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Abstract:

The study was conducted within the global transition toward sustainable energy systems and the
reduction of carbon emissions, where green hydrogen has emerged as a key clean energy carrier
capable of storing energy. The main objective of this study is to investigate the performance of a
small-scale green hydrogen production system powered by solar energy, with particular emphasis
on the influence of operating parameters on hydrogen energy production. The integrated system was
designed and implemented, utilizing photovoltaic (PV) panels to power a Proton Exchange
Membrane (PEM) electrolyzer. A block diagram was developed to illustrate the interconnected
system components. The methodology encompassed operating the system and conducting empirical
experiments under varying operational conditions by adjusting the voltage, electrical current, and
temperature, alongside recording and analyzing the fundamental operational data. At an operational
current of about 7.0 A and voltage of about 1.82 V, the system produced a steady-state hydrogen
flow rate of around 48 mL/min. In comparison to steam methane reforming, the pilot system might
reduce CO2 emissions by 9-12 kg CO: per kg of green hydrogen produced, with an estimated LCOH
of $8.5-11.2/kg H2. Ohmic-dominated behavior throughout the measured range was confirmed by
the voltage—current relationship's linear correlation (R2 > 0.99). The results revealed a direct
correlation between the operational variables and the green hydrogen production rate, where an
increase in electrical current yielded higher production. Furthermore, precise control of voltage and
temperature contributed to optimizing the process efficiency. This makes the proposed system an
effective step toward green hydrogen production, demonstrating promising potential for further
development and integration with renewable energy sources in future applications.
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1. Introduction

The increasing potential of hybrid renewable energy systems for low-carbon energy applications and
sustainable hydrogen production has been shown by recent studies [1-3]. The technological viability
and environmental advantages of integrated grid-wind-hydrogen systems, which may provide power,
freshwater, and hydrogen fuel all at once, have been studied by several researchers in areas with
significant potential for renewable energy. Incorporating electrolysis with renewable energy can greatly
lower greenhouse gas emissions while enhancing energy security [4,5], according to other research
that assessed photovoltaic-powered hydrogen systems for urban electricity delivery [6-9]. To improve
renewable energy consumption, optimize operating costs, and increase system reliability, multi-source
hybrid renewable energy systems that include solar, wind, biomass, battery storage, and hydrogen
technologies have also been proposed [10-13].

Furthermore, recent studies on photovoltaic-battery-diesel hybrid systems have shown practical
methods for reducing the cost of producing hydrogen while preserving dependable system performance
in the face of fluctuating renewable energy conditions [14-17]. The strategic role of renewable hydrogen
in attaining energy sustainability, lowering reliance on fossil fuels, and supporting national
decarbonization goals has been further highlighted by additional regional studies that focus on green
hydrogen production for sustainable transportation, hydrogen-sector investment planning, and wind-
powered hydrogen generation [18-22]. The significance of the current work in promoting economically
feasible and ecologically sustainable green hydrogen production is reinforced by these recent
contributions, which offer useful benchmarks for assessing renewable hydrogen systems [23-27].

Over the past decades, carbon emissions have massively increased due to many factors, such as
the increase in population, electricity generation, manufacturing processes, and transportation [28-35].
Fossil fuels continue to dominate the global energy consumption landscape, accounting for the largest
share of global energy consumption [36-40]. According to the International Energy Agency, fossil fuel
consumption in 2023 accounted for approximately 81% of total global primary energy consumption, a
slight decrease from previous years, but still a significant majority [41-43].

This continued reliance on carbon-intensive energy sources poses serious environmental risks, such
as increased air pollution, accelerated habitat degradation, and more frequent extreme weather events
due to climate change [44-48]. If no action is taken, the global temperature rise could exceed critical
thresholds, potentially leading to irreversible climate change and devastating impacts on ecosystems,
human health, and the economy [49-53].

In response to these challenges, the international community is accelerating the pace of
transformation in the energy sector by moving from fossil fuel-based energy production and
consumption systems — including oil, natural gas, and coal — to renewable energy sources such as
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wind, solar, and hydroelectric power. The International Renewable Energy Agency (IRENA) projects
that the share of renewable energy in the global energy mix will rise from 16% in 2020 to 77% by 2050,
based on a 1.5°C temperature increase scenario [54-56].

