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Abstract

This paper presents a simple pseudo-2D model of Polymer Exchange Membrane Fuel Cell including mass transport limitation due to flooding.
The gas channels are assumed parallel to the membrane and the changes in gas composition due to the electro-chemical reactions are taken into
account. The overpotentials at anode and cathode are evaluated by a Tafel law while a simple reasoning about heat transfer shows that at the highest
intensities, liquid water appears at the cathode-backing layers interface. It is assumed that the appearance of liquid defines the local value of the
limiting current density. The results of this model differ from those obtained with a conventional 1D approach when there is a high difference
in water inlet concentration between hydrogen and air channels. Furthermore, the pseudo-2D model proposes a credible representation of the
high-intensity range of the polarization curve, and allows to determine the limiting current in the whole cell, as a function of gases hydration.

© 2008 Elsevier Masson SAS. All rights reserved.
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1. Introduction

The difficulties in modelling the operation of PEMFC come
as much from the complexity of coupled phenomena of mass,
heat and charge transfer occurring in the Membrane Electrodes
Assembly (MEA), as from the complexity of the geometry of a
single cell: the bipolar plates, backing layers, electrodes and
membrane are made of materials of very different size and
structure. Furthermore, the geometry of the flows of hydrogen
and air is tri-dimensional and the presence of liquid water must
be taken into account. The bi- or tri-dimensional models that
take account of fluid dynamics and molar changes along the gas
channels lead to heavy and complex simulation software [1-4],
especially when two-phase flows are considered [5]. However,
Costamagna [6], Costamagna and Srinivasan [7] and Djilali and
Lu [8] suggested that a multidimensional model is necessary
for an accurate description of PEMFC operation, since the gas
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composition and the temperature vary along the gas channels.
Recent attempts in quasi-two-dimensional modelling were ac-
complished. Dannenberg et al. [9] accounted for heat removal
into a coolant but assumed constant temperature in the through-
plane direction. Janssen [10] focused on the water management
to compare the results with her experimental data, but homoge-
neous current density distribution was assumed. Berg et al. [11]
assumed a fully isothermal cell, but neglected the transport
of species in the Gas Diffusion Layers (GDL) and the liquid
water transport. Bautista et al. [12] proposed also a pseudo bi-
dimensional description using a Gas Diffusion Electrode for
modelling the active layer. However, no assumption was made
about mass transport limitation due to flooding. Recently, Fre-
undberger et al. [13] proposed a non-isothermal description of
the cell and considered the liquid water transport in the GDL in
terms of gradient of the chemical potential in the liquid phase.
The reaction limitation was taken into account in terms of lim-
iting current.

Water management is one of the main difficulties with the
operation of fuel cell. First of all because the membrane plays
a key role in fuel cell performances while its ionic conductiv-
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Nomenclature

a activity coefficient

D diffusion coefficient. .................... m?s~!
e liquid layer thickness (in the GDL) ........... m
edry dry layer thickness (in the GDL).............. m
F Faraday constant................ 96485 Cmol !
g Gibbs freeenergy...................... Jmol ™!
Kdry 1ayer mass transfer resistance ............... mols~!
1 INEENSILY . . vve ettt A
i current density ............ooiiiiii.n, Am™?
ig exchange current density ................ Am™?
i limiting current density.................. Am™2
la anode GDL total thickness ................... m
le cathode GDL total thickness ................. m
L membrane thickness......................... m
M molecular mass. ....................... gmol ™!
N molarflux..................... ... mols~!
p pressure or partial pressure .................. Pa
Q heatflux............... ... ... ... W
S cellsurface ........ ...l m?
T tEMPETature. . . ..ottt K
w electric pOWer . ...oovi i W

x coordinate perpendicularly to the membrane ... m
y mole fraction....................... mol mol~!
Z coordinate parallel to the membrane. .......... m
€ porosity

n polarization (activation, concentration or ohmic) V
0 TESISHVILY . oot ohmm
Subscripts

a anode

act activation

c cathode

cr critical

con concentration

e electrolyte

Ohm  ohmic

i chemical species (Ha, HyO or O3)

1 feeding channels inlet

k number of slice

Superscripts

0 Standard conditions (298 K and 10° Pa)

ity is highly dependent on its water content. However, it is well
known that an excess of water lead to the appearance of lig-
uid droplets in the gas channels and/or in the GDL and on the
electrodes [14]: broadly speaking, the effect of liquid water is
to restrict the access of reactant gases to the catalyst, thus low-
ering the cell voltage. Accounting for flooding and its effects
on performances is probably one of the trickiest issues in fuel
cell modelling, because it implies considering phase changes
and two-phase flows in very different media (gas channels, gas
diffusion layers and electrodes).

