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ABSTRACT

Anion Exchange Membrane Water Electrolysis (AEMWE) technology plays an important role in achieving efficient 
and sustainable energy conversion. There are many factors contributing to the performance of the AEMWE. This 
study aims to investigate the effects of parallel flow field design on fluid transport within AEMWE systems. While 
PEMWE properties are well-documented, comprehensive analysis of AEMWE performance, especially regarding 
catalysts, flow fields, and bipolar plate fluid dynamics, remains limited. Advancements in these areas are crucial 
for enhancing electrolyzer efficiency and durability. Through ANSYS Fluent Computational Fluid Dynamics (CFD) 
simulations, seven flow field models were evaluated, revealing the critical influence of flow field geometry on 
pressure distribution, hydrogen concentration, and current density. The single-inlet parallel flow field design 
demonstrated superior pressure uniformity and operational simplicity, with an optimal channel-to-rib ratio of η = 1, 
improving both efficiency and manufacturability. The results also show that while increasing voltage enhances 
hydrogen production, it introduces flow turbulence and localized flooding risks, necessitating precise control of 
operational parameters. The simulation achieved a hydrogen concentration of 35.52 mol/m³ under standard operating 
conditions, with an improved RMSE of 0.0274, reflecting better accuracy than earlier models. These findings 
underscore the importance of optimizing both geometric and operational factors to enhance the performance and 
reliability of AEMWE systems. This research opens the path for efficient energy conversion processes and contributes 
to the advancement of sustainable energy technologies.
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INTRODUCTION

The increasing concerns about global warming and climate 
change have accelerated the shift toward clean and 
renewable energy sources. The current energy landscape 
is predominantly fueled by fossil resources, posing a dual 
challenge (Hassan et al. 2024). This reliance significantly 
contributes to the emission of greenhouse gases (GHG), 
particularly carbon dioxide (CO2), intensifying the problem 
of climate change. Addressing this issue requires a shift 
towards cleaner energy alternatives. Hydrogen energy 
offers a clean, renewable alternative to fossil fuels, emitting 
only water vapor during use, which helps reduce 

greenhouse gas emissions and address environmental 
challenges (Mohd Igbal et al. 2018). Hydrogen can be 
produced through various processes, with steam-methane 
reforming and electrolysis being the two dominant methods 
(US Energy Information Administration, 2023). Water 
electrolysis stands out as a particularly promising 
technology due to its potential for harnessing renewable 
energy sources like solar and wind to generate hydrogen 
(Brauns & Turek, 2020; Shiva Kumar & Himabindu, 2019). 
This method produces ultra-pure hydrogen (greater than 
99.999%) in an environmentally friendly manner, making 
it a critical technology for sustainable energy transitions 
(Abdul et al. 2019; Noor Azam et al. 2023). Hydrogen, the 



3744

most abundant element in the universe, serves as a versatile 
and efficient energy carrier, offering a viable alternative to 
fossil fuels for power generation (Gielen et al. 2019; 
Momirlan & Veziroglu, 2005). Recent developments in 
nuclear-hydrogen energy systems and renewable energy-
powered electrolysis plants have further increased interest 
in hydrogen as a key player in decarbonizing energy 
systems (Carmo et al. 2013; Grigoriev et al. 2020). This 
positions water electrolysis as a cornerstone technology 
for producing green hydrogen without carbon emissions.

Water electrolysis technologies can be broadly 
categorized into four primary types: alkaline water 
electrolysis (AWE), proton exchange membrane water 
electrolysis (PEMWE), solid oxide water electrolysis 
(SOWE), and anion exchange membrane water electrolysis 
(AEMWE) (Shiva Kumar & Lim, 2022). AEMWE 
integrates the benefits of both AWE and PEMWE, 
providing a more economical, compact and efficient system 
with rapid response capabilities and substantial operational 
capacity (IONOMR 2020). The advancement of electrolysis 
technology towards commercialization has been impeded 
by various obstacles, such as challenges related to mass 
transport, incomplete electrochemical reactions, and the 
high costs of production (Teuku et al. 2021). To address 
these challenges, an extensive investigation was carried 
out, including mathematical modeling simulations, to better 
comprehend the actual conditions present during the 
electrolysis process, with a particular focus on aspects such 
as mass transport. Most of the research activities in the 
field of AEMWE are conducted based on experimental 
methods, and a small number of studies have been devoted 
to modeling by (Moradi Nafchi et al. 2024). An et al. (2014) 
has developed a one-dimensional mathematical model to 
analyze mass transfer, charge transfer, and electrochemical 
reactions in anion exchange membrane electrolyzers. They 
examined the effects of current density, membrane 
thickness, and saturation coefficient on overvoltage and 
electrolyzer performance under steady-state and isothermal 
conditions. In a study by Moradi Nafchi et al. (2024), a 
numerical model was developed to investigate how cell 
temperature and cathode pressure affect electrolyzer 
performance, considering various factors contributing to 
performance degradation. The researchers used a double 
serpentine flow field pattern. Their findings showed that 
the maximum current density and hydrogen concentrations 
were achieved at a temperature of 343 K, a pressure of 1 
bar, and an applied voltage of 1.85 V. However, their 
research faces certain limitations such as perfect water 
management, which do not fully capture the complexities 
of real-world AEMWE performance. The study provides 
limited exploration of flow field design, a crucial element 
in optimizing pressure distribution and gas transport. 

In contrast, this study expands upon these limitations 
by conducting a detailed parametric investigation into flow 
fields and fluid dynamics within AEMWE systems. 
Specifically, this study evaluates seven flow field models 
and demonstrates that the single-inlet parallel flow field 
design offers superior pressure uniformity and operational 
simplicity. The specific simulation methods, settings, and 
conditions employed in this study are detailed in Tables 1 
and 2, offering transparency and reproducibility, but they 
also inherently limit the scope of the findings to the 
scenarios modeled. Additionally, the reliance on numerical 
simulations, while advantageous for gaining detailed 
insights into the physical phenomena within the electrolyser, 
can introduce uncertainties due to assumptions and 
simplifications made during the modeling process. For 
instance, the model assumes ideal operating conditions and 
uniform material properties, which might not fully reflect 
the variability encountered in real-world applications.

The main purpose of this study is to investigate the 
effects of parallel flow field designs on fluid transport and 
overall performance within AEMWE systems, focusing on 
optimizing hydrogen production efficiency and uniformity. 

