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The aim of this research is to develop research methodology and provide insight into the viability of using
Open Pore Cellular Foam (OPCF) material in Polymer Electrolyte Membrane (PEM) Electrolysers. Analysis
have therefore been carried out on three different types of electrolyser geometries. A PEM electrolyser is con-
sidered with serpentine, mesh and OPCF flow channels, whilst all the other physical and operational parame-
ters are kept constant. Three dimensional models have been created in solid works and computational fluid
dynamic simulations have been carried out on all the three types of electrolysers in ANSYS Fluent. Experi-
mental investigations have also been carried out using all the three different flow plate geometries. ANSYS
simulation show that the performance of the OPCF flow channel electrolyser is 1.5 times higher than that of
the mesh channel electrolyser. Experimental results have shown that using OPCF flow channel the perfor-
mance of the electrolyser improves significantly by 17% to that compared with conventional mesh flow plate
electrolysers.

© 2021 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Scientists around the world today are considering alternative
form of energy generation. This is because the main source of power
generation (fossil fuel/commodities) have been scientifically proven
to have harsh effect on the environment [1�3]. Again, prices of fossil
products are unstable. Researchers in recent times have considered
renewable energy as alternative to fossil fuel as it is friendly to the
environment, considered to be sustainable and abundant [4,5]. Coun-
tries around the world are making huge investment into this sector.
Storage of the energy generated from renewable sources remain a
challenge. Energy from renewable sources are intermittent and fluc-
tuate hence their storage is very vital. The excess electricity from
renewable sources when demand is low can be used in splitting
water for hydrogen production. The stored hydrogen with the aid of
an energy converting device like fuel cell can produce electricity
when energy demand is high hence making electrolysers suitable for
energy management [6�9]. Today several research activities are
being championed in this grey area because hydrogen does not func-
tion in their molecular structure [10�12]. To generate hydrogen,
there must be an energy input. Steam reforming of natural gas is a
well-known process for generation of hydrogen [13]. Apart from
producing hydrogen from propane, gasoline, diesel, methanol or eth-
anol via steam reforming [14�15], hydrogen is considered as one of
the best vectors/carriers for storing renewable and intermittent
energy from sources including wind and solar, or off-peak energy
from the grid [16�18]. The methodology for steam reforming is to
react fossil fuel with steam in the form of water vapour at high tem-
peratures between 700 - 1100 °C in a device called the reformer.
Nickel is used as a catalyst to speed up the chemical reaction in the
reformer. The hydrogen produced by steam reforming are of low
purity with some concentration of carbon-based species like carbon
monoxide. Hydrogen produced from steam reforming still has
immense impact on the environment and does not in any way reduce
the high dependency on fossil commodities with limited reserves.
Production of hydrogen can be accomplished by splitting water into
hydrogen and oxygen electrochemically. The process is called water
electrolysis as shown in Eq. (1).

H2O lð Þ þ 237:2kJmol�1 þ 48:6kJmol�1 ! H2 þ 1=2O2 ð1Þ
The design of the PEM electrolyser [19] is another critical aspect of

the hydrogen generation process that determines the purity as well
as the amount of hydrogen generated. Fuel cells which are often used
in conjunction with electrolysers generates electricity via a reaction
between the hydrogen produced by the electrolyser and air(oxidant)
with water and heat being the end product [20�30]. This
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Nomenclature

AC Alternating current
CNLS Complex non-linear least square
EEC Electrical equivalent circuit
EIS Electrochemical impedance spectroscopy
MEA Membrane electrode assembly
OPCF Open pore cellular foam
PEM Polymer electrolyte membrane
PEMEL Polymer electrolyte membrane electrolyser
PEMWE Polymer electrolyte membrane water electrolysis
UC Unit Cell
WE Water electrolysis

2 F.N. Khatib et al. / International Journal of Thermofluids 9 (2021) 100068
investigation will therefore explore experimentally and analytically
the performance of a PEM electrolyser using open pore cellular foam
material as the flow channel.

