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Abstract: In this study a two-phases, single-domain and non-isothermal model of a Proton Exchange
Membrane (PEM) fuel cell has been studied to investigate thermal management effects on fuel cell
performance. A set of governing equations, conservation of mass, momentum, species, energy and
charge for gas diffusion layers, catalyst layers and the membrane regions are considered. These
equations are solved numerically in a single domain, using finite-volume-based computational fluid
dynamics technique. Also the effects of four critical parameters that are thermal conductivity of gas
diffusion layer, relative humidity, operating temperature and current density on the PEM fuel cell
performance is investigated. In low operating temperatures the resistance within the membrane
increases and this could cause rapid decrease in potential. High operating temperature would also
reduce transport losses and it would lead to increase in electrochemical reaction rate. This could
virtually result in decreasing the cell potential due to an increasing water vapor partial pressure and the
membrane water dehydration. Another significant result is that the temperature distribution in GDL is
almost linear but within membrane is highly non-linear. However at low current density the
temperature across all regions of the cell dose not change significantly. The cell potential increases
with relative humidity and improved hydration which reduces ohmic losses. Also the temperature
within the cell is much higher with reduced GDL thermal conductivities. The numerical model which is

developed is validated with published experimental data and the results are in good agreement.
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INTRODUCTION

The proton exchange membrane (PEM) fuel cell is
a promising alternative to traditional power sources for
a wide range of portable, automotive and stationary
applications. The advantages of PEM fuel cell include
the ability to provide high current densities at relatively
low operating temperature, quick start-up, immediate
response to changes in the demand for power and
emission-free operation''’. The high cost and relatively
low reliability of fuel cell are the limiting factors for
their widespread use. A better understanding of
operating conditions in PEM fuel cell is essential to the
development and optimization of fuel cells, the
introduction of cheaper materials and fabrication
techniques and the design and development of novel
architectures.

Thermal management is very important in overall
cell performance. The increase in the cell temperature
could be beneficial or harmful to fuel cell performance.
Since it increases electrochemical reaction rate and
higher mass transfer rate, but usually lowers cell ohmic

resistance arising from the higher ionic conductivity of
the membrane. Instead, it may lead to increased mass
transport losses due to the increase in water vapor
pressure. In addition it may cause drying out of the
membrane, which in turn can result not only in reduced
performance but also in eventual rupture of the
membrane. The decrease in the temperature can be
beneficial or harmful to fuel cell performance since the
low temperature allows the PEM fuel cell to have a
quick start-up time compared to other fuel cell systems.
Instead it could hamper the reaction rate which in turn
could increase the losses and flooding of the
membrane''. Therefore temperature changes could
reduce the performance of the PEM fuel cell where
thermal management is critically important. Because of
the highly reactive environment and compact nature of
a fuel cell, it is hard to conduct calorimetric
measurements to obtain the thermal data within a fuel
cell. The transport phenomena are quite complex due to
the coupling of convective heat and mass transport with
phase change, porous media and electrochemistry in a
fuel cell. This information is usually sought through
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modeling or simulation. Recent works are directed
towards better understanding of the cell operation and
performance®'!. Mostly the electrochemical reactions
are assumed as an adiabatic process”™! and some work
considered the thermal-fluid transport in the porous
electrode!'!. Researchers have developed
mathematical models to gain qualitative insights into
the processes involved in the PEM fuel cells. Many
mathematical models have been presented, but these
models either treated the catalyst layer as an ultrathin
interface or did not fully account for the effect of liquid
water in the PEM fuel cell. Although modeling of
transport and electrochemical phenomena has been
considered extensively in the literature and provides
good insight on fuel cell operation, but still a complete
model of non-isothermal, two-phase and single-domain
to determine temperature and the effect of thermal
management on the performance of PEM fuel cell dose
not exist. In this work a non-isothermal, two phases and
single-domain, one-dimensional with the coupled
electrochemical and thermal phenomena and
unsaturated reactant gas streams is modeled in a five-
layer membrane-electrode assembly of a PEM fuel cell
to analyze the impact of cell voltage, operating
temperature, relative humidity and GDL thermal
conductivity on thermal behaviors of PEM fuel cell.

Model description: A typical PEM fuel cell layout is
given in Fig. 1. The computational domain consists of
anode and cathode gas diffusion layers (aGDL, cGDL),
anode and cathode catalyst layers (aCL, cCL) and a
proton exchange membrane (PEM). Humidified
hydrogen and saturated air are supplied by the anodic
gas channel and the cathodic gas channel, respectively.

