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Abstract. Proton Exchange Membrane Fuel Cells (PEMFC) are highly efficient power generators, achieving up to 
50-60% conversion efficiency, even in sizes of a few kilowatts. Comsol Multiphysics, a commercial solver based on 
the Finite Element Method (FEM) was used for developing a three dimensional model of a high temperature PEMFC 
that can deal with both anode and cathode flow field for examining the micro flow channel with electrochemical 
reaction. Cathode gas flow velocity influence on the cell performance was investigated at first. Polarization curves for 
three different channel widths (0.8,1.6 and 2.4 mm) and three different channel depths (1,2 and 3 mm) were computed 
at a cathode inlet flow velocity of 0.06 m/s. Oxygen molar concentration at cathode catalyst layer-GDL channel 
interface and local current density variation along the cell length  were also studied for specific gas channel 
geometries. 

1 Introduction  
Low temperature proton exchange membrane fuel 
cells(LT-PEMFCs) are in the present used  as energy 
converters, especially for automobile applications, being 
used in a clean hybrid power supply system and 
providing the rated power to the load [1], [2]. The high 
capital cost of platinum catalyst layer and of pure 
hydrogen fuel, reduced lifetime of 5000 working hours 
are limiting the wide utilization of  LT-PEMFC. It is also 
difficult to maintain proper water and thermal 
management, fuel cell performance being strongly 
affected [3,4]. High ohmic losses in the cell were 
observed when membrane become dehydrated as water 
removal rate exceeds water generation rate [5]. 

There are research advances of high temperature PEM 
fuel cells (HT-PEMFCs) with  polybenzimidazole (PBI) - 
based membrane for usage in combined heat and power 
generation systems (FC µCHP) due to various reasons [6]: 
enhancing of the electrochemical kinetics for the cell 
reactions, the simple cooling system based on the 
increased temperature gradient between the fuel cell stack 
and the coolant, increasing of the CO tolerance which 
enables the utilization of lower quality reformed 
hydrogen. 

Various studies have devoted to developing 
mathematical bi-dimensional models for the transport of 
reactants and product water in a PEMFC. Anode and 
cathode GDL two phase flow in the fuel cell were 
described by Berning and Djilali with the help of multi-

phase and multi-component model, using unsaturated  
flow theory (UFT) [7]. 

The 3D HT-PEMFC numerical model used in this 
paper is derived from 3D single-phase isothermal model 
developed by E.U. Ubong et al. [8] to predict the 
performance of a HT-PEMFC with a PBI membrane. 

The objective of this work is to investigate the effect 
of cathode gas flow velocity and gas channel geometry 
(width and height) on the cell performance with the help 
of a 3D model using commercial FEM package Comsol  
Multiphysics (version 4.2). 

2 Model Set-up  
The 3D computational domain includes a section of the 
PBI membrane and both cathode and anode gas flow 
channels, GDLs, and catalyst layers (see Fig. 1). 

 

 
Figure 1. 3D HT-PEMFC computational model geometry. 
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The operating conditions and parameters of the base 
model are given in Table 1 and Table 2.

Table 1. Operating parameters  

Parameter Value 

Operating conditions 
Reference pressure (Pa) 101325

Cell voltage (V) 0.9
Temperature (oC) 150

Oxygen reference concentration (Mol/m3) 40.88
Hydrogen reference concentration (Mol/m3) 40.88

Inlet H2 mass fraction (anode) 0.743
Inlet H2O mass fraction (cathode) 0.18 
Inlet O2 mass fraction (cathode) 0.228 

Gas pair diffusivities and basic  fluid parameters 
H2-H2O Binary diffusion coefficient (10-4 m2/s) 1.603 
N2-H2O Binary diffusion coefficient (10-5 m2/s) 4.48 
O2-N2 binary diffusion coefficient (10-5 m2/s) 4.18 

O2-H2O binary diffusion coefficient (10-5 m2/s) 4.91 
Anode inlet flow velocity (m/s) 0.17 