This paper presents a model of PEMFC single cell, intended
not to be very demanding in terms of computation time, but
to take account of most of the physical phenomena, including
flooding, and of part of the effects of fuel and air distribution by
the bipolar plates. The computing time is of the order of tenths
of seconds for a working point with a regular personal com-
puter (a few minutes for a full polarization curve). This model
is close to those of Berg et al. [11], Bautista et al. [12] and Fre-
undberger et al. [13] in the sense that it can be considered as
quasi- or pseudo-two-dimensional. In this way, only the most
relevant phenomena occurring in each of the main directions
are retained, at the profit of the computation time. However,
new hypotheses are introduced to account for the flooding of
the electrodes. As shown below, the model allows to determine
the fuel cell limiting current density as a function of the gas
composition and stoichiometry only.

The cell geometry is planar and the flows in the feeding
channels are considered as uniform (in velocity and concen-
trations) in one direction parallel to the electrolyte (z in Fig. 1,
not represented). The velocity and the concentrations can vary
in the second direction parallel to the electrolyte (x in Fig. 1).
Mass transport in the electrodes and electrolyte are assumed to

occur only in the direction perpendicular to the membrane (y
in Fig. 1). This model is called pseudo-2D since gases concen-
tration and flow rate variations are described in one direction
in the gas channels and in another (perpendicular) direction in
the electrodes and electrolyte. The thickness of the electrode
active layers is considered negligible (surface electrodes) by
comparison with the thickness of the porous backing layers and
electrolyte. Each horizontal slice k in Fig. 1 is considered as an
independent 1D fuel cell fed with gases which molar composi-
tion results from mass balance at slice k — 1. Current densities
Ji at each slice are assumed to depend on local gases composi-
tion and on fuel cell pressure and potential.

Following Ramousse et al. [15,16], who showed that PEMFC
gas diffusion electrodes exhibit Tafel behavior in steady state,
the overpotentials at anode and cathode are evaluated by Tafel
law. The molar flux of species through the anode and cath-
ode porous backing layers is calculated analytically by mean
of the Stefan—-Maxwell equations. The temperature is assumed
uniform in the whole cell and consequently, a strong hypoth-
esis is done about the location where water condensates, sup-
posed to be the cathode-backing layer interface. The appearance
of liquid defines the local value of the limiting current den-
sity.

The hypotheses governing the modelling of mass and charge
transfer in the direction perpendicular to the membrane are de-
picted in the following section. The pseudo-2D approach is
described briefly in the third section and some results are pre-
sented in the fourth section. A discussion about the local hetero-
geneities put forward by the model is opened in the last section
before conclusion, on the basis of published experimental re-
sults.
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Fig. 1. Simplified cell representation for modelling. The thickness of the active layers (bold lines) is neglected.

2. Mass and charge transfer in a slice

At the anode, H; is oxidized (1), liberating electrons and
producing protons. The electrons flow to the cathode via an
external circuit and combine with the protons and the oxidant
(oxygen) to produce water (2). Proton transfer from the anode to
the cathode through the polymer membrane closes the electri-
cal circuit. From an energetic point of view, the overall reaction
(3) differs from hydrogen combustion because part of the Gibbs
free energy is converted into electric energy.

Anode H, - 2H" +2e™ @))]
1
Cathode 502 +2H"+2e” - H,0, ()
1
Overall reaction Hj, + 3 0, - H,0, 3)

2.1. Mass transfer in the absence of liquid water

The source terms are the molar rate of hydrogen and oxy-
gen consumed (negative sign) at the anodic and cathodic active
layers, respectively, and the molar rate of water produced in va-
por phase at the cathodic active layer (positive sign). They are
given by the following expressions:

1 l . 4
om o No=—770 Nmo=2g @)
The thickness of the active layers is neglected: they are con-
sidered as interfaces between the membrane and the backing
layers. The membrane being impervious to gases, hydrogen and
oxygen only flows from the feeding channels to the active lay-
ers. Only water can pass through the membrane, in a direction
depending on current density and on gas hydration [17,18] (5).
Fluxes are considered positive in the y-direction (Fig. 1).

Ny, = —

) Icell v

Nio = 55 + Nig,o and Nit,0 = Nito ®)

Where superscripts a, ¢ and m refer to anode and cathode sides
and membrane.