In the anodic catalyst layer, hydrogen is consumed to
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Fig. 1: Sectional view of the fuel cell module
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form protons and electrons that protons carry the ionic
current to the cathode. However the electrons travel
through the conductive diffusion layer and an external
circuit that finally produces electric work. In the
cathodic catalyst layer, the electrochemical reaction not
only consumes the oxygen but also produces the heat
and water.

The assumptions used in the model are: the model
is one-dimentional and steady state, the reactant gas
mixtures are ideal gases, the gas flow is laminar and
incompressible with variable density, the Soret, Dufour,
gravity and radiation effects are neglected, the catalyst
is uniformly distributed in both the cathode and anode
catalyst layers, The gas diffusion layer is assumed to be
isotropic and homogenous and the viscosity of the gas
mixture is constant and calculated from the inlet
conditions. In contrast to usual approach which
employs separate differential equations for different
regions, we have taken a single-domain approach in
which a sin gle set of governing equations valid for all
regions. Therefore, no interfacial conditions are
required to be specified at internal boundaries between
these regions. The governing equations include
conservation of mass, momentum, ionic charge and
energy as well as individual species. The conservation
of mass for all gas species are presented in Eq. 1. The
source terms reflect changes in the overall gas phase
mass due to consumption or production of gas species
resulting from reaction and mass transfer between the
water in the gas phase and that dissolved in the
polymer. The gas mixture density is expressed as the
sum of the individual species concentrations multiplied
by their respective molar masses:

V.(p*u) =Sy, +S,, +S,,, + Sy +S,

ey

diss
The momentum equations, Eq. 2, are Navier-
Stokes equations express in vector form, modified with
a source term to account for Darcy flow in the porous
regions:
WV(psu) =-Vp+uvu+S,, 2)
The gas species (hydrogen, oxygen, nitrogen, water
vapour) transport equations are given in Equation (3).
Each of these equations has an advective term equal to
the product of velocity and concentration gradient. The
source terms for hydrogen and oxygen species account
for consumption due to reaction. Also the source term

for water vapor accounts for production of water at the
cathode:
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V.(Dy, Ve, )—uVe, +S, =
V.(D,, Ve, ) —uVe, +5, =0
V.(Dy,Vey, ) —uVey, =0

V‘(DHZO(vap)VCHZO(vap)) - EVCHZO(Vap) + Slv + Svap +S

3

=0

diss

Liquid water transport within the cell is modelled
with Eq. 4. The variable that describes liquid water is
the saturation, s, which is the volume fraction of liquid
water relative to the pore volume in the porous sections
of the fuel cell. Within the porous electrodes; liquid
water is transported by capillary pressure and
interphase mass transfer. The diffusion coefficient for
liquid water, accounts for water motion via capillary
pressure and is based on a semi-empirical relation
between capillary pressure and saturation. Water is
exchanged with the liquid phase, assumed that is due to
evaporation into the vapor:

V.(Dy,00)V8) —uVs =S, /Py 40, =0 4)

The transport equation for dissolved water is given
in Eq. 5. Water exists in dissolved form within the
polymer membrane and a portion of the polymer phase
of the catalyst layer. Dissolved water is transported
through the polymer by diffusion and electro-osmotic
drag only. A source term is needed to account for mass
transfer between the dissolved and vapor phases within
the catalyst layer.

V.(D, Ve, )—-S

Sy =0 5)

drag T Odiss

The transport of protons in the polymer portions of
the fuel cell is described by Eq. 6. The source term
represents the production/consumption of protons due
to electrochemical reactions in the catalyst layers. The

rate of the electrochemical reaction is described by the

Table 1: Source terms for momentum, species, charge and energy conservation in various regions'”

Butler-Volmer relation. It is set to zero on the anode
side and in the cathode side is the difference between
the cell voltage and open circuit voltage.

V.(6,V¢,) =S, (6)

The energy equation is presented in Eq. 7 and
contains sources for ohmic heating due to ionic
resistance, reversible heat, heat produced due to
activation losses and heat exchange involved in the
phase change of water. There are two terms related to
energy needed for phase change. The first term is the
energy required to vaporization the water and the other
term accounts for water moving between two phases.
The enthalpy of the water dissolved in the polymer is
assumed to be the same as the enthalpy of liquid water.

