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Abstract

CrossMark

Membrane electrode assembly (MEA) formed by a proton exchange membrane (PEM), two catalyst
layers and two gas diffusion layers represent the heart of the PEM fuel cell system, being the place
where the electrochemical reactions are developed in order to generate electrical power. Due to a
complex water production and transportation process through the porous media of MEA, the water
management represents one of the most critical issues for the low temperature PEM fuel cell systems,
working at 30 °C-80 °C. In the present paper, a one-dimensional mass transport PEMFC model for
evaluation of net water flux across the Nafion type membrane was implemented with the Comsol
Multiphysis software, based on the finite element method. Hydrogen crossover phenomenon, which
may cause a degradation of the reaction sites inside MEA, was also included in the model. The
numerical model offered a reasonable prediction of the fuel cell electrical performance in the form of
current—voltage characteristic after validation with experimental data from the literature. Fuel cell
performance was investigated by modifying the temperature and pressure inside the cell, along with
the relative humidity for reactant gases.

Keywords: water activity, ionomer phase, relative humidity, molar fraction, proton exchange
membrane

(Some figures may appear in colour only in the online journal)

1. Introduction

The catalyst layer (CL), sometimes also called gas diffusion
electrode (GDE) from membrane-electrode assembly (MEA) of a
proton exchange membrane fuel cell (PEMFC) present an
essential influence on the fuel cell performance, with funda-
mental impact on cell durability and cost. CL represents a
microporous layer created by inter-mixing a microporous catalyst
formed by platinum nanoparticles uniformly dispersed on a
carbon black support (Pt/C) and a polymer phase for proton
permeation (ionomer). Reactant gases and water will fill partially
the pores of ionomer and Pt/C, giving rise to regions having
three phases (solid, liquid and gas) very close to each other,
named three phase boundaries [1]. Those three separate phases
are gas pores for reactants, electron conducting electrode phase
(carbon black) and ion conducting electrolyte phase (ionomer).
Gas diffusion layers (GDLs), located outside the CL in the anodic
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and cathodic part of MEA are also porous and their primary role
is related to electron conduction and reactant gas transport from
bipolar plate channels. Pt particles can act as catalyst only if they
are in contact with all the three phase boundaries [2].

Hydrogen crossover, phenomenon defined as the undesired
diffusion of the gas from the anode to cathode through MEA
represent one of the main problems related to the deterioration
of Nafion-type membranes used in low temperature PEMFCs.
Hydrogen crossover, which increase with temperature, pressure
and humidity inside the cell can decrease open circuit voltage
(OCV) and conduct to production of peroxide radicals at
cathode, causing in this way the deterioration of Nafion mem-
brane and CL inside MEA [3].

Near the boundary with ionomer phase, the current in the
CL is carried mostly by ions and ionic conductivity is the
most important here. Near the boundary containing gas dif-
fusion medium, the most important are the gas permeability
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and electronic conductivity of the medium [2]. So, the water
management inside MEA will have a crucial importance for a
proper fuel cell performance inside PEMFC systems working
at temperatures of 60 °C-80 °C. The relative humidity inside
MEA will be then critical in this way: humidity too high will
produce mass transport limitations as a consequence of liquid
water flooding of the gas pores at cathode (low electronic
conductivity), whereas dry conditions will conduct to low
ohmic conductivity in the ionomer. Each proton created at
anode after hydrogen catalytic oxidation is transported to the
cathode along with three molecules of water due to electro-
osmotic drag phenomenon. H" /H,O transport at cathode is
developed through the ionomer phase of CL and polymer
electrolyte membrane.

Production of water at cathode after reaction of oxygen
ions with protons and electrons will result in a gradient of the
water concentration across the Nafion membrane and a con-
sequent diffusion of water from the cathode to anode, as the
water back-diffusion mechanism [4]. So, the net water flux
across the membrane at any cell operating conditions repre-
sents a combination of diffusion and electro-osmotic drag.

