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ABSTRACT

Dynamic behavior and transient analysis are one of the most
critical issues for high performance polymeric electrolyte mem-
brane fuel cells. An improvement of performance can be achie-
ved both with hardware modifications and with more sophistica-
ted control strategies. To this regard, the availability of a reliable
dynamic fuel cell model plays an important role in the design of
fuel cell control and diagnostic system. This paper presents a
non-linear, iso-thermal, zero-dimensional model of a pressuri-
zed PEM fuel cell system used for automotive applications. The
model was derived from a detailed, iso-thermal, steady-state, di-
mensional model which explicitly calculated (and subsequently
captured as a multi-D look-up table) the relationship between
cathode and anode pressures and humidity and stack average
current. Since in the electrochemical model the single cell per-
formance depends on the membrane ionic resistance, which is
strictly related to the membrane water content, a dynamic esti-
mation of the membrane water diffusion has been considered.
This takes into account the dependence of the cell voltage on the
unsteady membrane water concentration. A similar approach
still allows the development of a simple zero-dimensional dyna-
mic model suitable for control system development and amenable
to control-oriented humidity modelling.

INTRODUCTION
Due to their high efficiency (about 60% [1], [2]) at normal
operating conditions, Proton Exchange Membrane (PEM) fuel
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cells may represent a valid choice for automotive applications,
in the years to come ( [3], [4]). The PEM fuel cell includes two
electrodes, anode and cathode, separated by a polymeric electro-
lyte membrane. The ionomeric membrane has exclusive proton
permeability and it is thus used to strip electrons from hydrogen
atoms on the anode side. The protons flow through the mem-
brane and react with oxygen to generate water on the cathode
side and a potential difference between the electrodes [5]. It has
been observed that the temperature of the stack needs to be kept
around 80°C for optimal performance (see [6], [S]) and, pres-
surizing the gases, the fuel cell increases its efficiency and also
provides the necessary conditions for smooth fluid flow through
the flow channels [7]. The membrane has to be humidified to
operate properly, and this is generally achieved through humidi-
fication of the air stream [8]. Since the charge transport is rela-
ted to the water molecules in the membrane, if the electrolyte is
partially dehydrated, the ionic resistance increases, hindering the
proton flow. On the other hand, the cathode side might be flooded
due to an excess of humidification and the gas diffusion layers
pores might be occluded, reducing mass transport. Furthermore
the anode side experiences an insufficient humidification at high
current density, thus enhancing electrolyte ionic conductivity [9].
Since the polymeric membrane regulates and allows mass water
transport toward the electrodes, it is one of the most critical fuel
cell elements. Particularly, a proper membrane hydration and
control are relevant issues to be solved in order to push fuel cell
systems toward mass commercialization in automotive applica-
tions. Several works proposed in literature focus on the deve-
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lopment of detailed dimensional model for water transport phe-
nomena, not suitable for control purposes [10], [11], [12]. The
model herein described follows innovative approach to estimate
the water transport and concentration dynamics in a zero dimen-
sional structure. This simplified model provides an engineering
approximation of the unsteady electro-chemical characteristics
of PEM fuel cell stack observed under dynamic load conditions.
The computational tool proposed is based on a multi-dimensional
map obtained from a dimensional model ( [13] and [14]), coupled
with a real time estimation of the time constant related to the wa-
ter diffusion dynamics through the membrane. Consistent with
such lumped dynamic model formulation, a filling-emptying ap-
proach is followed to model the intake and exhaust manifolds of
the gases and the electrodes volumes. In the final part of the pa-
per transient analyses with two different approaches, based on a
1D model [13] and a 1+1D [14] model respectively, are shown.

1 NOMENCLATURE

Cell active area [cm?]
Faraday constant [%]

Cell current density [CA?]
Cell current [A]

Molecular weight [’L‘—fl]
Angular speed [rpm]
Number of electrons [-]
Number of cells [-]

Open circuit voltage [V]
Pressure in the volumes [bar]
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Gas constant [b“k’—',’?]

bar-m?
molK

Universal gas constant [
Temperature [K]
Volume [m°]

Mass flow rate [’%]
Pressure difference between the electrodes [bar]
Water content [-]

Membrane ionic conductivity [ 2]

Specific humidity [-]

Empirical constant for diffusional

RS S D

. 2
overpotential [ <]

