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ARTICLE INFO ABSTRACT

Keywords: This research concentrates on optimizing hydrogen production via a 1kW electrolyzer powered by renewable
Fuel cell solar energy, specifically targeting efficiency enhancement through adjusting membrane area. The rising global
Hydrogen production demand for clean energy solutions has positioned hydrogen as a pivotal element in the shift toward sustainable
Men,lbrane energy systems. Nonetheless, the efficacy of hydrogen generation via electrolysis continues to pose a challenge,
Environmentally

particularly at reduced scales. This research involved the creation of a comprehensive simulation model utilizing
MATLAB Simulink to investigate the impact of membrane area variations on hydrogen production and overall
system efficiency. The simulation results indicate that optimizing the membrane area can substantially enhance
hydrogen production rates. The system was capable of producing up to 2.5 kg/h of hydrogen, signifying a
substantial enhancement over traditional methods. Moreover, incorporating solar energy as the principal power
source diminishes environmental repercussions while guaranteeing a sustainable and clean approach to
hydrogen production. This research introduces an innovative method for optimizing small-scale electrolyzers,
offering insights applicable to industrial hydrogen production and the integration of renewable energy. The
findings facilitate the advancement of sustainable hydrogen production technologies, consistent with interna-
tional initiatives to diminish dependence on fossil fuels.

particularly through electrolysis, remains a significant challenge, espe-
cially in small-scale systems like the 1kW electrolyzer [3]. Traditional

1. Introduction

Rising living standards, population expansion, and global economic
development contribute to increased energy demand. Nowadays, most
industrial and household energy demands are satisfied by fossil fuels.
Unfortunately, because of their exceptional restrictions, carbon emis-
sions are restricted and are about to catch up with this huge energy
demand [1]. The growing demand for clean and renewable energy
sources has placed hydrogen at the forefront of sustainable energy so-
lutions [2]. However, the efficiency of hydrogen production,

* Corresponding authors.

electrolyzer designs often suffer from inefficiencies related to membrane
performance, leading to suboptimal hydrogen output and increased
operational costs [4]. Furthermore, the integration of renewable energy,
such as solar power, into these systems presents additional technical
complexities in maintaining consistent production rates [5]. Addressing
these issues is critical to ensuring that hydrogen production becomes a
viable and scalable solution for energy generation. This study seeks to
resolve these challenges by optimizing the membrane area within a
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small-scale electrolyzer, thereby improving hydrogen production effi-
ciency while utilizing renewable solar energy. The research provides
insights into how such optimizations can enhance the performance of
electrolyzers, contributing to the broader goal of developing more effi-
cient and sustainable hydrogen production systems.

Due to its plentiful supply and minimal end-use emissions, hydrogen
is a feasible energy carrier. Innovation in hydrogen generation is crucial
to solving environmental issues in a reliable, quick, clean, and
economical way [6]. Furthermore, the electrolyzer in this research is
powered by solar energy. Solar energy is directly converted into elec-
tricity using concentrated solar power from the sun. A concentrated
solar system uses mirrors, lenses, and a tracking system to focus a lot of
sunlight onto a hot point, which is usually used to power up the
mechanism. The primary motivation for using solar energy in this
project is to reduce its negative environmental consequences because it
is a renewable energy source [7]. Most notably, because this device
emits no emissions and primarily powers the electrolyzer with solar
energy, it only needs little maintenance. Because electrolysis generates
large electrochemical potentials, strong oxidants like superoxide and
ozone, and strong reductants like solvated electrons, it speeds up
chemical processes [8].

Electrons are pure, diverse, and redox agents that may speed up and
clean up processes. The use of energy worldwide depletes carbon stocks.
Until technology to trap and utilize carbon dioxide emissions is devel-
oped, natural gas and coal cannot be used externally. Methods for this
re-use include the catalytic synthesis of methanol from carbon dioxide
and hydrogen, as well as the electrolysis or photo-electrolysis of carbon
dioxide with water to make "synthesis gas" (syngas), formic acid, or
methanol [9]. These methods rely on the direct or indirect usage of
electricity, which is now mostly produced by burning fossil fuels, in
electrolyzers (which produce hydrogen through water electrolysis).
Future eco-friendly electrolysis applications need to be fueled by solar
photochemical or photobiological processes or "renewable" energy
sources including hydro, solar, wind, and waves . Hydrogen might be
produced from these energy sources by electrolysis or another
technique.

