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Abstract: Proton exchange membrane electrolyzers are an attractive technology for hydro-
gen production due to their high efficiency, low maintenance cost, and scalability. To receive
these benefits, however, electrolyzers require high power reliability and have relatively
high demand. Due to their intermittent nature, integrating renewable energy sources like
solar and wind has traditionally resulted in a supply too sporadic to consistently power
a proton exchange membrane electrolyzer. This study develops an electrolyzer model
operating with renewable energy sources at a highly instrumented university site. The
simulation uses dynamic models of photovoltaic solar and wind systems to develop models
capable of responding to changing climatic and seasonal conditions. The aim therefore is
to observe the feasibility of operating a proton exchange membrane system fuel cell year-
round at optimal efficiency. To address the problem of feasibility with dynamic renewable
generation, a case study demonstrates the proposed energy management system. A site
with a river onsite is chosen to ensure sufficient wind resources. Aside from assessing
the feasibility of pairing renewable generation with proton exchange membrane systems,
this project shows a reduction in the intermittency plaguing previous designs. Finally,
the study quantifies the performance and effectiveness of the PEM energy management
system design. Overall, this study highlights the potential of proton exchange membrane
electrolysis as a critical technology for sustainable hydrogen production and the importance
of modeling and simulation techniques in achieving its full potential.

Keywords: PEM electrolysis; electrolyzer; fuel cell; hydrogen; renewable energy; proton
exchange membrane; power management; dynamic model; optimal efficiency

1. Introduction

Integrating renewable energy sources with green hydrogen production has garnered
increasing interest as societies aim to achieve a more sustainable energy landscape. Proton
exchange membrane (PEM) electrolysis (Figure 1) has emerged as a leading technology for
hydrogen production due to its efficiency, durability, and compatibility with renewable
sources. Unlike alkaline electrolyzers—which are often limited by complex architecture
and lower efficiency—PEM electrolyzers offer a sustainable solution to these challenges,
streamlining hydrogen production and enhancing overall system reliability [1].

However, a significant gap remains in reliably addressing energy independence,
particularly in sub-Saharan Africa, where the challenges of energy delivery and autonomy
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persist. Solar photovoltaics (PV) have often been deployed to provide initial electricity
access in sub-Saharan Africa’s regions of high solar irradiance, but without storage, these
systems prove intermittent and unreliable [2]. These areas, where grid power is often
interrupted or altogether unavailable, require integrated energy solutions that draw on
both conventional and new renewable sources for resilient, long-term power infrastructure.
The addition of wind generation in coordination with solar can provide supply at times
even without solar energy, provided sufficient wind velocity is available to address this
issue. This project models a PEM electrolyzer in a power system combining onsite wind
and solar energy sources with grid connections. The model balances these sources to ensure
a stable energy supply, addressing the common challenge of intermittency in renewable
energy systems (RES). By combining PV with other sources, the model leverages grid
reliability while tapping into the renewable contributions of wind and solar energy. A
unique aspect of this study is its focus on seasonal climate variations, with an emphasis
on creating a PEM model that maintains efficiency throughout the year, even as climate
conditions shift between seasons.

In recent years, simulation tools like MATLAB have proven instrumental in modeling
and optimizing PEM electrolyzer systems, especially when integrated with renewable
energy sources (RES) [3]. Through these models, researchers simulate key performance
metrics such as cell voltage, current density, and overall system efficiency under various
operating conditions [1,4-6]. Models also incorporate maximum power point tracking
(MPPT) to adapt to fluctuating power inputs from RES, ensuring optimal operation even
as the solar and wind output varies [7]. By simulating the PEM model like in Figure 1
with changing seasonal data, this study aims to establish an efficient, adaptable system
that maximizes hydrogen production while minimizing reliance on grid power, especially
during peak renewable production periods.
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Figure 1. Chemical reactions of a PEM electrolyzer [8].

Despite this innovation, the deployment of PEM electrolyzers on a grid remains
challenging. With cost as the primary barrier, PEM electrolyzers, which rely on rare
materials such as platinum for their catalytic processes, make installation expensive. In
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the case study considered for this research, the cost and complexity of the PEM will
be a significant bottleneck in practice. In practice, innovation in PEM electrolyzers has
primarily focused on reducing platinum catalyst loading and modifying the PEM structure
to lower the overall costs [1,9]. However, these advancements have encountered significant
challenges, particularly regarding the stability and long-term durability of the Membrane
Electrode Assembly (MEA) in fuel cell electrolyzer designs [9]. Additionally, integrating
PEM systems with renewable sources like wind and solar requires careful management
of the electrolyzer’s startup and shutdown cycles, as frequent changes in operation can
reduce the overall efficiency [1,10]. While control strategies are evolving to address these
issues, efficient hydrogen storage and distribution remain critical concerns, especially in
areas where RES solutions are most needed. Building out the necessary infrastructure to
support hydrogen compression, storage, and distribution will be vital to unlocking the full
potential of PEM technology as a sustainable solution.

With both rural and urban communities in mind, this PEM model holds substantial
potential for energy security. For remote or off-grid areas, where traditional grid extensions
may be impractical, the hydrogen produced through PEM electrolysis can be stored and
used as a dependable energy source during seasonal changes or peak demand [1,11,12]. In
urban and smart city settings, hydrogen fuel cells powered by PEM electrolysis offer an
alternative to conventional power sources, providing a sustainable, low-emission energy
solution that aligns with urban decarbonization goals as well as flexibility to grid expansion
during rapid urbanization policies.