FOOTERS

an Anode

ca Cathode

cp Compressor
da Dry air

des  Desired value

dH,  Dry hydrogen

fc Fuel cell

H, Hydrogen

in Inlet conditions

lim  Limiting current density
mem Membrane

N> Nitrogen

out Outlet conditions

) Oxygen

rm Return manifold
sat Saturation

sm Supply manifold
vap  Vapor

2 SYSTEM MODELLING

A proper fuel cell operation may be guaranteed by integra-
ting the fuel cell stack in a structure with an air compressor, hu-
midification chambers, heat exchangers, supply and return ma-
nifolds and a cooling system. In order to carry out a model of
such a system, solely the main critical dynamics has been consi-
dered. Thus, the slowest and fastest dynamics of the system, i.e.
the thermal dynamics and electrochemical reactions respectively,
has been neglected.
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Figure 1. Fuel cell system schematic.

Differential equations representing the dynamics are suppor-
ted by linear/nonlinear algebraic equations [15].

Consequently, the model presented is substantially based on
the following main assumptions: 1) spatial variations of variables
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are neglected, thus considering a lumped model; ii) all the cells
are lumped in one equivalent cell; iii) output flow properties from
a volume are equal to the inside properties; iv) fastest dynamics
is not considered and is taken into account as static empirical
equations; v) all the volumes are isothermal.

An equivalent scheme of the fuel cell system model points
out four significant blocks, representing the air supply, the fuel
delivery, the membrane behavior and the stack voltage perfor-
mance (see figure 1).

2.1 Air supply system

The air side includes the compressor, the supply and return
manifolds, the cathode volume, the nozzles between manifolds
and cathode and the exhaust valve. A screw compressor has been
used to pressurize and blow air into the fuel cell stack [16]. The
compressor and motor are lumped into a single, second order
dynamic system, which is speed driven. The motor-compressor
model is separated in two parts. The first part is the second or-
der dynamic system that represents the rotational dynamics as-
sociated with the lumped model of compressor and motor. The
transfer function representing the dynamics of this subassembly
has been identified by means of experimental data and can be
approximated by the following:

nep  —3.96107%s% +0.5285+567.5
Nemd s249.624s+567.8

)]

where n., is the speed of the compressor and ng,q is the
speed commanded. The second part of the motor compressor as-
sembly model describes the mass flow rate from the compressor
via a static map depending on pressure and compressor speed.

For the air side, a supply and a return manifold were repre-
sented throughout mass balance and pressure calculation equa-
tions [17]. Dry air and vapor pressure in the supply manifold has
been described as follows ( [15], [18]):

d[) Rd T
d_?a = M(VV(M in VVda,out)

Vsm ca
@

dpy, RyapTym.c
% = et (anp,in + anp,inj - anp,out)

Vsm ,ca

The inlet flows denoted by subscript in represent the mass
flow rates coming from the compressor. Outlet mass flow rates
are determined by using the nonlinear nozzle equation for com-

pressible fluids [19]:

CaArPup (Paw\1/v, [ 2Y (1 _ ( Pdow rl
St sy 1 251 (B
fpdmm > (%)771

Wout = Y1 Pup

CdAtpup 2 2(y=1)
it VG

P, 2\
ifltan < (21)7

—

3)
where pg,, and p,, are the downstream and upstream pressure,
respectively and R is the gas constant related to the gases crossing
the nozzle.

A simplified humidifier has been considered built in the sup-
ply manifold. Fixing a desired value of relative humidity for air
(@yges), the vapor mass injected (W, ;) is obtained through a sim-
plified model accounting for a static mass balance [15]:

‘/Vinj = Wdu,in(mdex - min) (4)

where o is the specific humidity and can be evaluated as follows:

M
o, = Ox - Psat Myap x =des,in o)

Pda Mda

In equation (5) ¢ is the relative humidity. Therefore, a first
order transfer function has been introduced in order to reproduce
the physical behavior of the system. Starting from equations (2),
(4) and (5) the supply manifold relative humidity is determined
in order to involve the water injection dynamics.