Different mathematical models for water transport inside
the MEA of PEMFC have been developed in the past, in order
to predict power density losses of PEMFC due to activation,
ohmic and mass transport over-potentials [5—7]. For this
purpose, the net flux of water across membrane, which affects
the ohmic over-potential, was estimated by considering the
level of membrane hydration and the diffusion coefficient of
water inside ionomer as a function of the membrane humidity
content and the relationship of water activity in gas phase
with water content in the membrane [4]. The combined effects
of water transport through MEA, dependent on membrane
hydration level and cathode water flooding was considered in
one-dimensional model of PEMFC in order to estimate fuel
cell electrical performance [8].

In this paper, it was developed a one-dimensional mass
transport model for water through the MEA of PEMFC in
order to investigate numerically the effect of backpressure
from a real fuel cell testing system on the electrical perfor-
mance at two different operating temperatures by evaluating
different MEA parameters, like ionic conductivity, local
current density and also the H, cross-over flux. The influence
of relative humidity for reactant gases on the cell polarization
curve was also investigated here.

2. Model formulation

In figure 1 is considered a MEA uni-dimensional model from
a PEMFC cell based on seven layers, starting with interface I
between Anode GDL and anode gas channel and finishing
with interface VIII between cathode GDL and cathode gas
channel. At the anode, a humidified H, flux is fed from the
bipolar plate channel through GDL and MPL to the CL. A
similar transport phenomenon is registered for humidified O,
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Figure 1. Schematic of the uni-dimensional MEA model domains in
Comsol Mutiphysics.

flux at cathode compartment. The three phase boundary will
be developed at anode along interface III (gas—solid) and
interface IV (solid-liquid) and at cathode along interfaces VI
and V. Thickness for each of the domains inside the anode
and cathode gas compartments (see the x axis values in
figure 1) are considered starting from a 2D MEA numerical
model [9].

2.1. Global variables for different domains

At the interfaces IV and V inside ionomer domains, both
liquid and water vapor can dissolve in the electrolyte mem-
brane by producing the absorption effect for dissolved water
form, and in this way water will exist in three phases in the
CLs: water, vapor and the dissolved phase [10].

Gas to ionomer phase transfer rate Ry (mol m>s) at
interfaces III and VI was expressed using reaction source/
sink terms in the catalytic layers, starting from the finite-rate
approach [11]:

RHZO = KHZO(aHZO,gas - aHZO,ionomer) (l)

were the phase transfer rate constant Ky is assumed to be
10° molm— s~

The water gas phase activity in anode and cathode gas
compartments was defined as [12]:

AaH,0,gas = XHZL%P[’ 2
Pvapor

where Xp,0,as 1S the numerically computed water molar
fraction in the gas phase, Pypor (Pa) is the water vapor
pressure and p; is the gas pressure at anode and cathode
compartment (i = an,ca).

Water and hydrogen inlet molar fractions at anode
compartment are calculated as:

RHan : R/apor
Fin
XH,_in = 1 — XH,0_in,an- 3

XH,0_in,an =
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Water, oxygen and nitrogen molar fractions at cathode
compartment are considered as:

RHca : Pvapor
R
X0,_in = 0.21 - (1 — XH,0_in,ca)
XH,0_in,ca- 4)

XH,0_in,ca —

XNp—in = 1 — X0,_in —

In relations (3) and (4), RH,, and RH,, are the relative
humidity at anode and cathode compartments, with values
between 50% and 100% throughout simulations.

Water vapor pressure Pya,or (kPa) as a function of
temperature was approximated with the Antoine equation in
the temperature range T = 50 °C-100 °C [13]:

Reapor :
ln[ s ] — 231963 — _21044K (5)
1Pa Ty — 46.13K

with Ty (K) as the PEM fuel cell operating temperature.

The water activity in the ionomer phase am,0 ionomer
(dimensionless) along the ionomer domains was calculated as
a function of water content A using an empirical expression
[14]:

A = 0.043 + 17.71am,0,ionomer — 39-85a8,0 ionomer
+ 36‘11?)120,ion0mer (6)

were A can increase between 2 and 22 at 30°C and as a
consequence, protonic conductivity in the Nafion 117 mem-
brane will increase linearly [14].

