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Abstract: Green hydrogen is increasingly recognized as a sustainable energy vector, offer-
ing significant potential for the industrial sector, buildings, and sustainable transport. As
countries work to establish infrastructure for hydrogen production, transport, and energy
storage, they face several challenges, including high costs, infrastructure complexity, secu-
rity concerns, maintenance requirements, and the need for public acceptance. To explore
these challenges and their environmental impact, this study proposes a hybrid sustainable
infrastructure that integrates photovoltaic solar energy for the production and storage
of green hydrogen, with PEMFC fuel cells and a hybrid Power-to-Electricity (PtE) and
Power-to-Gas (PtG) configurations. The proposed system architecture is governed by an
innovative energy optimization and management (EMS) algorithm, allowing forecasting,
control, and supervision of various PV-hydrogen—Grid transfer scenarios. Additionally,
comprehensive daily and seasonal simulations were performed to evaluate power sharing,
energy transfer, hydrogen production, and storage capabilities. Dynamic performance
assessments were conducted under different conditions of solar radiation, temperature,
and load, demonstrating the system’s adaptability. The results indicate an overall efficiency
of 62%, with greenhouse gas emissions reduced to 1% and a daily production of hydrogen
of around 250 kg equivalent to 8350 KWh/day.

Keywords: PV system; PEM electrolyzer; PEMFC fuel cell; hydrogen storage; energy
management and control EMS; PtE (power-to-electricity); PtG (power-to-gas)

1. Introduction

The transition to a more environmentally friendly world has become a priority, with
particular emphasis on the modernization of various sectors of life (health, transport,
industry, buildings, etc.). For example, transport represents more than 30% of final en-
ergy consumption in the European Union and was responsible for 24% of greenhouse
gas emissions in 2015. International standards directives and standards for compliance
with the environment are committed to increasing energy efficiency and accelerating the
decarbonization of the industrial and transport sector [1,2]. Green hydrogen plays an
essential role in this transition by reducing carbon emissions in industry, transport, and
electricity production [3-7]. To support this transition, photovoltaic (PV) systems with
green hydrogen storage are proving promising, crucial, and sustainable. These systems
consist of electrolyzers, storage systems, and fuel cells that convert renewable energy into
stored green hydrogen in various forms, providing vital energy flexibility. However, inte-
grating these systems with renewable energy sources can increase the complexity of energy
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management, requiring innovative approaches. Some research has focused on using hy-
drogen to reduce carbon emissions, including recommending optimal control strategies to
minimize hydrogen production costs [8]. Others have explored the implementation of “fuel
cell hybrid systems” to reduce pollution [9], while the integration of fuel cells into electric
ships is under investigation. This research used genetic algorithms to optimize energy
management, with promising results in terms of operational efficiency and environmental
impact [10].

Furthermore, some studies have designed a hybrid system, combining photovoltaic
panels, fuel cells, electrolyzers, and hydrogen storage. This approach has led to significant
savings in energy costs and significantly reduced CO, emissions [11,12]. In terms of
energy management in smart buildings, other work has shown that the integration of
renewable energy and storage devices in smart building districts, coupled with the use
of improved optimization algorithms, could significantly improve energy efficiency and
reduce greenhouse gas emissions in India [13,14].

In Asia, especially China, studies focused on the impact of carbon trading mechanisms
on green innovation [15], while others have analyzed the increase in CO, emissions and
proposed ways to reduce these emissions through energy efficiency [16]. In maritime navi-
gation, energy management strategies have been developed to extend the battery life and
optimize the energy use of electric propulsion systems [17]. Several authors have studied
different aspects such as size and cost optimization, energy management, power quality,
and reliability of the proposed system [18,19]. However, research on energy management
for hydrogen production and storage systems presents several shortcomings such as the
diversity of models, the absence of standardized performance criteria, and a low rate of
integration of renewable energies. Additionally, sustainability aspects, costs, variability
of energy demand, modeling of electrochemical processes, and the lack of integrated ap-
proaches constitute critical points. Thoroughly addressing these gaps would help improve
the reliability, efficiency, and widespread adoption of hydrogen production and storage
systems in the context of renewable energy and the energy transition. Some have focused
on short-term energy systems, while others have favored long-term storage systems. Some
have addressed power control of photovoltaic (PV) systems, while others have explored
energy management without sharing power between different energy sources and the
storage system.

Finally, taking into account the imminent context of the energy transition in the near
future despite the infrastructure and financing difficulties, we can say that the implementa-
tion and management of green hydrogen production and storage systems from renewable
energies is a crucial solution for a more sustainable future.