Cathode inlet flow velocity (m/s) 0.42 
Anode viscosity  (10-5 Pa·s) 1.12

Cathode viscosity  (10-5 Pa·s) 2.68 

Table 2. Design parameters 

Parameter Value 

Gas channel dimensions 
Cell length (cm) 2

Channel width (mm) 0.8

Channel depth (mm) 1
Width of the shoulder (mm) 0.9

Catalyst layer information [9]

Thickness (µm) 50
Permeability (m2) 2.36� 10-12

Porosity 0.2
Open volume fraction for gas diffusion 0.4

Membrane PBI/H3PO4 properties [10] 

Thickness (µm) 98
Conductivity (S/m) 1.74

GDL properties [11]

Conductivity (S/m) 222
Bulk porosity 0.4

Permeability coefficient (� 10-11 m2) 1.8
Thickness (µm) 380

Conductivity (S/m) 222

At steady state, single-phase, isothermal model of 
PEM fuel cell consists of five principles of conservation: 
mass, momentum, species, energy and charge. COMSOL 
Multiphysics is used to solve this complex HTPEM fuel 
cell model. The conservation equations are solved 

sequentially (and grouped) for various variables, such as: 
velocity vector, pressure, mass/mole fraction of the 
species, electric and protonic phase potentials, solid and 
fluid – gas – phase temperatures. 

Momentum transfer is modeled using Free and Porous 
Media Flow interface. 

Laminar flow in the channels is described by the 
Navier-Stokes equations (dimensionless formulation), for 
the steady state in case of no external forces: 
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where unknown depended variables are p – pressure and 
v – velocity; Re is a dimensionless Reynolds number.

Porous gas diffusion layers (GDLs) and electrode 
flow can be given by a similar set of differential 
equations, when the Brinkman formulation is used: 
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where k is the Brinkman parameter, defined as: 
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with H – channel height and 
 - permeability. 
Conservation of species was solved for the flow 

channels, GDLs and porous electrode using the Maxwell 
Stefan equations in two different Transport of 
Concentrated Species interfaces.  

It solves for the fluxes of each species (H2 and H2O in 
the anode compartment, O2 and H2O in the cathode 
compartment) in terms of mass fraction. The Maxwell-
Stefan equation, defined for each component of the 
mixture of the three gases, is presented below [11]: 
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In Eq. (3), xj is the molar fraction of each gas j,
parameters ωi and ωj are the mass fractions of gases i and 
j, respectively,  parameter ρ is the overall mass density of 
the air mixture obtained from the ideal gas law, Dij is the 
binary diffusion coefficient, M is the total molar mass of 
the mixture and Mj is the molecular weight of gas j. 

Conservation of the electric charge is based on two 
currents: an ionic current formed by the protons travelling 
through the membrane and an electronic current formed 
by the electrons passing through the solid matrix of 
electrodes. The current continuity equations are obtained 
by using Ohm’s law [8].

3 Results and discussions  

Fig. 2 shows the effect of changing the cathode gas flow 
velocity at values under 0.42 m/s  on the fuel cell 
performance. When the gas flow velocity is increased 
from 0.02 to 0.12 m/s, the fuel cell performance is clearly 
enhanced, especially at lower operating fuel cell voltages.

The rate of the electrochemical reaction is increased 
due to the increase in oxygen gas through the gas 
diffusion layer to reaction sites.  Due to the low 
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membrane humidification, this enhancing performance 
effect is minimal at high operating voltages. 

So, the air stream is able to supply oxygen with the 
required rate for gas flow velocity values over 0.1 m/s in 
the case of the cell model with gas channel dimensions 
from Table 1.

Figure 2. Effect  of  cathode gas flow velocity on cell 
performance at base conditions for different cathode inlet flow 
velocities (between 0.02 and 0.42 m/s).

Fig. 3 shows the effect of channel depth and width on 
the cell polarization curves for a cathode inlet flow 
velocity of 0.06 m/s. Cell performance was reduced to 
lower current densities at a channel depth of 1mm, with a 
limiting value of only 301 mA/cm2 for 0.8x1 mm2

geometry. So, the channel with the lowest depth 
presented a resistance highest enough to not be overcome 
by the buoyant force exerted by the fluid. With a channel 
depth of  2 and 3mm, fluid flow can take place easier 
through the channel and hence the cell operates at higher 
current densities.

