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ABSTRACT

In this research, the integration of an alkaline electrolyzer system with a photovoltaic (PV) array is explored to facilitate the
green production of hydrogen. By directly coupling these two technologies, solar energy is harnessed to drive the electrolysis
process, consequently generating hydrogen as a sustainable energy carrier. To enable accurate simulation and analysis of the
integrated system, a novel methodology is introduced for identifying and quantifying the various parameters crucial for under-
standing the electrical behavior of the alkaline electrolyzer system. Through this method, the interplay between the PV array's
output and the electrolyzer's operation can be comprehensively captured, allowing for precise modeling of the overall system
dynamics. Moreover, mathematical equations are established to provide insights into the anticipated quantities of hydrogen gen-
erated by the electrolyzer system under different operating conditions. These equations serve as predictive tools, offering valuable
insights into the system's performance and efficiency, essential for optimizing its design and operation. The proposed methodol-
ogy and equations are implemented and validated using the MATLAB/Simulink environment, a powerful tool for simulating
complex systems. By leveraging this platform, the integrated PV-electrolyzer system can be simulated with high fidelity, captur-
ing its dynamic behavior and performance characteristics under varying scenarios. The promotion of renewable energy-based
solutions for sustainable hydrogen production is aimed to be facilitated by this research, thereby contributing to the transition

towards a greener and more resilient energy future.
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1. Introduction

The global energy landscape is undergoing a profound transfor-
mation driven by the increasing demand for energy and the impera-
tive to mitigate the impacts of climate change [1 - 2]. As traditional
fossil fuel reserves dwindle and concerns over greenhouse gas emis-
sions escalate, there is an urgent need to explore and develop new
sources of clean and sustainable energy [3]. Renewable energy
sources, such as solar and wind power, have emerged as pivotal com-
ponents of the transition towards a more environmentally friendly
energy paradigm [4]. However, despite their abundance and poten-
tial, the widespread adoption of renewable energy faces significant
challenges, including intermittency and the efficient storage and
conversion of energy into electricity [5]. One of the key challenges
in harnessing renewable energy is the intermittent nature of sources
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such as solar and wind power. Unlike conventional fossil fuels,
which provide a continuous and reliable source of energy, renewable
sources fluctuate with weather conditions and time of day, present-
ing operational difficulties for their integration into existing electri-
cal grids [6]. To address this challenge, there is a pressing need for
innovative energy storage solutions that can store excess energy dur-
ing periods of abundance and release it when needed [7]. In recent
years, electrochemical storage systems, such as batteries and hydro-
gen fuel cells, have garnered significant attention as potential solu-
tions to the energy storage problem [8]. Hydrogen, in particular, has
emerged as a versatile energy carrier with the potential to store and
transport energy derived from renewable sources [9]. The electro-
chemical conversion of hydrogen in fuel cells offers a clean and ef-
ficient way to generate electricity, with water vapor being the only
byproduct [10]. However, the widespread adoption of hydrogen as
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an energy carrier is hindered by challenges related to its production,
storage, and distribution [6].

While most of today's hydrogen production methods rely on fossil
fuels, there is growing interest in developing technologies that can
directly convert renewable energy, such as solar power, into hydro-
gen [7], [11]. Among these technologies, the coupling of solar panels
with electrolyzers has emerged as a promising approach for green
hydrogen production [5]. By leveraging solar energy to power the
electrolysis of water, this technique offers a sustainable and carbon-
neutral method for producing hydrogen [12]. The efficiency of this
process can reach up to 13%, making it a viable option for large-
scale hydrogen production [8].

Electrolyzers, the key components in this process, come in several
different technologies, including alkaline, membrane, and high-tem-
perature steam electrolyzers [13]. Using those technologies, water is
dissociated into hydrogen and oxygen gases through the application
of an electric current. Of these, alkaline electrolyzers are one of the
most established and widely used technologies for hydrogen produc-
tion. They operate by utilizing an alkaline electrolyte, typically po-
tassium hydroxide (KOH) or sodium hydroxide (NaOH), and elec-
trodes made of materials like nickel or stainless steel. Alkaline elec-
trolyzers offer several advantages, including relatively low capital
costs, high efficiency, and long operational lifetimes. They are suit-
able for large-scale hydrogen production applications, such as indus-
trial hydrogen generation, renewable energy storage, and transporta-
tion fuel production. Additionally, alkaline electrolyzers can operate
at ambient temperatures and pressures, simplifying their integration
into existing industrial processes and infrastructure. These attributes
make Alkaline electrolyzers well-suited for integration with renew-
able energy sources, such as solar power [3], [9], [11].