Various flow field designs are employed to optimize 
fluid transport and enhance overall performance, including 
parallel, serpentine, interdigitated, spiral, and grid patterns. 
Among these, parallel flow fields were selected due to their 
ability to provide a uniform flow distribution, lower 
pressure drop, and reduced flow resistance, which 
collectively enhance system efficiency and minimize 
energy losses. While much research has been conducted 
on Proton Exchange Membrane Water Electrolyzers 
(PEMWEs), the impact of flow field geometry and bipolar 
plate designs on AEMWEs remains underexplored. By 
employing a fully three-dimensional numerical model in 
ANSYS Fluent, this study evaluates critical parameters 
such as pressure distribution, hydrogen concentration, and 
current density while considering electrochemical losses. 
These efforts aim to bridge the gap in understanding 
AEMWE performance, offering valuable insights into the 
optimization of parallel flow field designs for improved 
electrolyzer performance.

MODEL DESCRIPTION

The AEMWE model was designed with realistic cross-
sectional dimensions of commercial bipolar plates. The 
model was incrementally developed through 1D, 2D, and 
3D geometries. Additionally, the model was validated and 
optimized using a series of experimental measurements 
under various conditions. The complete electrolyser cell 
system includes bipolar plates, an anion exchange 
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membrane, catalyst layers, and gas diffusion layers. As 
illustrated at Figure 1, the anion exchange membrane plays 
a critical role by selectively allowing hydroxyl ions (OH⁻) 
to pass while preventing the flow of protons (H⁺). This 
mechanism enables the segregation of the cathode and 
anode reactions. At the anode, water undergoes oxidation, 
generating oxygen gas and releasing hydroxyl ions that 
migrate across the membrane. Simultaneously, the water 
electrolyte used at the anode, containing a small 
concentration of potassium hydroxide (KOH), ensures 
membrane hydration but is not introduced on the cathode 
side, which remains dry. On the cathode side, these 
hydroxyl ions are reduced, facilitating the hydrogen 
evolution reaction (HER). This reaction demonstrates how 
water molecules passing through the membrane are reduced 
to generate hydrogen gas, illustrating the efficiency of 
AEMWE in hydrogen production through selective ion 
transport and precise electrochemical control. The dry 
cathode design reduces water crossover, ensuring higher 
hydrogen purity at the cathode while the anode’s water 
circulation sustains the system’s overall function (Wang, 
2020). For this study, the focus on ensuring the bipolar 
plates ensure the uniform current distribution across the 
electrode surface for consistent electrochemical reactions.

FIGURE 1. Schematic view of the process in anion exchange 
membrane electrolyzer (Moradi Nafchi et al. 2024).

NUMERICAL MODELING 

CONTINUITY EQUATION 

The continuity equation in all zones, including flow 
channels, diffusion layers, catalyst layers, and the 
membranmembrane e is as follows (Moradi Nafchi et al. 
2024). It is mathematically expressed as:

(1)

(2)

Where 𝜀 is the porosity of each region that is zero for 
bipolar plates, and one 1 for flow channels.   The continuity 
equation ∇ ∙ (𝜀𝜌 ) = 0 ensures that mass is conserved in a 
system, accounting for the fluid’s density (ρ), the available 
volume for flow (ϵ), and the fluid’s velocity (u). This Eq. 
(1) and Eq. (2), applies across all regions of the system, 
including flow channels, diffusion layers, catalyst layers, 
and the membrane.

MOMENTUM EQUATION 

The momentum equation in the porous medium zones is 
modified using Darcy law as follows (Atyabi et al. 2019): 

(3)

Where SP is the source term in the momentum 
equation. The left side (∇ ∙ (𝜀𝜌 ) of Eq. (3) represents 
the momentum flux due to convection, while the right-side 
accounts for the momentum flux influenced by pressure 
and viscosity. The third term (𝑆𝑃) in Eq (4), which 
represents the source term, is negligible because of the 
high permeability in the anode and cathode channels. For 
the catalyst and diffusion layers, considering the porous 
nature of the media and low flow velocity, Darcy’s law is 
applied as described in (Gostick et al. 2006): 

(4)

Here,  is the velocity, k is the permeability, and μ is 
the fluid viscosity. Where KP represents the permeability 
of the porous media, it is determined using the following 
equation Eq. (5) by Atyabi et al. (2019), permeability is a 
measure of how easily a fluid can flow through a porous 
material. Higher permeability indicates less resistance to 
flow:

(5)

𝑑𝑝 is the characteristic diameter of the pores within 
the porous medium. It describes the average size of the 
openings through which the fluid flows. As defined earlier, 



3746

𝜀 is the porosity, which is the fraction of the total volume 
of the material that is open space (voids).

SPECIES CONSERVATION

The conservation equation for each gaseous species is 
linked to Fick’s law and is expressed as follows (Afshari, 
2020):

(6)

This equation Eq. (6) describes the balance of spesies 
j in the system. The term on the left side represents 
convective transport of species j, where 𝜀 is the porosity, 

 is the velocity vector, and Cj is the concentration of 
species j. The first term on the right side represents diffusive 
transport, where Dj

eff]​ is the effective diffusion coefficient 
of species j. The second term Sj​, represents the source term 
related to the consumption or production of species j, which 
is only active in the catalyst layers and membrane.

ENERGY CONSERVATION

The fundamental expression for the energy equation is 
presented as follows:

(7)

In this equation Eq. (7), (𝜀𝜌Cp 𝑇) represents the 
convective heat transfer, (Keff∇T) represents the conductive 
heat transfer,Sh denotes the source term in the energy 
conservation equation. This term accounts for the heat 
generated due to ohmic resistance, the irreversibility of 
electrochemical reactions, and the heat produced by the 
reactions themselves, as described in Eq. (8) (Afshari, 
2020):

(8)

In this expression:

RohmI2 represents the heat generated due to ohmic resistance 
in the electrolyser, where:
• Rohmis the ohmic resistance,
• I is the current passing through the system.

 represents the heat generated or lost due to 
activation losses, where:

• Ra,c is the area-specific resistance of the anode
and cathode,
• hact is the activation overpotential, accounting
for energy losses in the electrochemical reactions.

hreaction represents the heat generated by the chemical 
reactions themselves, which includes the heat released 
during the exothermic reactions occurring at the catalyst 
layers.

