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Abstract— This paper presents a scheme for estimat-
ing membrane water content in polymer electrolyte
membrane (PEM) fuel cells from voltage, current,
temperature, and several pressure measurements. The
approach is to exploit the resistive voltage drop which
is closely associated with membrane water content. To
distinguish this resistive drop from other voltage losses
we make use of a well-developed fuel cell voltage model
that characterizes each loss term, as well as the open
circuit voltage. The unmeasured hydrogen and oxygen
partial pressure values in the open-circuit model are
estimated with a variant of the hydrogen and oxygen
observers developed in [2]. Preliminary experimental
results, obtained at the Connecticut Global Fuel Cell
Center, are presented and discussed.

I. INTRODUCTION

Polymer electrolyte membrane (PEM) fuel cells
are envisioned to be the future choice for portable
power, transportation, and combined heat and power,
systems. They offer advantages to other fuel cell
types, including relative simplicity of their design,
and their ability to operate at low temperatures. A
central problem in the operation of PEM fuel cells,
however, is water management. The membrane must
be sufficiently hydrated because its conductivity de-
pends critically on the humidity level. Too little water
causes membrane drying, which increases the ionic
resistance, and exacerbates the voltage drop due to
ohmic losses. Too much water causes “flooding”, that
is blocking of porous passages, which reduces the
transport rate of reactants to the catalyst site.

An obstacle to active control of membrane water

content is the lack of adequate tools for monitoring
humidity in the fuel cell. The cost and size of existing
humidity sensors are prohibitive for in-situ measure-
ments. Their accuracy is also impaired for high relative
humidity levels [11], at which a PEM fuel cell must
operate. Other measurement techniques, such as [16]
which employs gas chromatography, require extractive
sampling and, thus, are slow and intrusive.

In this paper we present an estimation scheme for
the membrane water content. Our idea is to first
estimate the membrane resistance and, next, to use
available characterizations of membrane resistance as
a function of water content, such as those in [18] for
Nafion 117 membranes. To accomplish the first step
of membrane resistance estimation we calculate the
ohmic voltage loss from voltage and current measure-
ments, and from the well-developed fuel cell voltage
model [14] which accounts for other voltage loss
terms. Because the open-circuit voltage component of
this model depends on partial pressures of hydrogen
and oxygen, which are unavailable for measurement,
we estimate them from a variant of the hydrogen
and oxygen observers developed in [2]. We wish to
emphasize that our estimation scheme is applicable
when the current is nonzero, because it relies on the
resistive voltage drop which is induced by the current.

A different approach to humidity estimation is
presented in [15], where the authors employ open-
loop observers based on lumped dynamic models for
anode and cathode relative humidities. A significant
contribution of [15] is to experimentally determine
the diffusion coefficient in these dynamic models as
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an affine function of relative humidity. This approach
differs from our voltage-based estimation because,
first, it does not make use of the voltage output of the
humidity model and, second, it assumes open-circuit
conditions. In contrast, we rely on the voltage output
and its static relation to water content, and do not
employ a dynamic humidity model. A combination of
the two approaches would be possible once the model
of [15] is extended to nonzero current conditions.

Due to the absence of humidity measurements in
our set-up, in this paper we compare our membrane
resistance estimates to ac resistance measurements.
The results reveal an unmodeled effect of cell drying
on charge transfer resistance [7]. Upon compensation
for this effect, our resistance estimates match the
measurements with reasonable accuracy.

The paper is organized as follows: In Section II
we review the fuel cell voltage model and the char-
acterization of membrane resistance as a function of
its water content. The estimation algorithm is detailed
in Section III, followed by experimental results and
their interpretations in Section IV. Remaining research
tasks and, in particular, a discussion of how the esti-
mation design can be modified to account for flooding
conditions, are presented in Section V.