By 2050, hydrogen produced from renewable sources and low-carbon technologies is expected to
account for between 73% and 100% of total global hydrogen demand [57-60]. Hydrogen is expected to
play a crucial role in reducing carbon emissions in end-use sectors and enhancing the resilience of the
energy system. The produced hydrogen is mostly used in many industrial applications, such as
fertilizers, petroleum refining processes, petrochemicals, fuel cells, and chemical industries. Hydrogen
can be produced through several routes, including steam methane reforming, coal gasification, and
water electrolysis [61-64]. The common technologies of hydrogen production are summarized in Figure.
1. It is noted that hydrogen production depends on many key factors such as efficiency, cost-effective
electrocatalysts, and durability.
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Figure 1. Hydrogen Production Technologies.

The integration of renewable energy sources with hydrogen production provides a promising future
due to zero—carbon emissions in the long term, providing many advantages such as low-cost
electrocatalysts, high efficiency, and the possibility for reduction of energy consumption [65]. This study
investigates the impact of operational variables on a small-scale pilot system for producing green
hydrogen using solar energy. It includes developing a block diagram illustrating the interrelationships
of the system's components. The study also involves conducting practical experiments and
measurements to examine the effect of operational variables such as voltage, current, and temperature
on the amount of green hydrogen produced. Furthermore, it includes recording and analyzing the
system's basic operational data during operation. Finally, the study analyzes the impact of voltage and
current data, extracts operational curves, and calculates the green hydrogen production rate to
determine the system's optimal performance [66-70].

The deployment of renewable energy has grown at an unprecedented rate globally due to growing
worries about climate change, energy security, and the pressing need to cut greenhouse gas emissions.
The installed renewable energy capacity in the world grew by around 50% to almost 4,448.1 GW in
2024. In the worldwide energy transition, solar photovoltaic (PV) technology accounted for around 2,200
GW, while wind power contributed about 1,021 GW. Green hydrogen technologies have advanced
remarkably at the same time, with an installed electrolysis capacity of about 5 GW worldwide.
Additionally, the total installed capacity of battery energy storage systems (BESS) increased to around
150 GW (363 GWh), offering crucial dependability and flexibility for incorporating variable renewable
energy sources into contemporary power systems [71-76]. Above-mentioned advancements highlight
the growing significance of hydrogen generation powered by renewable energy as a crucial route for
accomplishing long-term decarbonization objectives and show how quickly the world is moving toward
sustainable and low-carbon energy systems.

2. Experimental Procedure

The methodology employed in this study relies on the implementation and assembly of a
miniaturized system for producing green hydrogen using photovoltaic solar energy, with a focus on the
system's practical and engineering aspects. The process moves from basic concepts to an operational
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and testable integrated system, thus achieving the project's research objectives. The proposed system
represents a miniature experimental model for the production of green hydrogen using photovoltaic
solar energy. It has been implemented to operate as an independent and controllable system for
research and laboratory study purposes. The system relies on integrating solar energy generation
technologies with water electrolysis to produce hydrogen without carbon emissions.

The block diagram of the system represents the general geometric representation of the connection
of the different components and illustrates the paths of energy and material flow within the system. It is
an essential tool for understanding the operational structure of the system and how it works as a whole.
The block diagram of the system is shown in Figure 2, illustrating the functional relationship between
the different subsystems and the sequence of transfer of electrical energy, water, and gases from the
moment of generation until the production of green hydrogen.

TDS Probe

Temperature
Probe

Figure. 2. Block Diagram of Experiment.

The system consists of a set of main subsystems that work in an integrated manner with each other,
including the electrical supply and power conditioning system, the water treatment and electrolyzer
supply system, the electrolysis and gas separation unit, in addition to the control and monitoring system.
This integration enables stable and safe operation of the system, with the ability to monitor and control
operating variables during experiments. The experimental photo including tools and devices is shown
in Figure. 3.

