and electricity. In the following, the electri
performance characteristics under different operating co
tions are presented and special attention is paid to int
water management issues.

2. Water transport in polymer electrolyte fuel cells

In a polymer electrolyte fuel cell (PEFC), hydrogen
oxygen react electrochemically to water, generating elec
ity and heat. A single PEFC consists of a membrane
trode assembly (MEA) sandwiched between gas diffu
layers and flowfield plates into which gas channels have
machined. The MEA comprises two electrodes, anode
cathode, which are separated by a gas tight, proton con
ing membrane (Fig. 1). At the anodic membrane–electro
interface, hydrogen is oxidized electrochemically
378-7753/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2004.06.042
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Nomenclature

b Tafel slope (V/dec)
F Faraday constant (9.6485× 104 As/mol)
I load current (A)
M mass transport overpotential parameter (V)
n molar flow (mol/s)
N mass transport overpotential parameter (A−1)
p pressure (bar)
R ohmic resistance (�)
V voltage (V)
V̇ volumetric flow (m3/s)
x fraction of gas species (%)

Greek letters
ϑ temperature (◦C)
λ stoichiometry
ϕ relative humidity (%)

Subscripts
air air on cathode side
critical critical value
FC fuel cell stack
H2 hydrogen on anode side
H2O water produced
in stack inlet
n single cell index (1. . . 20)
o open circuit
O2 oxygen on cathode side
out stack outlet
sat saturation
water water in airflow

the resulting protons are conducted through the mem-
brane. At the cathodic membrane–electrode interface,
oxygen is reduced electrochemically, yielding water as
product.

Fig. 1. Water transport in poly

The proton conductivity of the membrane and thus perfor-
mance of a PEFC decreases rapidly when the water content
of the membrane decreases. Especially if the fuel cell is op-
erated with dry reactant gases and product water originating
from the electrochemical reaction represents the only source
of humidity, an effective water management within the cell
is crucial. The amount of waternH2O produced by the elec-
trochemical reaction in a single cell is directly proportional
to the load currentI:

nH2O = I

2F
(1)

This product water is transported along the gas channels
as well as in the direction perpendicular to the MEA (Fig. 1).
When a current is drawn from the fuel cell protons migrate
through the membrane. Depending on the hydration state of
the membrane, proton migration is associated with a drag of
water molecules from the anode to the cathode side[2,3].
This so-called electro-osmotic transport, together with elec-
trochemical water production, results in an accumulation of
water at the cathode side. In turn, the water concentration
gradient between anode and cathode causes back diffusion,
which works against drying of the membrane from the anode
side. The gradient between anodic and cathodic water con-
centration is determined by the thickness of the membrane,
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ater content of the membrane and humidity of the rea
ases. The latter in turn is dependent on the gas inle
idification and on the temperature and pressure in th

hannels[4,5].
Maintaining a high water content in the electrolyte

undamental to ensure high ionic conductivity. Without
quate water management, an imbalance will appea

ween water production and water removal from the ce
ore water is exhausted than produced and the inco
ases are not humidified, dehydration of the polymer m
rane respectively the MEA structure occurs. If there is
uch humidity in the cell, however, the electrodes may fl
hich causes problems with gas diffusion to the electroch

cally active layers. Both effects have an adverse impa
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cell performance and can, in the long run, damage the fuel
cell.

In a fuel cell stack with series connected single cells, oper-
ating conditions may vary significantly not only in the plane
of the MEA but also along the stack axis. For example, an
even fluid distribution to all the individual cells as well as a
homogeneous temperature distribution are difficult to achieve
[6]. Due to the fact that these operating parameters directly
affect water management, it is an even more challenging task
to maintain a proper water balance in a fuel cell stack than in
a single cell alone.

3. Equipment description

The computer controlled fuel cell system (Fig. 2) is
designed for operation with hydrogen and air. The self-
humidifying fuel cell stack consists of 20 water-cooled single
cells, each with an active area of 49 cm2. GORE PRIMEA
5510 MEAs are used with an ionomer thickness of 25�m and
a platinum loading of 0.3 mg/cm2 on the anode and cathode
side, respectively. Gas diffusion layers are GORE CARBEL
CL gas diffusion media. The reactant gases and the cooling
liquid are fed in parallel to the individual cells of the stack.
Hydrogen and air are conducted in cross-flow mode by a
t annel
m

eed
d ) ac-
c
fl d for

ris fuel

currents below 2 A. The air stoichiometry ofλair = 10 at
2.2 A stack current is rather high; for currents above 20 A,
λair is below 3.2. As an additional option, the airflow can
be set manually between 90 and 120% of the automatically
adjusted airflow rate from a PC based graphical user inter-
face. Exhaust air is released into the environment via a water
separator and a flow restrictor. As there is no pressure con-
trol, the air pressure at stack entrance varies between ambient
pressure and 1.35 barabs, depending on airflow.