Stefan—-Maxwell equations are used in most of the models
of the literature to describe gas diffusion in the backing lay-
ers (6) [19,20]:

dyi _ RT <~ yiNj—y;Ni
T ) Bk A (6)
dx P D!
iJ
Z yi =1 at both anode and cathode sides
i
i, j =H,HyOg,s at the anode side and

The backing layers being porous, it is necessary to use effective
diffusion coefficients (8) [21]:

Dy =] ®

Considering the molar flux densities of water in the anodic
and cathodic backing layers (5) as parameters, and using the
concentration of gases in the feeding channels as boundary con-
ditions, Eq. (6) leads to the following analytic expressions for
concentration distributions (9)—(17).

e In the anodic backing layer x = 0 at the GDL-channel inter-
face and x =, at the anode-GDL interface. The boundary
condition yl?lz is the molar concentration in the hydrogen
channel (x = 0). The analytical expressions are reported in
Table 1. For convenience, the coefficients

_ NHZ + NI’:InQO d _ P
T epef “TRT
H,,H,O

are introduced in the equations yf,zo =1—-yn0).
e In the cathodic backing layer x = 0 at the cathode-GDL
interface and x = [, at the GDL-channel interface. The
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Table 1
Solution of Stefan—-Maxwell equations in the anodic GDL

Ny
ka =0 YH, = ygz DeTz ©
““H,,H,0
NHz 0 NHz kax
ka #0 YH =-—+(y ————=—— )" (10
a P Nm, + N 2 Ny, + N o

boundary conditions ygz and ygz are the molar concentra-
tions in the gas channels (x =/.) and yf{zo =1-yo,(x)—
YN, (x). The equations are reported in Table 2. The coeffi-

cients
m ° m
P NHZO No, o N H,0 + N02
n CDeff CDeff L CDeff
N2,H20 N2,02 0,,H,0
1 1 P
kp = = e md c=—or
DOZ H,O CDOz,Nz

are introduced for convenience.

In the membrane, the phenomenological model proposed by
Springer et al. [10] is retained, in which the water content A is
defined as the number of water moles per mole of sulfonic acid
(18):

EW

LPdry

A=

CH,0 (18)

where EW (equivalent weight) represents the dry membrane
weight per mole of sulfonate group (kg/mol); pqry is the den-
sity of dry polymer (kg/m?).

According to Okada et al. [17,18], the water electro-osmotic
flux through the membrane, always directed from anode to cath-
ode, is a linear function of the proton flux imposed by the
current density:

Nosmotic __leell

H0 = and T =A7 (19)

where 7 stands for the water molecules number dragged by a
proton. 1y is the electro-osmotic drag coefficient (Table 1).

The water diffusion flux Ngi;g through the membrane de-
pends linearly on the water concentration gradient. The sum of
diffusion and electro-osmotic fluxes yields a first order differ-
ential equation in A:

dxr
NHZO _ Nosmotlc Ndlff — At 10;11 - D, /E)‘d‘z - (20)
And the solution of Eq. (20) is:
AxX) —hg 1 —efm¥
(x) a _ e @1
he —Ag 1 —ekmln
F Ae — A EW -1y-1
N o = To— [xa + ﬁ} with k,, = — o feel
Leell 1 — efmtm odryDm F
(22)

where A, and A, stand for membrane water content at the elec-
trolyte/cathode and membrane/anode interfaces, respectively.

. . . i L.
1 T, Psm”:a Mo,y My 5 My

Mass transfer across yd2)
Ny porous backing layers
initial (eq. 9-10)

’ Sorption curve (eq. 20) ‘

N0 Mass transfer across
the membrane A, 2
ﬂ'/:) (eq. 19)

Fig. 2. Solving algorithm.

Thermodynamic equilibrium between vapor in the backing lay-
ers and liquid water in the membrane is assumed and the sorp-
tion curve of Hinatsu et al. [23] is used to determine A, and A,
as functions of vapor partial pressure:

2
h=03+ 10.8(”’_20) _ 16(1)1{_20)
Pat Pat

3
141 <—sz°> (23)

sat

The solving algorithm (Fig. 2) determines first the water
concentrations at the active layers/membrane interfaces that sat-
isfy Egs. (9)—(17) and then the water flux through de membrane
using Eqgs. (20)—(22). The initial value of the water flux is arbi-
trarily chosen and the loop is repeated until convergence.

2.2. Mass transfer considering flooding

Since the cell is assumed isothermal, water must condense
first where it is produced (where partial pressure of vapor is the
highest), that is to say at cathode-membrane interface. A sim-
ple assumption allows the calculation of the thickness of liquid
layer overlaying the cathode: it is supposed that the liquid layer
grows until the remaining dry side of the porous backing layer
is thin enough to allow the evacuation of water by gas diffusion
only. The main interest of this description, beyond its simplic-
ity, is not to require any supplementary (unknown) parameter. It
relies on backing layer hydrophobicity (the presence of a liquid
flux being therefore questionable) and remains valid whatever
the current density crossing the cell: providing the dry layer is
thin enough, it is always possible to evacuate water by gas dif-
fusion only (Fig. 3).