The concentration of H,O dissolved in the ionomer
(solved using the Transport of Diluted Species interface) was
expressed as [15]:

PA
CH20 = ﬁ (7)
Concentration of protons H" in the ionomer was calcu-
lated as [15]:

Ci0
Cyr = =29
" A

®)

In the equation (7), EW = 1100 gmol ™" represent the
equivalent weight of the ionomer [15] and p is the humidity-
dependent density of the ionomer, given by [15]:

1.98 + 0.00 3241

€))
1 + 0.0648X

Water diffusion coefficient in ionomer Dyp»o (m2 s’l) is
also dependent on ), considered here in the form an inter-
polation polynomial function derived from experimental data

[4]:

Dino = 6.31 x 1077(\ — 0.0209)% — 0.501).  (10)

It was shown experimentally that ionic conductivity of
Nafion membrane depends on the water content and operating
temperature. Zawodzinski et al [14] measured the temperature
dependence of the conductivity on a Nafion 117 membrane
immersed in liquid water in the temperature range from 25 to
90 °C and also proton conductivity as a function of water
content A, reporting that \ was constant at 22 over this range
of temperature. Based on these measurements, Springer et al
[6] correlated the proton conductivity using the following
expression:

o = (0.005 139X\ — 0.00 326)

xexp| 1268 LU (Scm™Y
303K Ty

Hydrogen cross-over flux along the membrane Py,
(mol cm ™ s7!) was defined as the concentration difference of
the H, molecules over the Nafion 117 membrane thickness
L,, = 175 pm under the form of Fick’s law [16]:

ACcL 4

¢H2 = DHz,ionomer : s
Ly

an

12)

where ACc, is the computationally calculated variation of
H, concentration at anode CL and Dy, jonomer 18 the hydrogen
diffusion coefficient in the ionomer (cm”s ).

D M Bernardi and M W Verbrugge [17] reported two
different diffusivities of dissolved hydrogen in Nafion 117
membrane for PEMFC tested at operating temperatures of
80°C and 95°C: 2.59 - 10° and 3.48 - 10 °cm’s ™", con-
sidered also during simulations in expression (12).

2.2. Governing equations in comsol multiphysics interfaces

Electric charge conservation is based on two currents: an
ionic current formed by protons passing through electrolyte
membrane from anode to cathode (i;) and an electronic current
formed by electrons travelling the solid matrix of GDL and
CL (i;). The general continuity equations from Secondary
Current Distribution interface are derived from Ohm’s law in
the form of:

Vi; = Qy, withi; = -V,
Vis = Qs» with is = 7OTYV¢57

(13)
(14)

where o; is the electrolyte conductivity, calculated with
expression (11) and Q;, Q; (A m*3) denotes general current
source terms (considered zero here).

The solid phase conductivity o, is associated with ogpy.,
for égpL, and dgpy,. domains, with oypp for dampr and
bdcmpr, domains and with o¢p, for dacr and 6ccp, domains.
During the simulations, ogpr = 10.000Sm™', oc. =
1000 S m ! and oppr = 100S m ™! [18].

The electric potentials associated with liquid and solid
phase are denoted here as ¢; and ¢, respectively. In the anode
gas compartment, ¢; = ¢, = 0 and in the cathode compart-
ment, ¢; = 0, ¢y = Ecep = 0.9V.

For dacr and 6ccr domains are available also the fol-
lowing equations [19]:

Vip = 01 + ivouls 1 = =01t VO, (15)



Phys. Scr. 95 (2020) 034006

V IONESCU

Orett = €17+ 01, (16)
Vis = Qs — lyrotals i = =05V, (17)
iv,total = Z iv,ms (18)
iv,m =ay iloc,m (19)

were expression (16) represents the correction for Bruggeman
effective conductivity [20], with g; as electrolyte volume
fraction of CL and i,, o is the total volumetric current density
(Am™), which include the contributions from electro-
chemical reactions developed at anode and cathode CL.