Therefore, this research seeks to establish a PEM electrolyzer model that effectively
mitigates intermittency by drawing from multiple renewable sources alongside grid power,
with an added emphasis on optimizing for seasonal climate changes. Through the integra-
tion of wind, solar, and grid sources, the study aims to demonstrate that PEM technology,
when appropriately modeled and managed, can serve as a transformative tool in achieving
a stable, year-round energy supply. With ongoing advancements in materials, storage solu-
tions, and control strategies, PEM electrolyzers can become a key pillar in decentralized,
sustainable energy systems, providing clean energy access to underserved communities in
sub-Saharan Africa while reinforcing global efforts toward a low-carbon future.

This research study is structured as follows: the Introduction section provides a back-
ground on the importance of proton exchange membrane (PEM) technology, highlighting
its role in energy systems. This is followed by the PEM Operation section, which reviews
advancements in PEM architecture and system modeling. Next, the Materials and Meth-
ods section outlines the case study, providing justifications for the specific design and
operation of the solar, grid, and wind components in the proposed energy management
system. The Results section presents the findings of the study, focusing on the performance
and effectiveness of the PEM energy management system design. Finally, the Conclusion
section discusses the implications of the study and the proposed model design while
offering recommendations for future research in energy system optimization and PEM
development.

PEM Operation with Renewable Energy Sources

The simulation of PEM electrolysis systems (Figure 1) with renewable energy sources
using MATLAB has gained significant attention in recent years. A PEM electrolyzer consists
of two electrodes, an anode, and a cathode, separated by a polymeric proton exchange
membrane used as a solid electrolyte. Madaci et al. present a MATLAB-based model of
a standalone PEM electrolysis system powered by renewable energy sources. The model
considers wind and solar energy as input sources and optimizes the performance of the
electrolysis system. The system described in the article is designed to be independent of
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the electrical grid and relies solely on renewable energy sources, making it environmentally
friendly and sustainable [1]. Although Madaci’s system is environmentally friendly, his
generation sources produce intermittent energy that is harmful for certain load types and
many long-term applications. Nigam, Laabidi, and their teams propose MATLAB-based
hybrid renewable energy system models integrating wind, solar, and hydro-energy sources
for hydrogen production, which solves the solution of intermittency but also increases the
system’s overall cost [4,12]. This paper builds on their research by proposing, defining,
and simulating a power system for the Federal University of Technology Owerri (FUTO),
where their proposed system is especially fitting due to the presence of a water body
flowing through the school. The model also optimizes the system’s performance and
evaluates its economic and environmental benefits. Although this model shows great
promise, a new hydroelectric plant is infeasible in Owerri due to the uncertainty of local
and political issues that may arise. A 2020 study proposes a novel hybrid particle swarm
optimization algorithm to optimize the design of a PEM electrolysis system powered by
renewable energy sources. Like in the current study, their optimization is carried out
using a MATLAB-based model [7]. For optimum performance, multiple studies suggest
powering a PEM electrolysis system with carefully sized and managed renewable energy
sources. They consider wind and solar energy as input sources and evaluating the system’s
performance in terms of the hydrogen production rate, energy efficiency, environmental
impact, and economic feasibility [11,13-17].

Ulleberg used MATLAB to simulate a similar technology, an alkaline electrolyzer sys-
tem, powered by solar energy. His simulations demonstrated that the system achieved high
efficiency and could be used for hydrogen production in remote areas without grid power
access [18]. Although Ulleberg’s work on alkaline electrolyzers highlights the challenges
with traditional electrolysis technologies under variable power inputs, PEM electrolyzers
offer distinct advantages for integration with RES due to their fast response times and
ability to operate at high current densities, which allows them to adjust more readily to the
intermittent nature of renewable power supplies [19,20]. This finding was corroborated by
Rehmani et al., who indicated that local smart grid units with energy infrastructure were
sufficient to integrate PEM technology without access to the national grid [21]. Khan et al.
agree with this assessment, citing that PEM is also like other renewable energy systems
despite it not possessing some of the thriving issues of intermittency [22]. Since grid infras-
tructure is unnecessary for the installation and efficiency of PEM electrolytes, the effective
design of these units is not therefore dependent on smart infrastructure to operate [21].
However, their dependency on an electrical energy source makes the PEM electrolyzers
vulnerable to the issues of RES. Grid power in Nigeria consists of three significant sections:
the generation station, the transmission station, and the distribution station responsible for
generating, transmitting, and distributing electricity in the country [23,24]. Within the grid,
different factors have been outlined to be of interest in exploring newer and cleaner energy
sources into the grid architecture, of which a PEM electrolyzer is an emerging technology
for this purpose [23,25]. While the above-referenced studies look into the technological
architectural development and deployment of PEM electrolyzers, very limited sources
have been conducted to analyze the effective distribution of this energy source into energy
systems for the sustainable operation of a power system [21,22].