The curve of Fig. 3 reflects the decrease in the mass transfer
resistance of the dry layer with the growing thickness of the
liquid layer (with the reduction of the dry layer thickness). For
clarity, it is possible to rewrite the expression of the water flux
through the backing layer as:

Lcell

NHzo 5F Kary 1ayer(€dry)

— ymo(cathode)|  (24)

Nito =
- [yH,0 (liquid—gas interface)

Where Ky 1ayer denotes the mass transfer resistance of the
dry layer, assuming that it is a growing function of its thick-

ness eqry. There is no simple expression for Kgry 1ayer- In Fig. 3,
the GDL remains entirely dry for ic ranging from 0 A/m?
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Table 2
Solution of Stefan—-Maxwell equations in the cathodic GDL
kn=0  ke=0 Ny =R, (an
. No
Yo, = ygz + [yl(\)szosz - chffgz](U —le) (12)
0,7,H,0
ke #0 Wy =R, an
. N I . N
_ 1.0 0 0 kn (x—I¢) 0 0y
Yo, = |:}’02 + ()’NZNOZkD - CDT)E]e nir=le) — ()’NZNOZkD e (13)
02,H20 OZ’HZO
kn #0 ke =0 Ny = ygz okn(x—=lc) 14)
. 0 .
No N, Nokp _
Y0, =33, = —— (& =) + (T ) (1s)
CDOz,HzO n
ke £0
kn — ke = Ny = IR, e ) (14)
No l . ekex No l
_ (.0 2 ke(x—Ie) 4 0 2
Yo, = <yo - T—)f + ¥N, Noykp (e = le) o + ———— (16)
? CDgz,Hzo ke eme CD(e)z,Hzo ke
kn — ke #0 N, = yl(glzekn()(—/y) (14)
. 0 ° 0 g .
N 1 n,No N, No N, I
_ (.0 0y Ny 792 ke(x—le) , "No "92 kn (x—I¢) O
y02 = <y0 - ff 7 — kD)e + kae + ot 7 (17)
2 CDE)Z,HzO ke kn — ke kn — ke CDeOZ,HZO ke
-4 Dry thickness of cathode GDL (m)
10
;able 3. 1 1 f h 5 X T T T T T T T T T
umerical value of the parameters
P Water
Parameter Numerical value Refs Hh condensation i
Ly=L, 230-10~%m This work )
L 1251075 m This work 1l s |
€back 0.8 [20] g
EW 1.1 kgmole™! [17] 1
Pdry 2020 kgm 3 [17] 35} 1 7
7 25/22 [17] %
Dy, 3.10710 m2s~! [17] al H )
Dy, 1,0 1.63-1074 m?s~! [24] *
Do, 1,0 3201075 m?s~! [24]
Do, N, 2411073 m?s~! [24] 251 i
DN, 1,0 3.35-1079 m2s~! [24]
_ Cozvg 5 5 2L 5 g i
= To, 5 [25] Dry backing layer iLiquid layer on cathode "l
Do, 1,0, 5.10~ 11 m2/s [25] < >
. o . 1 5 1 1 1 1 1 1 1 1 1
(diffusion in the polymer) 0 1000 2000 3000 4000 5000 600D 7000 BOOD 9000 10000
Do, 1,0, 12:10710 M2 51 [22]
7 Current density (A/m?)
=92 210 atmcm3 /mol
Co,.1

to 5700 A/m2 (eary = I¢) and the rise in NIC{ZO (yl(_)IZO be-
ing constant) is compensated by an increase in yf_lzo. After

yﬁzo reached yls{azto, the rise in Nﬁzo (for icep increasing above

5700 A/m?) is compensated by the reduction of the GDL dry
thickness eqy.

However, oxygen diffusion through the liquid layer drasti-
cally limits its thickness: oxygen is assumed to move in liquid

Fig. 3. Dry thickness (m) in the porous backing layer as a function of the cur-
rent density. The liquid water layer overlaying the electrodes appears when the
current density reaches 5700 A/m?2, (Thickness of the porous backing layer:
450 pm; thickness of the membrane: 30 um (Nafion); dew temperature of the
air: 79 °C; dew temperature of the hydrogen: 79 °C; fuel cell temperature:
80°C.)

water by molecular diffusion; as it is very diluted, its concen-
tration profile is linear in steady state. Therefore, the molar flux
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of oxygen through the liquid layer (as a function of z) is given
by:

o i

No, = iF

€0,,i(cathode) — co,,; (liquid—gas interface)

= Do, H,0, o

(25)
Where ¢ is the thickness of the liquid layer. The concentration
of dissolved oxygen at gas—liquid interface is given by the ratio
between oxygen partial pressure po, and Henry coefficient Ko,
(Table 1):
PO,
()
Egs. (24) and (25) allows to derive the oxygen concentration at
the cathode (26) and then deducing the concentration overvolt-
age due to oxygen diffusion in water.