Several studies have explored various methods of hydrogen genera-
tion, with electrolysis emerging as one of the most promising approaches
due to its ability to produce hydrogen with minimal environmental
impact. Pareek et al. [8] provided a comprehensive overview of
renewable hydrogen energy, emphasizing the role of electrolysis in
achieving carbon-neutral energy systems. Their research highlighted the
integration of renewable energy sources, such as solar and wind, into
electrolysis processes, which is an approach also adopted in this study.
The optimization of electrolyzers for hydrogen production has been
extensively studied, with a focus on improving efficiency and reducing
operational costs. Bessarabov and Millet [10] examined the performance
degradation of Proton Exchange Membrane (PEM) electrolyzers under
high pressure and current density, concluding that membrane optimi-
zation is crucial to maintaining high hydrogen production rates. Simi-
larly, Bernt et al. [11] analyzed gas permeation phenomena in PEM
electrolyzers and emphasized the importance of membrane stability in
long-term operations. These studies underscore the relevance of mem-
brane area in enhancing electrolyzer performance, which aligns with
this study’s focus on membrane optimization in a 1kW system. Brauns
and Turek [12] conducted an extensive review of alkaline water elec-
trolysis powered by renewable energy, providing insights into the effi-
ciency improvements achieved through advanced system designs. Their
work also pointed to the increasing use of solar and wind energy in
driving electrolysis processes, a strategy adopted in this study. The
integration of solar power into electrolyzer systems is further supported
by research from Daneshpour and Mehrpooya [13], who designed and
optimized a combined solar thermophotovoltaic power generation sys-
tem for hydrogen production. This demonstrates the growing interest in
leveraging renewable energy to make hydrogen production more sus-
tainable. In terms of modeling and simulation, Mazumder et al. [14]
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explored the development and performance analysis of a low-cost
hydrogen generation system using locally available materials. Their
research focused on the use of MATLAB Simulink for simulating
hydrogen production processes. MATLAB Simulink has been widely
adopted for modeling electrochemical systems, as it allows for precise
control over variables and the ability to test different operational
scenarios.

Another study by Khan et al. [1] looked into designing optimal in-
tegrated electricity supply configurations for renewable hydrogen gen-
eration, with a focus on minimizing energy losses during the electrolysis
process. Their findings indicated that system optimization, particularly
in terms of energy input, plays a critical role in maximizing hydrogen
production efficiency. In addition, research by Biswas et al. [15]
reviewed the synthesis of methane as a pathway for renewable energy
storage, with a particular focus on solid oxide electrolytic cell-based
processes. Although their work centers on methane, the parallels with
hydrogen production highlight the broader trend of using electrolysis to
convert renewable energy into storable chemical fuels. This further
contextualizes the importance of optimizing electrolyzer performance.
Moreover, Bisquert [7] examined the role of voltage and capacitors in
solar energy conversion, discussing the potential for these technologies
to enhance the efficiency of hydrogen production systems. His work on
the physics of solar energy conversion is particularly focused on the
integration of solar power into the electrolyzer system. Other studies,
such as those by Celik and Yildiz [16], have explored green chemistry
principles in hydrogen production methods, further emphasizing the
need for sustainable approaches to hydrogen energy. Finally, McHugh
et al. [17] explored electrochemical methods for water splitting,
emphasizing the significance of Gibbs free energy and Faraday efficiency
in optimizing the electrolysis process. Their work provided a strong
theoretical foundation for the electrochemical models used in this study.