II. OVERVIEW OF THE VOLTAGE MODEL

The open-circuit voltage of a fuel cell is given by
(see e.g. [14, Chapter 2]):

E = −
∆ḡ0

f

2F
+

RT

2F

[
ln(pav

H2
) +

1

2
ln(pav

O2
)

]
(1)

where ∆ḡ0

f < 0 is the change in molar Gibbs free
energy of formation at standard pressure, R is the uni-
versal gas constant, F is the Faraday constant, T is the
cell temperature, ln(·) denotes the natural logarithm,
and pav

H2
and pav

O2
represent average values of hydrogen

and oxygen partial pressures across the anode and
cathode channels, respectively. As discussed in [2,
Section III], a good approximation for these average
values is the arithmetic mean of the inlet and exit
partial pressures.

The operational voltage of the fuel cell differs from
its open-circuit value, E, due to the activation voltage
drop, Va; the ohmic voltage drop, Vohm; and the mass
transport loss, Vmass, as detailed in [14, Chapter 3].
For a stack of n cells, the net voltage is thus:

Vst = n(E − Va − Vohm − Vmass). (2)

The cumulative effect of the voltage loss terms in (2) is
visible from the polarization curve in Figure 1, which
plots the cell voltage as a function of the current
density; that is, total current I divided by effective
membrane area, Am:

i =
I

Am
. (3)

Other voltage losses due to fuel crossover and internal
currents [14, Section 3.5] are not included in (2)
because their effect is considerable only at very low
current densities.

The activation voltage drop is the voltage lost in
driving the chemical reactions on the surface of the
electrodes. It is given by the well-known empirical
formula [14, Section 3.4]:

Va =
RT

2αF
ln

(
i

i0

)
i > i0, (4)

where α is the charge transfer coefficient, and i0
is the exchange current density, which depends on
the temperature, pressure, the type of catalyst and its
specific surface area and loading [10]. Likewise, the
mass transfer voltage drop is given by [14, Section
3.7]:

Vmass = −B ln

(
1 −

i

ilim

)
, (5)

where ilim is the limiting current density, and B is a
constant that depends on the fuel cell, and its operating
conditions.

Finally, the ohmic voltage drop is

Vohm = (Rm + r)I, (6)

where Rm is the membrane resistance, and r repre-
sents the sum of other components, such as resistance
through electrically conductive components of the fuel
cell, including contact resistance, and resistance from
the electrodes. Because measurement techniques are
available to distinguish between the components of
total resistance [17], for our design in the next section
we assume that r is known.

The membrane resistance, Rm, depends critically on
the membrane water content, which is defined as the
ratio of the number of water molecules to the number
of charge sites. Indeed, as shown in [18], water content
affects the membrane resistance via

Rm=
tm

Am(0.00514λm−0.00326)
exp

[
1268

(
1

T
−

1

303

)]
(7)

4797



where tm and Am are the membrane thickness, and
area, respectively. The study in [18] also relates the
water content to the membrane relative humidity, φm,
(the ratio of water partial pressure to saturated vapor
pressure) by the empirical formula:

λm = 0.043 + 17.81φm − 39.85φ2

m + 36.0φ3

m. (8)

III. ESTIMATION OF WATER CONTENT

To estimate the water content, λm, our approach is
to first estimate Rm and, next, to invert the function
(7) to obtain the estimate λ̂m. For the estimation
of Rm we rely on (6), in which I is available for
measurement and r is known. Because Vohm is not
measured separately, it is to be calculated from the
measurement of the net voltage Vst, by substituting in
(2) the values of E, Va, and Vmass, calculated from
(1), (4), and (5), respectively.

This algorithm is not to be applied for zero or small
values of the current I , because the computation of
Rm from (6) involves division by I . It is reliable
when the fuel cell operates in the linear region of the
polarization curve because, then, the effect of humidity
on the open-circuit voltage, not modeled in (1), and
losses due to fuel crossover and internal currents, not
accounted for in (2), are indeed negligible compared
to the ohmic voltage drop. Since the linear region of
the polarization curve is the desired regime of fuel cell
operation, this restriction does not impair the practical
relevance of our algorithm.