The mass flow rate leaving the supply manifold enters into
the cathode volume, where a mass balance for each species (wa-
ter vapor, oxygen, nitrogen) has been considered [20]:

dpmp Rvap T‘a
“at = =" Waap,in = Waap,ous +Woap mem+

ca

+anp,gen)
(6)

dp 0y R 02 Tea
—ar = (W02 in WOz,out - WOg,reacted)

dPN RN Tea
dt2 - 2 (WNzym Wquout)

In the equations above, W, men indicates the vapor mass flow
rate leaving or approaching the cathode through the membrane,
whereas W, gen and Wo, reqcreq are related to the electroche-
mical reaction representing the vapor generated and the oxygen
reacted, respectively. It has been assumed that all the water ge-
nerated passes in the vapor form. In Equation (6), p is the partial
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pressure of each element and thus the cathode pressure is given
by Dalton law:

Pca = Pvap + Po, =+ PN, @)

The gases leaving the cathode volume are collected inside the
return manifold which has been modelled using an overall mass
balance for the moist air:

dprm, RaaTrm,
% = #(Wainin - Wair,out) (8)

In order to control the pressure in the air side volumes, an
exhaust valve has been applied following the same approach of
equation (3) where the cross sectional area may be varied accor-
dingly to a control command.

2.2 Fuel Side

As seen for the air side, three volumes have been taken into
account: supply and return manifolds and anode. A humidifica-
tion model similar to the cathode side has been applied. Equa-
tions (2), (4) and (5) have been particularized for the hydrogen
side, leading to the following balance for the fuel supply mani-
fold [21]:

dpan. Ran, Tsman
dar 2= (Wde,in - Wde,oul)

Vsm‘an

€))

dp RyapTym,
dvtap = s (Vvvap,in + anp,inj - anp,out)

Vsm‘an

where Wy, , is the hydrogen inlet flow supplied by a fuel tank
which is assumed to have an infinitive capacity and an ideal con-
trol capable to satisfy the required current density. Especially,
the delivered fuel depends on the stoichiometric hydrogen and it
is related to the utilization coefficient in the anode (ug, ):

i-Mp,
neF

Wy in =AfcN ug, (10)

In the equation above, Ay and N are the fuel cell active area and
the number of cells in the stack; ug, is kept constant and indicates
the amount of reacted hydrogen. Regarding the outlet flow from
the supply manifold, Wy, ., it has been determined through the
nozzle equation (3). As previously done for the cathode, mass
balance equation has been implemented for the anode:

dpvap _ Rva/) Tan

da —  Va ( vap,in — anp,mem - anp,out)
(11)
dph. Ry Tan
dtz = \/Zan (WHz,in - WHz,out - WHz,reacted)

where W, i, is the inlet vapor flow set to zero as assumed
before, Wyap mem is the vapor flow crossing the membrane and
Wyap,our TEpresents the vapor flow collecting in the return mani-
fold through the nozzle (eq. 3). Referring to the return manifold,
the same approach of equation (8) has been followed.

3 MEMBRANE

The gas and water properties are influenced by the relative
position along both the electrodes and the membrane thickness.
Consequently, a suited treatment should be represented by par-
tial differential equations. However, a fast computational time is
a significant issue and considering the difficulties related to the
parameters identification for the membrane mass transport and
the electrochemical phenomena, static maps are preferred to the
physical model.

Nevertheless, in order to preserve the accuracy of a dimen-
sional approach, two static maps have been carried out using a
one dimensional model and a 1+1D model respectively.

The one dimensional model describes system properties as a
function of membrane thickness, while the 1+1D model accounts
for properties spatial variations along the electrodes length, inte-
grating the previous 1D model as a map. The reader is addressed
to previous works ( [13] and [14]) for further details, omitted in
this paper for brevity.

3.1 Model based on one dimensional model

As mentioned above, the 1D model accounts just for the spa-
tial variation along the membrane thickness, neglecting the pro-
perties profile related to the electrodes dimension. The inputs for
this model are represented by the mean values of electrodes wa-
ter content (A.4, Agy), pressure difference at the electrodes (Ap)
and the current density (i). Based on these inputs, a dimensional
map has been built, giving as outputs the net water flux across
the membrane and the profile of water content along the electro-
Iyte. As well known, a zero dimensional model requires a mean
value for each property, so that the lumped water concentration
has been computed as follows:

Y (12)

where A; is the value of water content for each slice of the mem-
brane. In order to imbed the map in the zero dimensional model,
the electrodes properties have been defined accordingly to equa-
tion (6), (11) and to the empirical equation [13]:
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Figure 2. Membrane water flux as a function of A at both the electrodes.

0.3410.80, — 16.002 + 14.1¢ if 0<¢,<1
Ay =
—30.41+61.98¢, —25.9602 +3.7003 if ¢, >1
(13)
where x refers either to the anode or to the cathode.