2. Experimental set up

The PEM electrolyser is set up according to a commonly used PEM
electrolyser configuration consisting of a membrane electrode assem-
bly (MEA); gas diffusion layers (GDLs) and bipolar plates (BPs) with
flow channels. Fig. 1 shows the balance of plant of the PEM water
electrolysis system used in this experiment for control and measure-
ment. This single-cell electrolyser was designed for an active area of
115 cm2. The water bath was set at a desired experimental tempera-
ture which was controlled remotely by switching the heater on and
off by external control. De-ionized water was supplied for electroly-
sis. The water flow rate was controlled by pulse wave modulation
(PWM) of the motor. A total of 3 experiments were carried out to
determine an informed estimate of the flow rate. A programmable
DC supply Agilent� 3660 was used as a power source to electrolyse
water into hydrogen and oxygen. The thermocouples in the system
aided in the measurement of the cell temperature. All data were con-
trolled and recorded in real time by LabVIEW data acquisition system.
External circuit using the Arduino Mega 2560 was used to provide
interface between PC and the electrolyser balance of plant (BOP). The
effect of the velocity of the circulating liquid water on the electrolyser
performance and pressure drop was evaluated for electrolyser using
three different types of flow fields (a) a single channel serpentine
flow field, (b) Mesh flow field and (c) OPCFM flow field. The flow field
of both electrode sides was the same.

3. Design of 3D PEM electrolyser models

In order to investigate the performance of electrolyser using ANSYS
flow simulation, a PEM electrolyser needs to be modelled with all the
Fig. 1. PEM electrolyser experimental setup.
9 layers of the electrolyser. A total of three, 3D models were created
with different flow channel orientations of serpentine flow channel,
Mesh flow channel and the OPCF flow channel as shown in Fig. 2.

Fig. 2 shows the layout of a 3D modelled PEM electrolyser along
with its distinguished 9 layers. In order to investigate the effect of the
flow channel on the performance of the electrolyser, the design of
the electrolyser had to be made ‘fit for all’ so that all the other factors
are constant and only the flow channel needs to be redesigned. In
doing so, the current collectors, gasket, MEA all were kept to constant
dimensions. Fig. 3 shows the current collector design. The dimensions
of which are kept in ‘cm’ scale and it was aimed that the active area of
the current collector, is that of the MEA, which for the purpose of
simulation was fixed approximately at 115cm2.

Fig. 4 shows the bipolar plate design for the serpentine channel. The
thickness of the serpentine channel was 0.2 mm while the bipolar plate
hand a land width of 1 mm. This was considered as being defined as
one of the optimum land widths for serpentine channel fuel cells in [6].

Fig. 5 shows a 3D view of the Membrane Electrode Assembly
along with the 5 layers of the MEA. Electrolyser MEA’s widely used in
the industry are the catalyst coated Nafion membranes which com-
prise of 3 layers. The ANSYS fuel cell and electrolyser module needs
an MEA designed such that it consists of 2 gas diffusion layers, 2 cata-
lyst layers and 1 membrane layer as shown in Fig. 5. Since membrane
dynamics was not the area of this research, a 5 layer MEA was there-
fore modelled as shown in Fig. 5(b). Fig. 6 shows the gasket design
used. It is an essential part of the design which electrically isolates
the Anode side of the MEA to the Cathode side.

As discussed earlier, the aim is to evaluate the effect of geometry
design on the performance of a PEM electrolyser with different flow
channels. In doing so, every aspect of the design had been kept
unchanged, but modelling had to be done for the mesh design. The
mesh flow plate design as shown in Fig. 7 has the same active area of
115cm2 as that of the serpentine flow plate.

High porosity open-cell metal foams typically have stochastic cel-
lular morphology, as shown in Fig. 8. To directly model the effect of
an OPCF material flow channel in PEM electrolyser, the full size of the
block had to be considered. To simplify the problem, two fundamen-
tal assumptions were considered;

1) It as was assumed that the metallic matrix is periodic
2) To employ tetrakaidekahedron unit cell (UC) to represent the real

foam topology.

Fig. 8 presents the reconstructed tetrakaidekahedron cells, which
was centrally cut by a sphere of 5.08 mm in diameter, resulting in a
pore density of 5 PPI (pores per inch). Correspondingly, the volume
fraction (porosity) of the UC (or foam) was 0.90 [8].

The sphere-cut tetrakaidekahedron as shown in Fig. 9 consisted of
six squares, internally cut by a sphere with diameter D1 eight hexag-
onal faces, internally cut by a sphere with diameter D2. Further the
tetrakaidekahedron was centrally but by a sphere with diameter D3.
With global size a and ligament length t, the porosity of the sphere
cut tetrakaidekahedron were given by,

porosity ¼ p
4

2 3þ 2
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Fig. 10 shows the bipolar plate assembly for the Open pore cellular
foam material channel. Section 4 will discuss and analyse simulation
results for studied geometry which will provide the information to
perform experimental investigation.