In relation (19), m indicates the anodic a and cathodic ¢
components of the current i, o, and a, (1/m) represents the
active surface area of CL. In order to evaluate a,, the actual
platinum surface area based on the Pt loading and Pt particle
size is first calculated.

An effective Pt surface ratio &; is considered for the
expression of the surface area actually utilized inside the
oxygen reduction reaction [21]:

(20)

where ap, is the specific platinum surface area per unit CL
volume (m?m™), which is equal to the platinum loading
divided by the CL thickness #, multiplied by the specific
surface area of the platinum particles, S,. in the form of
expressions [21]:

a, = gapt,

ap, = (’"")  Sues 1)
tcl

Sue = ——. (22)
pt * Ppy

In relation (22), rp, represents the radius of an individual
Pt particle and pp, = 21.45gcm™ is the Pt density. A CL
with thickness 7, = 15 um and ; = 0.75, having a Pt loading
mp, = 0.4 mg cm~2 was characterized by rp, = 2.5nm [19].
MEA assembly used inside a PEMFC cell, experimentally
tested at different backpressures was based on a Nafion 117
membrane and a CL with Pt loading of 1 mgcm™ at anode
and cathode [22].

So, in the present simulations based on experimental tests
[22], we selected an individual Pt particle radius rpy = 6 nm
for the same catalyst parameters ., = 15 ym and ¢, = 0.75.
By using the expressions (20)-(22) it was obtained a, =
1.16 - 107 (1 /m).

The local exchange current density ijo. (A m>) was pre-
defined inside the interface using the simplified Butler—Vol-
mer equations [21, 23] for d5cr, domain:

. . ag.F
Uoc,a = lO,Hz[CR exXp (Ra_Tnact,a)

aF
_ C() exp( — ﬁnaa’a):l

with iy p,(A m_z) as the exchange current density at anode,
the anodic and cathodic transfer coefficients: o, = 0.5 and
o, = 1.5 were considered for electrochemical reactions at
anode CL, Cy is the reduced species expression at anode in

(23)

terms of molar fraction (numerically evaluated through
simulations) and C, = I is the oxidized species expression,
also expressed as molar fraction.

For d5c1, domain it was defined a similar Butler—Volmer
type equation:

. . a.F
lioc,e = l(),Oz[CR €xXp (Ra—Tnact,c)

a.F
- CO exp( - ﬁnact,(‘)]

with ip 0,(A m™>) as the exchange current density at cathode,
o, = 3.5 and o = 0.5, Cr = ag,0 ionomer @nd Cy is numeri-
cally computed during simulations.

Ubong et al [23] reported in their 3D modeling study for
a PEMFC unit cell using Comsol Multiphysics software the
following values for the kinetic parameters involved in But-
ler—Volmer equations: ap, - ipp,= 1 X 10°Am™ and
apyc - 100, = 3 X 10°Am™. Using the equation (21), it was
established here that ap;, = ap;, = 1.55- 10’ (1 /m), and
the corresponding exchange current densities were iop, =
64.5 Am™ and io,0, = 1.9 - 107* Am™. Those two values
were also used during numerical simulations, for calculation
of the currents ijoc , and ijc -

The electrochemical activation potential 7,., between CL
solid matrix and PEM electrolyte at anode and cathode (at
boundaries IV and V) was defined as [24]:

(24)

Nacta = ¢s - ¢Z - Eeq,Hz

Nact,e = st - ¢I - Eeq,Op (25)
where the potential loss for the hydrogen oxidation was
neglected (Eq,H, = 0) [23] and thermodynamic equilibrium
potential for oxygen reduction was derived from Nernst
equation [25, 26]:

Feq0, = Eo — 0.85 x 1073(T}, — 298.15)

+4.3085 x 1075T%. - [In (ppran) + N (o) /21
(26)

In relation (26), pyoan and poac, are the partial pressures
for hydrogen and oxygen inside the PEM fuel cell system. In
order to validate the present numerical model, we considered
the values py»., = 1.93 atm and pgse, = 0.085 atm, evaluated
through experimental measurements of a PEMFC single cell
system [22]. The theoretical initial open circuit voltage is
Ey = 1.18 V, considering water production in vapor phase at
cathode [27].