In this study, the focus lies on the modeling and simulation of a
photovoltaic system integrated with an alkaline electrolyzer for hy-
drogen production via water electrolysis. The electrolysis process is
driven by the electrical energy provided by photovoltaic panels, with
excess energy being stored in the form of hydrogen [14 - 16]. Utiliz-
ing advanced modeling techniques and simulation tools like
MATLAB/Simulink, emphasis is placed on optimizing the perfor-
mance of the integrated system and identifying the most favorable
conditions for efficient hydrogen production. Through this research,
a contribution is aimed to be made towards the advancement of sus-
tainable energy solutions and the acceleration of the transition to-
wards a greener and more resilient energy future.

The flowchart as shown in Figure 1 outlines the study's progres-
sion, beginning with an introduction to global energy challenges and
the significance of transitioning to renewable energy sources, partic-
ularly hydrogen. Motivation is provided for exploring sustainable
hydrogen production methods, leading to the integration of photo-
voltaic and electrolyzer systems for green hydrogen generation. In
section 2, theoretical principles of hydrogen production and design
concepts for photovoltaic and alkaline electrolyzer systems are then
elucidated. Mathematical modeling follows, detailing the develop-
ment of equations to describe PV panel and electrolyzer behaviour,
including factors influencing hydrogen production rates. Section 3 is
devoted to simulation setup for implementing these models using
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Figure 1. Flowchart summarizing the entire study.

MATLAB/Simulink and configuring the integrated PV-electrolyzer
system and its result. Discussion analysis entails examining simula-
tion data on PV module performance and hydrogen production rates,
elucidating trends and correlations between variables is presented in
section 4. Finally, the conclusion summarizes findings regarding
system performance and efficiency, while also suggesting future re-
search directions for energy storage and grid integration solutions.

2.2. Theoretical concept of alkaline Technology and PV sys-
tem

2.2.1. Principle of hydrogen production

The principle of hydrogen production [13] within the system un-
der study encompasses three primary subsystems, each integral to
the overall process:

Firstly, the production of renewable electric energy serves as the
initial step in the hydrogen production chain. This process relies
heavily on the utilization of photovoltaic panels, converting incident
solar radiation into electricity through the photovoltaic effect. The
electricity generated by the solar panels serves as the primary energy
source for the subsequent electrolysis of water, thus initiating the
production of hydrogen [13]. Secondly, the electrolysis of water rep-
resents the pivotal stage wherein water molecules are dissociated
into their constituent elements, hydrogen and oxygen. Various elec-
trolysis techniques are employed for this purpose, with alkaline elec-
trolyzers, polymer membrane electrolyzers, and ceramic oxide elec-
trolyzers being the most commonly utilized methods. These electrol-
ysis techniques facilitate the efficient separation of hydrogen and ox-
ygen gases, enabling the selective extraction of hydrogen for subse-
quent storage and utilization.

Lastly, the storage of gases constitutes the final component of the
hydrogen production process. This phase involves the collection and
containment of the produced hydrogen gas for future use. Com-
monly employed techniques for hydrogen storage include liquefac-
tion and hydration processes. Liquefaction involves cooling the hy-
drogen gas to extremely low temperatures, thereby converting it into
a liquid state for denser and more compact storage. Alternatively,
hydration methods involve the absorption of hydrogen gas into a
solid matrix, such as metal hydrides, for safe and efficient storage
[13], [17].
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Figure 2. Configuration and operational principles of the Hydrogen production facility [13].

The configuration and operational principles of the hydrogen pro-
duction facility are depicted in Figure 2, illustrating the interconnect-
edness of the various subsystems involved in the process. The effi-
cient coordination and integration of these subsystems are essential
for optimizing hydrogen production efficiency and ensuring the via-
bility of the overall system. Through continuous research and devel-
opment efforts, advancements in each of these subsystems contrib-
ute to the realization of sustainable and scalable hydrogen produc-
tion solutions, thereby facilitating the transition towards a cleaner
and more sustainable energy landscape.

2.2.2. Designing the Photovoltaic System

In the realm of renewable energy systems, the photovoltaic (PV)
generator stands as a cornerstone for sustainable energy production
[14 - 16]. In this study, the photovoltaic system's energy production
is predominantly facilitated by the photovoltaic generator, which
harnesses solar radiation to generate electricity. Leveraging the cli-
mate data specific to the site, including sunshine duration and ambi-
ent temperature, alongside module specifications provided by the
manufacturer, enables precise estimation of the energy output
achievable by the photovoltaic module.