4. Results and discussions

As discussed earlier that the data acquisition and monitoring was
carried out in LabVIEW, however, to achieve this an electronic



Fig. 2. (a) 3D model of a PEM Electrolyser (b) Exploded image of a PEM electrolyser with Serpentine flow plate channel.
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interface between the electrolyser and the LabVIEW was required.
The electronic interface was provided by designing a specific circuit
that provided autonomous control as shown in Fig. 11. The interface
board in Fig. 11 was designed to link the electrolyser and its auxilia-
ries to the LabVIEW interface so that timely data can be monitored
and controlled. As part of the experimental procedure a balanced sys-
tem was created such that the output of the generated gas from the
electrolyser was connected to the fuel cell. The fuel cell load. The oxy-
gen and hydrogen flows were measured in LabVIEW using Bronk-
horst EL-Flow mass controller. Since the electrolyser current dictates,
the amount of hydrogen being produced, the fuel cell load was there-
fore kept at 10% lower to that of the electrolyser driving current. This
was done to provide a balanced system, and to generate a I-V or
polarisation curve. The polarisation curve was generated using the
data logged in the LabVIEW software.

4.1. Experimental results and discussions

To identify the performance of the electrolyser experimentally the
electrolyser operating temperature was increased from 30 °C to 70 °C
Fig. 3. (a) PEM electrolyser Current collector with active area of 115cm2 (b) Current
collector housing.
in 10 °C increments, and the pressure is fixed at 1 atm. The current
density is measured for the temperature-dependant voltage change
and generated hydrogen and oxygen flow rates. All the results pre-
sented is an average based on five experiments conducted repeti-
tively. This approach therefore reduced the margin of error
culminating from the measuring instrument used for the investiga-
tion. Fig. 12(a) � (c) shows the effect of the flow field on the PEM
electrolyser polarization curves at various temperatures under atmo-
spheric pressure.

It can be seen in all the graphs in Fig. 12, that the electrocatalytic
activity increased as a function of temperature due to the activation
behaviour of the irreversible O2 evolution occurring at the IrO2 elec-
trocatalyst in the MEA. The best performance can be seen is obtained
at 70 °C. The operation of the electrolyser was not studied at a higher
temperature to avoid dehydrating the Nafion membrane and soften-
ing the gaskets.

The polarization curve is the core of the PEM electrolyser perfor-
mance, which depends on the input current, the water temperature
and some constitutive internal resistances. Fig. 13 compares the
polarization curves obtained experimentally for the three different
flow fields, serpentine, mesh and OPCF, at a cell temperature of 70 °C.
When the cell temperature is 70 °C, the cell voltage for the OPCFM is
the lowest compared to that of the other flow fields. From the graph,
it can be seen that the voltage increases nonlinearly up to almost
0.05 A/cm2 and linearly thereafter. The slope of this linear curve
Fig. 4. PEM electrolyser Serpentine bipolar plate (b) Serpentine bipolar plate channel
used for simulation and fluid flow analysis.



Fig. 5. (a) 3D Membrane Electrode Assembly (b) Schematic view of the 5 layers of an
MEA.

Fig. 6. (a) 3D Gasket model for the design.

Fig. 8. (a) Aluminiummetal foam (b) SEM image of a unit cell depicting a tetrakaideka-
hedron shape (c) OPCF flow channel assembly.

Fig. 9. Tetrakaidekahedron shape unit cell structure for Open pore cellular foam mate-
rial.
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represents the electrical resistances inside the cell. The ANSYS simu-
lation results predicted the qualitative cell polarization curve; how-
ever, the measured voltage is higher than the analytical voltage due
to internal electrical resistances. This higher performance in the PEM
electrolyser for the PEM electrolyser with an OPCF flow channel is
also due to the lower pressure drop offered by the channel as dis-
cussed earlier.

The experimental results show that using an OPCF flow plate
(porous channel) outperformed the mesh and serpentine flow plate,
recording 2.5 V at 1.4A/cm2. This is in excess of approximately 17%
improvement on the current density of the benchmark mesh flow
plate under the same operating conditions operating at 2.5 V. The
Fig. 7. (a) Mesh flow plate channel assembly (b) Mesh channel design.
overvoltage in the high-current-density region was larger when the
flow velocity of the circulating water in the channel was higher
because the flow rate per channel, and thus the flow velocity, is sig-
nificantly different for various flow fields and depends on the type of
flow field, even when the flow rate is the same. This finding suggests
that an increase in overvoltage in the high current density region is
caused by an increase in concentration overvoltage and suggests a
relation between the flow velocity and the concentration overvolt-
age.