Using Fick’s laws, Transport of diluted species interface
can offer the solution of the diffusion problem for water
transport trough ionomer domains (pem, Oacr and Occr),
under the form of equation [28]:

V-J=R

Ji = 7DiVCi — z,-um’,'Fc,-VV. (27)
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Table 1. Operating backpressures and anodic/cathodic pressures inside the fuel cell system considered for simulation in the numerical

PEMFC model.

Backpressure Cell operating temperature
80 °C 95°C
P b,a(kPa) P b,c(kP a) P an(atm) P ca(atm) pHZan(atm) pOan(atm) P an(atm) P ca(atm) pHZan(atm) pOan(atm)
0 0 2.21 0.73 1.74 0.055 2.39 0.91 1.55 0.016
50 50 245 0.97 1.98 0.106 2.64 1.16 1.80 0.067
70 70 2.55 1.07 2.08 0.127 2.74 1.26 1.90 0.088
90 90 2.65 1.17 2.18 0.148 2.83 1.35 2 0.109
In the above relations, i indices is associated with H,O 1.0 ettt
species; J; represent a flux term (mol m> sfl), with D; (m2 s*l) J_ . expernnet 2]

. . . . o 0.9 -
as th.e water diffusion F:oefﬁment in ionomer, ¢; = CHZQ (see '.. & nlrarical modal
relation (5)), z; = I is the H,O charge number, F is the 08 ‘.. J
Faraday constant (C mol_l), V is the electric potential (V). o A

oqe . . — . -1 L ] -4
The water mobility in ionomer u,; (molsKg h s ] L
evaluated using the relation: S 064 - 4
- ®
) = | "L

ng-o - F S 05+ s’ i .
Upjj = ————— (28) & - na e ]
Ch,0 5 0.4 - .- . i
were the net electro-osmotic drag coefficient (H,O/H”) n, 0.3 . -
considered here was measured at values of 0.3-0.35 in a o O
PEMFC system with Nafion 117 membrane at a current ]
density of 0.5 A m™ and operating parameters like a cathode 0.1 .

air pressure of 1 atm, operating temperature of 80 °C and RH 0.0 -. — N

(%) between 50 and 100 at cathode [29].
The species reaction rate R; (mol m™> sfl) is pre-defined
on 6ccr. domain under the form of:

R = Ve, H,O—inomer * iy ) (29)
n-F

where number of participant electrons n = 4 and stoichio-
metric coefficient for water in ionomer phase v 4,0_inomer= 2-

Transport of Concentrated Species interface was used for
modeling chemical species transport: hydrogen and air mix-
ture at anode and cathode, respectively, by solving for the
mass fractions of the species. Conservation of species was
solved for anode and cathode gas compartments using the
Maxwell-Stefan diffusion model, starting from the general
expression [30]:

Vo + plu- VIw =R, (30)

were p is the overall mass density of the hydrogen or air
mixture, u is the fluid velocity (m sfl), w; is the mass fraction
of the species i at anode (H,, H,O) or cathode (O,, N,, H,0).

In formulation (30), R; is related with mass transfer to
ionomer phase, and it was specified Ry = Ro, = Rnp = 0.
Diffusion rate of water vapor in ionomer phase at anode and
cathode was considered as: R, m20an = RuwH20.ca
—Rino - Mino (Kgm™s™), with Mo (g/mol) as water
molecular mass.