PO, _ Lej
Ko, 4FDo, H,0,

co,,1(liquid—gas interface) =

(26)

€0,,i(cathode) =

@7

2.3. Charge transfer

The following equations allow to estimate the fuel cell po-
tential E as a function of the current density i.E is expressed as
follows:

E = EGibbs — Rini — Nact (28)
where R, is the membrane ohmic resistance, 7 is the activa-
tion overvoltage and Egipps is the cell thermodynamic potential
estimated from Gibbs free energy of hydrogen combustion re-
action (as a function of reagents concentration at active layers).

The ohmic resistance of the membrane R, is derived from
Neubrand’s correlation [26] that yields the ionic conductivity
of Nafion® as a function of membrane water content A (18) and
temperature 7':

1 1
o = (0.28561 + 0.029812 + 0.0013%) exp[—E(— - —>]
T Tret

(29)

with Trelf =353 Kand E = 2640exp(—0.61) + 1183, and then:
"dz/o(z2).

The relationship between the activation overvoltage 1, and
the current density is described by the Tafel equation. Un-
less otherwise stated, the values are those of Larminie and
Dicks [27]:

R =J;

Nact = aln(i/ip) with

a=0.06 Volt and ip=0.67 A/m> (30)

The thermodynamic potential EGipps is a function of the activ-
ities a; of products and reagents at the electrodes:

AGY(T) .
EGipbs = — F — Neonc  With
RT  (amal,
__ 1 270, 31
Nconc F n< a0 ) 3D

AGY(T) denotes the Gibbs energy of the reaction of hydro-
gen oxidation with all species activities equal to one. 7conc

x 107 Maximum liquid water thickness (m)
6 T T T T
*.
9r i
#* Bernardi et Vernrugge
+ Jaouen et col.
4t i
3 4
21 4
1+ 4 _
-
* 4 * )
()R A il 3 N S A

2000 3000 4000 5000

current density (A/m?)

0 1000 6000

Fig. 4. Estimation of the thickness of liquid water emax, necessary to reduce the
cell voltage down to zero, according to Eq. (33). Parameters are those described
in Section 2.2. Thickness of the porous backing layer: 450 um; thickness of the
membrane: 30 pm.

accounts for the concentration polarization, defined by refer-
ence to the standard potential Eg. Since the activities of gases
are functions of their partial pressure p;, njconc is null only in
some very particular cases when the partial pressure of oxygen,
hydrogen and water vapor are simultaneously equal to 10° Pa.
Neonc Can be negative when the partial pressure of vapor is low.
The activity of oxygen diffusing through liquid water is given
by Ko,co,,1/ Py, where Ko, is the Henry’s coefficient, co,,; is
the molar concentration of gas in water, and Py is the standard
pressure [27]. It is then possible to derive the expression of the
overpotential induced by oxygen diffusion in liquid water (32):

RT ! €0,,i(cathode)
4F n < o, (liquid—gas interface) )
(e o)
4F 4F Do,—-H,0 Po,

Eq. (32) allows to estimate the order of magnitude of the
maximal thickness of liquid overlaying the cathode: the sim-
plest assumption consists in noticing that the potential drop AV
cannot be superior to the fuel cell potential without liquid water
E@i) (33):

4Fpo,
iD 0,—H;0 K (0]}
where E (i) is given by (28).

Fig. 4 shows the evolution of liquid maximal thickness epax
as a function of the current density, using the parameters given
by Bernardi and Verbrugge [22] and by Jaouen et al. [25] (Ta-
ble 1). It appears immediately that the liquid maximal thickness
is several orders of magnitude lower than the value required for
evacuating water by gas diffusion (Fig. 3). As a consequence,
the polarization curve resulting from this 1D model of MEA has
the peculiar shape depicted in Fig. 5: the limiting current den-
sity i; for which fuel cell potential becomes null is very close to

AV =

(32)

(1 — ¢ 4FEM/RT) 33)

€max =
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8 04 .

Saturation current density i
0.2 Limiting current density J 1

W

n 1 1 1 1 1 1
0 1000 2000 3000 4000 2000 6000 7000
Current density (A/m?)

