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ABSTRACT

Article history:

The investigation the PEM fuel cell under various conditions was carried out through
numerical simulation. The results revealed that the mass transport resistance, the ionic
resistance, and charge transfer resistance defined the current distribution in the
cathode catalyst layer. The highest current distribution in the cell was determined by
the highest depletion of oxygen concentration in the exit side of the channel, and the
amount of the reacted and carried oxygen towards the electrode surface of the mass
transfer conditions. Among all simulation conditions, the current density on the shape
gas channel with the channel ratio height-width 1:1 and 2:1 was 1,061 and 1,078 A/m2,
respectively, with the power density of the cell was 3,714 W/m 2 and 3,776 W/m2,
respectively.

Received 9 October 2020
Received in revised form 17 February 2021
Accepted 22 February 2021
Available online 3 March 2021

Keywords:
PEM fuel cell; low temperature; current
distribution; numerical simulation

1. Introduction
Proton exchange membrane (PEM) fuel cell, sometimes also known as proton electrolyte
membrane fuel cell which performs as the separator to prevent the reactants (in this study were H2
and O2) from mixing in the cell channel, then carried protons from the anode side to the cathode
side [1-3]. A carbon-supported platinum or platinum alloy nanocatalyst as well as Nafion binderwhich is an electrolyte that extending the electrochemical three-phase boundary formation,
composed the catalyst later. The main composition of gas diffusion layer (GDL) is PTFEhydrophobized carbon paper or carbon cloth. The reactant transports through GDL to CL where the
H2O product flows out at the cathode side [4,5]. Bipolar plate (BPP) composed of gas-impermeable
carbon plate or protective layer coated metal plate. BPP plays a role as the current collector. The flow
field is available between the BPP and DL; it consists of gas channels grooved on the surface of BPP
[6-8].
A phenomenon of hydrogen electrochemical oxidation was occurred in the anode during the run
of PEMFC. The formed H+ transports through the PEM; followed by electrochemical reduction of
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oxygen at the cathode. The combination of oxygen in the cathode and protons in the anode forms
H2O. There is electron transportation through the external that formed a close circuit and generated
the electric power [9,10]. Water was produced due to electrochemical reactions on the side of the
cathode [11]. In addition to this, water products will be produced if the hydrogen fuel is derived from
reforming hydrocarbon fuels such as natural gas, alcohol, or diesel. The build-up of water in the cells
results in a lower partial pressure of hydrogen and oxygen in the anode and the cathode; this will
result in a decreased cell rate in the electrochemical reaction [12-14].
The concentration of water on the side of the cathode in the cell will make a favourable impact
on the ion/proton conductivity of membranes, but if the water is condensed in a cell can result in
Phosphoric acid leaching out of the polymer matrix, irreversible reducing ions (protons) Perform
membrane capability and entire cell performance. Operating the system at normal condition of
above 100 °C, water usually does not turn into a condensate inside the cell, but the knowledge of the
water content in the electrode porous during cell operation is also desirable to optimize the shutdown procedure.
Due to water condensation at the temperature of <100 °C [15,16]. In addition to investigating the
influence of steady transport of the reactants and water in cells including an anode and cathode mass
and the momentum of transportation phenomenon in the flow channel, including there is a diffusion
of gas (GDLs) and porous electrodes, as well as electrochemical currents in GDLs, porous and polymer
electrodes membrane, will also be simulated and discussed in this study.
2. Methodology
The numerical simulation performed in this study with the computation domain shown in Figure
1 was carried out by commercially available software, COMSOL 5.1. The following assumptions and
boundary conditions was applied in the execution of 3-dimensional numerical simulation [17,18].
i. Fuel cell system is a three-dimensional, isothermal domain, steady-state, and laminar flow
ii. Electrodes are considered as anisotropic and homogeneous porous media
iii. The electrochemical reactions are considered to be gaseous phase reactions and considered
to be no crossover of gases
iv. The Brinkman equation is used to describe the porous media flow in the GDL
v. Butler-Volmer kinetics defines the electrochemical reaction that occurs at 300 K and 1 atm to
obtain the V-I and P-I curves
The schematic explains the computation domain and geometry of the PEM fuel cell, as given in
Figure 1. The PEM fuel cell with a 20-mm-long, 1-mm-wide, and 1-mm-high cell channel were
numerically investigated at volumetric flow rates of 0.5 mL/min.
The single cell of PEM fuel cell shown in Figure 1(a) was centrally located in the computation
domain in Figure 1(b). The set of partial differential equations expressing the mass conservation,
momentum and species transport in the computational domain in three-dimensional Cartesian
coordinates are listed as Eq. (1), Eq. (2) and Eq. (3), respectively [19-21].
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Fig. 1. The geometry of PEM fuel cell (a) the flow channel fuel cell
and boundaries of the computational domain; (b) 3-D
computational model a single cell of PEM fuel cell
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where u ,  ,  , p , c , D ,  s ,  s are the velocity vector, the fluid density, fluid viscosity, static
pressure, the local concentration of the species in the anode and cathode, the diffusion coefficient
of species, the electronic/electrolyte conductivity, and the over potential in catalyst layer/electrolyte.
Brinkman equation covers the porosity in the permeability of porous medium that are applied to
define the consumption of the species. The stages of development of PEM fuel cells can be explained
in the algorithm flow chart of power-density voltage-flow shown in Figure 2. This stage describes the
performance of fuel cells ranging from simulated analysis related to the concentration of hydrogen,
oxygen, and water gases resulting from the electrochemical reaction process in the cell [22,23]. The
analysis of current density resulting from the electrode surface.
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Fig. 2. The voltage-current-power density (VCP) algorithm