The mathematical model of a photovoltaic generator relies on an
equivalent circuit. In Figure 3 below, the equivalent circuit is de-
picted, featuring a current source I, representing the photocurrent
generated by the cell, with R; and R, denoting the inherent shunt
and series resistances of the cell, respectively, along a diode in par-
allel [1-3].

PV cells are assembled into larger units known as PV modules,
which are then interconnected in a parallel-series arrangement to cre-
ate PV arrays. Typically, Ry, hasa very highvalue,and R, has
a very low value, thus they can often be disregarded to simplify the
analysis.

The mathematical model of the photovoltaic panel is described as
following in the Eq. (1):

ILyn = [Is¢ res + Ki (T —Tyef )] X Insol W

Where, Iy ,of isthe short-circuit current (1ISC) at reference tem-
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perature, Ki denotes the short-circuit current temperature co-effi-
cient, T is the operating temperature of the module, T,..; is the
reference temperature of the module, and Insol isthe Input current
of a PV module.

The reverse saturation current () is calculated as following in
the Eq. (2):

qVoc

—x 1
NokAT, o ]

Ls = I /[exp( (2)

Where N; is the total number of cells in series, V. is the open
circuit voltage, g represents the Electron charge, k denotes the Boltz-
mann constant, and A is an idealist factor.

The module's saturation current is then calculated using Eqg. (3):
1

1
(Tref - ﬁ>]

Where, Eg, is the band gap for silicon, B = A, and T, is the
operating temperature of the module.

Hence, the calculation of the photovoltaic panel current can be ex-
pressed as follows in the Eq. (4):

Ta

@)

qXE
]exp[ Bkgo
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Iy =Ny X I = Ny x Io [exp ( @)
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1

Where, N, represents the number of cells connected in parallel,
and Vp, is the output voltage of a PV module.
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Figure 3. PV cell modelled as an equivalent circuit with diodes
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2.3. Designing the Alkaline Electrolyzer System

An electrolyzer serves as a pivotal device in the production of hy-
drogen, leveraging electrical energy to facilitate the electrolysis of
water into its constituent elements, hydrogen, and oxygen, via an
electrochemical process. To facilitate the splitting of water mole-
cules, a direct current (DC) must be applied across two electrodes
immersed in an aqueous electrolyte with high ionic conductivity (Ti-
jani etal., 2014; Ulleberg, 2003). Typically, the overarching reaction
for water splitting is represented as follows in the Eq. (5):

H,0( + electrical energy (5)
By using the stoichiometry, the production rate of water consump-
tion and oxygen also can be determined as in the Eq. (6):

(6)

In this study, emphasis is placed on the Alkaline electrolyzer, cho-
sen for its efficiency in hydrogen production. The water electrolyzer
comprises multiple electrolyzer cells interconnected either in series,
parallel, or both. Our electrolyzer model is intricately designed based
on the characteristics of individual cells, with parameters such as op-
erating voltage and gas flow rates determined per cell. Scaling up to
the entire electrolysis unit involves simple multiplication of these
values by the number of cells in series and parallel. For the sake of
modelling the electrolyzer, its mathematical model will be analysed
in the following:

The thermal model uses current and voltage, to calculate the tem-
perature variation within the electrolyzer cell by modeling the fol-
lowing equation Eq. (7):

N0 = Npyproa = 2N,

dT

CCE = (7)

QQen - QIOSS - QCooling

Where, T is the Cell temperature in Kelvin, C; denotes the Over-
all thermal capacity of the electrolyzer, ¢, is the Heat power gen-
erated inside the electrolyzer, ¢,,ss IS the Heat power loss and

(cooting 1S the Cooling heat power.

For reference (details provided below for each calculation):
— (gen — Canbewrittenas: Ggen, = (V — Vi) X I with
Ven= %

(ross — Can be determined by: qioss = — (T -

Tamp) With R, is the thermal resistance of fhe electrolyzer

and Ty, isthe ambient temperature.
QCooling — Can be expressed as QCooling: Cm X (Tcm,s -
Teme) With C,, is the thermal capacity of the cooling wa-
ter, T,m s is the inlet cooling water temperature, and T, .
is the outlet cooling water temperature with:

Tcm,e + (T Tcm e) + (1 - eXp(

and V,ux isthe overall heat transfer coefficient. It is obtained by
the following equation: Viux = heona + Reonw-I  Where,
Reona @nd h.,p, are the parameters related respectively to heat
transfer by conduction and by convection.