Electrochemical impedance spectroscopy (EIS) is a suitable and
powerful diagnostic method for polymer electrolyte membrane
water electrolysis cells (PEMWE) because it is non-destructive and
provides useful information on performance and cell voltage losses
associated with components. EIS measures the frequency depen-
dence of the impedance, of a water electrolysis (WE) cell by applying
a small alternating current (AC) in galvanostatic mode as a
Fig. 10. (a) Bipolar plate assembly of OPCF material (b) Array of UCs forming the entire
OPCF flow channel assembly.



Fig. 11. Stacked control board with the bottom layer as the main controller, followed by the control board and the cell voltage monitoring board.
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perturbation signal while measuring the alternating cell-voltage
response. In potentiostatic mode, a small alternating voltage is
applied and the AC response is measured.

The use of small (sinusoidal) signals assumes negligible harmonic
content in the recorded response. A broad frequency range over sev-
eral decades will enable identification of the electrochemical and
transport processes (e.g. double layer charging, charge transfer, inter-
facial capacitance, gas diffusion) taking place in the WE cell over a
range of different time scales (i.e. 10�6 to 103 s). The choice of the
limits of the frequency range, and in particular its population,
requires that the anticipated total measurement time is accounted
Fig. 12. Effect of temperature on the performance of PEM electrolyser with (a) S
for in order not to compromise the stability of the data measured
when the cell is operated.

Particularly in PEMWE cells, EIS is principally used to optimise
the structure of membrane electrode assemblies (MEAs) and to
quantify changes in the parameters of the elements representa-
tive of the cell components in an electrical equivalent circuit
(EEC) model to simulate cell impedance. Analysis by fitting EEC
models to the impedance data obtained under different operating
conditions facilitates determination of the contributions of the
different physicochemical processes to the overall WE cell imped-
ance in different conditions.
erpentine Flow Channel (b) Mesh Flow Channel and (c) OPCF Flow Channel.



Fig. 13. Performance comparison for the three different types of flow channels operat-
ing at a constant temperature of 70°.

Fig. 14. EIS spectroscopy represented by a Nyquist plot for a PEM Electrolyser with dif-
ferent types of flow channels.

Fig. 15. Bode plot for PEM electrolyser with serpentine, mesh and OPCF channel (a)
Frequency vs Impedance (b) Frequency vs Phase.

6 F.N. Khatib et al. / International Journal of Thermofluids 9 (2021) 100068
The main contributions to losses in WE performance (cell-voltage
losses) are due to:

� ohmic resistance, associated with proton and electron conduc-
tion in the MEA, current collector and flow plates and

� electrode kinetics at the electrode/electrolyte interfaces and
mass transport of reactant gases resulting collectively in the
polarisation resistance.
 

Fig. 16. Effect of varying water flow rates on both the hydrogen and oxygen flow rates for OPCF flow channel.



Fig. 17. Mesh Quality � Skewness factor check for OPCF material flow channel.
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The reaction kinetics could be improved by using advanced cata-
lysts and forming appropriate catalyst/electrolyte interfaces. Ohmic
losses could be reduced by decreasing the hindrance on proton and
electron movements within the membrane electrolyte, electrodes,
monopolar/flow field plates, current collectors and their respective
interfaces.

Therefore, EIS measurements in WE cell performance characteri-
sation studies aim to:

� Identify individual contributions to the total WE cell impedance.
� Estimate other electrochemical parameters (double layer capaci-
tance, charge transfer resistance, adsorption resistance, adsorp-
tion inductance, etc.) by complex non-linear least square (CNLS)
analysis of an appropriate EEC model to simulate the measured
impedance of the WE cell test set-up.

� Provide information that could assist in optimising WE cell com-
ponents and operating conditions.

Other than the established fact that the increase in the perfor-
mance of the PEM electrolyser is due to the lower pressure drop for
Table 1
Simulation Parameters used in ANSYS Fuel Cell & Electrolyser Module.

Anode Cathode

Reference Current Density
(A/m2)

10,000 Reference Current Density
(A/m2)

20

Reference Concentration
(kmol/m3)

1 Reference Concentration
(kmol/m3)

1

Concentration Exponent 0.5 Concentration Exponent 1
Exchange Coefficient (a) 2 Exchange Coefficient (a) 2
Exchange coefficient (c) 2 Exchange coefficient (c) 2
Reference Diffusivity
H2 (m2/s) 3 £ 10�5

O2 (m2/s) 3 £ 10�5

H2O (m2/s) 3 £ 10�5

Other Species 3 £ 10�5

Table 2
Boundary conditions.