ELECTRIC CHARGE CONSERVATION

In an AEMWE overpotential at the cathode and anode arise 
from the potential difference between the solid phase and 
the membrane. Overpotential refers to the additional 
voltage required at the cathode and anode, exceeding the 
theoretical voltage necessary to drive electrochemical 
reactions. This excess voltage results from resistance to 
charge transfer and other system losses, particularly due 
to the potential difference between the solid phase 
(comprising the electrode and other conductive materials) 
and the membrane (which facilitates ion transport). To 
maintain charge conservation, electron transfer occurs 
across the bipolar plates, diffusion layers, and catalysts, 
while hydroxide ions migrate through the membrane. The 
equation governing electric charge conservation is 
represented as follows:

(9)

This is Eq. (9), which represents the electric charge 
conservation equation. In this equation:
• φS the electric conductivity of the solid phase 

(electrode and conductive materials),
• φS is the electric potential in the solid phase,
• SφS is the source term representing the current

density (or transfer current) generated within the
catalyst layers.

The source term SφS is particularly considered within
the anode and cathode catalyst layers and is defined as 
follows:

For the Anode:

(10)

h
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This is Eq. (10), where:
1. ja represents the current density at the anode.
2. The negative sign indicates that the current

density is directed away from the anode catalyst
layer, representing electron consumption at the
anode.

For the Cathode:

(11)

In this Eq. (11),SφS represents the source term for the 
volume transfer current and is specifically considered 
within the anode and cathode catalyst layers, jc represents 
the current density at the cathode. The positive sign 
indicates that the current density is directed toward the 
cathode catalyst layer, representing electron production at 
the cathode.

 CONDITIONS AND NUMERICAL SOLUTION 
PROCEDURE

The governing equations are solved using the finite volume 
method. This study adopts a single-domain model, selected 
for its superior accuracy and simplicity compared to the 
multi-zone approach. In this framework, boundary 
conditions are applied solely at the external boundaries, 
eliminating the need for internal boundary conditions. The 
SIMPLE algorithm is employed to solve the coupled 
velocity and pressure equations. For the inlet boundary 
conditions in both the cathode and anode channels, the 
mass flow rate is specified, which is determined by the 
current density required for AEMEC operation. To prevent 
backflow and ensure convergence, the outlet boundary 
conditions in the cathode and anode channels are defined 
by specifying the relative static pressure.

WALLS 

All surfaces, except for the inlet and outlet, are modeled 
as walls with no-slip velocity conditions. Additionally, a 
zero-flux condition is imposed on other relevant parameters. 
For the wall temperature, either a constant temperature or 
a zero-flux condition can be applied.

METHODOLOGY

This study investigates the impact of parallel flow field 
designs on fluid transport, electrochemical performance, 
and overall efficiency in AEMWE systems. In this context, 

the term “flow field” refers to the arrangement and 
geometry of flow channels within the electrolyzer, which 
guide the electrolyte and gas flow during operation. Seven 
distinct flow field configurations were analyzed, including 
single-channel, double-channel, and four-channel designs, 
with variations in the channel-to-rib ratio (η=0.66, 1.00, 
1.50). Additionally, flow fields with single-inlet, double-
inlet, and quadruple-inlet parallel channel arrangements 
were evaluated.

The choice of flow field geometry significantly 
influences key performance metrics such as pressure 
distribution, hydrogen concentration, and current density. 
The single-channel flow field provides a simple path for 
fluid transport but may experience uneven pressure and 
current distribution due to limited pathways. Double-
channel designs improve flow uniformity by offering an 
additional pathway, thereby enhancing mass transport and 
reducing pressure losses. Quadruple-channel designs 
further optimize flow distribution by introducing multiple 
inlets and outlets, ensuring more balanced flow and 
minimizing stagnation zones. However, the complexity of 
these designs may increase fabrication challenges and 
pressure drop.

Channel-to-rib ratios also play a crucial role in 
determining performance. Higher ratios (η=1.5) prioritize 
wider channels, which reduce flow resistance and enhance 
hydrogen transport but may compromise structural support. 
Conversely, lower ratios (η=0.66) emphasize rib width, 
improving mechanical stability while potentially increasing 
pressure drop and reducing hydrogen transport efficiency. 
The intermediate ratio (η=1.0) offers a balance between 
these factors, providing sufficient structural integrity and 
fluid transport efficiency.

The geometry depicted in Figure 2a shows a simplified 
3D model where flow channels run parallel channel used 
in this study, providing a clear visualization of the fluid 
paths for both inlet and outlet of the flow. The flow patterns, 
as shown in Figure 2b, highlight the dynamics at the inlet 
and outlet regions. The simulation captures the velocity 
gradients, which are essential in predicting the performance 
of the electrolyzer, including factors such as mass transport, 
pressure losses, and the overall distribution of current 
density.

The process begins with the construction of Geometry 
using ANSYS DesignModeler, where the 3D shape of the 
AEMWE is sketched to ensure smooth transfer of geometry 
into ANSYS Fluent. DesignModeler and Fluent are 
designed to work in harmony, with features like Shared 
Topology simplifying the workflow.
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TABLE 1. AEMWE dimension parameters
Component Parameter
Bipolar Plate (BP) Height 2 (mm)
Gas Diffusion Layer (GDL) 
Thickness

200 (µm)

Catalyst layer thickness 10 (µm)
Membrane thickness 70 (µm)
Channel height 1 (mm)
Channel width 1 (mm)

The geometry of the bipolar plate has a surface area 
of 51 mm × 51 mm, featuring 25 channels and 26 ribs, each 
with a thickness of 1 mm. This design facilitates the 
meshing process later. All components are designated as 
fluid domains except for the bipolar plate, which is defined 
as a solid. The next step involves generating the mesh for 

the 3D model. Due to the complex geometry of the 
AEMWE, the mesh is created individually by activating 
one component at a time. The process begins with the 
catalyst layer and membrane, followed by the channels, 
bipolar plate, and GDL layer. Each mesh surface (Figure 
3) must be labeled to simplify the assignment of boundary
conditions in ANSYS Fluent.

The meshing process was repeated with three different 
sizes (0.20 mm, 0.25 mm, 0.50 mm) for grid independence 
testing as shown in Figure 4. The quality of the mesh was 
assessed using parameters such as element quality and 
aspect ratio. Given that the channels in this study have a 
rectangular shape, the mesh can be considered high quality. 
Additionally, seven different flow field designs were 
constructed with varying parameters, including single-
channel, double-channel, and four-channel configurations.