The relative diffusion flux vector j; is pre-defined here as:

N DT
Jji = —pw;y_ Dpdy — ?’VT, €2))

k=1

T T T . T T
00 01 02 03 04 05 06 07 08 08 10 1.1
Current density (Alecm’)

Figure 2. Comparative illustration of the polarization curves for the
experimental test and numerical PEMFC model.

where Dy, (m?s™!) are the multicomponent Fick diffusivities
and D,-T is the thermal diffusion coefficient (kgm sh,
neglected in this simulation. The diffusional driving force d
(1 /m) is pre-defined inside the interface as:

diy = Vxi + 1/p - [(xx — wi)Vp]

were x; is the mole fraction of k species at anode and cathode,
pressure p being replaced during simulations by the exper-
imental average pressure P,, and P, from table 1.

The binary diffusivities Dy from expression (31) have
been calculated starting from empirical correlations [23].

(32)

3. Results and discussions

In order to validate the numerical model, an experimental
polarization curve for a PEMFC cell was considered from a
previous study, presented in detail elsewhere [22].

One set of experiments was performed on a single PEM
fuel cell unit using a BEKKTECH BT-552 PEMFC test
station, at a cell temperature of 80 °C, 80% relative humidity
of reactant gases and anode and cathode inlet pressures of
400 kPa and 100 kPa, respectively, with cathodic/anodic
backpressures Py, ./P,, of 20/30 kPa and the average
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Figure 3. Simulated polarization curves for the PEMFC model at different values of Py /Py (kPa), registered for two cell temperatures.
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Figure 4. Variations of ionic conductivity across the Nafion electrolyte membrane domain at different values of Py, ,/ Py (kPa), registered at

E.y = 0.6V for two cell temperatures.

pressures of humidified gases crossing the fuel cell at anode
and cathode: P,, = 2.31 atm, P., = 0.87 atm [22].

As it can be seen from figure 2, a good matching between
the experimental and numerical curves was attained in the
activation loss region for the voltage (till about 0.1 A cm™2). A
reasonable difference between the two set of values was
observed in the ohmic loss region (0.1—0.7Acm’2), were
only the resistance due to the transport of protons through the
electrolyte membrane was considered as a voltage loss inside
this simplified model. The voltage loss due to the limitation of
oxygen transport at the reaction sites, observed experimen-
tally starting with 0.7 A cm 2 was neglected in the model.

Another set of measurements was conducted with the
same BEKKTECH BT-552 testing system under similar
humidity and temperature testing conditions, but at different
inlet pressures for anode and cathode: 300 kPa and 200 kPa,

respectively and at two different backpressures Py /Py
(kPa) : 30/30 and 70/70 [31, 32]. From those measurements
it was observed an important increase of exergetic efficiency,
with 1.5%—-11% between current densities of 0.1-0.7 A cm‘2,
for one of the fuel cells tested at the higher backpressure
(Pp.c/Ppa = 70/70 kPa) [31]. This exergy gain was attained
with the compromise of higher voltage oscillations at current
densities over 0.4 A cm ™ and with lower voltage stability at a
constant load of 0.5 A cm™ [32]. It was also demonstrated
experimentally by other researchers that a backpressure
increasing from 1 to 3 atm inside a PEM fuel cell testing
system at cell temperature of 70°C and 100% relative
humidity produced an enhancement of the average oxygen
partial pressure inside the cell and also an increase in the fuel
cell electrical performance [33]. Generally, an increase of the
fuel cell temperature will improve its electrical performance,
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Figure 5. Local current density distribution across the anode CL domain at different values of Py, ,/ Py, . (kPa), registered at E o = 0.6 V for

two different 7.

but higher operating temperatures can lead to membrane
dehydration, increased hydrogen crossover rate, and the
degradation of components such as electrocatalysts, gasket
materials, and bipolar plates [34].

So, starting from all those experimental observations
regarding the fuel cell behavior at different backpressures and
operating temperatures, we proposed to investigate numeri-
cally in the first part of this study the level of improvement for
the fuel cell electrical performance under superior back-
pressure and operating temperature values. The main target
was to establish the opportunity of possible future tests of the
fuel cell at these higher operating parameters in the conditions
of the negative effects specified above. In order to study the
influence of backpressure inside a PEMFC testing system on
the fuel cell performance at two different cell temperatures
using the present one-dimensional model, another set of
values have been considered for Py, /Py, at anodic/cathodic
inlet pressures of 400 kPa and 100 kPa, with the corresp-
onding calculated values for py., and posca, respectively for
P,, and P, (see table 1). The mathematical formulation used
for obtaining those average pressures inside the cell is pre-
sented elsewhere [22].