Hydrogen is fed into the stack in “dead end” mode from a
gas bottle via a pressure reducer, main valve and flow meter
(OMEGA FMA 3100 series). In order to remove inert gaseous
residua and product water originating from back diffusion,
a solenoid purge valve is attached to the anodic stack exit.
Depending on the load current, the purge valve is periodically
activated for about one second by the control programme. All
of the experiments were carried out at 1.5 barabs hydrogen
inlet pressure.

Measurement of the individual single cell voltages, stack
voltage and temperatures is done by a microcontroller (Atmel
Mega103) with analogue and digital input ports. The single
cell voltages are fed to the microcontroller via three multi-
plexer units (MAX307CPI), the stack voltage is measured
via a potential divider. Temperatures are measured by digital
sensors (Maxim-Dallas DS1820) via an interface IC and a
o

sunk
b 50-
1 l to
t ater
i ble
wo-channel meander on the anode side and a four-ch
eander on the cathode side of each single cell.
Ambient air is supplied to the stack by two variable sp

iaphragm compressors (KNF Neuberger N 838 KNDC
ording to the characteristics given inFig. 3. Due to strong
uctuations, no reliable airflow rates could be measure

Fig. 2. Heliocent
 cell system layout.

ne-wire bus.
The electric current generated by the fuel cell stack is

y an electronic load box (zentro-elektrik ELA 500/20/
), which provides a current-proportional 0–5 V signa

he microprocessor unit. For stack cooling, distilled w
s pumped in a closed circuit with a cooler and a varia
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Fig. 3. Airflow, air stoichiometry and air pressure at stack entrance against load current.

speed fan. The PC control programme is continuously mon-
itoring the operating parameters and shuts down the system
if a single cell voltage drops below 400 mV or if stack tem-
perature rises above 70◦C. If the load is too high and the
stack terminal voltage drops below 12 V, the load current is
reduced automatically.

4. Polarization curves at different operating
temperatures

In general, the performance of PEFCs shows a strong de-
pendence on operating temperature. The reversible potential

(points . (2))

decreases with increasing temperature, but performance ac-
tually increases because of an increase in reaction rate and a
higher mass transfer rate. With an increase in operating tem-
perature, however, a higher rate of evaporation occurs and
the reactant gases can take up more water vapour because of
higher saturation pressure. Without reliable forms of water
management, the MEA structure may start to dry out, result-
ing in lower ionic conductivity and higher charge transfer
resistance across the electrode–electrolyte interface[5,7,8].

In order to evaluate the influence of temperature on the per-
formance of the 300 Wel PEFC stack, the polarization curves
depicted inFig. 4were recorded. The experiments started at
Fig. 4. Polarization curves at different operating temperatures
 are measured values, lines represent interpolations according to Eq.
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the highest possible stack currents, followed by a successive
current reduction in 1 A steps. Due to the fact that polariza-
tion curves show a particularly non-linear characteristic at
high loads, the current steps were reduced to 0.5 A for stack
currents below 4 A. Each operating point was maintained for
about 40 s and after data acquisition the purge valve was acti-
vated manually. The comparatively high scan rate of 40 s per
operating point was chosen to avoid membrane drying-out
at low stack currents and high air stoichiometries (Fig. 3),
though it prevents the stack from reaching equilibrium con-
ditions during the experiments. The problem of drying-out
will be discussed in detail below.

The stack voltages depicted as points inFig. 4 can be
described mathematically by evaluating the parametersVo,
b, R, M andN of the equation[9]

V = Vo − b × logI − R × I − M × exp(N × I) (2)

In this equation,Vo represents the open circuit voltage,b
is the Tafel slope,R is the ohmic resistance, andM andN
are parameters accounting for the mass transport overpoten-
tial. The respective data sets were fitted with Eq. (2) and the
resulting polarization curves are depicted as lines inFig. 4.

It is obvious fromFig. 4 that the polarization curves do
show significant temperature dependence. As all curves inter-
sect in the medium current region, it is not possible to specify
a nge.
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gases, respectively if the following criterion is satisfied:

1 ≥
(

λH2 − 1 + λair

2xO2

− 1

2

)
× psat(ϑFC)

p − psat(ϑFC)
(3)

whereλH2 represents the hydrogen stoichiometry,xO2 is the
fraction of oxygen in the airflow (20%),p is the total pressure
in barabs(by approximationpair,in from Fig. 2) andpsat is the
saturation pressure of water vapour, depending on air temper-
atureϑair (by approximationϑFC). For dead-end operation at
the hydrogen side (λH2 = 1), a critical air stoichiometry for
internal humidification can be derived fromEq. (3):

λcritical = 0.2

(
2p

psat(ϑFC)
− 1

)
(4)

As pressure varies with airflow in our application,λcritical
is not only a function of saturation pressure and thus operating
temperature but also of stack current. InFig. 5,λair andλcritical
at different operating temperatures are depicted against stack
current.