The main difficulty in this algorithm is the calcu-
lation of the open-circuit voltage, E, from (1), which
relies on the unmeasured hydrogen and oxygen partial
pressures, pav

H2
and pav

O2
. To overcome this difficulty

we employ a variant of the hydrogen and oxygen
observers developed in [2]. To this end we denote
by pH2

the exit partial pressure of hydrogen in the
anode channel and obtain, from the Ideal Gas Law,
the lumped dynamic model:

ṗH2
=

RT

V ola

(
1

Mai

pH2in

Pain
Fai −

1

Mao

pH2

Pa
Fao −

nI

2F

)
(9)

where V ola is the anode volume, Pa is the total
anode pressure, pH2in

and Pain are, respectively, the
hydrogen partial pressure and the total pressure at the
inlet of the anode, Fai and Fao are the total inlet and
outlet mass flows, and Mai and Mao represent average
molecular weights of the inlet and exit gas streams.
The bracketed expression in (9) calculates the molar
rate of change of hydrogen. In particular, the first term

represents the increase in hydrogen mole number due
to the inlet flow, the second term is the decrease due
to the exit flow, and the third term is the consumption
due to the fuel cell reaction.

For observer design we assume that the total pres-
sures Pain and Pa, and the mass flows Fai and Fao, are
known. The mass flows can either be measured with
flowmeters, or estimated from pressure differences via
orifice equations, such as those used in [2]. The vari-
ables Mai and pH2in

which appear in the coefficient
of Fai in (9) are also assumed to be available. This
assumption is meaningful when the gas composition of
the inlet stream is known, or estimated with a separate
observer for the fuel reformer as in [12]. Our observer
is

˙̂pH2
=

RT

V ola

(
1

Mai

pH2in

Pain
Fai −

1

M̂ao

p̂H2

Pa
Fao −

nI

2F

)
(10)

where, for the unknown Mao, we employ the value

M̂ao =
p̂H2

Pa
MH2

+
Pa − p̂H2

Pa
δa, (11)

in which MH2
is the molecular weight of hydrogen,

and δa is an average value for the molecular weights
of other gases at the anode exit. Unlike the design
in [2] which employed a constant average value for
M̂ao, the new observer (10)-(11) is nonlinear in p̂H2

due to the dependence of M̂ao on p̂H2
. However,

because hydrogen is lighter than the other molecules;
that is, MH2

< δa in (11), the right-hand side of
(10) is a monotone decreasing function of p̂H2

, which
guarantees observer convergence as proven in [3].

Using a similar model for the cathode, we obtain
the oxygen observer

˙̂pO2
=

RT

V olc

(
1

Mci

pO2in

Pcin
Fci −

1

M̂co

p̂O2

Pc
Fco −

nI

4F

)
(12)

M̂co=
p̂O2

Pc
MO2

+
Pc − p̂O2

Pc
δc , (13)

where V olc is the cathode volume, Pc is the total
cathode pressure, pO2in

and Pcin are the oxygen partial
pressure and the total pressure at the inlet of the
cathode, Fci and Fco are the total inlet and outlet
mass flows, Mci and Mco represent average molecular
weights of the inlet and exit gas streams, MO2

is the
molecular weight of oxygen, and δc is an average value
for the molecular weights of other gases in the exit
stream.
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Thus, to estimate the membrane water content λm,
we first estimate the open-circuit voltage E by ob-
taining p̂H2

and p̂O2
from the observers (10)-(11) and

(12)-(13), and by substituting in (1) the average values:

pav
H2

=
p̂H2

+ pH2in

2
pav

O2
=

p̂O2
+ pO2in

2
. (14)

Next, we calculate Vohm from (2), using our estimate
of E, as well as the measurement of voltage Vst,
and the calculation of Va and Vmass from (4)-(5).
We then obtain the membrane resistance estimate R̂m

from (6) by using the current measurement I , and by
subtracting r. Finally, we use this R̂m to estimate the
water content λ̂m from (7), and obtain φ̂m from the
unique real root of the polynomial (8), given by:

φ̂m = 0.369+(S+
√

Q3 + S2)1/3+(S−
√

Q3 + S2)1/3

(15)
where S = −0.0416 + λ̂m/72 and Q = 0.0288.