Fig. 5. Polarization curve of a PEMFC elementary cell described by the 1D
model; a sharp fall in voltage occurs when the saturation vapor pressure is
reached at the cathode; the limiting current density i; is slightly higher than the
saturation current density iy but in practice, this difference is neglected. (Porous
backing layers thickness: 450 um; membrane thickness: 30 um; air dew temper-
ature: 79 °C (96% RH); dew temperature of hydrogen: 79 °C (96% RH); fuel
cell temperature: 80 °C.)

the saturation current density i; for which liquid water appears
at the cathode: in practice, the difference between these two
current densities is neglected and consequently, the 1D model
do not allow the fuel cell current density to be greater than the
value corresponding to vapor saturation at the cathode (iy).

The shape of the polarization curve of flooded MEAs pre-
sented in Fig. 5 may not be realistic. However, it should be kept
in mind that it results from simple approximations and that it
characterizes the operation of a slice of the MEA that is (ide-
ally) of infinitely small area. This polarization curve does not
imply that the current density is null in the presence of liquid
water but it defines, without any supplementary parameter and
as a function of only the composition of the gases at the inlet of
the slice, the value of the (local) limiting current density. It is
shown in Section 3 that this polarization curve is interesting as
a building block for a pseudo-2D model.

2.4. Comments about the 1D hypotheses

Several comments can be made about earlier assumptions:

e Electrodes have a finite thickness and the liquid film
grows in a porous medium. Consequently, the liquid prob-
ably spreads over the solid phase without restricting so
much the access of oxygen to the catalyst particles. How-
ever, it is difficult to estimate the real thickness of the liquid
film in porous media. A simple assumption would consist
in using a “shape factor” characterizing the ratio between
the wet depth of the porous backing layer (estimated ac-
cording to the mechanisms depicted in Section 2.3 and
Fig. 3) and the real liquid film thickness on porous media:
this parameter should be of the order of 10°~10* to signif-
icantly modify the discrepancy between saturation current

density iy and limiting current density i;. By comparison,
the roughness factor giving the ratio between an electrode
effective active surface and its plane area is usually of the
order of 10,

o The effects of the surface tension are ignored: micro
pores with different diameters and different hydrophilic and
hydrophobic properties coexist in the electrodes and in the
GDLs. In practice, only the pores with diameter greater
than the capillary condensation threshold diameter will be
saturated with water, whereas the other pores will remain
free of liquid and permit the flow of gases in a partially
saturated electrode or GDL [28]. In some 1D models, the
presence of liquid water is accounted for through the intro-
duction of a saturation ratio (the ratio of saturated volume
to the total volume of the pore) [14,29-31]. The relation
between the liquid water flux through the GDL and/or elec-
trode and the saturation ratio can be described by means of
Darcy’s law using the relative permeability of individual
phases [31].

e The cell is not isothermal: heat production by the MEA
implies the existence of temperature gradient along the x-
direction so that the first place where relative humidity
reaches 100% may not be the cathode (where water is pro-
duced) but the air channel (where the temperature is the
lowest). This issue must be addressed by coupling heat and
mass transfer models and by addressing the effects of ther-
mal diffusion [8].

3. Pseudo-2D approach

Molar changes along the gas channels are calculated by mass
balance (Fig. 6):
At = 2 HMAS (34)

1000

Where AS is the surface of a slice. The sign of the right-hand
side of Eq. (34) depends on the direction of the flux of each
species through the backing layer and on the direction of gas
flows in the channels. The model can be applied to cocurrent
gas flows (hydrogen and air flow in the same direction) and
to countercurrent flows. All the results given in the followings
apply to cocurrent flows. Mass fluxes through the MEA are de-
termined starting from the cell potential and gas composition
at the inlet of each slice. Gas flow rates at the inlet of the fuel
cell are defined by a stoichiometric coefficient, which corre-
sponds to the ratio between the effective mass flow rate and the
amount consumed by the fuel cell (35). Gas consumption and
current densities are linked by Eq. (36). It is possible to sim-
ulate a dead-end hydrogen channel, that is to say with a null
hydrogen outlet flow.

MH,,inlet — "MH,,outlet

and

Sty
2 .
TMH, inlet

110, inlet — 110, outlet
St02 — 2 1nc.: ) ,outle (35)
mQ,,inlet
Dslices Istice AS
1000My, F

and

MH,,inlet — "H,,outlet =
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Fig. 6. Gas flow rate variation in the feeding channels.
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Fig. 7. Polarization curves and current-power characteristic of a PEMFC cell, according to the 1D and pseudo-2D models. (Backing layers thickness: 230 pm;
membrane thickness: 125 pm; inlet air RH: 90%; hydrogen inlet RH: 5%; temperature: 80 °C; Sty, = 1.0; Sto, = 8.0.) The results of the pseudo-2D model

converge toward those of the 1D approach when Styy, and Sto, are infinite.