This study addresses the optimization of hydrogen production in a
small-scale 1kW electrolyzer, powered by solar energy, by focusing on
the impact of membrane area. One of the main challenges in this field is
achieving high hydrogen production efficiency while using renewable
energy sources that can be intermittent, such as solar power. Traditional
electrolyzer designs often face inefficiencies due to the variability in
renewable power and the constraints in membrane material and struc-
ture. In response to these challenges, our study employs a simulation-
based approach that allows for precise control over variables, focusing
on membrane area optimization without the limitations of physical
experimentation. This method enables a practical examination of how
small-scale electrolyzers can maximize efficiency and sustainability. The
novelty of this work lies in its unique focus on membrane optimization
specifically for small-scale systems, filling a gap in current research by
demonstrating how membrane adjustments can support renewable en-
ergy integration in hydrogen production.

In this study, we hypothesize that by optimizing the membrane area
of a 1kW electrolyzer, hydrogen production efficiency can be signifi-
cantly enhanced, particularly when powered by renewable energy
sources such as solar energy. This hypothesis is based on the premise
that key operational parameters, including membrane area and tem-
perature, play crucial roles in the overall efficiency of hydrogen pro-
duction. We aim to achieve higher hydrogen output by systematically
manipulating these parameters while minimizing the environmental
impact. The originality of this work lies in several key contributions.
First, this research presents a novel approach focusing on membrane
area optimization within a small-scale electrolyzer system. While many
studies have explored hydrogen production through electrolysis, few
have specifically examined the impact of membrane area on hydrogen
output, particularly in the context of a 1kW electrolyzer. By addressing
this gap, we provide valuable insights into the scalability of hydrogen
production systems. Second, this study integrates renewable solar en-
ergy as the primary power source for the electrolyzer, emphasizing the
potential for hydrogen production to align with global shifts toward
cleaner energy solutions. By simulating a system powered by renewable
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energy, we demonstrate how solar energy can be harnessed effectively
for hydrogen production, contributing to the reduction of greenhouse
gas emissions. Lastly, the use of MATLAB Simulink as a tool for modeling
and optimizing the hydrogen production process is another innovative
aspect of this research. This approach allows for precise simulation and
control over the electrolysis process, offering a flexible framework that
can be adapted to various operational conditions. By employing this
methodology, we not only validate the hypothesis but also provide a
practical tool for future research and industrial applications. These
contributions underscore the novel nature of this work, positioning it as
a meaningful step forward in the field of hydrogen production and
renewable energy integration.

2. Methodology

This study utilized MATLAB Simulink to model and simulate the
hydrogen production process using a 1kW electrolyzer powered by solar
energy. The key focus of the experiment was to investigate the effects of
varying membrane area on hydrogen production efficiency. The simu-
lation was designed to reflect real-world operating conditions, opti-
mizing the membrane area for higher hydrogen output. The experiment
was divided into several stages. First, a mathematical model was
developed to describe the electrochemical reactions occurring in the
electrolyzer. Key parameters such as temperature, pressure, membrane
area, and current were incorporated into the model. The governing
equations for hydrogen production, including Gibbs free energy,
enthalpy, and Faraday efficiency, were used to calculate the expected
hydrogen output. The electrolyzer’s performance was simulated based
on the input electrical energy and the chemical properties of water.

Next, a series of simulations were run using MATLAB Simulink to
study the effect of changing the membrane area while keeping other
parameters constant. The membrane area was varied in increments to
assess its impact on hydrogen production efficiency, with the output
being measured in terms of hydrogen mass rate (kg/h) and volumetric
rate (m®/h). The experiment also monitored the temperature, current,
and pH values throughout the electrolysis process to ensure stable
operation and to identify any potential optimization opportunities.
Additionally, a renewable solar energy system was modeled to simulate
the power supply for the electrolyzer. The integration of this system into
the simulation allowed for an analysis of the electrolyzer’s performance
under renewable energy conditions. The use of solar energy aligns with
the growing emphasis on sustainable and environmentally friendly
hydrogen production methods. Data from the simulations were collected
and analyzed to determine the relationship between membrane area and
hydrogen production efficiency.