Situmbeko investigates optimizing a PEM electrolyzer system using MATLAB and
a genetic algorithm and successfully identified the different intricacies that surround
the proper deployment of a PEM unit. The study demonstrated that using renewable
energy sources such as wind and solar power could significantly improve the efficiency
of the electrolyzer system [26]. In their 2019 research study, Hug et al. use MATLAB to
simulate a PEM electrolyzer system powered by solar and wind energy. The study finds
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that combining these two renewable energy sources resulted in a more stable and reliable
hydrogen production system [27]. Behzadi et al. similarly simulate a PEM electrolyzer
system with renewable energy sources using MATLAB and Simulink [28]. Their study
focuses on optimizing the electrolyzer system to reduce energy consumption and improve
efficiency. Although most of the literature reviewed in this research study focuses on solely
renewable sources in an isolated microgrid setting (no connection to the grid), such setups
require that the systems be built from the beginning without existing grid infrastructure [28].
However, designing the system around the pre-existing grid is more economically ideal
in cases where the grid already exists. The case study used in this research has a grid-
connected system modeled to incorporate the different substation elements. These studies
demonstrate the importance of modeling and optimizing such systems for efficient, clean,
and economically viable hydrogen production. By integrating renewable energy sources
into the electrolysis process, these systems contribute to environmental sustainability and
support the transition toward a clean energy future [29,30].

Expanding on previous studies on PEM electrolyzers, this research study provides a
novel model of a PEM system that incorporates a storage unit (hydrogen storage tank) and
a PEM fuel cell. The PEM system integrates it into a grid-connected solar PV-wind turbine
system. The system will use the energy obtained from renewable sources and the grid
efficiently, prolonging the life of the PEM electrolyzer system, and reduce the grid electricity
dependency. The research study also attempts to develop a model considering seasonal
changes to ensure an efficient model is available throughout the year. This project follows in
the footsteps of previous studies that use MATLAB and Simulink to model generation and
energy management systems in microgrid sites of sub-Saharan Africa (whether islanded or
grid-connected power systems) [31-34].

2. Materials and Methods

In the following sections, each model component will be looked at to give a critical
overview of the processes and parameters used when designing the model. These com-
ponents include the PV array generator, the wind turbine, the induction generator, the
proton exchange membrane fuel cell, the electrolyzer engine, the prototype grid system,
and the hydrogen storage tank as shown in Figure 2. A standard grid system with different
renewables is modeled using MATLAB R2023a. The Transmission Company of Nigeria,
Owerri Work Center substation schematics are used as the grid system prototype to give a
realistic understanding of the system'’s efficiency. Potential problems with the infrastructure
of the transmission company are not considered but are assumed to be in good working
order, e.g., regarding faulty occurrence, aging mechanisms, energy systems operations
from independent control rooms, and different security mechanisms. Only the architecture,
operational design (2/3) substation, and CB and CT calibrations are used including the
supervisory control and data acquisition (SCADA) system. Operational efficiency in the
detection of faults and the regulation of nominal grid data are also considered.

2.1. Research Site

The site selected for this research is the FUTO campus in Owerri, Nigeria. The Otamiri
river flows through the school, which provides high-quality wind resources, making it
a viable site for the proposed PV-wind model. The FUTO currently has eleven schools,
over 20,000 students, and over 2500 staff [10]. The solar site has been part of the Nigerian
government’s recent drive to develop off-grid systems for institutions of higher learning.
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HYDROGEN STORAGE TANK

PEM FUEL CELL FUTO AS RESIDENTIAL LOAD

Figure 2. Model of the FUTO system including the hybrid PV-wind-PEM electrolyzer.

2.2. Load Estimation

The first step in the power system design is to compute load estimates. The public
power supply to the FUTO is through an injection substation consisting of 3 x 2.5 MVA
power transformers and 3 11 kV feeders (senate building, hostel, and academic). From the
analysis obtained, out of the 7.5 MVA capacity of the transformer, the FUTO has a power
consumption of 4.5 MVA, equivalent to 4.05 MW.

Real power(P) = IVcos @ 1)

P = 45x10° % 0.9

P = 405 MW

The Figures 3 and 4 below gives us an illustrative representation of the load consump-
tion both in different locations and at varying times.
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Figure 3. FUTO load consumption across the different buildings [35].

2.3. A Dynamic Model of PV Generator

The PV array block implements a collection of PV modules. Each string of the array is
made up of modules connected in series, with the modules in each string being connected
in parallel. The PV array block is a five-parameter model that employs a current source I,
(light-generated current), a diode (Iy and n parameters), a series resistance R, and a shunt



Energies 2025, 18, 208

7 of 23

Demand Load (KW)

resistance Ry}, to represent the temperature-dependent I-V characteristics of the modules
that are affected by irradiance [36].
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Figure 4. FUTO load demand over a 24 h time frame [35].

The dynamic model of a PV generator serves as a comprehensive framework for
understanding and simulating the behavior of solar power systems over time. This model
is essential for optimizing performance, predicting energy output, and ensuring the reliable
integration of PV systems into the electrical grid. The shunt resistance required for a free
DC-DC is dependent on different factors including the intensity of the sun or the Solar
Irradiance Model, which requires different tools like a maximum power point tracking
(MPPT) algorithm. This is used to effectively address the insufficiencies that may affect
the overall effectiveness of the model. The intensity of sunlight at the FUTO is strong and
enables effective conversion to take place, as attested by NASA data on the area’s solar
irradiance (see Figure 5) [37]. The power output of the PV cells is as follows:

Pyt = ngxAXG

where

o  Poui: power output of the PV cell/module (W);
e 1 efficiency of the PV cell/module;

e  A:area of the PV cell/module (m?);

e  G:solar irradiance of the area (W/ mz).