FIGURE 2. a) 3D Geometry of Parallel Anode and Cathode Channels in the AEMWE System, b) Flow Visualization of the Parallel 
Inlet and Outlet Design

FIGURE 3. Fine mesh of the AEMWE model. a) Overal1 mesh view, b) Zoom-in mesh view
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FIGURE 4. Mesh size of AEMWE Model. a) 0.20 mm, b) 0.25 mm, c) 0.50 mm.

The channel-to-rib ratio, denoted as η, plays a 
significant role in determining the efficiency of gas 
distribution and pressure drop in electrochemical systems 
in AEMWE as shown in Eq. (12). This ratio represents the 
proportion of the channel width to the rib width in the flow 
field. Optimizing this parameter is essential for ensuring a 
uniform distribution of reactant gases across the electrode 
surface while minimizing pressure loss. The channel-to-rib 
ratio, denoted as η, can be calculated using the formula:

(12)

Where Wchannel is the width of the flow channel, and 
Wrib is the width of the rib that separates adjacent channels. 
This ratio is a critical parameter for optimizing the flow 
distribution and pressure drop across the electrodes in 
AEMWE systems, as it directly affects the reactant 
distribution and electrochemical reaction efficiency. 

FIGURE 5. Visual illustration of Channel-to-rib Ratio (η) at 0.66, 1.00, and 1.50 (from left to right).

The channel-to-rib ratio, η, was also varied with ratios 
of 1.5, 1, and 0.66 (Figure 5). Boundary conditions are a 
critical element in CFD simulations. While most of this 
data is obtained from online journals, some parameters are 

not provided due to confidentiality. Consequently, these 
parameters are either sourced from other journals or 
estimated, which may result in less optimal boundary 
conditions compared to previous studies.

TABLE 2. Physical and electrochemical properties of AEMWE
Parameter Value
Overall Voltage 1.55 (V)
Membrane Density 1092.7 (kg/m3)
Specific heat of membrane, catalyst, GDL, BP 833, 3300, 871, 830 (J/kgK)
Membrane thermal conductivity, catalyst, GDL, BP 0.95, 1, 3, 200 (W/mK)
Membrane electrical conductivity, catalyst, GDL, BP 10-7, 750, 1250, 200,000 (S/m)
Operating temperature 343 K

continue ...
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Operating Pressure 1 (bar)

Reference anode and cathode current density 6.815, 0.0000572 (A/m3)
Reference concentration of hydrogen and oxygen 0.0564, 0.00339 (kmol/m3)
Anode and cathode transfer coefficients 0.5, 0.5
Porosity GDL and catalyst 0.6, 0.5
GDL and catalytic abilities 6.2x10-12

... cont.

Additional parameters obtained include a flow rate of 
0.1 g/s and a membrane electrolyte conductivity of 10 S/m 
(Xiao et al. 2012). The open-circuit voltage is set at 1.23 
V for water electrolysis without a catalyst. These 
parameters need to be incorporated into the potential/
electrochemistry model using alkaline water electrolysis. 
Before running the simulation, the mesh size must be 
specified in mm. The model should be initialized using 
Standard Initialization with parameters such as a 
temperature of 343 K and a volume fraction set to 1. This 
process ensures that all boundary conditions are set and 
that there are no significant errors in the parameters. 
According to ANSYS guidelines, the simulation should be 
run for 20 iterations without electrochemical effects to 
achieve current  f low stabi l i ty.  Subsequent ly, 
electrochemistry is activated, and the full simulation is 
performed. This step ensures a more stable and smooth 
simulation. The model is initialized using Standard 
Initialization, with the temperature set to 343 K and the 
volume fraction set to 1. This initialization process ensures 
that all boundary conditions are accurately defined, thereby 
minimizing the likelihood of significant parameter errors. 
According to ANSYS guidelines, the initial simulation 
should be conducted for 20 iterations without accounting 
for electrochemical effects, allowing for the stabilization 
of current flow. Once stability is achieved, electrochemical 
effects are introduced, and the complete simulation is 
performed.

BOUNDARY CONDITIONS AND NUMERICAL 
SOLUTION APPROACH

The finite volume method is employed to solve the 
governing equations in this study. A single-domain model 
is adopted to achieve high accuracy while maintaining 
greater simplicity compared to the multiple-zone approach. 
In this method, boundary conditions are only applied at 
the external boundaries, avoiding the need for specifying 
conditions at all internal boundaries. The SIMPLE 
algorithm is utilized to couple velocity and pressure 
equations. An iterative procedure is executed to solve the 
equations until the residuals fall below an acceptable 
threshold.

EXTERNAL BOUNDARY CONDITIONS

1. INLET AND OUTLET
The mass flow rate serves as the inlet boundary
condition for both cathode and anode channels,
depending on the current density required for
AEMWE operation. To prevent backflow and
convergence issues, the outlet boundary condition
specifies relative static pressure at the outlets of
the cathode and anode channels. The inlet and
outlet temperatures (40, 50, 60, 70 °C) are set to
match the operating temperature of the AEMWE.

2. WALLS
All surfaces, excluding the inlets and outlets, are
modeled as walls with no-slip velocity conditions 
to ensure that the velocity at the wall interface is
zero. For thermal boundary conditions, the wall
temperature is defined based on the specific
scenario under consideration. In cases where the
walls are thermally insulated, a zero-flux
condition is applied to simulate adiabatic
behavior, ensuring no heat transfer across the wall 
boundaries. Conversely, when the walls are
subjected to external heating or cooling, a
constant temperature value is assigned, typically
corresponding to the operating temperature of the 
AEMWE system.

ELECTRICAL BOUNDARY CONDITIONS

The anode electrode voltage is set to zero as a reference, 
while the cathode electrode voltage is equal to the applied 
voltage. The applied voltage accounts for the thermodynamic 
potential, activation overpotentials, ohmic losses, and 
concentration overpotentials, ensuring accurate simulation 
of the electrochemical processes.

GRID INDEPENDENCE STUDY

To ensure the numerical results are independent of grid 
resolution, a grid independence study was conducted. 
Current density was evaluated for two grid configurations, 
with 666,439 and 1,058,400 computational cells, at an 
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applied voltage of 1.85 V. The observed difference in 
current density was only 0.7%, indicating grid independence. 
Therefore, 666,439 computational cells were selected for 
the study.

