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ABSTRACT

Proton exchange membrane fuel cell has many distinctive
features that made it an attractive alternative clean energy
source, including low start-up, high power density, high
efficiency, portability and remote applications. Commercial
application of this energy source had been greatly hindered by
series of technical issues ranging from inadequate water and
heat management, intolerance to impurities such as CO, slow
electrochemical kinetics at electrodes, and relatively high cost.
An approach to stem the thermal build-up within the fuel cell
structure that could lead to degradation of the system
components is by integrating cooling channels as part of flow
structure of the PEM fuel cell system. In this study, a numerical
investigation was carried out to investigate the impact of
cooling channel geometry in combination with temperature
dependent operating parameters on thermal management and
overall performance of a PEM fuel cell system. The evaluation
is performed using a CFD code based on a finite volume
approach. The systems net power and polarization curves are
presented as a function of the system temperature, operating
parameters and geometry. In addition, the parameters studied
were optimized using a mathematical optimization code
integrated with the commercial computational fluid dynamics
code.

INTRODUCTION

A proton exchange membrane fuel cell (PEMFC) using
hydrogen is one of the emerging fuel cells with many
advantages ranging from emission of water as waste, operation
at low temperature for quick start-up, and use of solid polymer
as electrolytes, reducing both construction and safety
complications. This fuel cell type is being highly considered as
an alternative power source for stationary and mobile
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applications though with several technical challenges [1].
Operating temperatures of the fuel cell systems affects the
maximum theoretical voltage at which a fuel cell can operate.
Higher operating temperatures correspond to lower theoretical
maximum voltages and lower theoretical efficiency. Though,
higher temperature at the fuel cell electrodes increases
electrochemical activity, which in turn increases efficiency [2].
Most current proton exchange membrane (PEM) fuel cells
operate at low temperatures (<80 °C) encountering several
performance difficulties especially in vehicular applications,
such as reduced electrochemical kinetics at electrode sites,
flooding (due to two-phase flows emergence), intolerance to
impurities such as CO, insufficient heat rejection capability and
relatively high cost. A recent approach is to operate this class of
fuel cell at higher temperature (>100 °C) which eliminates
some of these obstacles [3-6]. Operating PEM fuel cell at
higher temperatures increases the reaction rates at both
electrodes and consequently increases system efficiency. The
quality of waste heat from the fuel cell stack which could be
used in other system components requiring heat or used to run
an additional thermodynamic heat for additional power is also
enhanced at higher operating temperature. Also, there is a
substantial reduction in incidence of water “flooding” that
restricts oxygen transport by blocking the channel path and
pores of the gas diffusion electrodes when fuel cell is operated
at higher temperature. Temperature distribution in fuel cell is
usually non-uniform even when there is constant mass flow rate
in the flow channels [7]. This is primarily as a result of the heat
transfer and phase changes in PEM fuel cells. This usually
causes temperature fluctuations within the fuel cell system
structure and affects the fuel cell performance. In order to
alleviate the excessive temperature build-up in a PEM fuel cell,
the heat generated by various processes in the fuel cell structure
should be properly removed. Thermal management still
remains a critical issue that need be resolved in order for PEM
fuel cell technology to be feasible for various commercial



applications [8,9]. A number of numerical modelling studies
have been reported in the literature to investigate heat/mass
transfer in PEM fuel cell.

Yu et al. [10] investigated the performance of the Ballard
PEM fuel cell in terms of electrochemical characteristics and
water management. The study shows that the more the water
supplied to the anode from its inlet, the higher the voltage, and
usually the lower the anode exit temperature.

Coppo et al. [11] presented a 3-D model to study the
influence of temperature on PEM fuel cell operation including
two-phase flow in the gas distribution channel. The result
obtained indicate that both liquid water transport within the gas
diffusion layer (GDL) and liquid water removal from the
surface of the GDL play an important role at determining
variations in cell performance with temperature.

A 1-D non-isothermal model to analyse the effect of anode
and cathode side temperatures on the membrane water
distribution was presented by Yan et al. [12]. Their results
shows that increasing the temperature on the anode side can
lead to membrane dehydration and operating the fuel cell at
high current density leads to membrane dehydration on the
anode side due to strong electro-osmotic water drag at high
current density.

Shimpalee and Dutta [13] conducted a 3-D non-isothermal
numerical analysis with two-phase flow. The effect of heat
produced by the electrochemical reaction and phase change of
water on the cell performance was critically studied. Their
study shows that inclusion of heat transfer in the fuel cell model
shows degradation in the fuel cell performance. Their study
underlines the importance of incorporating heat transfer aspect
in fuel cell modelling.