In the Solar Irradiance Model developed in this study, the variability of the Pout was
considered if grid connection is to be viable. Several factors affecting PV efficiency, which
has plagued most PV/PEM models, were considered and included in this PV-wind-PEM
model. The model used in this research considers factors such as time of day, weather
conditions, and seasonal changes, which are irregular in the FUTO, providing a foundation
for understanding the dynamic nature of solar energy availability and its feasibility for grid
applicability.

PV Model Considerations

Solar irradiance fluctuations directly influence the energy output of PV panels, making
this a critical aspect of the dynamic model. In the dynamic model, temperature is another
pivotal factor influencing PV panel efficiency. The temperature of operation is another part
of the model to simulate the impact of temperature variations on the performance of PV
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panels, which in turn can affect the efficiency of the PEM electrolyzer model to be designed.
Higher temperatures eventually lead to reduced efficiency, making it crucial to account for
temperature changes in the model to accurately predict power generation. For instance,
in the model, two temperatures were used (45 °C and 25 °C) together with the recorded
irradiance of the case study. At a temperature of 45 °C, the PV system produced less voltage
even at peak irradiance. The current produced remained constant. At 25 °C, the model
produced a power of 5 MW with the system experiencing a 0.4 MW loss at a temperature
of 45 °C at a 1000 W/m? irradiation. This relationship between the PV temperature and
efficiency can impact the overall PEM.

1000 ~

800 1

600 -

400 ~

200 1

—8— Irradiance (Line)
Irradiance (Bar)

2 4 (5} 8 10 12
Time (Months)

Figure 5. Monthly average solar irradiance of Owerri, Nigeria in 2022.

Khelfaoui et al. designed a PV/PEM model that identified that 60% of the hydrogen
produced relies on 77% of PV efficiency. Their study emphasizes the PV/PEM coupling
was found to give good results and high efficiency only if the system is working close to the
MPPT of the solar PV cell and under direct coupling [38]. In the coupling shown in Figure 2,
however, the essential factor of flexibility to be achieved in this model will be altered since
the voltage of the PEM is to be integrated in comparison with those of the MPPT and
the solar PV panel, which are dependent on different factors such as temperature. This
limitation was overcome in the design of Khelfaoui et al. [38] by making the DC wiring
more slender and more compatible with the system, which eradicates the effects of costs
and the integrity of the system. The resulting system offers higher flexibility, and the
DC wiring can be slender, cheaper, and more secure. It was also noted that the solar PV
model generally has this issue addressed since modern DC/DC converters have a higher
and desirable nominal efficiency, but it will require special control, which will make this
model design more complex and more expensive, making it less responsive to real-time
application in the case study area. Djafour et al. analyze the performance of solar PV cells,
considering the variation in the ambient temperature and solar irradiation of specific areas
where respective models are to be installed to combat this limitation [39]. In this regard,
the MPPT was identified to be able to determine increases in the performance standards of
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the solar PV panels, and in turn capable of addressing inefficiencies in the solar PV-PEM
electrolyzer models [40]. Noting that the irradiance level of the solar PV model has a
considerable effect on the short-circuit current while the temperature impacts negatively
on the open-circuit voltage [41], this study included the solar irradiance level (Figure 5)
and temperature measurement in the model design. In turn, the relationship between the
water inflow into the electrolyzer for the electrolysis and the accessible daylight amount
is therefore determined by the variations in the short-circuit current in an open-circuit
voltage [40]. Also, the amount of hydrogen produced (output of the PEM electrolyzer)
is therefore affected by the factors that influence current production from the solar PV
dynamic systems, which is directly related to the solar irradiation of the region in question,
which can be addressed by the MPPT systems while increasing the costs and reducing the
flexibility of the entire model [38,40].

The MPPT system (Figure 6) introduced into the setup is not only designed to adjust
the solar PV panel to the point of maximum solar irradiation but also to adjust the entire
solar dynamic system to environmental conditions in real time [38,39]. Moreover, the
dynamic model addresses the system’s response to faults and disturbances. This model
simulates protective devices and control mechanisms ensure the stability and safety of the
PV system under various conditions. Robust control systems are implemented to regulate
the voltage, frequency, and power flow, guaranteeing the reliability of the PV generation
system with other utilities involved.

Duty Cycle > n

Duty

INC MPPT

I

PV

R

»

PV Power

Figure 6. MPPT model with duty cycle for regulating PV’s varying voltage.

The dynamic model of a PV generator, therefore, is a comprehensive framework that
captures the different factors influencing solar power generation. Factors such as solar
irradiance and temperature to inverter efficiency and grid interaction have different ways
of affecting the overall system design, efficiency, and operation. The model used in this
study, often known as a single-diode model (SDM) or five-parameters model, provides a
holistic view of the PV system (as shown in Figures 7 and 8) behavior over time. This real-
time observation ensures the PEM system operates at optimal efficiency and characterizes
operation across different seasons and climatic variations. To this end, the model in this
case study serves as a platform to experiment with the efficiency of the PEM electrolyzer.
The wind power source helps make up for the shortcomings of the solar system since at
low solar irradiation, higher winds have been recorded at the FUTO site. Table 1 shows the
modelling parameters considered in the PV array system.
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Figure 7. Circuit diagram of the PV array [36].
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Figure 8. PV generator connected to a buck DC converter and an inverter.