3. Results
The electrochemical currents is modelled by applying the Secondary Current Distribution
interface using Ohms law and solving for  s in the GDLs,  s and  l in the porous electrodes, and  l
the electrolyte membrane. In the porous electrodes, not only the ionic and electronic potentials
define the local current densities, but also local reactant concentrations [24-26]. The oxidation of
hydrogen happened on the anode as given by the following equation

H2  2H + + 2e −
It is assumed that there is no involvement of water molecules in the transport of proton, and the
below local current density equation is applied for the reaction of hydrogen oxidation
 cH
i a = i 0 ,a  2
 cH ,ref
 2

0.5

   a ,a +  c ,a

 
F a 
 
RT
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where c H 2 is the local hydrogen concentration and cH2 ,ref is a hydrogen reference concentration (this
is a linearized concentration-dependent Butler-Volmer expression). Water formation is taken place
at the cathode as a result of oxygen and protons reactions, as given by the following equation

O2 + 4H + + 4e −  2H2O
The reaction of oxygen reduction is happened by following current density equation
 cO
i c = −i 0 ,a  2
 cO
 2 ,ref


 exp −  c ,c F 
c 
 RT





where the cO2 is the local hydrogen concentration and the cO2 ,ref is oxygen reference concentration.
(This simplified concentration-dependent Butler-Volmer equation omitted the anodic term, it is
known as a concentration-dependent Tafel-equation). The boundaries of anode GDL facing the flow
pattern ribs are put to electronic potential of zero and the corresponding boundaries at the cathode
side are put to the cell potential. The other external boundaries are electrically isolated. Mass
transfer consists of parameters wH 2 , wH2Oa , wO2 , wH2Oa , wH2Oc , and wH2Oa are solved for in the flow
channels, GDLs and porous electrode using in the Maxwell-Stefan equations in two different Reacting
Flow in Porous Media, Concentrated Species interfaces.
Each electrode compartment occupies an interface; while hydrogen and water species are
available on the anode. At the interface of secondary current distribution, a coupling is made that
serves as a mass source and a sink. The mass fraction is determined at the inlet, while the outflow
conditions are applied at the outlet channels. The zero flux condition is applied to all other external
boundaries conditions.
The Navier-Stokes equations are used to model the momentum transfer of u and p in the flow
channels while the Brinkman equations are applied to that of in the porous gas diffusion layers (GDLs)
and electrodes using the Reacting Flow in Porous Media, Concentrated Species interface [27-29]. At
the interface of Secondary Current Distribution, a coupling is built to define the mass and sink sources
at the porous electrode. The velocity profiles of laminar inlet flow is determined at the boundaries of
flow channel inlet, while pressure is defined at the boundaries of flow channel outlet. A multiple
parallel channel configuration is modelled by applying symmetry boundary conditions along the long
sides of the GDLs and the porous electrodes. No slip conditions are applied for all other wall
boundaries.
Figure 3 describes the ionic current in the z-direction at the centre of the membrane for 0.4 V. It
is revealed that in the y-direction there is a phenomenon of lower current density than that of the
outlet. It could be caused by the lower reactant concentrations. The x-direction shows that at the
closest region to the channel, the highest currents density is found. The current density decreases
towards the centre of the channel along with the decrease of reactant concentrations. This is due to
Ohmic drops in the GDLs. The performance of fuel cells under the ratio variation of height to width
of cell channel at hydrogen concentration of 0.05-M and volumetric flow rates of 0.5 mL/min is
described in Figure 3. Along with the increase of flow rate or concentration, the performance of the
fuel cell increases in the sequence of model-1, model-2, model-3, and model-4, respectively. Similar
to the performance of cell at 0.05-M H2 with a volumetric flow rate of 0.5 mL/minute, the cell current
densities at the anode electrode were 0.106, 0.108, 0.095, and 0.096 A/m 2, respectively. The fuel
concentration will only increase at the membrane conductivity of 9.825 S/m. This phenomenon
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exhibits the increase of fuel transports towards the anode electrode by the increase of volumetric
flow rate. The effects gradually decrease that the concentration loss due to the inadequate amount
of oxygen transport from the ambient air towards the gas difussion layer to the cathode electrode
occurs later. Commonly, the volumetric flow rate as well as the higher concentration tend to enhance
cell performance, including cell current density and cell power density.