Recently, Obayopo et al. [14] presented a 3-D numerical
model to investigate effect of a range of operating conditions
such as reactant flow rates, GDL porosity, channel geometry
and flow orientation on the performance of a single PEM fuel
cell and also to determine the optimal operating conditions.
One of the important outcomes of their study is that fuel cell
performance increases with increase in temperature from 60 to
80 °C for the model studied. Increasing the cell temperature
beyond 80 °C result in higher levels of water loss in the cell
until a critical temperature is attained where the evaporated
water is greater than the amount of water being generated in the
cell thereby resulting in total dry-out of the membrane.

Ju et al. [15] presented a 3-D non-isothermal, single-phase
model for all the seven layers of the PEM fuel cell that
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accounts for various location-specific heat-generation
mechanisms, including irreversible heating due to
electrochemical reactions, heating due to entropy, and Joule
(ohmic) heating due to membrane ionic resistance. They
observed that the thermal effect on PEM fuel cells becomes
more critical at higher cell current density and/or lower gas
diffusion layer thermal conductivity. Their result further shows
that temperature increase in the membrane is highly dependent
on the GDL thermal conductivity and inlet humidity conditions.

A number of modelling approaches has been developed in
the literature to predict thermal effect in PEM fuel cell as
described above [10-15]. These represent a significant
contribution in fuel cell thermal modelling, however, there are
few reports on thermal cooling approaches to enhance thermal
management in PEM fuel cell structure. Also, most models on
thermal management in PEM fuel cell are aimed at gaining
understanding and improving the kinetic process for thermal
prediction and at improving individual fuel cell model
performance. They do not address practical approach to
reducing the incident temperature generated in the fuel cell
structure.

One of the enhancement techniques to reduce the excessive
temperature build-up in a PEM fuel cell is by using air/water
(depending on fuel cell size) cooling conveyed through cooling
channels as an integral part of the fuel cell flow structure. To
the author’s knowledge, studies on the impact of cooling
channel geometric configuration on effective thermal heat
transfer and performance in the fuel cell system are still limited
in the literature, in particular, models that gives room for
operating low temperature PEM fuel cell beyond the critical i.e.
<80 °C [14] to intermediate high temperatures i.e. 100 — 150
C without the need for special compatible high temperature
resistant materials which are costly. This paper presents a
numerical modelling study that investigates the geometrical
effect of cooling channels in combination with the fuel cell
stoichiometry ratio and relative humidity on thermal
performance of PEM fuel cell. In addition, a mathematical
optimisation tool is used to select the best geometric
configuration (in relation to these fuel cell temperature
dependent operating parameters) that improves cooling and
enhance fuel cell performance. The results of this study will be
of fundamental and practical interest to fuel cell engineers at
improving thermal management and overall enhancement of
PEM system performance.
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computational fluid dynamics
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proton exchange membrane

proton exchange membrane
fuel cell

MODEL DESCRIPTION

In the present study, numerical study and optimisation of
geometric parameters of the cooling channel of a PEM fuel cell
based on a three-dimensional full cell model is attempted and
the impact on the cell performance is explored. The single-cell
PEMEFC consists of the anode flow channel, anode diffusion
layer, MEA assembly, cathode diffusion layer, cathode flow
channel, as well as array of cooling channels on the carbon
plates. Fig. 1 shows the 3-D schematic of the model of the PEM
fuel cell system. The influential factors considered in the study
that could affect the fuel cell thermal behaviour and
subsequently its performances are the stoichiometry ratio,
relative humidity (RH), aspect ratio of cooling channels.
Therefore, these influential parameters are selected as the
design parameters to be optimised in this study. The main
objective of the optimisation is to achieve the best PEM fuel
cell performance in term of optimal current density (the
objective function) at prescribed operating conditions. The
other geometric and physicochemical properties for the fuel cell
system are kept constant in this study and given in Table 1. As
shown in Fig. 1, the cooling channels are within the bipolar
plates and are separate from the species channels. Construct of
the three (3) rectangular cooling channels transversely placed at
equal distances at each side (anode and cathode) of the fuel cell
are also shown in figure.