Interface Type Va

Anode Inlet Velocity Inlet 1
Anode Outlet Pressure Outlet 0
Cathode Inlet Velocity Inlet 0
Cathode Outlet Pressure Outlet 0
Anode Current Collector Wall 1.3
Cathode Current Collector Wall 0
the OPCF channel, electrochemical impedance spectroscopy was also
performed on the three types of PEM electrolysers. An evident nature
of electrical system is the fact that lower the resistance, the lower the
losses within the system. The nature of the results shown in Fig. 14,
clearly justifies the polarisation curve in Fig. 13, as the electrolyser
with OPCF channel has a very low impedance than that of the serpen-
tine channel and mesh channel. This low resistance is attributed to
the losses within the PEMWE, i.e. the activation, ohmic and concen-
tration losses. Also due to the uniform distribution of the species and
water management, the water uptake within the membrane is signif-
icantly better for the OPCF channel electrolyser. As a result, the ionic
conductivity of the membrane is higher than the serpentine and
mesh channel electrolyser.

Fig. 15 shows the bode plots of the real impedance and the respec-
tive phase for serpentine, mesh and OPCF channel-based PEM elec-
trolyser cells. The double layer capacitance in an electrolyser is a
characteristic of any interface between an electron-conducting phase
and an ion-conducting phase. It arises from the fact that (in the
absence of a Faradaic process) charge cannot cross the interface
when the potential across it is changed. The key component for the
electrolyser dynamic behaviour is the capacitance of the cell. In
Fig. 15(b) the phase angle equal to ‘00 represent a pure ohmic resis-
tance. For the frequency range between 5 Hz to 100 Hz the effect of
impedance from charge transfer and electric double layer capacity
can be seen. Above 100 Hz the effect of mass transfer can be seen. It
is evident from the measured results that even at low frequencies the
impedance of the electrolyser with OPCF channel is very small than
the mesh and serpentine channel electrolyser cell as indicated by the
frequency response in Fig. 15(a) and (b). This is due to the low resis-
tance and high capacitance of the OPCF channel that provides
homogenous flow of reactants to the membrane. At low frequencies
the phase change is almost similar however at higher frequencies
there is a deviation in the phases, where a higher phase deviation is
observed for serpentine channel electrolyser than the OPCF channel
electrolyser.

Further analysis on the effect of water flow rate was carried out to
identify its effect on the OPCF channel electrolyser. Since the current
density is highest at a water temperature of 70 °C, it is evident that
the generating flow rates of hydrogen and oxygen will be high.
Therefore, these values were measured in the typical water flow rate
range from 10 to 30 ml/min in intervals of 5 ml/min as shown in
Fig. 16 Because the PEM electrolyser generates hydrogen and oxygen
with de-ionized water, the flow rates of hydrogen and oxygen
increased as the input current density increased.

It is however indicative from the graphs that higher circulat-
ing water flow rates does not help in increasing the hydrogen or
oxygen flow rates. From the generated results the highest hydro-
gen flow rate is observed at a water flow rate of 20 l/min and
any flow higher than that causes a reduction in the generated
hydrogen or oxygen flow rate. This is due to the residence time
of the circulating water in the MEA where the conversion occurs.
Also, this can be linked to the electrolyser entering a turbulent
mode of operation where the higher flows are hindering its over-
all performance.
lue Thermal Species

H2 O2 H2O

343K 0 0 1
343K 0 0 0
343K 0 0 0
343K 0 0 0

V � 1.8V 343K N/A
343K N/A



Fig. 18. Concentration (kmol/m3) of hydrogen at the serpentine cathode channel for simulated voltage levels (a) 1.3 V (b) 1.4 V (c) 1.5 V (d) 1.6 V (e) 1.7 V.

Fig. 19. Concentration (kmol/m3) of oxygen at the serpentine anode channel for simulated voltage levels (a) 1.3 V (b) 1.4 V (c) 1.5 V (d) 1.6 V (e) 1.7 V.
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Fig. 20. Even distribution of the velocity field in the anode stream.
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4.2. Numerical results and discussions