Table 1. Nominal values of modeling parameters of the PV array [36].

S/N Parameters Value

1 Maximum power (Pmax) 315.072 W
2 Cells per module (Ncell) 96

3 Open-circuit voltage (Vo) 64.6 V

4 Short-circuit current (Is) 6.2 A

5 The voltage at maximum power point (Vip) 54.7 V

6 Current at maximum power point (Imp) 582 A

7 Parallel strings 1763

8 Series-connected modules per string 9

9 Nominal operating cell temperature 25°C

The diode I-V characteristics for a single module are defined by the following equations:

I; =1y [exp(“ji) - 1} 2

Vr = qu x nl x Ncell 3)

where I; is the diode current, V; is the diode voltage, Ij is the diode saturation current, n
is the diode ideality factor (a number close to 1.0), g = 1.6 x 107! is an electron charge,
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k =1.38 x 1023 J/K is Boltzmann’s constant, T is the cell’s working temperature in Kelvin,
and N, is the number of cells per module [36].

2.4. Dynamic Model of Wind Turbine

A wind turbine and an induction generator make up the wind turbine system. The
wind turbine powers the rotor while the stator winding is directly linked to the grid. The
induction generator transforms the wind energy into electrical energy, which is then de-
livered to the grid through the stator winding [42]. The dynamic model of a wind turbine
is therefore a comprehensive representation that embodies the operation of mechanical,
electrical, and control systems that elucidates the turbine’s behavior under varying environ-
mental conditions [43]. The solar PV-PEM model has been the most common of the models
designed and deployed in different settings due to the more popularized issues surround-
ing the use of solar PV units and the technologies designed to address them [36,40,42]. The
wind turbine systems on the other hand have been more constrained in their development
and consist of more inflexible parts compared to solar units. The reason for their limited
use is also due to the unpredictability of the wind resource that is required to run the
turbine system. At its core, the wind turbine’s mechanical model delineates the physical
dynamics of the turbine, considering factors such as aerodynamic forces, inertia, and me-
chanical losses. These aerodynamic forces, which are determined by seasonal and purely
unpredictable forces in some cases, are the key basis for the definite operation of the wind
turbine systems. Modern research suggests that the wind movements strong enough to
pull the turbine blade are mostly generated from areas higher than the sea levels or regions
around water bodies [42]. The case study site (FUTO) has a river onsite with a wind speed
of approximately 8 m/s, ideal for a wind turbine system (as shown in Figure 9) [42,43].
Parameters such as the moment of inertia and damping coefficients were not considered in
this model, as they vary in different wind turbine system designs in practice [43].

—8— Wind Speed (Line)
Wind Speed (Bar)
8 -
P
E 6
=
@
@
[=8
w
247
=
2 -
0 T T T T T T
2 4 6 8 10 12
Time (Months)

Figure 9. Monthly average wind speed at 50 m height over one year in Owerri, Nigeria.

Aside from the mechanical model, the electrical counterpart highlights the generator
and its connection with the power grid. The grid in this sense being the Transmission
Company of Nigeria (TCN), the electrical variations coming from the fluctuations in the
core of the turbine influenced by the turbine ratio may affect energy stability within the
grid. Vital parameters like the electrical characteristics, power electronics, and the influence
of changing wind speeds on electrical output characterize the overall efficiency of the wind
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turbine systems. In the study of [44], the PEM electrolyzer system in the wind turbine
model was affected by the fluctuation from the wind turbine shaft that affects its overall
efficiency. In the design model, the factors can reduce the amount of energy produced and
the intensity as well since a battery unit is not used [44]. Integral to the dynamic model
of the wind turbine system is the inclusion of a sophisticated control system to assist in
the effects of fluctuation and disturbances that can affect the system’s efficiency [10,44].
This control system optimizes the turbine’s performance by dynamically adjusting the
pitch angle of the blades to maximize power capture, ensuring safe operation within
specified limits. Controllers regulating the rotational speed or power output contribute
to stability and responsiveness in the face of evolving wind conditions. This present
model—as in Figure 10—therefore works with the assessment that in cases of high solar
irradiation signaling a higher efficiency of the solar PV model, the wind intensity will be
reduced, thereby making wind dynamics of more consideration and in cases of high wind,
a corresponding low solar irradiation is anticipated. In this model, the wind speed data
varied from 5.0 m/s to 9 m/s, resulting in high wind speeds unusual in the southeastern
part of Nigeria due to the site being adjacent to the Otamiri River (see Figure 9 documenting
NASA data for the FUTO site) [37].

T

wind_data
Wind speed
Windspeed
Vabc ( m/s)
P wind
GO—»ftip <P (pu)> [:]
labc J

: ¢ c C

s . I <Vabc (cmplx) (pu)> L,

b n—|+ l <wr (pu)> Ly

WT side Three-Phase SMW Wind Turbine
V-1 Measurement1 <o o Induction Generator
(Phasor Type)

Figure 10. Wind turbine and induction generator.