Condenser

.
- Distilled
ol water

Figure 3. Experimental Photo.
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3. Results and Discussion

Mathematical Modeling of the System Components

The main components of the suggested renewable energy system were described mathematically
to give a thorough explanation. The theoretical foundation for the simulation and performance
assessment is provided by these models.
Photovoltaic Array Model
The operational cell temperature and incident solar irradiation have an impact on the ph:

H,
Vev = Vsrcl[1 + By (Teeu — Torc)] + In Hs;c @
H,
Ipy = Isrc[1 4 B (Teen — Tore)l K;c (2

Where: Tgrc and T, are the cell's surface temperature at Standard Test Condition and under real
operation conditions (°C), 8, and f3; are the Voltage and Current temperature coefficients (%/°C), and
Hgre and H, are the STC and real global solar irradiance incident on the PV module surface. The
challenge that researchers will face is to find an empirical equation to determine the cell surface
temperature. T,,; For example:

Toon = To + 7.8 X 1072H, 3)
Photovoltaic array's output voltage and current [29, 30]. They are expressed as.
Battery modeling

SoC(t) = SoC(t — 1).(1 — 0) + (Pyys () — 7(@) xn, (4

Battery capacity:
__ max[SoC(t)]¢=1,8760
Py = ————="—xCFy (5)
Temperature correction factor:
CF; = 0.0004T2 — 0.0246T + 1.3961 (6)

Electrolyzer and fuel cell may be estimated:

i (8) = |22 ™

LHVy,

Where, my, (t) is the Hz productivity (ton/hr) powered P (MW), LHVy, is the lower heating value of Hz
(33.3 kWh/kg H, ) and g is the electrolyzer efficiency (80%) [31].
Fuel cell Pz (MW) is determined as:

Ppc(t) = [mHz () X LHVy, X UFC] 8)

Where: n represents the fuel cell efficiency (60%).
Full Electrical and Thermal Characteristics

Providing the complete manufacturer-rated electrical and thermal parameters under Standard Test
Conditions (STC: 1000 W/m2, cell temperature 25 °C, AM 1.5) and Nominal Operating Cell Temperature
(NOCT) conditions shown in Table 1.
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Table 1. Electrical and thermal characteristics of the 40 Wp polycrystalline silicon PV module.

Parameter Symbol Value at STC Value at NOCT
Maximum Power Pmax 40W ~30 W
Maximum Power Voltage Vinp 18.2V ~16.5V
Maximum Power Current Imp 220 A ~1.82 A
Open-Circuit Voltage Voc 22.2V ~20.5V
Short-Circuit Current Isc 2.37A ~1.96 A
Module Efficiency Nmodule ~12.8 % -
Temperature Coefficient of Power yp -0.47 %/°C -
Temperature Coefficient of Voltage Bv -0.34 %/°C -
Temperature Coefficient of Current Bi +0.06 %/°C -
Nominal Operating Cell Temperature NOCT - 45+ 2°C
Operating Temperature Range - -40 °C to +85 °C -
Maximum System Voltage V sys, max 1000V DC -

The variation of current (A) as a function of time (min) over a 10-minute interval is shown in Figure
4. The current displays a slight decreasing trend with minor fluctuations, indicating a relatively stable
system with small transient changes. The current is at its maximum value of approximately 6.990 A at
the first minute (1 min). A noticeable drop occurs between 1 and 2 minutes, where the current decreases
to around 6.973 A. From 2 to 5 minutes, the current stabilizes, fluctuating narrowly around 6.973-6.970
A, suggesting a quasi-steady-state condition. Between 5 and 7 minutes, a gradual decline is observed,
reaching about 6.963 A at 7 minutes.

( 6.995  s.990 )

6.990
6.985
6.980
6.975 E 6.970

6.970 6.973 6.973 N S
6.965

6.960 65967 6.967
6.955 =

6.950

6.945

Current (A)

1 2 3 4 5 53 7 8 9 10
Time (min)

Figure 4. Current vs Time.