Fig. 3. Polarization curve for four different from Height to
Width ratio of the flow channel: HW 1:1, 2:1, 1:2, and 2:2
with 0.05-MH2 and 0.5 mL/min

Figure 4 shows the hydrogen and oxygen concentration distribution at the electrode surface at a
different position, respectively. Figure 4 demonstrates that both streams flow to the channel exit,
and the inter-diffusion area becomes wide. At a flow rate of 0.05 mL/min, such phenomenon
diffusion at HW 2:1 (model 2) is more important than at a higher rate of flow. Figure 4 shows a higher
oxygen distribution as the liquid torrent flows through the cathode's trailing edge until the
concentration saturates. However, oxygen diffusion in the channel allows oxygen absorption to
quickly scatter across the microchannel behind the trailing edge of the electrode.

(a)

(b)

Fig. 4. Performance of the cell: (a) Cathode hydrogen concentration at model-2 (HW 2-1) at 0.05-M with
volumetric flow rate 0.5 mL/min; (b) Anode hydrogen concentration at model-2 (HW 2-1) at 0.05-M with
volumetric flow rate 0.5 mL/min
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The concentrations of hydrogen and oxygen at the same voltage level is shown in Figure 5(a). It
is indicated that significantly the oxygen concentration at the porous electrode and prior to the exit
of the flow channel is lower than that at the inlet level. The same trend is found at the anode, with a
more uniform hydrogen concentration. Figure 5(b) shows the local current density peak around the
edge of the electrode close to the middle of the channel with two different anode permeabilities.
The acceleration of flow rate increase the visibility of local current density variation on the electrode
surface, as given in Figure 5. The distribution of local current density on the surface of the anode and
cathode catalyst layers (in the zx plane) with a voltage of 0.4 V with a hydrogen inlet. The amount of
transported oxygen to the catalyst layer determines the local current density performance.

(a)

(b)

Fig. 5. Performance PEM fuel cell: (a) Membrane current density; (b) Cathode current distribution

The diffusion of oxygen affects the distribution of current density thus appears uniform on the
surface of the cathode catalyst. The diffusion limitation causes the local current density on the
surface of the cathode catalyst layer to be lower than that of the anode catalyst layer that the
reaction on the surface cannot be thoroughly occupied. The distribution of current in the cathode
catalyst layer extends the highest current as a function of mass transport resistance, ionic resistance,
and charge transfer resistance. It can be seen that the distribution of the highest current in the cell
is a function of the highest depletion of the oxygen concentration at the exit side of the duct, and the
amount of reacted and carried oxygen towards the electrode surface under the mass transfer
conditions. The density of current enlarges with the decline of oxygen concentration in the cathode
catalyst layer. It is also shown that the density of local current shifted almost uniformly to the right
side of the anode electrode surface.
4. Conclusions
The study managed to numerically simulate the mass transport and the polymer electrolyte
membrane fuel cells (PEM fuel-cells) distribution under various conditions, equipped either with one
stack panel. The PEM fuel cell with a 20 mm, 1 mm, and 1 mm high cell channel was numerically
checked at a 0.5 ml/min volumetric flow rate. The simulation study obtained cell efficiency which is
voltage-current density and power current density. The PEM fuel cell current distribution described
the ions transfer from anolyte streams in the anode catalyst layer towards the cathode catalyst layer
and vice versa. This phenomenon generated a high value of current at the interface of the catholyte
streams and the cathode catalyst layer. In difference, the interface of the cathode catalyst and the
gas distribution layer generated a minimum current.
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The distribution of the current generated at the electrode surface was lower than that of the
distribution of the current generated by the electric generator current at the electrode surface which
is closer to the catalytic layer during the electrochemical reaction process in the centre plane. The
low density of local currents closes to the inlet moderately surged along the flow channel towards
the centre of the channel, then decreases in the area towards the outlet. Higher cell performance
near the inlet area is associated with better electrolyte conductivity (lower ohmic overvoltage). The
cell performance around the outlet channel was lower due to higher water flooding on the cathode
drain side. At the cathode layer with higher moisture content, the mass transport limitation in the
gas diffusion layer will be decreased. In contrast, the cathode layer with a lower moisture content
has an increased of mass transport limitation in the gas diffusion layer.
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