Computational Fluid Dynamic (CFD) modelling tools and many
researchers employed CFD tools in their studies to develop and
Fig. 21. Concentration (kmol/m3) of hydrogen at the mesh cathode channel for si
optimize the bipolar flow plates. ANSYS, Inc. is an engineering simu-
lation software (computer aided engineering or CAE) developer that
makes use of CFD, FEM and some various types of programming algo-
rithms for simulation and optimization. Any project simulation con-
ducted in ANSYS involves five steps for the completion of the project
(geometry creation, meshing, simulation setup, running the calcula-
tions and post processing). CFD programs are often used to predict
the flow patterns and regimes, velocity profiles, and pressure gra-
dients in parts of the fuel cell components or through the full flow
plates and flow fields. The flow plates used in this study are designed
to cover an active area of approximately 115 cm2. This is basically the
active area being used by the electrolyser MEA. Some of the key
parameters which are very necessary to consider when designing a
flow plate channel layout are the distribution of pressure on the GDL
and membrane, pressure drop in and through the flow plate, distri-
bution of temperature on the GDL and membrane, consistent reactant
concentration over the whole active area of the GDL and membrane,
membrane hydration and mitigation of flooding. To validate the
numerical model it must be in perfect agreement with the results
from the experiment conducted. From the results gathered for both
scenarios, they were in perfect agreement, showing the validity of
the numerical model which can be seen in the later part of Sec-
tion 4.2.1.
4.2.1. Mesh quality and dependence
One of the key steps in the CFD simulation process is the creation

of the mesh. The collection of differential and algebraic equations
that describe the process are solved (approximated) using different
techniques at these mesh elements. The meshing process breaks the
domain in small entities that constitute the mesh. For a valid CFD
simulation, the results obtained need to be independent of the mesh
size or the type of elements used, and convergence studies are
mulated voltage levels (a) 1.3 V (b) 1.4 V (c) 1.5 V (d) 1.6 V (e) 1.7 V (f) 1.8 V.



Fig. 22. Concentration (kmol/m3) of Oxygen at the mesh anode channel for simulated voltage levels (a) 1.3 V (b) 1.4 V (c) 1.5 V (d) 1.6 V (e) 1.7 V (f) 1.8 V.

Fig. 23. Concentration of Hydrogen (kmol/m3) at the OPCF cathode channel for simulated voltage levels (a) 1.3 V (b) 1.5 V (c) 1.7 V (d) 1.8 V.
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Fig. 24. Concentration of Oxygen (kmol/m3) at the OPCF anode channel for simulated voltage levels (a) 1.3 V (b) 1.5 V (c) 1.7 V (d) 1.8 V.
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necessary to ensure this. The size of the mesh and grid elements
types can be modified by using the controls of the meshing engine of
ANSYS.

The quality of the mesh plays a significant role in the accuracy and
stability of the numerical computation. The attributes associated with
mesh quality are node point distribution, smoothness, and skewness.
Regardless of the type of mesh used in a domain, checking the quality
of mesh is essential. Depending on the cell types in the mesh (tetra-
hedral, hexahedral, polyhedral, etc.), different quality criteria are
evaluated.

In this investigation, three different designs with complex geome-
tries were studied. This therefore required an overall different mesh
dependency test and a different element size for each of the flow
plate assemblies. The most complex geometry studied is the open
pore cellular foam material channel. One of the main aspects widely
used in ANSYS simulation is the skewness, which has a significant
impact on the accuracy of the numerical solution. ANSYS specifies
that “a general rule is that the maximum skewness for a triangular/
tetrahedral mesh in most flows should be kept below 0.95, with an
average value that is less than 0.33. A maximum value above 0.95
may lead to convergence difficulties. Therefore, the mesh quality cri-
teria for all the simulations carried out was set to a lower skewness
as shown in Fig. 17. In the case of OPCF material flow channel, ANSYS
uniform meshing was considered, with a maximum number of nodes
of 1,100,523 and around 2,524,879 number of elements.

Once the mesh was carefully studied and validated, the rest of the
modifications to be made on the existing flow plates were simulated
in CFD with finely divided grid. This helps improves the resolution
and gives better prediction of the pressure drop that occurs through
the selected fluid domain. The next stage of the simulation process is
to carry out simulations for the different flow channels used in the
making of PEM electrolyser.

The serpentine flow channel design has been widely studied and
implemented by several researchers around the world and it is con-
sidered as the standard for flow design in most fuel cells. Several
companies use this design as their main flow plate design in
manufacturing of PEM fuel cells because it supports the full usage of
the active area and coverage of gas at reasonable pressure losses. In
this work this design was used to draw a comparison on different
flow channels. Table 1 shows the simulation parameters and the
properties used. Table 2 shows the boundary conditions for the CFD
analysis in ANSYS.