1000Mo, F

The bipolar plates being equipotential, the principle of the algo-
rithm consists in calculating for each slice the current density
that matches the required desired voltage. If vapor saturation
pressure is reached at the cathode, the current density is set
equal to the saturation current density i; (Fig. 5), which value
varies locally as a function of gas characteristics at slice inlet.

Note that the pseudo-2D and 1D approach converge when
Sty, and Sto, are infinite, since there is no change in the gas
composition in the channels.

(36)

mMQ,,inlet — MO,,outlet =

4. Results
4.1. Results without water flooding

Fig. 7(a) and (b) shows the discrepancies that exist be-
tween the polarization curves yielded by a 1D approach and
by the pseudo-2D models, when the hydrogen excess is low
(Sty, = 1.0, which correspond to a dead-end mode with reg-
ular purges) and with a strong excess of air at cathode side

(Sto, = 8.0) in order to avoid water condensation. However,
air is strongly humidified (90% RH) whereas hydrogen can be
considered as dry (5% RH). These operating conditions maxi-
mize the discrepancy between the two models that is of about
70% for the optimum of power (with regard to the value of the
1D model). The better performances obtained with the pseudo-
2D model are explained by water transfer trough the membrane
from cathode to anode (Fig. 8(a)), which progressively bal-
ances water activities at both sides, improves hydration and
reduces ohmic resistance (Fig. 8(b)). Further along the chan-
nels, a reverse water flux is observed: it is a result of hydrogen
consumption, which entails a rise in vapor partial pressure (con-
sidering that the total pressure remains constant). This reverse
flux occurs more downstream at strong current densities due
to mass transfer resistance in the membrane, which limits the
amount of water passing from one side to the other. On top of
that, electroosmosis reduces the water flux through the mem-
brane at high current density, as it can be observed in Fig. 8(a),
on the first slices.

Fig. 8(c) shows that the current density produced by the fuel
cell is non-homogeneous: it increases continuously and signifi-
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Fig. 8. Spatial distribution of water flux through the membrane (a), ohmic resistance (b), and local current density (c) along the feeding channels for three values of
the cell voltage E. (Backing layers thickness: 230 um; membrane thickness: 125 um; inlet air RH: 90%; hydrogen inlet RH: 5%; temperature: 80 °C; Styy, = 1.0;

Stor =8.0.)

cantly between gas inlet and outlet. This is the result of changes
in gas composition, modifying both the ohmic drop (26) and the
concentration polarization (28).

Eq. (35) yields the local heat flux density as a function
of current density (Fig. 8(c)) and fuel cell potential E, with
AHy,+1/20,-H,0,(T) the hydrogen Lower Heating Value.
Fig. 9(a) depicts the variations of the heat flux density between
the gas inlet and outlet at different cell potentials. In Fig. 9(b),
this results is expressed in terms of relative span (or degree
of relative heterogeneity), by reference to the mean value: the
maximum of heat flux heterogeneity is always observed in the
vicinity of the optimum of electric power of the fuel cell.

£)

A H; T
L}=i<— Hy+1/20,>H,0,(T) 37)

2F

4.2. Comparison of 1D and pseudo-2D results in the presence
of water flooding

With 1D approaches (Fig. 5), the inlet gases should be very
wet and the current density very high to reach saturation [15].
On the other hand, the pseudo-2D model takes account of the
increase in vapor partial pressure along the channels and lig-
uid water appears more easily in the cell (Fig. 10 (a) and (b)),
but mostly in the slices that are close to the exit (Fig. 11 (a)
and (b)): by comparison with the last section, a simple decrease
in the air sweeping (Sto, = 3.0) induces water condensation.
The presence of water entails a strong inflexion of the polariza-
tion curve at high current density and a drop of the limiting
current density (Fig. 10(a)). It is interesting to note that al-
though the power optima observed in Fig. 10(b) are similar, the
value of the pseudo-2D model corresponds to a much lower
current density, which means that the fuel cell electrical effi-
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Fig. 10. Polarization curves and current-power characteristics of a PEMFC cell, according to the 1D and pseudo-2D models; water flooding is only observed with the
pseudo-2D model. (Backing layers thickness: 230 um; membrane thickness: 125 um; inlet air RH: 90%; hydrogen inlet RH: 20%; temperature: 80 °C; Styy, = 2.0;
St0, = 3.0.) The results of the pseudo-2D model converge toward those of the 1D approach when Sty, and Stp, are infinite.

ciency is better. Once again, the good performances obtained
with the pseudo-2D model are explained by the enhancement
of membrane hydration due to the water flux from cathode to
anode.