2. Related Works

The use of fossil fuels in both industry and transport is increasingly limited following
the strict recommendations of Kyoto, Copenhagen, Paris 2021, and Dubai 2022 as well
as the Euro 3, 4, 5, and 6 standards [20]. This is due to their greenhouse gas emissions
and their fluctuating prices. As an alternative, a new technology has recently taken hold
since 2017 but is not yet widely manufactured, namely green hydrogen energy which
consists of producing, transporting, and storing hydrogen from renewable energies by
using electrolysis or reforming procedures estimated at 95% of the world’s H, power
production. Historically, hydrogen has been produced mainly by fossil methods, such as
reforming natural gas, resulting in significant CO, emissions. However, with the advent of
electrolysis technologies powered by renewable energy sources, such as solar and wind
power, the production of green hydrogen, which is emissions free, has gained interest
since the 1990s. In terms of production, electrolyzers have seen significant improvements,
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particularly with proton exchange membrane (PEM) and solid oxide (SOEC) electrolyzers.
Recent research has led to the development of more conductive membranes and catalysts
based on less expensive materials. Furthermore, the integration of these electrolyzers
with solar and wind installations has led to more economical and sustainable hydrogen
production. In addition, innovative methods exploit the energy of organic waste through
thermo chemical or biological processes, thus promoting a circular approach that valorizes
resources while generating hydrogen. Regarding storage, significant advances have been
made in the use of metal hydrides, which offer a safer and more compact storage solution,
allowing high energy density and controlled release of hydrogen. In parallel, efficient
liquefaction techniques have been used since 2021 to facilitate long-distance transport,
such as the “HyNet” projects in the UK and the “Hydrogen Energy Supply Chain” in
Australia [21]. Overall, these developments highlight the essential role of green hydrogen
in combating climate change and promoting a sustainable energy economy, underlining
the growing global commitment to this promising resource.

Currently, the production of green hydrogen by electrolysis of water via renewable
energy sources and its storage via proton exchange membrane hydrogen fuel cells (PEM-
FCs) represents a significant step towards sustainable energy systems. PEMFCs convert
hydrogen into electricity with an efficiency of 60%, with no CO, emissions. On average,
electrolysis requires about 50 kWh of energy to produce 1 kg of hydrogen with efficiencies
ranging from 60% to 80%. Once produced, hydrogen can be stored at up to 700 bars,
allowing around 5 kg of hydrogen to be stored in 8-liter tanks, which gives a range of 500
km for a hydrogen-powered car.

As an indication, in 2020, hydrogen produced by electrolysis represents 5% of the
hydrogen used. Europe consumes 8.8 megatons per year, leading to emissions of 830
million-tones of CO, per year, or around 2% of global emissions. In 2023, the World Bank
has estimated the need for low-carbon green hydrogen consisting of 40 Mtones/year, half
of which will be in emerging and developing countries. The investments needed to achieve
this are estimated at USD 200 billion per year [22]. During the last two years 2023-2024,
only six major green hydrogen development projects, with a capacity greater than 100 MW,
have received a final investment decision according to a 10 GW action plan [23].Meanwhile,
several experimental infrastructures of hydrogen have been studied and evaluated. In
2022, Y. Wang presented a study on the integration of renewable hydrogen for mobile
and stationary Fuel Cells [24].The paper integrates PV-generated hydrogen production,
compression, and storage, enhancing grid stability and maximizing PV utilization, showing
casing advancements in green hydrogen storage stations. He also presented a dynamic
model of a green hydrogen fueling station for heavy-duty vehicles, integrating solar PV
for hydrogen production and storage, emphasizing renewable energy utilization. Another
comprehensive study conducted by Rizk in 2023, outlined the economic impacts of large-
scale hydrogen production, indicating that costs could fall below USD 3 per kg due to
ongoing technological innovations and scale. He developed an optimal wind—photovoltaic
power plant system for green hydrogen generation, emphasizing sustainability, energy pro-
duction for hydrogen refueling stations, and wastewater treatment. The annual generation
production is 6997.90 kWh electrical energy and 85,595 kg of green hydrogen [25].

In addition, AG Anastasiadis developed a management method for a hybrid wind—
solar-hydrogen system for green hydrogen production and storage, including economic
assessments, with a case study on Sifnos Island in Greece [26]. Later in 2024, Sayed et al.
proposed a 10 MW PV /wind-powered hydrogen production plant in Egypt, utilizing
energy storage, solar, and wind power to create green hydrogen, effectively reducing
greenhouse gas emissions [27].
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Finally, other studies and experiments recommend the use of integrated systems that
combine hydrogen production and storage in a single device. This strategy enhanced
efficiency and reduced reliance on costly materials [28,29].