V.(KTVT) = ptc aVT +S,,,, (+S) ., +Su =Sy =Seey =0 (7)

ohm evep

Source terms and electrochemical and physical
properties are listed in Table 1-3.

Boundary conditions: Due to the single-domain
formulation, boundary conditions are required only at
the external surfaces of computational domain. The
temperature, pressure, humidity, flow rate in
stoichiometric rate and composition of the reactant gas
in both anode and cathode channels are specified
according to the cell operating conditions. The mole
fractions of gas species at the interfaces between gas
channel and GDL in anode and cathode side are
determined based upon the set stoichiometric flow rate
of gas and the humidification of the streams. The
average composition between inlet and outlet in the
channels is determined using an integral mass balance
on the gas chambers”.

1

Defining equation*

Region of application

Darcy pressure drop (Pam™)

Hydrogen consumption (kg m™ sec)

Oxygen consumption (kg m™ sec)

Mass transfer rate from liquid to vapor (kg m™ sec)
Vapor/dissolved water mass transfer (kg m™ sec)

Water vapor production (kg m™ sec)

Protonic current (A m™)

Ohmic heating (A m™)
Reversible heat (A m™)

Heat due to phase change (A m™)
Activation loss (A m™)

Water vaporization (A m™)

Spar :'(m K_l) A

St =-(Mi nF ) j

So2 =(Mo2 nF_l) j

Slv = s

Saiss = Do P — pHZO)
S\'up = (Muzo /2F)j

Spc =j

Sohm ='(Gma(pm/ax)2 (I/Gm)
Seev = li/nFl (TAM)

Sevap = hv::\p ('Slv+sdiss)

Sact = ((Ps'(Pm)j

Swv = (]/ZF)hvdp

aGDL, cGDL, aCL, cCL
aCL
cCL
aGDL, cGDL, aCL, cCL
cCL

cCL

aCL, cCL,
aCL, cCL
aCL, cCL
aCL, cCL
aCL, cCL
cCL

*: The regions that are not mention, are zero
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Table 2: Electrochemical properties'™*’

Parameter

Anode

Cathode

Transfer current density (A m™)

Surface overpotential (V)
Equilibrium potential (V)

Exchange current density X reaction surface area (A m™)

J=(aiy), ( ref

T‘I =
UO
(aiy), =1.0x10°

Cu

172 2
) (<= F
o ) (RT m)

= —(ai, ), (C2) exp(———F)

.] 0/¢c CSZ p RT

n= ¢s =0, —U; (0, =Vy)

U, = 1.23-0.9x107(T— 298.15)

(ai, ), =3.0x10°

0,~0, ~U, (6, =0)
=0

Table 3: Physical and transport properties'> %!
Parameter Value
Water vapor activity a= Cuo0mRT
Fa
Ionic conductivity of membrane (S/m) ©,, =(0.0005139A —0.000326) exp(1 263.0(L — l))

Polymer water content mol H,O/molSO;
Diffusion coefficient for dissolved water (m*s™)

Diffusion coefficient for liquid water (m*s™)

Gas diffusion coefficient in porous media (m” s™)

303 T
- {0.043+ 17.81a-39.85a” +36.0a° for0<a<l

14+1.4(a—1) forl<a<3
1 1
D_=1.3x10" exp(2416(— ——
p( (303 T))

_ Puo
H,o() —

(0.155s* —0.0213s* +0.0088s + 0.0002)

H,0

5 T,s P
D =8|.3D 1.5
k i ()(TO) (PO)

Numerical procedures: The governing equations,
Eq. 1-7, were discretized using a finite volume based
finite difference method and solved wusing a
computational fluid dynamic code. In this code the
pressure and velocity fields is treated with the
SIMPLER pressure correction algorithm, where a
single-domain model is used. It should be mentioned
that by using this model although some species dose not
exist practically in certain regions of fuel cell, the
species transport equation can still be applied
throughout the entire computational domain by using
the large source term technique (21). For instance, no
hydrogen or oxygen virtually exist in the membrane and
in this region a sufficiently large source term is
assigned to the hydrogen or oxygen transport equation,
which freezes the hydrogen or oxygen mole fraction at
zero. Stringent numerical tests were performed to
ensure that the solutions were independent of the grid
size. The coupled set of equations was solved
iteratively and the solution was considered to be
convergent when the relative error in each field
between two consecutive iterations was less than 107