Toms = AHX))

The overall energy balance is defined as in the Eq. (8):
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dT
—+aT - b (8)

dt

The solution to the differential equation of the balance is given by
the Eq. (9):

b b
T(t) = (Tl-m- - —) exp(—at) +— )
a a
With:
a= 1 Cem 1 — ex (_ VAHX)
ReC o G P\
b TLC(V Vth) I amb
C; R.C; (10)
CcmTcmc
- 1
i Gon! (
—exp (_ VAHX)
Ccm

In a non-spontaneous electrochemical process, the change in free
energy is equivalent to the electrical work required for the reaction
to occur. The cell voltage Ug.;;, expressed in volts is defined by the
Eqg. (11):

n+ rZTI

Ugceu = Urev +

(1)

Where, r; and , represent the parameters of ohmic resistance
(@.m?, @.m?°C), s is the Ohmic voltage (V), t;, t, and t; are
the overvoltage parameters; t; (m?-A™), t; (m?.C.A 1), t; (m?.C%/A ™),
A is the area of the cell electrode (m?), I represents the electrolyzer
currentin (A), T is the cell temperature (°C) and U, is the reversi-
ble voltage (V).

When assuming a reversible reaction, the energy of the process
(H) is utilized with a reversible voltage as indicated in the following
reaction (12):

AG

7F (12)

Urep =
Where, AG represents the Gibbs free energy, Z is the number
of electrons (2e), which is the number of molecules transferred per
molecule of hydrogen, equal to 2, F is a Faraday's constant (96500
C), U,., Which can be expressed by an empirical equation as:
Upep = UL, — kyor, (T — 25) where UZ,, denotes the reversible
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cell voltage under standard conditions and k,.., is the empirical
temperature coefficient of U,.., (V/°C).

The cells of an electrolyzer are connected in series, so the current
is the same and the voltage is given by the following Eq. (13):

Ug = N¢. Ugcen (13)

The amount of hydrogen generated can be calculated from the
voltage and current of the electrolyzer as in the following Eq. (14):

NI

ﬁHz,prod = nFﬁ

(14)

Where Z is equal 2.

According to Faraday's law, the production of hydrogen is influ-
enced by the rate of electron transfer at the electrodes, which corre-
sponds to the electrical current in the external circuit. Conversely,
Faraday efficiency represents the ratio of actual hydrogen produc-
tion to the theoretical maximum achievable in the electrolyzer. How-
ever, Faraday efficiency can be compromised by parasitic current
losses, which increase as current densities decrease due to higher
electrolyte share, leading to reduced electrical resistance. Moreover,
temperature elevation results in decreased resistance, amplifying
parasitic current losses and consequently lowering Faraday effi-
ciency which can be determined as in the following Eq. (15):

()

Nr = ﬁfz
hi+(7)

Where, I is the current of the electrolyzer, n. is the number of
particles (21), A represent the Effective surface 0.25, f; and f,
denotes the calculation parameters of the faradic efficiency 250
mA2/cm?*, 0.96 respectively, 7y, proais the rate of hydrogen produc-
tion (mol/s) and ny is the Faradaic efficiency.

The determination of the volume flow rate of hydrogen is influ-
enced by several factors inherent to the electrolysis process and the
operational parameters of the electrolyzer system. Key factors in-
clude the current density applied to the electrolyzer, the efficiency of
the electrolysis process, the temperature and pressure conditions
within the system, and the composition of the electrolyte used. Ad-
ditionally, factors such as the electrode surface area and the design

(15)

Constant Solar Power

[2s ] (1)
] " T

/]

PV system Electrolyzer

Figure 4. Simulation model of direct coupling of an electrolyzer to
PV system
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of the electrolyzer cells can also impact the volume flow rate of hy-
drogen. The hydrogen production rate, denoted by iy, ;04 , IS ini-
tially measured in units of mol/s, representing the amount of hydro-
gen generated per unit time. To convert this rate into a more com-
monly used unit for industrial applications, such as Nm*/h (normal
cubic meters per hour), a series of conversions are applied. Firstly,
to convert from mol/s to mol/h, the production rate is multiplied by
the number of seconds in an hour (3600), extending the measure-
ment to an hourly basis. Subsequently, to account for the volumetric
properties of gases under standard conditions (typically defined as 1
atm pressure and 0°C temperature), the production rate is multiplied
by the molar volume of an ideal gas at these conditions. This value,
commonly denoted by V,, is approximately 0.022414 m?3/mol.
Therefore, the equation for @, representing the hydrogen production
rate in Nm?/h, is derived as follows in Eq. (16):