Figure 2 shows the membrane water flow behavior as a func-
tion of A at both the electrodes, fixing cathode pressure and cur-
rent density. This approach allows to obtain the map easily and
with short computational time, without changing radically the
basic structure of a filling-emptying model. However, a diffe-
rent approach may be followed in order to take into account the

properties profile along the electrodes.

3.2 Model based on 1+1 D model

The 1+1D model describes system properties as a function
of the electrodes length, accounting for an integrated one dimen-
sional map, derived from the 1D model previously described (see
figure 3). Explicitly, the imbedded map for the membrane is sol-
ved for each slice of the electrodes length, providing the net wa-
ter flux (,,) and the concentration value needed to evaluate the
electrode property profiles.

The most critical variables affecting system operation and its
performance have been taken into account as inputs for a multi-
dimensional map:

current density;
cathode pressure;
anode pressure;
cathode inlet humidity.

A complete operating range of the variables above has been
supplied to the 1+1-dimensional model, in order to investigate
the electrolyte and cell operating conditions and to obtain the
corresponding water flow starting from each set of inputs.

Thus, the membrane map outputs the net water flow crossing
the membrane (calculated as Y N,, ) and it points out water con-
tent (AM41p = 1% Y | A;) during cell operation. Figure 4 shows
the membrane water flow behavior as a function of the current
density and the pressure difference between the electrodes, fixing
anode and cathode pressure and relative humidity.

The second approach is more accurate than the previous one,
as the map has been derived from a quasi 2D model. Neverthe-
less, map building requires long off-line computational time, it is
more sensitive and leads to modify the filling-emptying structure
of the electrodes.

4 MEMBRANE DYNAMICS

An arduous task in fuel cell modelling is to relate its perfor-
mance to the gases humidity and membrane water content. Since
the resistance to proton transfer through the membrane is stric-
tly dependent on membrane water content, the water transport
phenomena have to be considered to describe fuel cell perfor-
mance and dynamics. Water migrates inside the membrane be-
cause of electro-osmotic drag, pressure-driven convective trans-
port and diffusive transport [8]. The right approach to describe
water transport is to consider an equation that takes in account
all those mechanisms, but for control-model purpose phenomena
time-constants are more important. It has seen that the time-
constant related to pressure-driven transport is negligible because
of the difference of pressure between cathode and anode is very
small (0.1 bar). Also, it is reasonable to assume the same dyna-
mics both for electro-osmotic drag and diffusive transport, since
the electro-osmotic coefficient (ny) and the effective diffusion
coefficient (vaf f ) are estimated with a similar function of the
membrane water content [17]. So the dynamics of net water
transport can be just evaluated through the water diffusion one.

Particularly, the diffusion coefficient is expressed as follows
[11]:

DT = (dy + doh+ ds)2 +dih3) - exp(ds(di _ TL)) (14)
6 fe

where dy,d»,d3,ds and ds are empirical constants [12]. Diffusion
transport is here described with unsteady 1D equation, assuming
diffusion normal to the face of the electrodes as main mechanism
[22]:

or o’
> :vaffa—zz (15)
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Figure 3. Schematic representation of the 1+1D model, integrating the map derived from the 1D model.

where I is the dimensionless water concentration. It has been
hypothesized that the concentration variation occurs only at one
side. Thus, a well-known good approximate solution of equation
(15) is [22]:

C=1—erf(n) (16)

where 1 is a combination of the space (z) and time () variables:

Z
nN=-—F—7—
\/4-l)§fft

and erf is the error function, describing the development of the
water concentration profile. It is possible to model water con-
centration evolution choosing proper values for 1 and fixing z
equal to the membrane thickness. Particularly, a time-delay can
be find out reshaping equation (17) and assuming n=2.34, so that
I'is equal to 0.01, which translates in a membrane water concen-
tration of 1% of the regime value. A time-constant for water
content variation can be estimated choosing N=0.0443, leading
to a value of I" equal to 0.95. The latter value includes the time-
delay as well. It is worth noting that vaf f is not a constant, but
varies accordingly with water content, leading to an appropriate
time-varying time constant. In such a way the water transport
dynamics is slow if the water content is low and speeds up when
water content increases, as shown in Figure 5.

Ultimately, starting from a steady-state value of water con-
tent a first order dynamics, based on the mentioned time constant,

A7)

Water flow across the membrane pca=1 .5 bar; ¢ca=0.4; ¢an=0

0.5
current density [A/cmz]

[bar]

A
15 1 pressure

Figure 4. Membrane water flux as a function of current density and
pressure difference at constant anode and cathode pressure and relative
humidity.

is introduced. The steady-state value of water content is estima-
ted with both the map from the 1D model and the map from the
1+1D model.