RESULTS AND DISCUSSION

Model validation is checked using numerical and
experimental results in literature. The experimental
setup input data in this model were used from Ref 10.
In Fig. 2 the calculated results for polarization curve are
compared and validated with the experimental results.
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Fig. 2: Comparison between the numerical model and
experimental results

The operating temperature range in the PEM fuel
cell is between 333-363K. In this range, many
parameters consist of operating cell voltage, cell
operating temperature, feed gas relative humidity and
thermal conductivity of the GDL that are expected to
dominate the thermal behavior of the PEM fuel cell are
investigated. The temperature rises within a cell is due
to heat, Joule heating and the water phase change. The
temperature changes (T, = 353K) across the entire cell
for different current density are shown in Fig. 3. At low
current density of 0.1 A/cm” the temperature variation
across the cell is not significant. At higher current
density of 0.7-1.1 A cm™, it becomes almost linear in the
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Fig. 3: Temperature distribution across the entire cell
for different current density

anode and cathode electrode, indicating that heat
transport is dominated by conduction in these regions
with negligible heat generation due to Joule heating.
The cathode side temperature is higher than the anode
side. This is due to heat generation by the reaction in
the cathodic catalyst layer, which is much larger than
heat generation in the anode side. The maximum
temperature occurs in the cathode catalyst layer since
major heat generation takes place in this region. The
temperature distribution within the membrane is not
linear due to significant heat generation of Joule
heating. The vaporization of liquid water result at higher
temperatures within the cell, which, coupled with the
electro-osmotic drag of water from the anode to the
cathode side, will cause dehydration of the membrane
on the anode side. Membrane dehydration will increase
the resistance to proton migration and heat generation in
the membrane. This makes membrane hydration a
critical parameter governing the cell performance.

In order to provide a larger quantitity of water vapor
for membrane hydration, gas streams are introduced into
the cell at temperatures above the cell operating
temperature. This technique will result in the
condensation of excessive water vapor present,
accompanied with heat release in the cell, thus,
potentially increasing the temperature. The cell polariz-
ation curves at normal operating temperatures between
333 and 363 K are shown in Fig. 4. Extreme low or high
operating temperatures hamper cell performance. At low
operating range 333 and 343 K a drop in cell potential is
obvious when compared with optimum operating
temperature, 353 K, where resistive losses in the
membrane are increased. Improvement in cell potential
with increasing operating temperature may be explained
by the reduced losses in the cell and increase of ionic
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Fig. 4: Cell polarization curves for different operating
temperatures

conductivity with increasing temperature, which leads
to smaller resistive loss in the membrane. Although
increasing the operating temperature can reduce ohmic,
transport and activation losses, at the temperatures
higher 353 K such as 363 K reduces cell potential
basically due to an increased water vapor partial
pressure, leading to enhanced mass transport related
losses. Also excess operating temperature could lead to
dehydration and cause reduction ionic conductivity and
this could lead to excess thermal stress which may
cause membrane rupture. In other words, at the
temperatures higher 353 K, the water content of the
polymer membrane dramatically diminishes for fully
humidified inlet flows and so the electrolyte
overpotential increases. Hence, the temperature may
have a positive effect on the reduction of the oxygen,
but the higher proton resistance produced by the
electrolyte dehydration at high temperatures has a
dominant influence on the cathode reduction reaction.
Obviously it is concluded that 353 K is optimum
operating condition for the case studied.

At low operating temperature such as 333 K tends
to give the highest peak temperature, but at higher
temperature such as 363 K this peak reduces lower than
353 K. This temperature distribution which is clearly
shown in Fig. 3, 5-7 could be due to interaction of losses
within the PEM fuel cell. Also it is shown by increasing
the operating temperature the curve tends to recede and
to become flat which cell temperature could be less
dependent to operating temperature. Since multiple
cells are stacked together in typical application, the
seemingly small temperature rise within a single cell
and the temperature jump across the cell interface
caused by contact resistance may accumulate, thereby
the effects of temperature in a complete fuel cell stack
could be significant.
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density and operating temperature of 333 K
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The effect of the operating temperature on the
power density which is similar to that of fuel cell
potential is shown in Fig 8. High temperature tends to
increases water vaporization in the PEM fuel cell. This
could cause dehydration of membrane on the anode side
and in turn it would increase the resistance to proton
migration, resulting in even more heat generation. A
significant parameter influencing thermal behavior is
the feed gas relative humidity, as inlet humidification
strongly affects the degree of overall membrane
hydration. The proton conductivity of the membrane is
directly proportional to water activity, indicating the
more important role of the temperature distribution in
low-humidity operation. The effects of the relative
humidity of feed stream on the performance of the PEM
fuel cell is shown in Fig. 9. The increase in relative
humidity improves cell potential due to improved
hydration and reduced ohmic losses. There is no
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Fig. 10: Temperature distribution across the entire cell
for different current density, kgpr, = 0.4 W/mK