Q = Ty proa X 3600 x 0.022414 (16)

3. Simulation results

The integration of an alkaline electrolyzer system with a photo-
voltaic (PV) array for green hydrogen production has been exten-
sively explored in this research. Through simulation and analysis us-
ing MATLAB/Simulink environment, the dynamic behaviour and
performance characteristics of the integrated PV-electrolyzer system
have been investigated. This setup was established to illustrate the
configuration depicted in Figure 4.

The simulation model, as depicted in Figures 4 integrates the PV
system with the alkaline electrolyzer, allowing for the direct cou-
pling of solar energy to drive the electrolysis process for hydrogen
production.

The PV model comprises six interconnected subsystems as shown
in Figure 5 and represent the calculation to modelized the PV using
Eqg. (1) to Eq. (4), while the electrolyzer model in Figure 6, consists
of three sub-systems: thermal, electrochemical, and hydrogen pro-
duction models. The Eq. (7) to (15) represent the calculation to mod-
elized the alkaline Electrolyzer coupled to PV system.

= PVwithsinglecell (N, = 1)

Firstly, the performance of the PV module with a single cell
(N, = 1) was analysed under varying irradiation conditions at a con-
stant temperature of 25 °C. Figures 7, 8, and 9 illustrate the I-V and
P-V characteristics of the PV module, showing the module's current,
voltage, and power output under different irradiation levels. The in-
put irradiation is shown in Figure 7. Between 0 and 1 s, the irradia-
tion is 200 W/m?, between 1 and 2 s it is 600 W/m?, while from 2 s
onwards it is 1000 W/m?. These results provide insights into the PV
system's behaviour and performance under changing environmental
conditions.

Figure 8 illustrates the relationship between module current I,
and module voltage Vp, for varying levels of irradiation. Each
curve represents a different irradiation level: 200 W/m2, 600 W/m?,
and 1000 W/m?. As expected, at higher irradiation levels, the module
current is generally higher across the entire voltage range. This is
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Figure 6. The MATLAB/Simulink sub-blocks of the electrolyzer

because increased solar irradiance leads to greater generation of elec-
trical current in the photovoltaic cells. Conversely, at lower irradia-
tion levels, such as 200 W/m?, the module current is lower across the
voltage range. This relationship is consistent with the basic behav-
iour of photovoltaic systems, where the amount of electricity gener-
ated is directly proportional to the intensity of incident sunlight.

In the other hand, the Figure 9 depicts the relationship between
module power (Ppy,) and module voltage (Vpy,) under varying irradi-
ation conditions. Similar to the module current graph, each curve
represents a different irradiation level: 200 W/m?, 600 W/m?, and
1000 W/m2. It is evident that module power exhibits a quadratic re-
lationship with module voltage, as expected from the fundamental

65

characteristics of photovoltaic systems. At higher irradiation levels,
the module power curve is shifted upwards, indicating greater power
output across the voltage range. Conversely, at lower irradiation lev-
els, the module power curve is shifted downwards, reflecting re-
duced power output. This behaviour highlights the direct influence
of solar irradiance on the power generation capabilities of photovol-
taic modules, with higher irradiance levels resulting in increased
power output and vice versa.
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= PV (30 cells) - Electrolyzer

The PV system with 30 cells connected in parallel (N, = 30)
was further investigated in conjunction with the electrolyzer. Apply-
ing the Eq. (4), using N, = 30 givingusthe Ip, and Vp, out-
put for the PV as presented in Figure 10.
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Figure 10. PV module current (Ip;) and voltage (Vpy,) using 30 cells
parallel.