The simulated polarization curves for the PEMFC model
at cell temperatures of 80°C and 95°C are presented in
figure 3, at different anodic/cathodic backpressures
Py, /Py, (kPa). We could observe here a clear electrical per-
formance enhancement in the fuel cell model after the
increasing of Py, /P, . from 0/0 kPa to 90/90 kPa, current
density at 0.6 V (in the middle of ohmic loss region) being
increased with over 20% at 80 °C and with 30% at 95 °C. As
a consequence of backpressure increasing in a PEMFC sys-
tem, the partial pressure of the reaction gases (O, and H,)
within the combustion cell will increase (see puz.an and poz ca
in table 1), the diffusion of reactant gases at the active catalyst
sites will be enhanced and the exchange current density will
increase.
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Figure 6. Variation of the hydrogen cross-over flux along the
electrolyte membrane at different H, partial pressures.

From figures 3(a) and (b) we observed also an
enhancement in the fuel cell electrical performance after
modifying T}, from 80 °C to 95 °C, current density at 0.6 V
increasing in this way from 0.348 to 0.461 A cm™ for the
model simulated at Py, /Py, . = 90/90 kPa. This phenomenon
can be explained by the increase in the gas diffusivity and
membrane conductivity at higher temperature and also by the
reduction of activation losses due to the increase of exchange
current density, as it can be seen from the variations of ionic
conductivity along the membrane domain, respectively of the
local current density along the CL anode domain presented in
figure 4 and in figure 5. We observed here that the smallest
parameter improvement from one set of backpressures
Py /Py to another was registered between 70/70 and 90/90
kPa, were was observed also the smallest electrical perfor-
mance improvement of the cell (see figure 3).
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Figure 7. Influence of relative humidity RH (%) on: (a) the polarization curve and (b) ionomer water activity for the PEMFC model at

Ecell - 06 V.

The performance drop of PEMFC, registered at lower
temperatures was associated with a limited proton transfer
process to the catalyst sites, developed mainly in the ionomer
regions of the MEA [35].

As we can observe in figures 4(a) and 5(a) in the case of
simulations performed at Ty, = 80 °C, an evident difference
was registered between the protonic conductivities of the
membrane and between local current densities at CL anode
simulated at anodic/cathodic backpressures of 20/30 kPa and
without backpressure (0/0 kPa). At the interface between
electrolyte membrane and cathode CL domains (at 485 pm) it
was registered conductivities of 3.13 Sm™" and 3.07 Sm™! for
the first two set of backpressures (see figure 4(a)), and at the
interface between anode CL and membrane domain (at
310 pm), local current density increased from 59.26 A m™ to
66.64 Am™ between the same anodic/cathodic back-
pressures (see figure 5(a)).

This improvement of the conductivity an local current
density is reflected in a clear reduction of ohmic losses for the
equivalent current density plot generated at 20/30 kPa, by
comparing with the plot generated at 0/0 kPa inside the
PEMFC model (see figure 3(a)).

Tests performed on a single cell PEMFC station at 80 °C
indicated an improved MEA conductivity and preservation of
OCYV after 100 h of operation at a backpressure of 69 kPa, by
comparing with the results of the experiment conducted
without backpressure [36].

It was reported from experimental tests developed at
80 °C and 50% RH for a PEMFC system with Nafion 117
membrane a gradual increase of the H, crossover flux rate as a
consequence of backpressure increasing [37], due to the fact
that an increased partial pressure of hydrogen will determine a
pressure drop enhancement inside the cell. So, the H, cross-
over rate should increase along with H, partial pressure
enhancement, process demonstrated experimentally by
Schalenbach et al [16].