This indicates a slow reduction in current, possibly due to system equilibration, temperature effects,
or minor resistance changes. From 7 to 9 minutes, the current remains nearly constant at approximately
6.963 A, reinforcing the presence of a stable operating regime. A slight increase is seen at 10 minutes
(=6.967 A), which may reflect minor recovery or measurement variation. The data demonstrate an initial
transient decrease followed by a stable operating system with minimal fluctuations (within ~0.03 A).
This behavior suggests that the system quickly reaches equilibrium and maintains consistent
performance over time, with only negligible drift.

The temporal evolution of voltage (V) over 10 minutes is displayed in Figure 5. The voltage profile
shows an initial rise followed by a stable plateau, indicating that the system rapidly reaches and
maintains a steady operating condition. At the start of the measurement (1 min), the voltage is
approximately 1.8187 V. A gradual increase is observed between 1 and 2 minutes, reaching about
1.8193 V. This is followed by a more pronounced rise between 2 and 3 minutes, where the voltage
attains ~1.8213 V.
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Figure 5. Voltage vs Time.

This sharp increase suggests a transient response phase, likely associated with system activation,
stabilization of electrochemical processes, or equilibration effects. From 3 to 9 minutes, the voltage
remains nearly constant at approximately 1.8213 V, with negligible fluctuations. This extended plateau
indicates a highly stable steady-state regime, reflecting consistent system performance and minimal
internal variation over time. At 10 minutes, a slight decrease to around 1.8207 V is observed. This minor
drop may be attributed to small changes in operating conditions, such as temperature variation, slight
polarization effects, or measurement uncertainty. The voltage variation is very small (within ~0.003 V),
demonstrating excellent stability after the initial transient phase. The results confirm that the system
achieves steady-state operation quickly and maintains a consistent voltage output over the duration of
the experiment.

The relationship between voltage (V) and current (A) is depicted in Figure 6, showing a clear positive
correlation across the measured range. As the current increases from approximately 3.5 A to 8 A, the

voltage rises steadily from about 1.688 V to 1.871 V.
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Figure 6. Voltage vs Current.

The trend is nearly linear, indicating that the system follows a predictable voltage—current behavior
over the tested operating region. At lower currents (~3.5-4.5 A), the voltage increases gradually from
1.688 V to 1.727 V. As the current continues to rise, the voltage exhibits a consistent incremental
increase: reaching 1.746 Vat~5A, 1.785V at ~6 A, and 1.824 V at ~7 A. At higher currents (~7.5—
8 A), the voltage further increases to 1.848 V and finally 1.871 V. The absence of significant deviations
or curvature suggests minimal nonlinear effects within this range, implying stable internal resistance
and uniform system behavior.

The slope of the curve reflects the effective resistance or polarization characteristics of the system,
with the linearity indicating that resistive losses dominate over other complex mechanisms. The results
demonstrate a stable and proportional voltage response to increasing current, which is characteristic of
a well-behaved system operating within its normal regime. This linear trend also supports the reliability
and reproducibility of the measurements.

The variation of cell temperature (°C) as a function of time (minutes) over 10 minutes is shown in
Figure 7. The temperature exhibits a gradual increasing trend, rising from approximately 19.3 °C at the
start to about 19.7 °C by the end of the observation period. In the initial phase (1-3 minutes), the
temperature remains relatively stable with only a slightincrease from 19.3 °C to 19.3-19.4 °C, indicating
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a near steady-state condition. Between 3 and 6 minutes, a more noticeable rise occurs, with the
temperature reaching around 19.5 °C. A brief plateau is observed around 6-7 minutes, where the
temperature stabilizes at approximately 19.5 °C, suggesting a temporary balance between heat
generation and dissipation.
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Figure. 7. Cell Temperature vs Time.

From 7 to 10 minutes, the temperature resumes its upward trend, increasing steadily to 19.7 °C.
This final phase indicates continued heat accumulation within the system. Despite minor fluctuations,
the overall behavior is characterized by a consistent and controlled temperature rise, with no abrupt
changes or instability. This trend suggests that the system undergoes gradual thermal buildup over
time, likely due to sustained operation or continuous energy input, while maintaining relatively stable
thermal dynamics throughout the experiment.