5 STACK VOLTAGE MODEL

As long as hydrogen and oxygen are fed to the fuel cell
stack, electrochemical reactions take place generating a poten-
tial difference at the electrodes. When the load is not connected
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Figure 5. Water content time constant as a function of A.

to the cell, the open circuit voltage may be defined as a function
of pressure and temperature of the reactants [9]:

RT
OCV =1.23-0.9-1073(Ty, —298) + Eln(p%,2 -po,) (18)

Unlikely, cell ideal voltage is not achievable under operating
conditions due to several cell irreversible processes which occur
when a load is applied to the stack. Consequently, the cell vol-
tage drops as the current increases due to the losses phenomena
mainly related to activation, diffusional and ohmic and polariza-
tions.

The activation overpotential is the result of the effective
electron transfer and of the chemical bonds breaking and forming
at the cathode and anode. The required energy for the process is
supplied by the fuel used in the fuel cell, reducing the available
energy to produce electric power. The activation losses can be
defined as follows [9]:

RT i
Vact = ?lng (19)

The diffusional polarization is due to the resistance to the
mass transport of gases to reactions sites and to the removal of
impurities and generated water. Consequently, the efficiency of
the reactions sites is reduced because the concentration of the
provided reactants is lower than the ideal quantity. The diffusio-
nal polarization has been modelled as follows [9]:

Vi = ®Tpei - In(—22) (20)

Uim —1

where ® id an empirical constant for diffusional overpotential [9]
and ij;, is the limiting current density, that is the current density
for which the voltage drops to zero.

The ohmic polarization is related to the electrical cell re-
sistance. Thus, the ohmic overpotential has been implemented
as [9]:

Votm =11 21

The cell resistance depends on the membrane ionic con-
ductivity expressed as a function of the membrane water con-
tent [11]:

1 1

303 —a)) (22)

Omem = a1 * 7\‘mem —daz:- xmem . exp(a3 : (

where aj, ay and a3 are empirical constants found in literature
[11]. Afterwards, the cell resistance is given by the rate between
the membrane thickness and the membrane ionic conductivity
[11]. Starting from the mentioned potential losses, the output
cell voltage can be estimated by the following relationship [9]:

Vfc =O0CV —Vyer — Vdiff — Voim (23)

Throughout equation (23), the polarization curve of the cell
has been derived. The paper focuses on the characterization of
the dependance of the cell voltage behavior on the membrane
water content (A). Several values of the membrane water con-
centration lead to different voltage response, as shown in figure
6.

One of the most relevant issues for proper cell operation is
to keep the membrane humidification above a certain value in
order to guarantee enough ionic conductivity. Indeed, low water
concentration is revealed by poor cell performance (see Figure
6).

Due to the close relationship between voltage and A, it is
clear that, in order to satisfy the fast dynamic response required
from automotive applications, the water concentration dynamic
behavior plays a significant role influencing the cell voltage per-
formance.
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Figure 6. Polarization curves for different values of A.
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Figure 7. Voltage behavior due to three steps of current, increasing
membrane water concentration.

The figure 7 represents the voltage profile due to three diffe-
rent steps of current, while the water concentration in the mem-
brane is increasing. The first step of current occurs at a very
poor membrane humidification, resulting in a very slow dynamic
voltage response. However, as the water content reaches proper
values, the dynamic response becomes significantly faster.

6 FEED-FORWARD CONTROL

Since the fuel cell system has to satisfy all the current de-
mand, the stack must not suffer for oxygen starvation. In fact,
the air mass flow rate decreases for each load change and the
control system has to avoid every fast cell starvation during the
transient, while following the optimal pressure [23], [24].

Furthermore, the current demand translates into a requested
air mass flow rate, determined fixing the air excess ratio to a
value equal to 2 [24]. The feed forward control is the simplest
way to assure a proper fuel cell system operation, obtaining a fast
and quite sharp control on the system performance. In order to
analyze and investigate the model described through simulations,
a feed forward control is required. Applying three different static
maps, the actuators of the system, namely the compressor, the air
and fuel side back-pressure valves, may be properly tuned.

7 RESULTS

The model and the corresponding simulator, developed in
Matlab/Simulink, is based on the parameters and geometrical
data [25] of a 60kW fuel cell system, shown in table 1.