The proton exchange membrane plays a critical role in the electro-
lyzer by facilitating the transport of protons from the anode to the
cathode while preventing the mixing of hydrogen and oxygen gases. This
selective permeability is essential for the efficient operation of the
electrolysis process. In this study, Nafion, a widely used PEM material,
was selected due to its high proton conductivity and stability under
operating conditions typical for hydrogen production systems. Nafion is
known for its chemical resistance and durability, making it an ideal
choice for ensuring long-term electrolyzer performance. The mem-
brane’s ability to operate effectively in a wide range of temperatures and
maintain high proton conductivity contributes significantly to the effi-
ciency of hydrogen production in this system. The choice of Nafion also
aligns with other studies in the field, where it has been shown to
enhance the overall efficiency of electrolyzers operating with renewable
energy sources.

Nafion was chosen as the PEM material in the simulation model due
to its well-documented proton conductivity and durability under elec-
trochemical conditions typical for hydrogen production. A single-layer
configuration was modeled to simplify the system while maintaining
realistic efficiency. The catalysts used in the simulation were platinum-
based, placed on both the anode and cathode, aligning with industry
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standards for PEM electrolyzers. These specifications allowed this study
to focus on optimizing the membrane area in a small-scale electrolyzer
context, maintaining realistic parameters for efficient hydrogen
production.

2.1. Mathematical modelling

In summary, a mathematical model is constructed to depict the
process of hydrogen generation in a hydrogen cell. These equations
include the following factors: entropy, electrolysis resistance, hydrogen
enthalpy, electrode area, electrolytic temperature, and input voltage
and current. The equations are as follows:

H,0(l) + electrical energy — Hay(g) + % O3 (g) (@)
a. Diffusion using GIBBS free energy

The greatest non-expansion work that can be extracted from a closed
system, or the maximum non-expansion work that can be gained by a
completely reversible process, is known as the Gibbs free energy given
by:

AG = AH - (AS x Telct) 2)

This is given by,

AH: Difference of enthalpy
AS: Difference of entropy
AG: Total energy exchange
T: Temperature

b. Voltage of Thermo Neutral Cell

The smallest potential difference between the anode, where oxygen
is released (oxidation), and the cathodes, where hydrogen is released
(reduction), is known as the thermoneutral cell voltage given in the
following :

AH =zFVtn 3

This is given by,
z = number of electrons
F= Faraday Constant

c. Variable voltage of the cell

Reversible cell voltage, or emf (V) for a reversible electrochemical
process is given by calculation,

VrevaF = AG
Vrev = 237.2(kJ/mole)/2 x 9648(C/mole) 4)
=1.229V

* For water splitting, the conventional Gibbs energy is 237 kJ mol—1.
To make the concept practical, we need to divide water at a voltage
greater than 1.229V.

d. The Electrolyzer voltage calculations

The electrolysis cell’s input voltage is given by,

Velectrolysis = Vrev + [ (r1+ (r2*A elect)) X I electrolysis] + 2 s [ log [ 1+
2/T+ B3/T) X T+ 1] A electrolysis (5)

e. Faraday Efficiency

2
Ly
A

Np=—"—"—"3/2 (6)

fot (1%)
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The ratio of "the actual quantity of material released" to "the theo-
retical quantity of material that should have been released, based on
Faraday’s laws of electrolysis" is known as the Faraday Efficiency of
electrolysis.

f. Hydrogen Flow Rate (1/h)

el
Q= z_g % 3600 x 0.224136 x 1000 @]

- Total Efficiency

_QE
ntotal = AG (8)

3. Results and discussions

Fig. 1

Using the Simulink model that illustrates the construction of a Proton
Exchange Membrane (PEM) electrolyzer system by connecting a mem-
brane electrode assembly (MEA) to two distinct moist air networks and a
thermal liquid network is found. As a component of an electrical system,
a hydrogen electrolyzer model offers a framework for conducting trade
studies to reduce water usage, hydrogen generation, and electrolyzer
stack efficiency. To model a green hydrogen production system like a
microgrid, a hydrogen electrolyzer with electrochemical reactions,
water and hydrogen handling, and thermal management systems can be
coupled with an energy storage system and a renewable energy source
like a solar array or wind farm [18].