The condensation of water implies a drastic fall of local cur-
rent density (Fig. 11(a)): downstream the location where liquid
appears, the current density equals the saturation current den-
sity iy, which decreases with hydrogen and oxygen consump-
tion along the channels. The ionic resistance of the membrane
decreases simultaneously (Fig. 11(b)) because of its better hy-
dration. However, one can notice that this fall of the membrane

resistance along the feeding channels has nothing to do with the
Schroeder’s paradox sometimes observed with flooded EME;
on the contrary, a continuous increase of the overall resistance
is observed (Fig. 12).

On account of the various effects described above, the heat
flux produced by a flooded cell is highly heterogeneous (Fig. 13
(a) and (b)): the spatial heterogeneity reaches its maximum in
the vicinity of the limiting current i; (Fig. 13(b)); the disconti-
nuity of the slope observed near i = 1800 A/m?” corresponds to
water condensation in the cell.
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5. Discussion

As underlined in the previous section, the pseudo-2D model
puts forward the presence of strong heterogeneities in local cur-
rent density, in water flux through the membrane, in membrane
ionic resistance and in heat flux density (Figs. 8-9, 11 and 13).
These heterogeneities are observed even in the absence of con-
densation but they are stronger in the presence of liquid water
on the electrodes: in this case, the span (maximum value minus
minimum value) can reach up to 100% of the mean value for
the current density and more than 150% for the heat flux den-
sity (Fig. 13(b)). Following this work, an experimental study
consisting in the implementation of a multi-instrumented single

Polymer Exchange Membrane Fuel Cell (PEMFC) was carried
out. This fuel cell has parallel gas channels (i.e. a 2D geometry)
and the MEA is divided into twenty 1.4 cm successive segments
electrically connected only after the measurement of local cur-
rent. The temperature of each segment was also measured.
Since the fuel cell is built from transparent PMMA (PolyMethyl
MethAcrylate), an additional observable is the location where
liquid water appears in the channels (Maranzana et al. [29,33]).
Strong heterogeneities in current density were observed, con-
firming the theoretical results. These heterogeneities are highly
dependent on the operating conditions: in the absence of liquid
water in the channel (and in co-flow configuration), the local
current density is the lowest near the gas inlets (where the mem-
brane is the driest) whereas it is the highest near the gas outlets
(where gases and the membrane are humidified by the water
produced by the fuel cell). This observation confirms the ten-
dency observed in Fig. 8(c). On the other hand, in the presence
of condensation, the optimum in current density is correlated to
the appearance of liquid water in the channel, which confirms
the results depicted in Fig. 11(a). Note that at this stage, and
considering both the simplifying hypotheses of the model and
the limitations of the experimental set up, the parallel between
theoretical results and local measurements is only qualitative.
In terms of thermal dissipation, it appears that the temperature
profile is strongly correlated with the current density distri-
bution whereas the results of the pseudo-2D model suggest a
correlation between the current density and the heat flux den-
sity (Figs. 8(c) and 9(a) or Figs. 11(a) and 13(a)).

Also rare, several studies were presented in the literature
about the measurement of current density distribution in the
plane of a cell [32-38], with various techniques. Although dis-
cussing these techniques would be out of the scope of this paper,
it should be noted that they are generally applied to fuel cells
with serpentine channels, which makes the comparison with
simple models (assuming parallel channels) difficult. However,
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Fig. 13. (a) Spatial distribution of the heat flux produced by the EME for 3 values of cell voltage in a flooded cell. (b) Relative span of heat flux variations as a
function of the current density. (Backing layers thickness: 230 um; membrane thickness: 125 pm; inlet air RH: 90%; hydrogen inlet RH: 20%; temperature: 80 °C;

Sty, = 2.0: S0, =3.0.)

Cleghorn et al. [33] and Brett et al. [34] agreed about the ex-
istence of mechanisms of internal humidification (i.e. improve-
ment of fuel cell performances along the gas channels because
of water production).

In most of the cases, the shape of the current density profiles
is strongly linked to the fuel cell operating condition in terms
of gas humidification and stoichiometry.

6. Conclusions

The main contributions of the pseudo-2D approach are prob-
ably to underline the limits of the mono-dimensional mod-
elling of the MEA and to put forward the presence—in certain
conditions—of strong local heterogeneities in fuel cell opera-
tion, now validated by some experimental works. Some uncer-
tainties and assumptions subsist that are not fully satisfying on
a physical point of view (Section 2.4) but on the other hand,
the model allows to determine the fuel cell limiting current
density as a function of the gas composition and stoichiom-
etry only. Note also that these difficulties do not seem to be
linked to the geometrical simplification of the model and do
not justify the use of fully multidimensional models, at least
for qualitative investigations. However, this approach could be
extended to the modelling of cross-flow and counter-flow con-
figurations. Finally, the place of water condensation depending
on local temperature, the coupling of this model with a multidi-
mensional heat transfer model could be one of the next steps of
this work.
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