Variable Values
Active cell area [cm?] 312
Membrane thickness [um] 51
Number of cells [—] 385
Desired cathode relative humidity [—] 0.6
Inlet anode relative humidity [—] 0

Max current demand [A] 230
Fuel cell temperature [K] 353
Fuel utilization [—] 0.9
Excess of air [—] 2

Table 1. Fuel cell parameters

To appreciate the dynamic behavior of the system, a series
of steps in current has been introduced and implemented as the
requested load (see figure 8).

7.1 Results of the 1D model

In this section, the results of the simulations performed, im-
bedding the map derived by the 1D model, are presented. Figure
9 shows the different effects of the water concentration on the
voltage response.
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Figure 8. Series of steps in current.
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Figure 9. Voltage response for a series of current.

At the starting point the membrane is almost totally dehydra-
ted leading to a slow voltage transient. However, as the current
increases, the membrane water content increases as well, resul-
ting in improved cell performance and faster response to load
changes. Thus, it may be stated that the dynamics related to the
membrane water concentration is one of the slowest to take into
account for fuel cell system design and control.

Figure 10 depicts what mentioned above, showing the mem-
brane humidification dynamics for the provided current steps and
related time constant, defined through the approach presented by
equations (15, 16 and 17).

o
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Figure 10. Membrane water content.
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Figure 11.  Membrane static water content calculated by the 1D map,
compared with the A at the electrodes.

The trend of A, shown in figure 10, is obtained applying a
first order dynamic with the varying time constant T to the static
values provided by the imbedded map. Figure 11 illustrates the
static membrane water content, compared with the water concen-
tration for both the electrodes.

In this case, the anode and cathode water content has been
derived by equation (13), based on the relative humidity calcula-
ted through the filling emptying methodology. On the other hand,
this approach neglects the relative humidity profile as a function
of the electrodes length.

Copyright (© 2006 by ASME



Anode Relative Humidity [-]
15 T T T

T
1+1 D model
------ 1 D model

20 40 60 80
time [s]

100 120

oo

Figure 12. Comparison of the anode relative humidity due to current
steps for the two proposed model.

7.2 Comparison between 1D and 1+1D model

The second approach proposed allows to take into account
the dependency of the anode and cathode humidity along the
electrodes length. For this reason, the model presented leads to
more realistic results than the previous one, especially in the esti-
mation of the relative humidity of the electrodes. Figures 12 and
13 highlight a comparison between the two model proposed in
the evaluation of the relative humidity in the anode and cathode
respectively.

As clear, in figure 12 and 13, the approach based on the 1D
model underestimates the anode humidity while overestimates
the cathode one. In fact one of the assumption of the filling-
emptying method states that the output property values are equal
to the inner ones. However, as it can be seen in figure 14, the out-
put humidity at the cathode side is higher than the value provided
by the control volumes approach. This results in an underestima-
tion of the vapor flow rate leaving the cathode, thus computing an
higher value for the inner humidity. In the same way, the relative
humidity for the anode side is underestimated.

Even if a more realistic result has been achieved imbedding
1+1D model, the voltage performance and the membrane water
content do not improve in a significant way. Figures 16 and 15
show a comparison between the two models in the evaluation of
the net water flow crossing the membrane and cell voltage.

8 CONCLUSION AND FUTURE WORKS

A simulation model for Proton Exchange Membrane fuel
cell for automotive system has been developed. Two different
approaches have been followed and investigated in order to per-
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Figure 13.  Comparison of the cathode relative humidity due to current
steps for the two proposed model.
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Figure 14. Anode and cathode relative humidity as a function of the
electrolyte thickness for a counter flow structure [14].

form the voltage and membrane water content behavior. The mo-
del herein described includes an innovative approach for the eva-
luation of the electrolyte water concentration dynamics for a zero
dimensional model. Preserving the accuracy of the dimensional
model, the simulation tool proposed experiences a fast compu-
tational time. In conclusion, the developed model is a starting
point for analysis and control of a fuel cell system for ground
transportation.

A number of extension of this work are currently underway.
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Figure 15. Comparison of the voltage responses for the two different
approaches.
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Figure 16. Comparison of the membrane water content for the two dif-
ferent approaches.

Especially, the most important future improvement to the model
will consider that the water generated by the reaction is in liquid
form and do not evaporate instantaneously. Consequently, two
different mass balances will be considered both for the liquid
water and for the vapor.
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