3.2. Data obtained on electrolyzer

Table 1 shows the data obtained on electrolyzer performance. Fig. 2
shows the outcome of the electrolyzer, and it explains the data collected
from the electrolyzer to produce hydrogen. The first data shows the
current flow; it clearly states that steady flow is obtained after 8000s
runtime. Next, the data obtained for the pH value of the water was
slightly above 6, which shows the property water obtained was alkaline
for the entire electrolysis process [19]. Lastly, the electrolyzer’s
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Table 1
Data obtained on electrolyzer performance.
Parameter Initial Final Observation
Value Value
Current (A) High Low Significant decrease after 8000s
(initial) (steady) indicating stabilization.
Temperature 300 340 Gradual rise, improving electrolysis
(K) efficiency.
pH level 6.1 6.1 Stable, indicating proper electrolyte

balance.

temperature data was collected, showing temperature increases when
time goes long. As temperature increases, the efficiency of the electro-
lyzer also increases in generating hydrogen. The first graph shows the
variation of the current (i_heat) over time, measured in amperes (A).
Initially, the current is high, indicating that a significant amount of
electrical energy is being supplied to the electrolyzer [20]. As time
progresses, the current gradually decreases, which suggests that the
system is becoming more efficient in utilizing the electrical energy for
hydrogen production. The steady decline in current could be attributed
to several factors, including stabilizing the electrolyzer’s internal pro-
cesses, improving electrolyte solution conductivity, or optimizing the
membrane electrode assembly [21]. The reduction in current over time
is a positive indicator, as it implies that less electrical energy is required
to maintain the hydrogen production process [22]. This can lead to cost
savings and increased overall efficiency of the electrolyzer system. It
also suggests that the electrolyzer is operating stably, with minimal
fluctuations in energy consumption, which is essential for consistent
hydrogen production. The pH level remains relatively constant, slightly
above 6, throughout the simulation. This stability in pH indicates that
the electrolyzer effectively maintains the acidity or alkalinity of the
electrolyte solution, which is crucial for the efficient functioning of the
electrolysis process. A stable pH level is important because significant
fluctuations can affect the efficiency of the hydrogen production process
[23]. For instance, if the pH were to become too acidic or too alkaline, it
could lead to increased resistance within the electrolyzer, thereby
requiring more energy to sustain the production process [12]. The slight
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Fig. 1. of the Electrolyzer Matlab Model.
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Fig. 2. Hydrogen collection.

alkalinity observed in the graph suggests that the electrolyte solution is
within an optimal range for efficient hydrogen production, minimizing
energy losses and maximizing output. The temperature gradually in-
creases from approximately 300K to 340K. This increase in temperature
is expected, as the electrolysis process generates heat [24]. The gradual
temperature rise can enhance the efficiency of the hydrogen production
process, as higher temperatures typically improve the reaction kinetics,
leading to faster hydrogen generation. However, it is crucial to manage
the temperature to prevent overheating, which could damage the elec-
trolyzer components or reduce the lifespan of the system. Temperature
management is critical in small-scale electrolyzer systems, as it directly
influences reaction kinetics and component durability. In this study, an
operating temperature range of 300K to 340K was found to be optimal,
enhancing the hydrogen production rate without compromising the
system’s stability. While higher temperatures can accelerate hydrogen
generation by improving reaction kinetics, exceeding 340K may lead to
material degradation, especially in the PEM and catalyst layers. There-
fore, maintaining temperatures within this range ensures sustained ef-
ficiency and prolongs the electrolyzer’s operational lifespan. The
observed temperature increase suggests that the electrolyzer is oper-
ating within a safe range, as the temperature rise is steady and does not
exhibit any abrupt spikes. This steady increase indicates effective ther-
mal management within the system, possibly through cooling mecha-
nisms or thermal regulation strategies.

3.3. Hydrogen production

Table 2 shows the data on hydrogen production. These results show
the production of hydrogen possessed by all parameters mentioned
above in the methodology. The above figure shows two different graphs
with two different outputs, which are known as Hydrogen Volumetric
Rate and Hydrogen Mass Rate. The reading of the Hydrogen Volumetric
rate is taken in m3/hr, whereas the reading of the Hydrogen Mass Rate is
taken in kg/hr. Both readings are conducted in different aspects. At the
beginning, the hydrogen mass rate starts at approximately 1.5 kg/hr.

Table 2
Hydrogen production data.