In order to evaluate the effect of flow channel on the performance
of electrolyser, all the boundary conditions were kept similar in all
the simulations. The mesh quality as discussed was set to skewness
metrics and a total of 800 iterations were carried out to get



Fig. 25. Concentration of Hydrogen at the cathode interface of the membrane (kmol/m3) for simulated voltage levels (a) 1.3 V (b) 1.5 V (c) 1.7 V (d) 1.8 V.
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converging results. ANSYS simulation of the ‘fuel cell and electrolyser
module’ takes into consideration of the energy balance between the
anode and the cathode. This energy balance is based on several fac-
tors such as the types of species (H2, O2, H2O), temperature, and the
boundary conditions acting on it. By determining the voltage level at
the current collector, the energy equation evaluates the correspond-
ing current density required for the electrolyser to generate the spe-
cies, laminar flow within the channels and membrane dynamics. In
the simulation, the conversion criteria was set on the energy equa-
tion, with a tolerance of 1e�6.

Fig. 18 and Fig. 19 shows the concentration of hydrogen and oxy-
gen in the serpentine flow channel of the PEM electrolyser at the
cathode and anode respectively. Around 800 iterations were carried
out to get convergence for each set of results beginning from 1.3 V to
1.7 V as shown in Fig. 18(a) � (e) and Fig. 19(a) � (e). Hydrogen and
oxygen concentration increase with increasing voltage. Fig. 18(a) to
18(e) shows the effect of input voltage on the concentration of hydro-
gen in the serpentine channels. Since the temperature set at the
boundary of the electrolyser was at 313 K (40 °C) there was not
enough energy for the electrolyser to generate ample amount of
hydrogen. This can be seen in Fig. 18(a) where the blue region in the
outlet of the serpentine channel suggest no hydrogen leaving the
channel. Most of the hydrogen that is generated is in the bottom half
of the channel. On applying higher voltages, the amount of hydrogen
being produced is higher and is based on the amount of current. The
evolution of amount of hydrogen at the outlet can be seen to increase
with the highest concentration at the outlet as shown in Fig. 18(e) at
2.8 £ 10�2 kmol/m3. It is a known fact that however serpentine chan-
nel provides a full MEA coverage for the reactant, due to the high-
pressure losses the serpentine channel provides a lower overall per-
formance. There is a high inlet pressure on the inlet channels. This
pressure gradually drops from the inlet to the outlet, a clear indica-
tion that the pressure within the MEA decreases from inlet to the out-
let as expected. The mass transport and the general performance of
the electrolyser are governed by these characteristics of the PEM
electrolyser. There is an even distribution of the velocity field of the
water throughout the entire flow plate and the flow covers the full
area of the MEA being supplied with the reactant (Deionised water)
as shown in Fig. 20. The serpentine flow plate design ensures a con-
stant flow of the fluid through the channels and this in effect helps
remove any excess liquid that may condense in the electrolyser such
as water that may block the channels by transporting it to the outlet
easily. However, any gas that is generated will not be able to escape
the channel due to the constant flow of the reactant. The results indi-
cate that the use of serpentine channel for electrolyser will work but
it is not efficient way of producing hydrogen.

Fig. 21 and Fig. 22 shows the concentrations of hydrogen and oxy-
gen for a mesh channel PEM electrolyser. In comparison to the ser-
pentine channel where the gas flow was only available through the
serpentine channel only, the concentration at the very beginning of



Fig. 26. Concentration of Oxygen at the anode interface of the membrane (kmol/m3) for simulated voltage levels (a) 1.3 V (b) 1.5 V (c) 1.7 V (d) 1.8 V.
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was very low at the outlet of the channel. However, the mesh channel
shows a clear indication that due the geometry of the flow channel
the generated hydrogen and oxygen has an easier passage to escape.
This can be seen by the green colour clearly indicating significant
amount of hydrogen is escaping at the outlet as shown in Fig. 21(a) �
(f). Also as the voltage begins to increase, the amount of current also
increases. This increase is indicative of the increase in the hydrogen
and oxygen concentration in both Fig. 21 and Fig. 22. A ten times
higher concentration of hydrogen gas of 1.5 £ 10�3 kmol/m3 is
recorded for Mesh flow channel at 1.7 V to that observed for the ser-
pentine flow channel of 1.5 £ 10�4 kmol/m3 at the same voltage
level.