IV. EXPERIMENTAL RESULTS

We now present preliminary experimental results for
the algorithm developed in the previous section. These
experiments have been performed at the Connecticut
Global Fuel Cell Center, with a fuel cell developed
and manufactured by Proton Energy Systems. The
stack consists of n = 3 cells, with Am = 65 cm2

active area each, and with tm = 0.0051 cm thick-
ness. The cathode flow field consists of six parallel
channels in serpentine layout, while the anode flow
field has a single serpentine channel. The channels
are rectangular with 0.8 mm width and depth. The
stack is air-cooled. Hydrogen is supplied by a HOGEN
40 electrolyzer, built by Proton Energy Systems, and
air is supplied from air cylinders. Hydrogen and air
flows are regulated by a Lynntech FCTS GMET/H
Gas Metering System. A Lynntech Gas Humidifier,
FCTS H0101, achieves the desired humidification of
the reactant gases before entering the fuel cell stack
by controlling the humidification temperature. The cell
resistance is measured by an Agilent 4338B Milliohm-
meter. A Lynntech FCTS I/O box is used to collect
the measured data in the test platform. A TDI RBL
488 electronic load bank is used to generate the load
current profile.

We first compare the voltage model of Section
II to the experimental polarization curve. To obtain
this curve we set the hydrogen flow rate to 1 slpm
(standard liter per minute), and the air flow rate to 3
slpm. The hydrogen and air humidification tempera-
tures were set to 60◦C. To prevent condensation, we

set the line-heaters for hydrogen and oxygen to 70◦C.
We observed the open circuit voltage for each cell,
then gradually increased the current up to 25 A, and
reduced it back to zero. The resulting curve is given in
Figure 1, where the discrete data points are obtained
from step changes in the current. We obtained a close
match to these data points using the voltage model
of Section II (continuous curve in Figure 1) with
B = RT/(2F ) and ilim = 0.4 A/cm2 in (5), α = 0.5
in (4), and with i0 obtained from a temperature- and
pressure-dependent formula in [10], in which we used
the reference value iref

0
= 8.78 · 10−11 A/cm2.

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
0

0.2

0.4

0.6

0.8

1

1.2

1.4

V

i

Fig. 1. Voltage of a single cell (Volts) versus current density
i (A/cm2). The voltage model of Section II (continuous curve)
matches the discrete data points.

To test our humidity estimation algorithm, we in-
duced membrane drying by reducing the air inlet
humidification temperature below the cell temperature.
This causes the air to absorb membrane humidity as it
passes through the warmer cell. The resulting increase
in the resistance and the decrease in the cell voltage
are shown in Figure 2 for a current of 20 A. Due to
the absence of humidity measurements in our set-up,
in this paper we only compare our estimate R̂m for
the membrane resistance to that obtained from the ac
resistance measurement in Figure 2, performed at 1
kHz. The observer calculations are presently carried
out off-line, from filtered experimental data.

At fully humidified conditions the cell performance
was in steady state and the ac resistance measurement
indicated 4.3 mΩ (280 mΩcm2), as shown in Figure
2. The model (7) predicts the membrane resistance
to be Rm = 0.78 mΩ (51 mΩcm2), which means
r = 4.3− 0.78 = 3.52 mΩ (228 mΩcm2). 10 mΩcm2

of this may be attributed to the resistance from the
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electrodes [8]. Therefore, the electronic resistance is
218 mΩcm2, which includes the resistance through the
electrically conductive components of the fuel cell.
In [4], the electronic resistance is reported to be up
to 3 times larger than the ionic resistance (membrane
and electrodes). This, of course, depends on the cell
design.

Under drying, the cell resistance increased at a
rate of 0.0018 m/s. The electronic resistance should
be fairly independent of the drying conditions i.e.,
membrane water content. Although drying of a mem-
brane results in reduced membrane thickness, in a
well designed fuel cell stack, the changes in the
membrane thickness should be compensated by a stack
compression mechanism. In case of the Proton Energy
System’s stack this compression is accomplished with
five polyurethane springs distributed evenly over the
center of the active area [9].