This initial production rate establishes the baseline efficiency of the
electrolyzer system. The step-like pattern suggests that the system ex-
periences periodic improvements or optimizations, possibly due to ad-
justments in operating conditions, such as temperature, pressure, or
current. These increments could also result from the stabilization of the
electrolysis process as the system warms up and reaches optimal oper-
ating conditions [25]. Towards the end of the simulation period, the
hydrogen mass rate stabilizes around 2.5 to 3 kg/hr. This indicates that
the electrolyzer system reaches a steady-state operation, maintaining a
consistent production rate.

The gradual and consistent increase in the hydrogen mass rate over
time is a positive indicator of the electrolyzer’s efficiency. The stabili-
zation at a higher production rate suggests that the system’s perfor-
mance improves as it runs, likely due to optimal electrochemical
reactions and efficient energy use [26]. Fig. 3 illustrates the Hydrogen
Volumetric Rate over time, measured in cubic meters per hour (m%/hr).
The graph shows a sharp decline initially, followed by a more gradual
decrease that levels off as time progresses. At the start, the volumetric
rate is very high, around 20 m%/hr. This peak can be attributed to the
initial surge in hydrogen production when the electrolyzer is first acti-
vated [27]. The high initial rate indicates that the system is capable of
producing a large volume of hydrogen quickly. Following the initial
peak, the volumetric rate rapidly decreases within the first 2000 s. This
decline suggests that the initial high production rate is not sustainable,
possibly due to the depletion of readily available reactants or the system
adjusting to a more stable and efficient operating state [28]. After the
rapid decline, the volumetric rate levels off and continues to decrease
gradually, eventually stabilizing at around 1 to 2 m>/hr. This indicates
that the system finds a balance between production rate and resource
consumption, achieving a steady-state operation. The initial high volu-
metric rate indicates a strong start, but the rapid decline and subsequent
stabilization suggest that the system undergoes a settling phase where it
optimizes resource use and energy consumption [29]. The incremental
increases in the mass rate graph imply that, over time, the system be-
comes more efficient in converting energy into hydrogen, leading to
higher mass production rates. The final stabilization of both rates re-
flects the electrolyzer’s ability to maintain consistent performance once
optimal operating conditions are achieved.

The increase in hydrogen production in the 1kW electrolyzer model
was closely related to changes in three key operational parameters:
temperature, pressure, and current. In the simulation, the temperature

Time Hydrogen Volumetric Hydrogen Mass Rate System Efficiency
(s) Rate (m°/h) (kg/h) (%)

1000 20 1.5 70

5000 10 2.0 80

8000 1-2 2.5 86.4

of the system was observed to rise from an initial value of 300K to a final
value of 340K. This increase in temperature enhanced the
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electrochemical reaction kinetics, leading to more efficient hydrogen
production [30]. Higher temperatures typically lower the activation
energy for electrolysis, resulting in faster hydrogen generation [31].
Similarly, the current supplied to the electrolyzer initially spiked before
stabilizing as the system reached a steady operational state. The initial
current was high, indicating that significant electrical energy was being
supplied to the electrolyzer [32]. As the current decreased and stabilized
over time, the system became more efficient in utilizing this energy for
hydrogen production. In the simulation, the final current value that led
to steady hydrogen production was approximately 82 % of the initial
current. While the simulation was conducted under a standard atmo-
spheric pressure of 1 atm, the results suggest that varying the pressure
could further influence hydrogen production rates. Higher pressures
typically increase the solubility of hydrogen in water, which could result
in higher production rates, although this was not varied in our model
[33]. The steady-state operation observed at approximately 340K and a
stable current allowed the electrolyzer to achieve a hydrogen production
rate of up to 2.5 kg/h.

3.4. Efficiency of electrolyzer

Fig. 4 shows the working efficiency of the electrolyzer. The efficiency
reading is based on the production of the hydrogen. The hydrogen

eff
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075}

07t 4
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Fig. 4. Efficiency of the Electrolyzer.

production efficiency keeps on increasing from 1000s to 10,771.9s
which shows the effectiveness of hydrogen production is very high. The
provided graph illustrates the efficiency of an electrolyzer over time,
measured in seconds (s). At the start of the recorded period (around
1000 s), the electrolyzer’s efficiency is approximately 0.70, or 70 %.
This initial efficiency indicates the electrolyzer’s baseline performance
when it begins operating [34]. Several factors can influence this initial
efficiency, including the system’s initial setup, the temperature of the
electrolyte, and the current supplied to the electrolyzer [35].