2.5. Dynamic Model of TCN, Owerri Work Centre (Grid)

To approximate the effect of the Transmission Company of Nigeria (TCN) at the site,
Owerri work center (132/33 kV) was used as the prototype grid system. The station
comprises three power transformers, which include two 60 MVA transformers named
TR1 and TR2 and a 40 MVA transformer named MOBITRA (Mobile Transformer) [31]. In
Figure 11, based on the number of 132 kV high tension towers that span between the station,
the Alaoji power plant, and transmission installations, the line distance is computed. The
transmission station is a 2/3 switchyard, which means three isolators and circuit breaker
units that work together to control and protect two transmission lines [31]. With equipment
like current transformers, voltage transformers, and circuit breakers, the grid is sufficient
to accommodate any power source that does not require any smart utility for operation
and proper function [31]. The model to be developed will thus require the complete utility
of the transmission station to both regulate the operation of the wind turbine model and
ensure the proper functioning of the solar PV model that will define the overall efficiency
of the PEM electrolyzer in producing hydrogen gas. The model will therefore consider
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the two energy sources (solar PV models and the wind turbine model) as the only energy
sources in the grid and the PEM electrolyzer as the only output unit to form the model.

PRt | st b éB ST B-GH
— €
17Yg o1 L —1c c—I 1
. S gc STt 132kV 750MVA
413;3,'3'\3’,';”2\, 25 km linet 132KV / 33 KV w0 e Alaoji Station
<30 .40 MVA
f&?ﬂ % 30-MW S Egbu Station
& 2-Mvar
Loadl | = N
B, N
C 3.3ohms 1

Grounding
Transformer 1

I —— L

Figure 11. Simulink model of Owerri 132/33 KV transmission station.

2.6. Dynamic Model of a PEM Electrolyzer

The separation of water molecules into hydrogen and oxygen gas is known as the
electrolysis of water. Water electrolysis’s electrochemical process is described by the
following:

. 1
H0 jiquiay + electrical energy <> Hy(gqq) + Eoz 4)

Several studies’ mathematical equations are utilized to represent the PEM electrolyzer,
with current serving as the primary source signal for the hydrogen synthesis. To start
electrochemical reactions at both the anode and cathode electrodes, a minimum potential
of 1.23 V (reversible voltage) is provided across the electrochemical cell [30].

AG = UPVrev (5)
AG
Vrev - 1”]7F (6)
AHO
Vin WF (7)
Hy = - ®)
M2 = 3F
10, = L ©)
122 = 4F
. I
10 = 125 (10)

where AG is the Gibbs free energy, which is equal to 237.178 k] /K.mole, V}; is the ther-
moneutral voltage, is the number of electrons, F is the Faraday’s constant, and AHO is the
high heating value (HHV), which is equal to 285.84 k] /K.mole. The value of the reversible
voltage and thermoneutral voltage of the cell may be computed since all the variables in
Equations (6)—(10) are known. The values of the hydrogen generated from the setup in
Figure 12, according to Equation (8), depend on the total current I in the cell [30].
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Vrev Reversible Voltage
Faraday's const
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E l Ei H2 Hydrogen Production L/min
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Figure 12. Simulink model of a PEM electrolyzer.
Volume flowrate can be used to express hydrogen generation:
: : mol 3600 s 0.022414 m? m?
= nHy| — | X X = — 11
Qu ’72<s)(1h mol h ()

As indicated below, the hydrogen volume flowrate may be converted to L/min.

. m3 1h 1000 L L
QHhX(6Omin>x<1m3> ~ min 12)

2.7. Dynamic Model of a Hydrogen Storage Tank

Based on the link between the output power and the hydrogen requirements of the
PEMEC system, the electrolyzer system’s output hydrogen is stored in the storage tank
and later transferred to the PEMFC (as shown in Figure 13). The dynamic of the storage is
determined in this investigation as follows:

NH, x RTb

Pb—Pbi = z MH, X V

(13)
where Pb is the tank’s pressure, NHj is the hydrogen gas produced by the electrolyzer, R is
the Rydberg constant, Tb is the tank’s temperature, M H; is the hydrogen gas’s molecular
mass, and V is the tank’s total volume. In our calculations, neither the compression
dynamics nor the compression energy needs are taken into consideration. The dynamic
model disregarded any auxiliary power requirements, including those for pumps and
valves. Figure 7 shows the hydrogen storage model’s Simulink representation.

2.8. Dynamic Model of a PEM Fuel Cell

The fuel cell stack block implements a general model that has been parameterized to
reflect the most common kinds of hydrogen and air-fueled fuel cell stacks (as shown in
Figure 14). To maintain stability, the fuel cell in Figure 8 includes a flowrate regulator that
is regulated by the current as a feedback mechanism [35]. This feedback mechanism serves
to ensure optimum usage of the reactants, thereby increasing the efficiency and reliability
of the fuel cell system.
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Figure 13. Simulink model of a PEM electrolyzer tank.
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Figure 14. Dynamic model of the fuel cell system.