It can be noted fromFig. 5 that λair exceeds the criti-
cal value independently of operating temperature for stack
currents below 5 A. At operating temperatures below 50◦C,
saturation of the airflow is possible if the stack currents are
greater than those defined by the intersections of the air stoi-
chiometry curve with the respective critical curves. At 55◦C,
t ck
c ly
a ts.

acti-
v is
i the
c ures,
i ore
o ration
s nced
n optimal operating temperature for the entire load ra
or load currents below 12 A, the stack shows best pe
ance at 40–50◦C operating temperature. At 55 and 60◦C,
strong activation overpotential component can be obse
his indicates dehydration, which adversely affects the r

ance of the ionomeric component within the catalyst la
nd increases the interfacial charge transfer resistanc
igher losses in the activation energy occur[5,8,10,11].

According to[4], operation with dry gases is possible
he amount of product water is sufficient to saturate the o

Fig. 5. Air stoichiometry and cr
.

oichiometries against stack current.

he criterion given byEq. (3)is just about satisfied for sta
urrents above 20 A. At 60◦C, the air stoichiometry is on
pproaching the critical values at very high stack curren

From these results it can be concluded that the high
ation polarisation at 55 and 60◦C operating temperature
n fact caused by strong dehydration of the MEAs during
ourse of the experiments. At lower operating temperat
nternal humidification of the airflow is possible over a m
r less expanded current range. Consequently, dehyd
ets in later and activation polarisation is less pronou
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towards the end of the low temperature experiments. How-
ever, drying-out of the membrane will always occur below
a certain stack current, which explains the necessity for the
relatively high scan rate.

For the interpretation of the stack behaviour at high cur-
rents (16 A and above), the sharp criteria given byEqs. (3)
and (4)need to be relativised to some extent. In practice, am-
bient air is fed into the fuel cell stack with a relative humidity
greater than zero as assumed above. More important, not the
complete amount of product water is evaporated to humidify
the airflow through the stack. The actual relative humidity of
the exhaust air is equal to

ϕair = p

psat(ϑFC) × (1 + nair/nwater)
(5)

wherenair represents the molar airflow through the stack and
nwateris the amount of water contained therein. By measuring
the water condensation rate in the water separator at differ-
ent operating points and applying these values fornwater in
Eq. (5), the outlet humidity could be estimated. It turned out
thatϕair was considerably lower than theoretically possible,
i.e. when the complete amount of product water would have
been evaporated. Additionally, liquid water was exhausted
from the anode side when the hydrogen purge valve was acti-
vated even at medium currents and high temperatures (e.g.I =
1 ◦ a-
t ts the
M the
s

de-
h tures
w me-

ut of th

tries are less excessive, i.e. when the stack is operated at
medium to high currents (Eq. (1)) and the differences be-
tweenλair andλcritical are less pronounced (Fig. 5). Local
dehydration cannot be excluded but favourable effects asso-
ciated with elevated operating temperature (increased reac-
tion rates, higher mass transfer rates) result in better overall
performance. The maximum power output at 60◦C operat-
ing temperature is 269 W compared to 240 W at 40◦C, which
represents a performance gain of 12%. However, for the big
differences betweenλair andλcritical, the above considerations
concerning dehydration remain valid.

5. Drying-out and flooding of the PEFC stack

The above experiments clearly demonstrated the funda-
mental effect of water management on stack performance. In
the following, drying-out and flooding at extreme operating
conditions will be investigated.

For MEA drying-out, water removal from the stack must
be higher than water production. Little water production
is equivalent to small load currents, high water removal is
achieved by elevated air stoichiometries and temperatures.
Preconditioning of the stack was done at 10 A load current
and 50◦C operating temperature for about 20 min, i.e. we can
a rva-
t

-
p k
c in
s 10 A
e and
0 A andϑFC = 60 C). This indicates back diffusion and w
er accumulation at the anode side, which in turn preven
EA from drying-out and allows for stable operation of

tack.
From these observations, we may assume that MEA

ydration is actually not a problem at elevated tempera
hen water production is sufficiently high and air stoichio

Fig. 6. Drying-o
 e fuel cell stack.

ssume well-humidified initial conditions from the obse
ions in the previous section.