So, knowing that a high operating backpressure can
involve a series of negative effects like a H, crossover, in
figure 6 are presented the variations of hydrogen cross-over
flux @y, at different average partial pressures of hydrogen,
calculated at different backpressures Py, /Py, . (see table 1) for
both operating temperatures, with numerical model simulated
at E.oy = 0.6V and 80% RH. A linear increase of the &y,
along with pyp,, increasing was seen in figure 6 for both T
under study. For example, at 80 °C, ®y, increased from
9.4-10 > molm>s~" till 11.62-10 > molm2s™" after mod-
ifying backpressure from 0/0 to 90/90 kPa.

Cheng et al [37] measured and observed an increase of
H, crossover rate through Nafion 117 based MEAs with over
25% (at 70% RH and Py, = 101 kPa) after increasing cell
temperature from 80 °C to 100 °C, and suggested that H,
crossover rate enhancement is due the increasing of H, per-
meability coefficient, directly related to the H, solubility and
diffusion coefficients. It was demonstrated that an increase in
temperature can effectively increase the H, permeability
coefficient at any given backpressure and RH and, similarly,
increasing backpressure can always increase the value of the
H, permeability coefficient at any given RH [37]. The
hydrogen permeation flux density through a fully hydrated
Nafion 117 membrane tested at 80 °C had a reported a value
of 5-10 molm™>s™' at a H, partial pressure of
1.98 atm [16].

In the final part of this numerical study it was simulated
the impact of the relative humidity RH on the fuel cell model
performance. A proper humidification is necessary in order to
reduce resistive losses in a cell and to maintain a low ionic
resistance throughout the membrane by increasing its con-
ductivity [38].

In figure 7 was presented the simulated current—voltage
characteristics for the experimentally validated model at
Ty = 80 °C and Py, /Py, . = 20/30 kPa with RH(%) modified
between 50 and 90, along with corresponding variation for
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ionomer water activity ap,0,ionomer across the ionomer
domain.

We could see from figure 7 a major dropping of current
density in the ohmic loss region of the polarization curves,
from 0.094 to 0.058 Acm™ at 0.8V and from 0.637 to
0.399 Acm™ at 0.5V when RH was reduced from 90% to
50%. This behavior is correlated directly with the reduction of
water activity in the ionomer domains, from about 0.9 till
about 0.5, as we could observe in figure 7(b), which will
reduce the ionic conductivity of the Nafion membrane and
will lead to smaller values of current densities than better
hydrated cases. The main reason for the reduction of the water
activity within the catalyst and gas diffusion layers is the fact
the water produced due to the electrochemical reaction is
partially dragged from the anode CL to the membrane in order
to compensate the dehydrated condition caused by the
decrease in the relative humidity at the flow channel
inlet [39].

Zhang et al [40] studied the effect of relative humidity on
Nafion-based MEA PEM fuel cell system at 120°C and a
backpressure of 1atm by decreasing RH from 100% to 25%,
and observed that the cell electrical performance was sig-
nificantly depressed due to reduction of various parameters, like
protonic conductivity of the membrane, reactant mass diffusion
and electrode reaction rates, pressure drops across the flow
fields.

4. Conclusions

A uni-dimensional numerical model for a PEM fuel cell was
successfully implemented in this study, after experimental
validation of the polarization curve in the activation and
ohmic loss regions.

Numerical simulation performed at 7y = 80 °C and at
cell potential of 0.6 V, with backpressure increasing from 0 to
90 kPa revealed an enhancement of current density with over
20% as a consequence of a maximum ionic conductivity
increasing of 4% in the Nafion membrane, local current
density at anode CL increasing with about 20%.

After increasing 7. from 80 °C to 90 °C at a backpressure
of 90 kPa, PEMFC numerical model indicated an enhancement
of the current density with 24% at a potential of 0.6 V.

An important ohmic loss enhancement of about 38% was
observed in the current—voltage characteristic of the PEMFC
model when RH was reduced from 90% to 50%, with a
decreasing of over 40% for the water activity in the ionomer
domains.
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