RESULTS AND DISCUSSION

GRID INDEPENDENCE TEST

To determine an optimum mesh size for the simulation, 
three different mesh sizes (i.e. 0.50 mm, 0.25 mm and 0.20 
mm) were assessed. The corresponding hydrogen gas
concentrations and computation times for each mesh size
are presented in Table 3. In general, fine meshes provide
higher resolution and more accurate results but demand
significantly more computational resources and time. In
contrast, coarser meshes are less detailed but require less
computational time.

TABLE 3. Effect of Mesh Size on Hydrogen Gas 
Concentration and Computation Time

Mesh Size 
(mm)

Hydrogen Gas 
Concentration (mmol/m³)

Computation 
Time (hours)

0.50 3.83 1.5
0.25 3.64 4.2
0.20 3.59 7.5

As shown in the Table 3, the 0.5 mm mesh size 
required the shortest computation time of 1.5 hours, 
resulting in a hydrogen concentration of 3.83 mmol/m³. 
The 0.25 mm mesh size provided a hydrogen concentration 
of 3.64 mmol/m³, with a computation time of 4.2 hours. 
In contrast, the 0.20 mm mesh size resulted in a hydrogen 
concentration of 3.59 mmol/m³ but required a significantly 
longer computation time of 7.5 hours. It can be observed 
that the computation time increased from 1.5 hours to 4.2 
hours – approximately three times longer – when the mesh 
size was halved. However, further reducing the mesh size 
by only 0.05 mm nearly doubled the computation time, 
with only a 1% change in hydrogen gas concentration. The 
minimal gain in accuracy from reducing the mesh size to 
0.20 mm did not justify the near doubling of computational 
effort. Thus, the 0.25 mm mesh was selected to ensure both 
reliable simulation results and manageable computation 
time.

The observed differences in hydrogen concentration 
can be attributed to the capability of finer meshes to resolve 
critical gradients within the computational domain, 
including velocity, temperature, and species transport. The 
0.25 mm and 0.20 mm meshes effectively capture the 
spatial variations in hydrogen production due to their higher 
resolution. However, the negligible difference 

(approximately 1%) in hydrogen concentration between 
these two mesh sizes indicates that further refinement 
beyond 0.25 mm does not reveal any additional significant 
physical phenomena. This finding demonstrates that the 
0.25 mm mesh sufficiently resolves the key gradients in 
the domain.

In contrast, the 0.50 mm mesh exhibits a notable 
overestimation of hydrogen concentration compared to the 
finer meshes. This discrepancy underscores the inability 
of the coarser mesh to accurately capture the underlying 
physical processes, such as diffusion and reaction 
dynamics, that govern hydrogen production.

The selection of the 0.25 mm mesh strikes an optimal 
balance between physical accuracy and computational 
efficiency. While finer meshes, such as the 0.20 mm, 
demand nearly double the computational time, they offer 
no substantial improvement in resolving the physical 
phenomena of interest. Therefore, the 0.25 mm mesh 
provides sufficient physical fidelity without incurring 
excessive computational costs, reflecting a well-reasoned 
and physically grounded compromise.

EFFECT OF FLOW FIELD ON THE PRESSURE 
DISTRIBUTION

Seven parallel flow fields were constructed to investigate 
the pressure distribution in the AEMWE cell. Figure 6 
illustrates the configurations of these seven parallel flow 
fields and their corresponding pressure distributions with 
different channel-to-rib ratios (η) and numbers of inlets. 
Figs. 6 (a, b and c) depict single-inlet parallel flow fields 
at η of 0.66, 1.00 and 1.50, respectively, and Fig 6 (d, e 
and f) represent double-inlet parallel flow fields with the 
same η values. Figure 6 (g) presents a quadruple-inlet 
parallel flow field designed with η of 1.00. By systematically 
varying the channel-to-rib ratio across these designs, the 
simulation was able to identify pressure distribution within 
the cell, which correlates to the anions transfer through the 
membrane. While sufficient pressure is essential to ensure 
effective anion penetration, it is crucial to recognize that 
excessively high pressure demands increased energy input, 
which can negatively impact overall system efficiency. The 
energy expenditure in this context is reflected by the 
pressure drop along the flow channels. Given that the 
primary objective of AEMWE technology is to achieve 
low-cost hydrogen production, identifying an optimal 
balance between pressure and energy efficiency is crucial. 

Both single-inlet (Figs. 6 (a, b and c)) and double-inlet 
(Figs. 6 (d, e and f)) parallel flow fields designs show a 
similar trend of increasing pressure drop as the channel-
to-rib ratio increases. The total pressure loss of each design 
is presented in Table 4. Notably, the total pressure loss of 
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single-inlet parallel flow field at η of 0.66 is the highest 
among the seven designs. This pressure drop is caused by 
fluid resistance within the channels, where viscous friction 
between the fluid layers and the channel walls opposes the 
motion of the fluid, gradually reducing pressure along the 
flow path. Pressure loss indicates how much the pump 
needs to compensate for the lost pressure, and lower 

pressure loss could save energy. A higher channel-to-rib 
ratio leads to greater energy losses. Narrower channels 
reduce the surface area available for chemical reactions, 
while smaller rib widths hinder effective electrical flow, 
thereby decreasing the overall performance of the 
AEMWE.

TABLE 4. Total Pressure Loss from Inlet to Outlet
Channel-to-Rib 

Ratio (η)
0.66 1.0 1.5

Numbers of inlets Total Pressure Loss (Pa)
Single 142.22 90.97 63.74
Double 91.69 58.70 41.52

Quadruple - 40.39 -

While total pressure drop is an important consideration 
in AEMWE design, pressure distribution along the channel 
is also critical. The double-inlet flow field design (Figs. 6 
(a, b and c)) exhibits uneven pressure distribution, with a 

significantly higher pressure drop on the right half side 
compared to the left half side. In addition, quadruple-inlet 
parallel flow field design, as shown in Figure 6 (g), 
experiences even higher pressure drops. 

FIGURE 6. Total pressure distribution flow field designs with varying channel-to-rib ratios: (a, b, c) Single-inlet parallel, (d, e, f), 
Double-inlet parallel and (g) Quadruple-inlet parallel.
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This imbalance in pressure distribution leads to 
inefficiencies, as some areas of the membrane experience 
higher chemical reactions while others remain underutilized. 
This inefficiency is particularly evident in the low-pressure 
zones (indicated in blue) where electrochemical activity is 
reduced. 