It is therefore safe to assume that only the ionic
resistance changes with humidity in the cell. However,
the resulting observer estimate of Rm derived from the
observance of the cell stack potential, upon addition
of r = 3.52 mΩ, (dotted curve in Figure 2) does
not match the cell resistance change. In fact, ac
resistance measurements showed that only 40% of
the increase in voltage loss due to drying is from
the increase in ohmic resistance. This indicates that
there are other factors affecting the cell potential under
drying conditions. Indeed, it is reported in [1] that
drying of the anode catalyst layer not only increased
the membrane proton-conduction resistance but also
increased the activation overpotential for the hydrogen
oxidation reaction due to a decrease in the number
of active sites on the anode side. A similar argument
may be applied to the cathode drying scenario in our
experiment.

To compensate for this loss of catalytic activity,
which may be modeled as an increase in activation
overpotential, in our estimator computations we relied
on our empirical observation and calculated 40% of
the increase in voltage loss to be due to the increase
in R̂m. The resulting observer estimate R̂m, plotted in
Figure 2 with a dashed-line upon addition of r = 3.52
mΩ, matches the experimentally determined increase
in cell resistance with reasonable accuracy.

Using this R̂m we obtain from equations (7) and
(15) the estimates, λ̂m and φ̂m, as in Figure 3. It
is clear that the membrane was intensively drying
with λ̂m dropping below 4. The conditions in the
cell changed from fully humidified (Thum = 75◦C,

Tcell = 70◦C) to dry (Thum = 45◦C, Tcell = 65◦C).
At dry conditions, the air at the exit of the stack had
relative humidity of 85% (calculated from the stack
mass balance), taking into account the product water
added to the air stream.

1.05 1.1 1.15 1.2 1.25

x 10
4

0.4

0.45

0.5

0.55

0.6

0.65

0.7

0.75

t (sec.)

Fig. 2. Voltage decrease and resistance (Ω · 10
−2) increase

in response to drying, which starts at t = 10850 sec. The
dotted line is the sum of our estimate R̂m, and r = 3.52 mΩ,
before compensation for the loss of catalytic activity. The dashed
line, obtained upon compensation, is closer to the ac resistance
measurement.
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2
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10φ̂m

λ̂m

Fig. 3. Water content estimate λ̂m, and relative humidity estimate
φ̂m, scaled by 10, obtained via equations (7) and (15) from the
estimate R̂m in Figure 2.

V. CONCLUSIONS

Water management is one of the most critical prob-
lems in PEM fuel cell operation. In this paper a
method for estimation of membrane water content has
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been developed by exploiting its effect on cell resistive
voltage drop. This method relies on measurements of
voltage, current, temperature, and total pressure in the
anode and cathode. It also incorporates observers for
hydrogen and oxygen partial pressures adapted from
[2].

A voltage drop at constant current may also be
caused by flooding - an effect completely opposite
from drying. In order to avoid an incorrect attribution
of this voltage drop to drying, a cathode pressure drop
may be monitored [5] and used in control algorithm.
Pressure drop on the cathode side increases with
cell flooding, while it remains unchanged with cell
drying, thus clearly distinguishing between the two
phenomena [6], [13], [5].

Dry conditions at the cell inlet and outlet mean
that all of the water generated in the electrochemical
reaction evaporated, unlike in steady state saturated
conditions at cathode inlet and outlet when all of the
product water left the stack as liquid. The Gibbs free
energy, and therefore the theoretical cell potential, are
lower for gaseous product water. Additional effects of
water evaporation on local temperature, and therefore
on saturation conditions, may only be determined by
detailed 3-D modeling, and then integrated over the
entire cell.

A significant effect of cell drying on activation
overpotential, i.e., charge transfer resistance, has been
detected. Further modeling efforts will attempt to
establish a functional relationship between the mem-
brane water content and activation overpotential.
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