The electric current generated from a power photovoltaic array in
Figure 10 is used as an input signal changing in time with solar radi-
ation. Based on this simulation results, it is observed that at the be-
ginning of the simulation (0 s), the module current (Ipy) is 40 A,
indicating a high initial current output from the PV system. At the
same time, the module voltage (Vpy) is 0V, suggesting that the volt-
age output is initially low. Over the course of the simulation from 0
to 20 s, the module current (Ip,) decreases gradually from 40 A to
0 A. This decrease in current indicates a reduction in the electrical
output of the PV system over time. Concurrently, the module voltage
(Vpy) increases steadily from 0 V to 20 V during the 20 s simula-
tion period. This increase in voltage suggests that the voltage output
of the PV system rises as the simulation progresses. These observa-
tions are consistent with the typical behaviour of a PV system. Ini-
tially, when there is sufficient sunlight, the PV system generates a
high current but with a low voltage output. As time passes and the
simulation progresses, the current output decreases while the voltage
output increases, reflecting changes in the external conditions (e.g.,
solar irradiance, temperature) or the system's internal dynamics.
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Figure 11. Production of hydrogen in moles per second
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The results obtained during simulation of the hydrogen quantities
are presented in Figure 11. Then the total produced hydrogen in de-
picted in Figure 12.

Figures 11 and 12 depict the hydrogen flow rates observed at var-
ious temperatures. Across the duration of the simulation, there is a
noticeable decline in the rate of hydrogen production from an initial
value of 7 mol/s to approximately 0 mol/s by the end of the 20 s. It
can be attributed to various factors, including changes in operating
conditions such as temperature variations or depletion of reactants
over time. Additionally, it suggests a gradual decrease in the effi-
ciency of the hydrogen generation process as the simulation pro-
gresses. While Figure 12 represents the cumulative amount of hy-
drogen produced over time in moles. Starting from an initial value
of 5 mol at t = 0 s, the total produced hydrogen steadily increases
throughout the simulation period, reaching a final value of approxi-
mately 50 mol at t = 20 s. This accumulation of hydrogen over time
reflects the continuous operation of the hydrogen generation system
and the progressive conversion of water into hydrogen gas. Despite
the decrease in the rate of hydrogen production observed in Figure
11, the cumulative amount of hydrogen continues to rise due to the
continuous operation of the system.

In addition, as the current increases, the hydrogen flow rate also
increases, indicating a direct correlation between current supply and
hydrogen production. The dissociation reaction responsible for
breaking the bonds of water molecules is facilitated by the increasing
current supply to the electrolyzer. Higher current densities lead to
greater dissociation reactions, resulting in higher hydrogen flow
rates.

4. Discussion

The study demonstrates the potential of harnessing solar energy
for electrolysis, showcasing consistent hydrogen flow rates across
diverse operational scenarios. This underscores the comparable per-
formance of the integrated PV electrolysis system with prior re-
search, as reported in the existing literature [18]. Through simula-
tions, consistent hydrogen production rates are observed despite
fluctuations in current supply and solar irradiance, aligning with ob-
servations from previous studies [19]. The comprehensive design
model developed in the study serves as a springboard for future re-
search avenues, such as maximizing hydrogen production efficiency
and minimizing energy losses, as suggested in prior literature [20].
These endeavors aim to optimize the performance of PV-
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electrolyzer systems and unlock the full potential of solar-driven hy-
drogen production. The findings not only highlight the viability of
solar-powered electrolysis but also provide a solid groundwork for
further advancements in renewable energy technology. By focusing
on refining system efficiency and reducing energy wastage, a contri-
bution can be made to a more sustainable energy landscape [21 - 22].

5. Conclusions

In this paper, the production of hydrogen through water electroly-
sis is explored, utilizing an alkaline electrolyzer in conjunction with
a photovoltaic (PV) system. Central to the study was the develop-
ment and modeling of PV panel and alkaline electrolyzer models
within the Simpower Systems block of MATLAB/Simulink, facili-
tating the simulation and analysis of the hydrogen production pro-
cess. Through rigorous simulations, the amount of hydrogen gener-
ated by the integrated PV-electrolyzer system under various operat-
ing conditions was quantified. This empirical data provides valuable
insights into the system's performance and efficiency, serving as a
foundational step towards optimizing hydrogen production pro-
cesses. Moving forward, the research will extend to exploring energy
storage solutions aimed at mitigating the technical challenges asso-
ciated with solar energy, wind power, and other intermittent genera-
tors. By addressing the intermittency issues inherent in renewable
energy sources, the aim is to facilitate their seamless integration with
utility grids. Energy storage technologies offer a promising avenue
for enhancing grid stability, reducing reliance on fossil fuels, and
fostering the widespread adoption of renewable energy. By continu-
ing to investigate and develop innovative energy storage solutions,
the path can be paved for a more sustainable and resilient energy
future. Through collaborative efforts across academia, industry, and
government sectors, the transition towards a greener and more sus-
tainable energy landscape can be accelerated, driving positive envi-
ronmental and socio-economic impacts globally.
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