Table 1. Physicochemical properties of the modeled fuel cell

Description Value
Cell operating temperature (°C) 70
Air-side/fuel-side inlet pressure (atm) 3/3
Open-circuit voltage (V) 0.95
Porosity of gas diffuser layer 0.5
Permeability of gas diffuser layer (m”) 1.76 x 107"
Tortuosity of gas diffuser layer 1.5
Porosity of catalyst layer 0.5
Permeability of catalyst layer (m?) 1.76 x 107"
Tortuosity of catalyst layer 1.5
Porosity of membrane 0.28
Permeability of membrane (mz) 1.8x 10"
Reference diffusivity of H, 11x10° m*s™
Reference diffusivity of O, 32x10° m*s™
Electric conductivity of catalyst layer 190
@"'m™
Electric conductivity of GDL 300
Q'm™h
Electric conductivity in carbon plate 4000
Q@'m™)
O, stochiometry ratio 1.2
H, stochiometry ratio 2.0
Oxygen mole fraction 0.406
Relative humidity of inlet fuel/air 100%
Reference current density of anode 7 500
Reference current density of cathode 20
(A/m’)
Anode transfer coefficient 2.0
Cathode transfer coefficient 2.0




6. Membrane

7. Cathode catalyst layer

8. Cathode GDL

9. Air gas channel

10. Cathode-side bipolar plate

1. Anode-side bipolar plate
2. Cooling channel

3. Hydrogen fuel channel
4. Anode GDL

5. Anode catalyst layer

Figure 1. 3-D schematic of the PEM fuel cell with cooling
channels on bipolar plates.

The Dynamic-Q optimisation algorithm [16] is employed as the
optimisation search scheme. The optimisation algorithm is
expected to ensure robust optimal values for the factors
investigated in this study.

Governing Equations

The conservation equations of mass, momentum, species,
proton, electron and energy are presented below, viz:

Continuity equation:

v (pu)=0 o
Momentum:
1 (2)
?V-(puu): ~Vp+V.-7+8,
Species:
V-(uc,)=V-(p7vc, )+,
3)

Proton:
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“)

V- (Ve )45, =0
Electron:
V- (cTve, )+S, =0 ©)
Energy:
©)

V-(pe,uT)=v-(k7VT)+s5,

The energy source term, S, , depicts the sum of the reversible

heat release and the irreversible heat generation. In the catalyst
layer, the reversible and irreversible reaction heats as well as
latent heat of water phase change are considered; for the
membrane, ohm heating of current due to large resistance of the
membrane is also considered. Other source terms for the
equations above used in the model were taken from Dutta et al.
[17].The transfer current densities at the anode and the cathode
are calculated using the Butler-Volmer equation [18]:

l' — l ex a“"nF 77 —exX M’] (7)
0 o,ref p RT p RT

where 7] is the overpotential and defined as,
77=(¢S _¢€)_EOCV (8)

and &

experimental anodic and cathodic transfer
respectively; and R is the universal gas constant.

F is the Faraday constant, & represents the

an cat

coefficients,

The effective diffusivity (Di,eﬂ) for the gas-phase flow in

porous media can be written as:

D

&
e =D —
ieff T

The quantity (7 = tortuosity) is usually estimated through
experiment. Therefore, it is conventionally correlated in fuel
cell studies using the Bruggeman correlation [19]. This

correlation assumes 7 is proportional to € 03
simpler expression [19]:

resulting in the
_ 1.5
D, =D¢

(10)

The porosity correlation is used to account for geometric
constraints of the porous media.



The Reynolds number was defined as [20]:

Re = mD/(uA) (11)

Numerical Procedure

The model equations were solved using a finite-volume
computational fluid dynamics code FLUENT [21] with
GAMBIT® (2.4.6) as a pre-processor. The CFD code has an
add-on package for fuel cells, which has the requirements for
the source terms for species transport equations, heat sources
and liquid water formations. The domain was discretized using
a second-order discretization scheme. The pressure-velocity
coupling was performed with the SIMPLE algorithm [22] for
convection-diffusion analysis. Numerical convergence was
obtained at each test condition when the ratio of the residual
source (mass, momentum and species) to the maximum flux
across a control surface was less than 107. Table 2 shows the
dimensions of the cooling channels used for initial numerical
investigation.

Table 2: Dimension of the cooling channels investigated for
initial simulations.