In their brief review, Patil et al. claim that fuel cells have gradual performance
degradation along with time, which influences their efficiency, output power, and service
life, and thus the operating costs [45]. According to research works that focus on the
degradation prediction of proton exchange membrane fuel cell performance based on a
transformer model, degradation results as an effect of several combinations, such as catalyst
layer degradation, which is the loss of the activity of the catalyst by platinum particles
through either agglomeration or dissolution [45]. According to Patil et al., mechanical
stress, chemical attack, and thermal cycling have been discovered to be responsible for
the thinning or cracking of the proton-conductive membrane [45]. Gas diffusion layer
degradation and contaminant build-up such as impurities in hydrogen and air streams are
also concerns that affect the overall working operation of the system, due to their ability
to change the porosity and hydrophobicity of the fuel cell, which hinders effective fuel,
oxidant transport, poisons the catalyst, and blocks active sites [46,47].
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To account for these and other similar effects, deterioration has been modeled as a
time-dependent feature in the stack output voltage Eq.: the baseline voltage V will be
written as follows:

V(t) = VO—AV(t) (14)

where
V0: voltage at nominal conditions.
AV(t): voltage drop due to degradation in time, modeled by an exponential decay
function:
AV(t) = B-(1—e—uat) (15)

The parameters « and § are determined from empirical data and depend on operating
conditions like the humidity, temperature, and load cycles.

Hydrogen storage can allow for the stabilization of fuel supply in PEM fuel cells,
particularly under dynamic load conditions. Kim and Kim argued that a strict dynamic
relation between hydrogen storage tanks and fuel cells should be guaranteed for reliable
system operation [48]. The storage system should ensure a purity of 99.95% to avoid the
poisoning of catalysts, directly impacting long-term performance [49]. The fuel cell operates
at a nominal hydrogen supply pressure of 1.5 bar. A corresponding pressure regulator is
fitted to the storage tank to provide a consistent feed and compensate for the depletion
occurring from hydrogen consumption. Storage acts as a buffer during transient conditions,
ensuring a steady flow of hydrogen and preventing voltage fluctuations [48].

An integrating approach couples the hydrogen storage system to the PEM fuel cell.
The integration is presented in Figure 14, where the storage tank feeds hydrogen to the fuel
cell through a controlled pipeline.

3. Results and Discussion
3.1. PV System Simulation Result

During the simulation, the PV system was connected to an inverter (and an inverter
controller), which controlled the output of the panel by comparing the outcome of the grid
so that the inverter is supplying when the grid is also supplying. Figure 15 shows how the
solar irradiance of the PV panel, which begins at 800 W/m?, then falls to about 200 W /m?,
before reaching a peak of 1000 W/m? affects other parameters of the system.
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|
PV Current
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10,000 |~ ; ]
8000 /»,M\__.//ﬂ' -
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4000
2000

Current (A)

|
|
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|
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Figure 15. PV system output.
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The data provided in Figure 4 show the monthly average solar irradiance values,
ranging from a low of 737.1 W/m? (in August) to a high of 1000 W/m? (in February). This
irradiance variation reflects the seasonal pattern of solar resource availability in Owerri,
where irradiance tends to be higher in certain months and lower in others, likely due to
climatic patterns like rainy and dry seasons. The seasonal changes in irradiance are crucial
for modelling PV system efficiency, as they directly impact the amount of energy the system
can generate as shown in Figure 16. Figure 16 shows the need for a stable PV energy
supply of SMW to ensure overall grid stability. Without this factor in place, the resulting
rate of change of frequency (RoCoF) could impact grid stability and PEM performance
(Figures 17 and 18).

x 1@5 | PV Power vs Inverter Power |
o — ———F
S3 ———— -
g2 i
8 PV Power (Run 1: Solar_model)
17 Inverter Power (Run 1: Solar_model) [
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T T T T T T T
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x10° Difference
0
e S —— P ~
1
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Figure 16. Comparison between PV and inverter output.
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Figure 17. Graph of hydrogen production rate vs. electrical current.
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Figure 18. The 5 MW fuel cell power, voltage, and current. The fuel cell with the PV-wind turbine
system supplies the needed power despite varying irradiance and wind speed.

3.2. PV Output Impact on System Performance and Load Support

The fluctuating PV power output has implications for meeting the energy demand of
the PEM electrolyzer and any additional load. For instance,

- Months with High Irradiance: Based on seasonal changes, certain months have consis-
tently higher irradiance than other months. For example, February and November
have the highest irradiance levels at 1000 W/m? and 965.7, respectively. The higher PV
power output in these months can be used to maximize hydrogen production through
the electrolyzer or reduce reliance on the grid, thus keeping the supply constant, clean,
and sustainable.

- Months with Low Irradiance: In lower irradiance months (e.g., August with
737.1 W/m?2), PV power output will be lower. Low irradiance months may require
supplemental energy from the grid or wind sources to meet the load and ensure
continuous operation of the electrolyzer.

3.3. Electrolyzer System Simulation Result

During simulation, we discovered that the rate of hydrogen production varies directly
proportional to the current and the voltage of the system has little to no effect; as can been
seen Figures 17 and 18, the higher the current level, the higher the hydrogen produced, but
a maximum value of about 400 A is considered safe.

3.4. Wind Output

The minimum and maximum of the monthly average wind speed given is 5.22 m/s
for May, while the highest is 9.22 m/s for January, as seen in Figure 9. This is most likely
a reflection of the seasonal variations in wind speeds in Owerri, which could be due to
changes based on rainfall, temperature, and other climatic influences.

These variations need to be understood so that the wind power output could be
predicted and the hybrid renewable energy system managed, since wind energy availability
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has a direct impact on the power supplied to both the electrolyzer and the load. This impact
can be seen following the pattern shown in Figure 19.

Wind speed <Vabc (cmplx) (pu)>
1| ‘
05 i
T e
-0. ﬁ - e e
<P (pu)> <wr (pu)>

%108

Figure 19. Average wind speed and wind turbine outputs over twelve months: turbine electrical
power output (Te), voltage (v), pitch angle (w;), and total power (P) including mechanical.