On the other hand, a relatively simple single-inlet 
parallel flow field offers better pressure distribution 
uniformity. This configuration simplifies both manufacturing 
and operational processes by eliminating the need for 
complex flow control mechanisms commonly found in 
multi-inlets systems. By simplifying the design, a single-
inlet flow field promotes more uniform pressure across the 
membrane, reducing fluctuations that can disrupt the 
reaction environment. With these advantages in mind, the 
single-inlet parallel flow field was selected for further 

analysis. Considering both total pressure loss and pressure 
distribution uniformity, a channel-to-rib ratio of η = 1 
appears to be the optimal balance, ensuring effective 
reaction conditions with minimal pressure drop and 
consistent flow behavior across the membrane.

EFFECT OF APPLIED VOLTAGE ON THE 
DISTRIBUTION OF HYDROGEN GAS 

CONCENTRATION

Based on the analysis above, the configuration of single-
inlet with channel-to-rib ratio of 1.0 was chosen for further 
evaluation on the hydrogen gas concentration distribution 
at different applied voltage of 1.75 V, 1.80 V, 1.85 V, 1.90 
V, 

FIGURE 7. Hydrogen mass concentration distribution along the channel at different applied voltage.
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1.95 V and 2.00 V, respectively, as shown in Figure 7. 
In a single-inlet parallel flow field design in an AEMWE, 
the observed hydrogen concentration distribution – low at 
the inlet, peaking in the middle, and decreasing toward the 
outlet – can be explained by several key factors involving 
flow dynamics, electrochemical reactions, and mass 
transport limitations.

Firstly, hydrogen is produced through the hydrogen 
evolution reaction (HER) at the cathode as the electrolyte 
flows through the cell. At the feed inlet, the hydrogen 
concentration is low because the fluid entering the cell 
contains little or no hydrogen. As the fluid travels along 
the channels, the electrochemical reaction begins to 
generate hydrogen. The concentration gradually increases 
as more hydrogen is produced, reaching a peak around the 
middle of the flow field. This is where the flow distribution 
is typically more uniform, and the pressure is more stable, 
allowing the reaction to proceed efficiently. In the middle 
of the cell, the hydrogen concentration peaks due to 
favorable mass transport conditions. The flow slows down 
slightly, providing more time for hydrogen to accumulate. 
Additionally, the flow field is more evenly distributed in 
this region, facilitating uniform electrochemical reactions. 
As a result, hydrogen production reaches its maximum in 
the middle of the cell. As the fluid approaches the outlet, 
the hydrogen concentration drops again. This decrease is 
due to the flow dynamics at the outlet, where the fluid exits 
the system more quickly, reducing the time available for 
hydrogen to accumulate. Moreover, the reaction rate 
decreases as the surface area available for hydrogen 
production becomes less efficient at the end of the flow 
path. The hydrogen produced in the middle is also being 
carried toward the outlet, and by the time it reaches the 
end, the reaction zones may no longer contribute as 
effectively to the overall hydrogen generation. Thus, the 
hydrogen concentration profile is shaped by the interplay 
of flow behavior, pressure distribution, and electrochemical 
reaction processes within the cell.

Hydrogen generation is primarily driven by the 
hydrogen evolution reaction (HER) at the cathode, which 
scales directly with current density. Higher applied voltages 
result in increased current densities, thereby intensifying 
the electrochemical reaction rate and leading to a 
corresponding rise in hydrogen concentration along the 
flow path. At lower voltages, such as 1.75 V, the current 
density is insufficient to drive significant hydrogen 
production, resulting in low hydrogen concentrations and 
limited reaction activity. When the voltage surpasses this 
threshold, the current density increases, promoting 
hydrogen generation, particularly in regions where flow 
and mass transport conditions are optimized. The peak 
hydrogen concentration observed in the middle of the flow 
field can be attributed to uniform flow distribution and 

stable pressure, which create favorable conditions for 
efficient electrochemical reactions.

The relationship between hydrogen concentration and 
current is a direct consequence of Faraday’s law, where the 
rate of hydrogen production is proportional to the current 
passing through the system. An increase in current density 
leads to a higher rate of HER, thereby increasing the rate 
of hydrogen production per unit area. This correlation is 
evident in the distribution of hydrogen concentration along 
the flow field, as regions with higher current densities 
exhibit higher hydrogen generation rates. Conversely, areas 
with lower current densities produce less hydrogen, 
highlighting the importance of achieving a uniform current 
density for efficient hydrogen production and distribution.

Moreover, fluid mechanical effects, such as gas bubble 
dynamics, play a critical role in shaping the hydrogen 
concentration profile at elevated voltages. As hydrogen 
production intensifies, the accumulation of gas bubbles 
alters the flow regime, transitioning it from laminar to 
transitional or turbulent. While this turbulence can improve 
mixing and mass transport, it may also impede gas removal, 
causing localized flooding and uneven gas transport. The 
observed correlation between current density and hydrogen 
concentration underscores the intricate coupling between 
electrical and fluid mechanical processes.

While higher current densities enhance hydrogen 
production, they also introduce complexities such as 
increased flow resistance and bubble-induced instabilities. 
Achieving optimal system performance requires a careful 
balance between these factors, ensuring uniform hydrogen 
distribution, efficient mass transport, and mitigation of 
operational challenges such as flow instabilities and 
pressure drops. Understanding the interplay between 
current density and hydrogen concentration is essential for 
optimizing the design and operation of AEMWE systems, 
ultimately maximizing efficiency and reliability.

EFFECT OF APPLIED VOLTAGE ON THE 
DISTRIBUTION OF CURRENT DENSITY

Figure 8 illustrates the distribution of current density on 
the surface of the gas diffusion layer (GDL) at different 
applied voltage. Three applied voltage of 1.90 V, 1.95 V 
and 2.00 V were selected based on their association with 
the highest hydrogen concentration distribution, as shown 
in Figure7.  When a voltage is applied across the anion 
exchange membrane, it drives electrochemical reactions 
that result in hydrogen generation. When a voltage is 
applied across the anion exchange membrane, it drives the 
electrochemical reactions that result in hydrogen 
generation. The current density at the ribs is generally 
higher than at the channels. However, there are no 
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significant changes in current density distribution along 
the channels. The plot reveals that the difference in current 
density between channels and ribs increases as the applied 
voltage increases from 1.90 V to 2.00 V. This non-uniform 
current distribution can lead to localized heating, 
accelerated degradation of materials, and potential hot spots 
in the GDL. These localized effects can negatively impact 
the overall efficiency and durability of the electrochemical 
cell, as uneven wear can reduce the system’s lifespan and 
performance.