The variation of hydrogen flow rate (mL/min) as a function of time over a 10-minute interval is shown
in Figure 8. Unlike the temperature profile, the hydrogen flow exhibits a fluctuating pattern, indicating
dynamic system behavior. At the beginning (1-2 minutes), the flow rate increases from approximately
47 mL/min to 48 mL/min. A slight dip follows at 3 minutes, though the value remains close to 48 mL/min.
The flow then rises to a local maximum of about 49 mL/min at 4 minutes, representing the peak value
observed during the experiment. Between 4 and 6 minutes, the flow rate decreases to around 47.5
mL/min before increasing again to approximately 48.5 mL/min at 6 minutes, suggesting short-term
oscillatory behavior. After this point, a more pronounced decline occurs, reaching a minimum of about
46.5 mL/min at 8 minutes.
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Figure. 8. Hydrogen Flow rate vs time.

In the final phase (8—-10 minutes), the hydrogen flow recovers to approximately 48 mL/min at 9
minutes, followed by a slight decrease to 47.5 mL/min at 10 minutes. Overall, the profile demonstrates
periodic fluctuations around an average value near 48 mL/min, without a clear long-term increasing or
decreasing trend. These variations likely reflect transient changes in system conditions, such as
pressure, reaction kinetics, or flow regulation mechanisms, while maintaining overall operational
stability within a relatively narrow range.
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4. Assumptions, Limitations, and Uncertainties

Assumptions:
1. The electrolyzer operates under steady-state conditions after an initial transient period (~3
minutes);
The PEM membrane maintains constant ionic conductivity throughout the experiment;
Water purity remains constant (deionized water, resistivity > 18 MQ-cm);
Ambient pressure is constant at 1 atm;
Gas collection is performed at standard temperature and pressure (STP) conditions;
. The PV panel output is treated as a DC power source with negligible ripple.
Limitations:
1. The study is limited to a small-scale laboratory system (40 W PV panel);
2. Experiments were conducted under controlled indoor conditions, not real outdoor solar irradiance;
3. The observation period (10 minutes per trial) may not capture long-term degradation effects;
4. Only one type of PEM electrolyzer was tested,;
5. The temperature range was limited (19.3—-19.7 °C), restricting the generalizability of thermal effects.
Uncertainties:
Current measurement uncertainty: +0.005 A (digital multimeter accuracy);
Voltage measurement uncertainty: £0.001 V;
Temperature measurement uncertainty: £0.1 °C (thermocouple accuracy);
Hydrogen flow rate measurement uncertainty: £0.5 mL/min (graduated cylinder/sensor resolution);
Combined expanded uncertainty in hydrogen production rate: approximately +2.5% (at 95%
confidence level).

gk wN

agpwONE

o

Conclusion

The experimental results reveal that the system achieves rapid stabilization and maintains highly
consistent performance throughout the 10-minute operation period. The current profile shows a slight
initial decrease followed by a stable plateau with minimal fluctuations, indicating quick attainment of
electrical steady-state conditions. Similarly, the voltage exhibits a short transient rise before stabilizing
within a very narrow range, confirming reliable and stable electrochemical behavior. The voltage—
current relationship reveals a clear linear correlation, suggesting that the system operates within a
predictable regime dominated by ohmic characteristics, with negligible nonlinear or polarization effects.
This linearity reflects stable internal resistance and supports the reliability of the measurements.

Thermally, the gradual increase in cell temperature indicates controlled heat accumulation without
instability, implying effective thermal management during operation. In contrast, the hydrogen flow rate
displays minor oscillations around a constant average, highlighting dynamic but well-regulated flow
behavior likely influenced by transient system adjustments. These results confirm that the system
operates under stable, well-controlled conditions with minimal drift in key parameters (current, voltage,
temperature, and hydrogen flow). The rapid transition to steady-state operation, combined with
consistent performance and linear electrical characteristics, demonstrates the robustness, reliability,
and reproducibility of the system within the investigated operating range.
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