For a given channel depth, the limiting current density 
was improved to increase in channel width. Maximum 
limiting current density of 484 mA/cm2 at a cell voltage 
of 0.2V was obtained with a channel width of  1.6 mm for 
a channel depth of 3 mm. 

The channel having the biggest width and lower flow 
resistance should induce air flowing into the channel 
more easily. They demonstrated that if the channel width 
is too big then the flow and the mass/heat transfer are 
also limited by the thermal boundary layer effect and the 
3 mm gas channel with rib size and height fixed can 
achieve the best performance. 

Figure 3. Polarisation curves for various gas channels 
geometries: a) 0.8x1 mm2, 0.8x2 mm2, 0.8x3 mm2; b) 1.6x1 m2,
1.6x2 mm2, 1.6x3 mm2; c)  2.4x1 mm2; 2.4x2 mm2, 2.4x3 mm2.

Fig. 4 presented the variation of oxygen molar 
concentration in the cathode part of the cell model, for a 
channel with 1.6 mm width and 1 mm depth (see Fig. 4a) 
and with 1.6 mm width at 3 mm depth, respectively (see 
Fig. 4b). The point of interest in this figure is related to 
the concentration distribution in the cathode catalyst layer 
– GDL channel interface. Simulation was performed at a 
cell voltage of 0.3V. In Fig.4a oxygen molar 
concentration in the gas channel and at the catalyst layer - 
GDL channel interface is almost identical, whereas in Fig.
4b, we noticed that the molar concentration in the GDL –
gas channel interface is higher than in the catalyst layer. 
The cell performance is limited in both cases for various 
reasons: in the case (a) channel presented a higher 
resistance to buoyancy flow and in the case (b) porous 
media offered a significant diffusion resistance. 

Figure 4. Distribution of the oxygen molar concentration 
(Mol/m3) along the cathode side of the cell for: (a) 1.6x1 mm2

and (b) 1.6x3 mm2 gas channel geometries at a cell voltage of 
0.3V.

 
  

DOI: 10.1051/(2016) matecconf/2016MATEC Web of Conferences 777

ICMMR 2016

,7 12001 12001

3



Fig. 5a showed the local current density distribution 
along the cell height for a channel with 1.6 mm width and 
1 mm depth at three polarization voltages. The local 
current production is very constant along the channel 
height at high voltages. At low voltages (0.25V, for 
example) the current was generated in higher amount at 
the beginning of the channel, decreasing across the 
channel height. Due to the buoyancy effect, the oxygen 
concentration is more at the channel inlet  and for this 
reason current density is high here.

Fig. 5b presented the local current density variation 
across the cell height at 0.3 V for different channel depths: 
1, 2, 3 mm. The channel width was preserved 1 mm for 
this study. It can be seen that the current production has 
the biggest variation for a channel depth of 1 mm. At 
higher channel depths, a superior amount of oxygen 
enters the cathode channel. 

Figure 5. Local current density variation along the channel 
height for: a) 1.6x1 mm2 channel geometry and b) 1.6x1 mm2,
1.6x2 mm2, 1.6x3 mm2 channel geometries.

4 Conclusions 
In order the study the performance of a HT-PEM fuel cell 
under varying gas channel parameters, a steady-state 3D 
computational model was implemented here using 
Comsol Multiphysics software.

The results showed that the cathode gas flow velocity 
affects cell performance at values under 0.1 m/s. 
Optimized gas channel geometry was established from 
the polarization curves of the cell, at a channel width of 
1.6 mm and channel depth of 3 mm. 

The high flow resistance given by the gas channel 
depth of 1 mm reduced the cell performance and 
diffusion resistance presented by the porous media in the 
case of 3 mm depth channel limited also  the cell efficacy. 

Local current density presented a uniform variation 
along the cell having an optimized gas channel geometry 
due to more amount of oxygen entering the channel. 
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