To enhance the performance and durability of the 
system, it is critical to achieve a more uniform current 
distribution across the surface of the GDL. Such uniformity 
ensures that the entire GDL actively participates in 
hydrogen production, thereby increasing system efficiency. 
The contour plots reveal that an increase in the voltage 
across the AEM results in a corresponding rise in current 
density, highlighting the importance of managing voltage 
levels to prevent localized current concentrations. These 

concentrations can induce material stress and create 
imbalances that reduce system efficiency. Therefore, 
precise regulation of both voltage and current distribution 
is essential for optimizing performance and ensuring the 
system’s long-term reliability.

At applied voltage of 1.90 V (Figure 8 (a)),  the contour 
plot illustrates a relatively low current density, particularly 
along the mid to lower sections of the channel. However, 
as the applied voltage increases to Figure 8b 1.95 V and 
then to Figure 8c  2.0 V, the color intensity in the contour 
plots noticeably intensifies, indicating a significant rise in 
current density within the channels. This change in color 
gradient suggests that higher voltages lead to more 
concentrated electric current flow, further emphasizing the 
importance of careful voltage control to avoid overstressing 
components and to maintain a balanced, efficient system. 
The linear relationship between current and voltage, as per 
Ohm’s Law, is evident here, with the current density 
increasing proportionally to the voltage.

FIGURE 8. Current density distribution along the channel at different applied voltage.

EFFECT OF APPLIED TEMPERATURE ON 
THE DISTRIBUTION OF CURRENT 

DENSITY

The distribution of current density at different operating 
temperatures was simulated under a constant voltage of 
1.90 V, using the single-inlet parallel flow field design with 
a channel-to-rib ratio of η = 1, selected for its superior 
pressure uniformity and operational simplicity. As 
illustrated in Figure 9, the results demonstrate a clear trend 
of improvement in electrochemical performance with 
increasing temperature. At 40 °C, the current density 
magnitude is relatively low, averaging 0.09 A/m², with a 
uniform but weak distribution. As the temperature increases 
to 50 °C, the current density improves to 0.31 A/m², 
indicating enhanced electrochemical reaction rates. This 
trend continues at 60 °C, where the current density reaches 
0.75 A/m², and becomes most pronounced at 70 °C, 

achieving a current density of 1.37 A/m². These results 
highlight the significant influence of temperature on 
electrochemical performance. This progression highlights 
the significant influence of temperature on AEMWE 
performance. The observed improvement is attributed to 
multiple temperature-dependent factors. Firstly, higher 
temperatures reduce the ohmic resistance of the membrane, 
primarily by enhancing ion mobility and improving 
membrane and electrolyte conductivity. This effect 
facilitates faster reaction kinetics, which is reflected in the 
elevated exchange current densities. Furthermore, 
temperature reduces the viscosity of the electrolyte, 
enabling better gas bubble evacuation, which minimizes 
mass transfer limitations. The increased diffusion 
coefficients for hydrogen and oxygen in aqueous solutions 
also support efficient transport of reactants and products, 
further contributing to the enhanced performance.
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FIGURE 9. Current density distribution along the channel at different temperatures.

Moreover, temperature affects the bubble dynamics 
in the electrolyzer. At higher temperatures, bubble 
detachment becomes more efficient, reducing the coverage 
of the catalyst surface by bubbles and enabling sustained 
electrochemical activity. Studies in similar systems have 
shown that oxygen bubble size and number increase 
significantly with temperature, enhancing bubble 
coalescence and evacuation (Li et al. 2018). This behavior 
is evident at 70 °C, where the current density distribution 
demonstrates the most significant improvement, supported 
by the reduced overpotentials (activation, ohmic, and 
diffusion) and improved cell efficiency. Collectively, these 
results underscore the critical role of temperature 
optimization in achieving higher current density and better 
performance in AEMWE systems.

POLARIZATION CURVE ANALYSIS

The polarization curve for an AEMWE electrolyzer for 
simulation using ANSYS shows the relationship between 
the current density (j) and the applied voltage (V). This 
curve is essential for evaluating the electrolyzer’s 
performance and identifying factors limiting its efficiency. 
As shown in Figure 10 (a), the curve initially shows a steep 
rise in voltage with increasing current density, corresponding 
to the activation overpotential. This is the energy required 
to overcome the activation barrier for the electrochemical 
reactions occurring at the electrodes. Subsequently, the 
slope becomes less steep, approximately between 0.20 and 
0.40 A/cm², indicating the dominance of ohmic losses 

associated with the resistance of the electrolyte and 
membrane. In this ohmic region, the voltage increases 
linearly with current density. At very high current densities 
(0.40 – 0.64 A/cm3), the voltage rises rapidly again due to 
mass transport limitations. In this region, the rate of reactant 
supply to the electrodes becomes insufficient to sustain the 
reaction rate, leading to increased applied voltage and 
decreased efficiency. The efficiency of electrolyzer is 
determined by how much electrical energy is converted 
into chemical energy (hydrogen production) (Koponen, 
2020). This efficiency is inversely proportional to the 
applied voltage and can be significantly impacted by mass 
transport limitations.

Figure 10 (b) presents the plot of applied voltage 
against hydrogen gas concentration, providing insights into 
the relationship between the applied voltage and the 
resulting concentration of hydrogen gas produced within 
the system. The graph highlights how changes in voltage 
influence the production rate and concentration of hydrogen 
gas, which is a critical factor in optimizing the efficiency 
of the electrochemical process. From the plot, it can be 
observed that as the voltage increases, there is a 
corresponding rise in hydrogen gas concentration. This 
trend suggests that higher voltages enhance the 
electrochemical reactions responsible for hydrogen 
generation, leading to a greater concentration of hydrogen 
in the system. However, it is important to note that this 
increase in concentration may not continue indefinitely, as 
certain operational limits may be reached where further 
voltage increases result in diminishing returns or potential 
system inefficiencies. The plot also serves as a valuable 
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tool for identifying the optimal voltage range for hydrogen 
production. By analyzing the curve, it is possible to 
determine the voltage levels at which the system operates 
most efficiently, producing the maximum hydrogen 
concentration without excessive energy consumption.