As time progresses, there is a noticeable and steady increase in effi-
ciency. This upward trend suggests that the electrolyzer becomes more
efficient as it continues to operate [36]. The efficiency improvement can
be attributed to several factors such as the electrolyzer operation, the
system stabilizes, and various parameters such as temperature, pressure,
and electrolyte concentration reach optimal levels, enhancing the effi-
ciency of the electrolysis process. Initial losses due to start-up condi-
tions, such as lower temperatures or suboptimal reactant distribution,
are minimized over time, leading to higher efficiency. The electro-
chemical reactions within the electrolyzer may become more favorable
over time, especially as the temperature increases, improving hydrogen
production’s kinetics [37]. After about 8000 s, the rate of increase in
efficiency begins to slow down, eventually reaching a plateau. By the
end of the recorded period (around 10,771.9 s), the efficiency reaches
approximately 0.864, or 86.4 %. This plateau indicates that the elec-
trolyzer has reached a near-optimal operating efficiency, where further
improvements are marginal [38]. The final efficiency of 86.4 % is a
significant improvement from the initial 70 %. This high level of effi-
ciency suggests that the electrolyzer is well-optimized for hydrogen
production, making effective use of the electrical energy supplied to it.

The accuracy of the MATLAB Simulink model used in this study was
evaluated through a multi-step validation process. First, the mathe-
matical equations governing the electrolysis process, such as those for
Gibbs free energy, enthalpy, and Faraday efficiency, were cross-checked
against established theoretical values from the literature. The results
from the simulation were then compared to data reported in previous
studies on hydrogen production using electrolyzers of similar scale and
design. Specifically, the hydrogen production rates and system effi-
ciency values obtained from the model aligned well with those observed
in experimental studies conducted by Bessarabov and Millet [10] and
Bernt et al. [11], which demonstrated similar trends in membrane area
optimization and its impact on hydrogen output.
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4. Conclusions

This study explored the optimization of hydrogen production using a
1kW electrolyzer powered by renewable solar energy, with a specific
focus on enhancing efficiency through the manipulation of membrane
area. Through detailed simulations using MATLAB Simulink, we
demonstrated that varying the membrane area has a significant impact
on the overall hydrogen production rate. Specifically, by optimizing the
membrane area, the system was able to achieve a hydrogen production
rate of up to 2.5 kg/h, which represents a notable improvement over the
traditional method. The findings from this study highlight the impor-
tance of membrane optimization in small-scale electrolyzers, especially
when integrated with renewable energy sources. The use of solar energy
as the primary power source not only aligns with global efforts to reduce
carbon emissions but also enhances the sustainability of hydrogen pro-
duction systems. This research provides practical insights into how
renewable energy can be effectively utilized in hydrogen production,
contributing to the development of more efficient, eco-friendly energy
systems.

Moreover, the application of MATLAB Simulink for modeling and
simulating the electrolysis process offers a flexible and precise tool for
further experimentation and system optimization. The approach pre-
sented in this study can be adapted to various scales and conditions,
making it a valuable resource for future research in the field of hydrogen
production. While the results of this study are promising, further
research is needed to explore additional variables, such as pressure and
temperature, that could further improve the efficiency of electrolyzers.
Additionally, experimental validation of the simulation results would
provide a deeper understanding of the practical applications of the
optimized system. Future work could also explore the scalability of these
findings for larger electrolyzer systems and investigate the integration of
other renewable energy sources.

In conclusion, this research has made significant strides in improving
the efficiency of small-scale electrolyzers through membrane optimiza-
tion, contributing to the broader goal of developing sustainable
hydrogen production systems powered by renewable energy. The in-
sights gained from this study have the potential to influence future in-
novations in the field, advancing the global transition to clean energy.
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