TestCase  W(mm) H(mm) Lmm) a(=H/W)
1 0.8 15 120 1.875
2 12 3.0 120 2500
3 1.6 45 120 2813

MATHEMATICAL OPTIMISATION ALGORITHM

The Dynamic-Q optimization algorithm [16] was used in this
study. The algorithm is a robust multidimensional gradient
based optimization algorithm which does not require an explicit
line search and it is ideally robust for cases where the function
evaluations are computationally expensive. The algorithm
applies the dynamic trajectory LFOPC (Leapfrog Optimisation
Program for Constrained Problems) which is adapted to handle
constrained problems through approximate penalty function
formulation [16]. This dynamic approach is applied to
successive quadratic approximations of the actual optimization
problem. The successive sub-problems are formed at successive
design points by constructing spherically quadratic
approximations which are used to approximate the objective
functions or constraints (or both) if they are not analytically
given or very expensive to compute numerically [23,24]. The
use of spherically quadratic approximation in the Dynamic-Q
algorithm offers a competitive advantage when compared with
other algorithm in term of the computational and storage
requirements [23]. The storage savings becomes highly
significant when the number of variables becomes large.
Therefore, this particular strength of the Dynamic-Q method
makes it well suited for optimisation of engineering problems
with large number of variables and it has been used to

1462

successfully solve a large variety of engineering problems [25-
27].

OPTIMISATION PROBLEM FORMULATION

The optimization problem was tailored towards finding the best
operating design parameters which will give the best
performance for the PEM fuel cell. The design variables which
greatly affect the performance of the PEM fuel cell especially
at high operating temperature are the air stoichiometry ratio,
relative humidity (RH), aspect ratio of the cooling channels.
The objective function here is the maximised current density of
the fuel cell system at optimised operating factors
(stoichiometry ratio, relative humidity and cooling channel
aspect ratio) at fixed Reynolds number of the coolant and
pressure drop of less than 3 atm.

The objective function for the optimization can be written
mathematically as,
Lo = f (A RH , . H/W . Re) (12)

opt opt

where [ is the maximized current density output for the

optimized design variables.

Design Variables Constraints

The following constraints were used for the optimization:

>»1<A<5 (13)

» 02<RH <0.5 (14)

»rs< o35 (13)
w

Optimisation Procedure

The optimization problem defined in Section above was solved
by coupling the Dynamic-Q optimization algorithm with
computational fluid dynamics code FLUENT [21] and grid
generation (GAMBIT [28]) code in a MATLAB [29]
environment. To ensure that the converged solution obtained is
indeed the global minimum, a multi-starting guess approach
was employed.

RESULTS AND DISCUSSION
Model Validation

The validation of physical and numerical models is very
important; hence comparison with some experimental data is



highly desirable. For fuel cell performance description, the
polarisation curve or voltage-current (IV) curve is one of the
most important final outcomes of numerical simulation and is
widely used for validation purposes [18]. The simulation results
for the base case operating conditions were verified against
measurements of Wang et al. [30]. The computed polarisation
curve shown in Figure 2 is in good agreement with the
experimental curves especially in the low load region.
However, the model current density in the high mass transport
limited region (> 1.5 A/cm?) is higher than the experimental
values. This observation is common in models where the effect
of reduced oxygen transport due to water flooding at the
cathode at higher current density cannot be properly accounted
for [31].
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Figure 2. Comparison of numerical model prediction and
experimental polarisation curves at base condition.

Results of Operating Parameters

Fig. 3 shows the polarisation curve at varying stoichiometry
number for a constant temperature (70 0C) and pressure (P = 3
bar). For a low stoichiometry number, the removal of the
cathode outlet flow decreases, thereby keeping the water
concentration in the membrane layer increasing. This result in
lower membrane resistance and the resulting ohmic over-
potential become lower thereby leading to improved cell
performance. However, at higher current density of the fuel
cell, the low stoichiometry number adversely affects the
cathode over-potential due to excessive resident water in the
catalyst.

Fig. 4 shows the influence of relative humidity at the cathode
inlet on the fuel cell output voltage. As the relative humidity at
cathode inlet increases, air transport to the catalyst is hindered
resulting in increasing cathode over-potential especially at high
operating current density of the fuel cell system. This condition
hinders optimal fuel cell performance.
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Figure 3. I-V curve at varying stoichiometry number. P = 3.0
bar and Re = 500.
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Figure 4. [-V curve at varying relative humidity (RH). P = 3.0
bar and Re = 500.