Fig. 23 shows the concentration of hydrogen in the cathode chan-
nels. These are indicated by the path lines. The path lines shows the
flow of the gas through and upward at the outlet of the channel. A
significant difference is seen in the performance of the electrolyser as
indicated by the concentration levels at the outlet. Due to the
increase in the pore size provided by the foam and a uniform geomet-
ric flow of the reactant, which covers the entire region of the mem-
brane � it provides an overall increase in the performance of the
electrolyser. This can be seen in comparison to Fig. 23 where the
OPCF channel at 1.7 V provides a concentration at the outlet of
2.2 £ 10�3 kmol/m3 which is 1.5 times higher than that of the mesh
channel observed at the same voltage level.

Fig. 24
Fig. 25 and Fig. 26 show the concentration of the hydrogen and
oxygen at the respective membrane interface to the cathode and
anode part of the channel. The distribution of hydrogen and oxygen
concentration provide a definitive indication that the hydrogen and
oxygen gases are escaping the channel more efficiently than that
observed for either serpentine or mesh flow channels.

Fig. 27 draws a comparison on the performance of the electrolyser
using different flow plates. These results have been evaluated by tak-
ing the steady state value of hydrogen and oxygen concentration at
the outlet of the flow plates. The measured value is after successful
convergence of the data. It can be seen from Fig. 27(a) and (b) that
both hydrogen and oxygen concentration increase significantly using
the OPCF channel in comparison to the other flow plates.

Fig 28 shows the polarisation curve for the simulation results
obtained after individual iterations for each type of electrolyser with
different flow channels. During the simulation it was observed that
for the case of serpentine channel, the results never converged
beyond a cell voltage of 1.7 V. However for the case of mesh and
OPCF flow channels the results converged beyond 1.8 V. The polarisa-
tion curve clearly distinguishes the performance of the electrolyser
based on the type of flow channel used. It can be seen that the perfor-
mance of the OPCF flow channel electrolyser is 1.5 times higher than
that of the mesh channel electrolyser where a current density of
1.2A/cm2 is recorded for OPCF channel electrolyser.



Fig. 27. Concentration of (a) hydrogen and (b) oxygen for different flow plate chan-
nels. The results indicate peak concentration at the outlet of the flow plate at voltages
1.3 V to 1.7 V.

Fig. 28. Polarisation curves for serpentine, mesh and OPCF channel PEM electrolyser.
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Conclusion

The general performance of an electrolyser depends highly on the
pressure drop as well as the velocity of the water as it flows through
the flow channel. High drop in pressure indicates that the flow of
water to the reactive site would be low. Therefore, the rate at which
hydrogen will be released due to the electrochemical reaction will be
lower. To increase the overall performance of the electrolyser differ-
ent types of flow channels were considered. Initial investigation was
carried out using PEM fuel cells, as open pore cellular foam material
flow channels have been widely studied and have shown better over-
all performance.

In order to analyse the effect of OPCF material on the performance
of PEM electrolysers, 3D CFD simulations were carried out in ANSYS
Fluent using the fuel cell and electrolyser module available in that
package. It was found that in within the voltage range of 1.3 � 1.7 V,
the OPCF material flow channel had the highest oxygen and hydro-
gen concentration. Compared to the performance at 1.3 V the concen-
trations increased 10 times at 1.7 Vs for the OPCF channel achieving a
steady state hydrogen concentration of 2.5 £ 10�3 kmol/m3 .

A study on the effect of the type of flow channel was also under-
taken by performing a series of laboratory experiments. A balance of
plant was created for the electrolyser. Water flow rate and tempera-
ture of the water was varied to assess the effect on the performance
of the electrolyser based on three different types of flow channels. It
was found that the OPCF material flow channel operating at a tem-
perature of 70 °C and water flow rate of 20 l/min gave the best perfor-
mance amongst other electrolyser assemblies. The experimental
results show that using an OPCF flow plate (porous channel) outper-
formed the mesh and serpentine flow plate, recording 2.5 V at 1.4A/
cm2. This is in excess of approximately 17% improvement on the cur-
rent density of the benchmark mesh flow plate under the same oper-
ating conditions operating at 2.5 V.

Ohmic losses are one of the key performance metrics and high
resistances are indicative of low performing electrolysers. Electro-
chemical impedance spectroscopy was therefore performed at open
circuit voltage conditions and it was found by the Nyquist plot that
OPCF material flow channel provided the lowest resistance compared
with other flow plates. A vey small resistance of 0.3 ohm was mea-
sured in comparison to 1.2 ohm for the serpentine channel electro-
lyser. The work finally concluded that, in comparison to the
serpentine and mesh flow design, the open pore cellular foam mate-
rial was a suitable option for a PEM electrolyser.
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