The experiment depicted inFig. 6started with stack tem
eratureϑFC = 49◦C, air stoichiometryλair = 6 and stac
urrentI = 5 A. To facilitate the observation of differences
ingle cell voltages, the current was shortly increased to
very 5–8 min. InFig. 6, stack temperature, stack current
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the 20 single cell voltages are recorded. To accelerate MEA
dehydration, the airflow was increased toλair = 7.2 after the
first load step. To further enforce drying-out, stack cooling
was switched off 10 min after the beginning of the exper-
iment. As a consequence,ϑFC increased to approximately
65◦C.

Due to MEA dehydration, the single cell voltages were
decreasing during the experiment. The control programme
shut down the system after 43 min because several single cell
voltages (V9,V11,V13) dropped below the critical threshold of
400 mV. It can be noted fromFig. 6that the individual cells of
the stack were not equally affected by dehydration and that the
differences became more pronounced with increasing length
of time. Cells numbers 9, 11 and 13, which are located close
to the centre of the stack, revealed the worst performance.
This is presumably due to more pronounced dehydration as
a consequence of a non-uniform temperature field with local
overheating in the central domain.

During the load steps from 5 to 10 A, a voltage drop could
be observed for each single cell, followed by a distinct phase
of regeneration. This regeneration continued to have a short-
term positive effect on cell performance after taking back the
stack current to 5 A again. Obviously, increased water pro-
duction and a reduced air stoichiometry ofλair = 5.3 during
periods with 10 A load current at least partially compensated
d tials.

in-
v load
c in,
i
I pro-
d e ex-

g of th

periment, the load current was maintained at 10 A, which
was associated with an air stoichiometry of 4.4. To minimize
water evaporation, stack cooling was set to maximum perfor-
mance, resulting in a stack temperature slightly below 40◦C.
After 3 min,λair was reduced manually to 4.0. InFig. 7, stack
temperature, stack current and the 20 single cell voltages are
depicted.

During the complete course of the experiment, various sin-
gle cells show regular voltage drops, especially cell numbers
3 and 5. It can be assumed fromFig. 5 that well-humidified
operation of the stack is guaranteed at 10 A load current and
reduced air stoichiometry. However, excess water becomes
a problem when it prevents gaseous reactants from reach-
ing the electrochemically active layers. Each time the purge
valve was activated, a significant amount of liquid water was
exhausted from the stack. At the same time, an instantaneous
regeneration of the individual single cells showing reduced
voltage performance could be observed (Fig. 7). This leads
to the conclusion that water originating from back diffusion
caused MEA flooding at the anode side. Furthermore, it can-
not be excluded that liquid water accumulated in the gas chan-
nels and thus prevented a homogeneous reactant distribution
across the active area. As soon as an individual single cell
voltage dropped below 400 mV, the purge valve was opened
automatically and prevented system shutdown if the voltage
j ber
3 min.
A sult-
i low
4 fur-
t id
n nced
ehydration and thus temporarily reduced the overpoten
For stack flooding, the procedure for drying-out was

erted. Preconditioning of the stack was done at 10 A
urrent and 40◦C operating temperature for about 20 m

.e. we can assume rather humid starting conditions (Fig. 5).
n order to achieve a compromise between high water
uction and as low as possible heat generation for th

Fig. 7. Floodin
 e fuel cell stack.

umped up immediately. This was the case for cell num
after about 16 min and cell number 5 after about 18
fter 19 min, the stack current was increased to 12 A, re

ng in shorter purging cycles due to potential drops be
00 mV of cell number 5. When the stack current was

her increased to 14 A,V5 dropped below 400 mV and d
ot regenerate despite immediate purging. Due to adva
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MEA flooding, not enough water could be removed from the
anode side to maintain a load current of 14 A. Consequently,
the control programme shut down the system.

6. Conclusions

By investigating the electrical performance characteris-
tics of a 300 Wel PEFC stack under different operating con-
ditions, it could be demonstrated that water management is
of prime relevance. Self-humidifying operation of the stack
as well as optimisation of electrical power output is possi-
ble, if excessive dryness or humidity is prevented by care-
fully adjusting the operating conditions. Even though the
control programme allows for setting the operating param-
eters only within a relatively narrow range, complete MEA
drying-out and flooding is possible. As the PEFC stack itself
forms a complex system with a magnitude of interactions,
each operating parameter must be considered in a systematic
context.

At low currents, the PEFC stack is fed with ambient air
at rather high stoichiometries. Consequently, drying-out is a
serious danger if the stack is operated in the low power region
for a longer period. According to the manufacturer, stack per-
formance was optimised near the maximum power point for
a were
e are
g ries
i pre-
s crit-

ical stoichiometries are well suitable to yield reference values
for reengineering the control programme.
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