Fig. 5 shows the fuel cell performance at different aspect ratio
of the cooling channels for a Reynolds number of 500. The
result shows that fuel cell performance increases as the aspect
ratio of the cooling channels increases at operating temperature
of 70 °C until an optimal aspect ratio of =~ 3.0mm . Beyond the
aspect ratio of about 3.0, the cell performance starts depleting.
This is likely due to excessive water accumulation in the fuel
cell system hindering system performance. This result shows
that such optimal channel aspect ratio exist that optimises the
fuel cell performance in term of current density.
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Figure 5. The cell current density at different aspect ratio at a
cell potential of 0.3 V and a fixed Reynolds number of 500.

Fig. 6 shows the IV curve for the 3 cases (Table 2) of cooling
channel aspect ratio investigated at the base operating condition
of the fuel cell. It is observed that fuel cell performance
increases with increasing cooling channel aspect ratio at cell
operating temperature of 70 °C. This increase in performance is
likely due to increasing species transport to the reaction site of
the fuel cell system and subsequently aiding electrochemical
reaction.
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Figure 6. Current density at three cases of channel aspect ratio
and Re = 500.
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Optimisation Results

The results on the effect of stoichiometry ratio, relative
humidity and cooling channel aspect ratio on the output current
density suggests the possibility of optimal combination of these
parameters for improved performance of the PEM fuel cell at
increase temperature beyond the critical operating temperature
typical of low temperature PEM fuel cell. These factors are
mutually dependent and also affect the rate of membrane
hydration which determines reaction and transport
characteristics in the fuel cell system. The optimal values
obtained for these factors (stoichiometry ratio, relative
humidity and cooling channel aspect ratio) are combined with
varying cell operating temperatures to examine the fuel cell
performance especially when operation at higher temperatures
(HT) is desired. It is well known that operating PEM fuel cell at
higher operating temperatures eliminates some of the
complications  hindering improved performance. An
intermediate HT-PEM (100 - 150 °C) operating situation is
investigated. Table 3 presents the optimal values for the
optimised parameters.

The maximised fuel cell performance for the combination of
these optimal parameters (in Table 3) at higher cell operating
temperatures of fuel cell was investigated. Table 4 shows the
polarisation data based on the optimal design parameters for the
different operating fuel cell voltages and temperatures. The
results presented in table 4 shows that there is improvement in
cell performance at different cell voltages considered with
increasing cell operating temperature. Higher performance was
obtained at low cell operating voltages compared to higher cell
voltages at different temperatures ranges. Increase in cell
current density difference was more prominent between the
temperature range of 120 °C and 130 °C, but at temperature of
150 °C the performance was not very significant. When the
operation was conducted beyond the 150 °C, the temperature
increase became insignificant. This is most likely due to high
level of membrane dehydration beyond this temperature (150
°C) level.

Table 3: Values of optimised parameters.
Model parameters Optimised values (0.3 V)

A 4.246
RH 0.323
H/W 3.211




Table 4: Polarisation data at optimised conditions and varying
cell operating temperatures at fixed coolant Re = 500.

Cell Current(A/cmz) Current(A/cmz) Current(A/cmz)
Voltage

V) (T =120°C) (T =130 °C) (T =150 °C)

0.7 3.9511 4.6332 4.8512

0.6 5.2333 5.9432 6.3447

0.5 5.7432 6.2448 6.9234

0.3 6.5222 8.7431 9.2281
CONCLUSION

A numerical and optimisation approaches aimed at improving
PEM fuel cell performance at elevated operating temperatures
(> 80 °C) has been presented. The numerical results show that
operating parameters such as stoichiometry ratio, relative
humidity and cooling channel aspect ratio has significant effect
on fuel cell performance primarily by determining the level of
membrane dehydration of the PEM fuel cell. Optimal values of
stoichiometry ratio, relative humidity and cooling channel
aspect ratios were obtained by integrating a direct problem
solver with an optimiser (Dynamic-Q). For the PEM fuel cell
model considered in this work, fuel cell performance is
considerably enhanced by a combination of parameters, such as
stoichiometry ratio, relative humidity and cooling channel
aspect ratio. Performance is well enhanced at temperature
between 120 °C and 130 °C. The performance increment
declines gradually from 130 °C to 150 °C. It should be noted
that beyond the 150 °C, there is no significant increase in cell
performance. In summary, the result of this study shows the
possibility of operating PEM fuel cell beyond the critical
temperature (<80 °C) using the combined optimal of
stoichiometry ratio, relative humidity and cooling channel
geometry without the need for special temperature resistant
materials for the PEM fuel cell. This work can easily be
extended to varying cooling channel geometries for enhanced
PEM fuel cell performance.
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