3.5. Wind Turbine Impact on System Performance and Load Support

Variations in monthly wind speed directly impact the output of wind power and
further influence the continuity in meeting the demand through hybrid renewable energy
systems.

From the model, it could be observed that months with higher wind speed, i.e., during
those months when it receives higher wind speeds, such as month 1 with a speed of
9.22 m/s and month 12 with 7.19 m/s, larger quantities of wind power are produced, as
shown in Figure 20. This therefore reduces the consumption of extra energy from the grid
or other sources. Low months of wind speed, say 5.22 m/s in month 5, for instance, would
result in low output from the wind power and require strong reliance on either the PV
system or backup from the grid to meet load demand.

Power (W)
o

Wind Turbine Real power
[

Reactive Power (VAR)

Wind Turbine Reactive Power (Q)
T

Figure 20. Wind turbine real power output and reactive power output.
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4. Conclusions

This work details a novel simulation of a hybrid renewable energy system, combining
solar PV panels and wind turbines with a PEM electrolyzer to present an onsite, clean
hydrogen generation possibility at the FUTO. In this paper, we model the performance of the
system using MATLAB software in different seasons due to the change in solar irradiance
and wind speed. These simulation results indicate that the application of renewable energy
sources for hydrogen production is feasible at the FUTO and communities with similar
conditions. The relatively high solar irradiance in Owerri, Nigeria, and the moderate wind
speeds enable a hybrid system where continuous energy demand for hydrogen production
can be met. Seasonal variations show that although most months provide strong solar
output, the wind can also supplement energy production, mainly during periods when the
solar irradiance is not as great. The hybrid in this way minimizes dependence on the grid,
reduces energy costs, and ensures reliability in supply for both the electrolyzer and other
connected loads.

4.1. Environmental and Socio-Economic Potential

This could also mean great potential for environmental and socio-economic benefits,
should such a system be implemented in the FUTO, its surrounding communities, and
sub-Saharan African countries. Hydrogen powered through renewable production sources
would reduce greenhouse gas emissions since it provides a clean source opposed to that
from the combustion of fossil fuels. Locally produced hydrogen could then be used either
for energy storage or also as fuel for local industry and transportation, hence potentially
reducing carbon emissions from such activities. This clean energy initiative goes in tandem
with the rest of the world’s actions against climate change, and its adoption could inspire
similar projects across Nigeria and other African regions.

Beyond that, there are various other such renewable energy projects, with several
added opportunities to open up this economic frontier while giving an added layer of
energy security to their communities. This would, among other things, allow local com-
munities to save money by reducing their reliance on expensive imported fossil fuels and
thus free up financial resources for other pressing development needs, such as healthcare,
education, and structural infrastructure. Knowledge and technical skills developed in the
management of renewable systems can build local know-how, fostering job creation and
further developing Nigeria’s renewables. This becomes particularly relevant in the African
energy landscape, which has escalating demand for sustainable, reliable, and homegrown
energy solutions. In addition to meeting demand from the populace, this pursuit of locally
provided renewable energy serves the United Nations Sustainable Development Goals
(SDGs), especially SDG 7 to “ensure access to affordable, reliable, sustainable and modern
energy for all” [50].

To that end, this study investigates the viability of a hybrid solar- and wind-powered
hydrogen production system, a workable model of decentralized, renewable energy pro-
duction to reduce dependency on fossil fuels and contribute toward ensuring the energy
access needs of several communities in Africa.

Implementation of the modeled system in Africa would not only assist in the con-
tinent’s shift to cleaner energy but also contribute toward sustainable economic growth,
e.g., through job creation and community empowerment (assisted by higher resilience and
energy security). In presenting renewables as feasible energy sources to produce green
hydrogen, this paper provides a way in which African countries can address energy poverty
and advance socio-economic development in a manner that would be beneficial toward
global sustainability efforts.
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This, therefore, provides the viability of renewable-powered hydrogen production at
the FUTO and locations that are of similar characteristics. If carefully designed to be able to
accommodate seasonal variability in solar and wind resources, this hybrid system would
surely provide a sustainable, reliable, and environmentally clean solution for meeting local
energy needs. Once this approach can provide one means of transition toward renewable
energy, it fosters economic and social development of the community and collectively
contributes toward a cleaner, resilient future.

4.2. Future Work

This study focused on simulating a renewable energy system that integrates photo-
voltaic (PV), wind, and grid systems into a PEM electrolyzer architecture using a MATLAB
Simulink model. Moving forward, significant opportunities exist for the practical imple-
mentation of this system, particularly in sub-Saharan African countries. These regions
possess abundant solar and wind resources that can be harnessed to drive PEM electrolyz-
ers for green hydrogen production. However, inefficient and unreliable grid systems in
these areas currently hinder energy access and stability. Future work will explore the
development and deployment of this integrated system in real-world settings, addressing
technical, economic, and infrastructural challenges. Emphasis in this development will be
placed on optimizing energy management strategies to ensure reliable operation under
intermittent renewable energy supply [51,52]. Additionally, research efforts can focus on
enhancing system scalability, improving the durability of PEM electrolyzers, and evaluating
the economic feasibility of such solutions to promote energy sustainability and resilience in
sub-Saharan Africa.
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