MODEL VALIDATION

Figure 11 shows a comparison between the polarization 
curve obtained from the simulation by Moradi Nafchi et 
al. (2024), experimental data from Xiao et al. (2012) and 
the results of this study (Figure 10 (a)) that were conducted 
at a temperature of 70 °C and a pressure of 1 bar. The 
deviation from the experimental data is generally within 
an acceptable range. However, some discrepancies between 
the experimental data and simulation results can be 
attributed to assumptions in the simulation model that may 
not fully capture real-world conditions, where variables 
such as temperature and pressure are challenging to control 
precisely (Winsberg, 2003). Additionally, the formation of 

gas bubbles on the catalyst surface, which was not 
considered in the simulation, which may slightly reduce 
performance, by impeding water contact with the catalyst 
and decreasing the efficiency of the water-splitting reaction 
(Nouri-Khorasani et al. 2017).

Despite these factors, the simulation model used in 
this study provides a performance estimate that closely 
aligns with experimental and previous simulation results, 
indicating that it offers a reliable estimate of AEMWE 
performance. When comparing the simulation results of 
this study with those of Xiao et al. (2012), this study shows 
a consistent underestimation throughout the simulation, 
whereas Moradi Nafchi et  al .  (2024) exhibits 
underestimation below 0.46 A/cm² and overestimation 
beyond that current density. To assess the accuracy of the 
simulation compared to the experimental results, Root 
Mean Square Error (RMSE) is used to quantify the average 
magnitude of the error between simulated and experimental 
values, with lower values indicating closer agreement. The 
equation of RMSE (Eq. (13)) is as follows:

FIGURE 10. a) Polarization curve, b) Plot of applied voltage against hydrogen gas concentration.

FIGURE 11. Comparison of polarization curve between simulation by Moradi Nafchi et al. (2024) and experimental data by Xiao 
et al. (2012) and simulation results of this study
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consistent underestimation throughout the simulation, 
whereas Moradi Nafchi et  al .  (2024) exhibits 
underestimation below 0.46 A/cm² and overestimation 
beyond that current density. To assess the accuracy of the 
simulation compared to the experimental results, Root 
Mean Square Error (RMSE) is used to quantify the average 
magnitude of the error between simulated and experimental 
values, with lower values indicating closer agreement. The 
equation of RMSE (Eq. (13)) is as follows:

(13)

Where, yexp, i ​ represents the experimental value at point 
i, ysim, i is the corresponding simulated value, and  n is the 
total number of data points.

The calculated RMSE values for this study and by 
Moradi Nafchi et al. (2024) are 0.027 and 0.051, 
respectively, with the RMSE of this study being slightly 
lower than that of Moradi Nafchi et al. (2024) indicating 
that the simulation model in this study has a better fit and 
improved accuracy. These findings suggest that this study 
more accurately captures the behavior observed in the 
experimental data, likely due to improvements in modeling 
assumptions or parameter calibration.

The differences observed between the simulation 
results of this study and those obtained by Xiao et al. (2012) 
in Figure 11 are likely due to the treatment of ohmic losses 
and heat generation within the electrolyzer were treated. 
The study in by Moradi Nafchi et al. (2024) may have 
employed a different approach to model the thermal effects 
and ohmic resistance, leading to a higher predicted applied 
voltage at higher current densities compared to the results 
of this study. Ohmic losses, which increase with current 
density due to resistance in the electrolyte and other cell 
components, cause localized heating that affects the cell 
performance. At high current densities, the increased ohmic 
resistance leads to higher temperatures, which contributes 
to the overall source term of electrical potential in the 
energy equation (Eq. (9)), resulting in more pronounced 
deviations from the experimental data. If thermal 
management and heat dissipation were modeled differently, 
this could explain the divergence in the results in the 
polarization curve of this study.

CONCLUSION

In conclusion, the objectives of this study were successfully 
achieved, to analyze the performance of an AEMWE and 
to compare the performance of different flow field designs. 

The simulation successfully produced 35.52 mol/m³ under 
conditions of 1 bar pressure, a temperature of 70 °C and 
an applied voltage of 1.85 V. 

The findings of this study emphasize the significant 
role of flow field design and operational parameters in 
optimizing the performance of AEMWE systems. 
Specifically, the choice of flow field design greatly 
influences pressure distribution and electrochemical 
activity. The double-inlet and quadruple-inlet designs 
exhibited uneven pressure distribution, resulting in higher 
pressure drops that negatively impacted system efficiency, 
especially in low-pressure regions where electrochemical 
reactions were limited. In contrast, the single-inlet parallel 
flow field design provided improved pressure uniformity, 
simplifying manufacturing and minimizing pressure 
fluctuations that could hinder system performance. 
Additionally, the optimal channel-to-rib ratio of η = 1 
effectively balanced pressure loss and uniformity, 
enhancing the system’s efficiency.

Operational parameters, such as applied voltage and 
temperature, were also found to significantly affect 
hydrogen gas concentration and current density distribution. 
Higher voltages increased hydrogen production, but this 
came at the cost of higher flow turbulence and the risk of 
localized flooding. Furthermore, current density 
concentration increased with higher voltage, emphasizing 
the need for precise voltage regulation to avoid uneven 
electrochemical activity and material stress. Polarization 
curve analysis highlighted a threshold beyond which 
voltage increases provided diminishing returns in 
efficiency, underscoring the importance of identifying 
optimal voltage ranges for operation. Increase temperature  
improves current density of AEMWE systems, rising from 
0.09 A/m² at 40 °C to 1.37 A/m² at 70 °C. Higher 
temperatures enhance ion mobility, electrolyte conductivity, 
and bubble evacuation, reducing mass transfer limitations 
and improving electrochemical performance. These results 
highlight the importance of temperature optimization for 
efficient operation.

Finally, the simulation results in this study demonstrated 
improved accuracy compared to the earlier model by 
Moradi Nafchi et al. (2024), as evidenced by a lower RMSE 
of 0.027, compared to 0.051 in the earlier study. This 
reduction in RMSE reflects a stronger agreement between 
the simulated and experimental data, indicating that the 
model presented in this study more accurately captures the 
behavior of the AEMWE system, providing a more reliable 
foundation for optimizing its performance
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