significant improvement in cell potential for relative
humidity between 100-110%. Since the excess
saturated water vapor condensed in the anode electrode
and the actual water vapor concentration in the anode
catalyst layer is could not exceed 100%.

In case the inlet flows are not well humidified,
voltage losses from the electrolyte may increase and
have a high negative influence on the cathode reaction
rate, as a result of the decrease of proton conductivity
of the polymer electrolyte, which depends linearly on
the water content. If the water content decreases, then
the cathode overpotential increases, due to the
increment of proton resistance and so the cathode
reaction rate. The voltage loss induced by the polymer
membrane is also increased, as product of the
dehydrating conditions. The effect of water condensation
in the cell is the most prominent at low current density.
This is because at low current densities Joule heating
and heat of reaction is small and the heat of
condensation dominates. However, Joule heating
increases significantly with the current density and
becomes dominant at high current densities. At high
current density this effect is less, because of reduced
membrane resistivity due to better hydration.

The conductivity of the gas diffusion layers has a
strong influence on the membrane temperature and
hence on activation overpotential or the current
distribution, indicating a significant role played by
lateral heat conduction. In this section a simulation for
different thermal conductivities were performed to
assess its effect. Fig. 3, 10 and 11 show the changes in
the temperature profiles when electronic conductivity
decrease (or reduced electrode thickness). It is shown
that the temperature profile within cell is much higher
with reduced thermal conductivities and the peak
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temperature difference becomes nearly 5 K at 1.1 A/cm?,
because ohmic losses through the electrode decrease
and the concentration losses become larger relative to
the ohmic losses. In addition, results show that the GDL
thermal conductivity strongly impacts the membrane
temperature rise and thus plays an important role in
coupled thermal and water management of PEM fuel
cells.

CONCLUSION

A one-dimensional, single-domain, two-phases and
non-isothermal model of a PEM fuel cell has been
developed to investigate thermal management and
effects on cell performance. Thermal response and
water management have been investigated. The thermal
management and water management is coupled. A
study was performed for four critical parameters:
current density, operating temperature, relative
humidity and thermal conductivity of gas diffusion
layer. The results show that at low current density the
temperature variation across the cell is not significant
but at high current density it becomes almost linear in the
GDL and not linear within the membrane. The
maximum temperature occurs in the cathode catalyst
layer since major heat generation takes place in this
region. Extreme low or high operating temperatures
hamper cell performance and 353 K is optimum
operating condition for the PEM fuel cell. Also the
increase in relative humidity improves cell potential
but, there is no significant improvement in cell potential
for high relative humidity. The conductivity of the gas
diffusion layers has a strong influence on the membrane
temperature and the temperature profile within cell is
much higher with reduced thermal conductivities.
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NOMENCLATURE

Concentration (moL m™)
Specific heat capacity (JFT kg™ K)
Diffusivion coefficient (m*s™")
Farraday constant (C moL‘l)
Enthalpy of vaporization (j kg™")
Exchange current density (A m™)
Transfer current (A m_3)

thermal conductivity (W mK‘l)
Hydraulic permeability (m?)
Number of electrons

Pressure (pa)

Universal gas constant (J moL™" K)
Saturation

Source term in transport equation
thickness (m)

Temperature (K)

Mass average velocity (ms™')
Cell potential (V)
Thermodynamic equilibrium potential (V)
Greek letters

Porosity

potential (V)

Subscripts

Anode

Activation

Cathode

Dissolve

Electro-osmotic drag

Darcy pressure loss

Evaporation

Liquid

Membrane

Ohm

Protonic current

Reversible

Saturation

Vapor

water vaporization

Superscripts

Effective

Gas

Reference

act

diss
drag
Dar
evap

ohmic
pc

rev
sat
vap
WV

eff

ref
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