Based on these results, we present in this study a new hybrid infrastructure for
green hydrogen production and storage. This system is intended for energy production,
sustainable transport, refueling stations, and several chemical industry applications. Our
contributions in this research work are based on the implementation of the following parts:

- Better management of the H; value chain by implementing an energy management
and optimization algorithm (EMS) which has a direct impact on cost reduction, the
reliability of the installation, and its efficiency.

- Flexible, resilient, and sustainable infrastructure by integrating different energy
sources and two structures: P2E and P2G strategies in the same coherent energy
system. The first one is the PtE (Power-to-Electricity) which allows electricity pro-
duction via the PV-electrolyzer-PEMFC chain, while the second P2G (Power-to-Gas)
allows the hydrogen production to be injected into the natural gas network, either
directly or indirectly by methanation.

3. Hydrogen Production and Storage Processes
3.1. Hydrogen Production Methods

Energy storage in the form of hydrogen presents itself as an attractive and promising
solution for the large-scale energy mix on the one hand and for the mobility of electric
and hybrid vehicles on the other hand. Indeed, compared to current electrical storage
technologies such as batteries, hydrogen has a very high specific energy density: around
130 megajoules per kilogram (35 kWh per kg). Gasoline or diesel are other methods of
“chemical” energy storage which have a high energy density, but their combustion releases
greenhouse gases while the combustion of hydrogen only releases water.

However, hydrogen is a light gas, characterized by a low volume density (about
10.8 mega joules per cubic meter), which makes it less favorable for its storage and transport.
To overcome this problem, hydrogen can be compressed in pressurized gaseous form (about
700 bars), or in liquid form (at a temperature of —253 °C) or in solid form at low pressure
(using materials that can absorb hydrogen) such as metal hydrides. Currently, H; is
produced in one of the three forms in Figure 1: gray, blue, or green. Only the last process is
the most ecological since it uses renewable energies (solar and wind) and is performed at
0% carbon released.

Gray Hydrogen Blue Hydrogen Green Hydrogen

Natural

Gaz N manufactering > water

&D CO2 Natural - "
.. actering ——> enewable
Gaz——pp manufactering H: _'> ——

Energy

H: Undergroundst

orage of CO2

Figure 1. Hydrogen production processes.

3.2. Hydrogen Production by Steam Reforming

This way of production is used for medical laboratories and other fields requiring max-
imally purified hydrogen. Hydrogen is obtained from methane which reacts to the presence
of (heated) water vapor with a yield of 75% with more modest costs than electrolysis.
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3.3. Hy Storage Methods

In fact, to store one kg of hydrogen, you need a volume of approximately 11 m3.
Knowing that this quantity can allow a vehicle powered by hydrogen to travel 100 km, we
understand that it is complicated to store it as is. Therefore, it is necessary to implement
technical means to increase its density and reduce the size of storage. Today, hydrogen can
be compressed to 700 bars of pressure, or to 350 bars for mobility.

Several methods of storing hydrogen in gaseous form at high pressure are possible:

e In tanks or bottles which allow hydrogen to be transported by trucks;

e Inservice stations and storage tanks of hydrogen vehicles, where it will then be used
to power a hydrogen fuel cell which generates electricity;

e In massive underground storage facilities.

Today, hydrogen is produced near its place of use, but it can be transported between the
production center and a place of use. There are currently three types of hydrogen transport:

e Transport by dedicated long-distance pipelines;
e Road or rail transport in pressure cylinders, made of steel;
e  Maritime transport.

3.4. Storage of Renewable Energies in the Form of Hydrogen

Hydrogen can be used to store electricity, making it possible to compensate for the
overproduction of renewable electricity (solar, wind, etc.) at certain times and its insuf-
ficiency at others. Indeed, the production of solar energy depends on natural elements
and cannot therefore be controlled according to consumption. Therefore, it is necessary to
be able to store excess electricity when production exceeds consumption. Since electricity
cannot be stored in large quantities over a long period, the solution is to convert it into
hydrogen. Thus, the Power-to-Gas process consists of producing hydrogen by electrolysis
of water, from renewable PV. It is then possible to conduct the following:

- Store hydrogen in pressurized gaseous chemical form;
- Store hydrogen in electrical form via PEMFC cells;

- Inject Hp into the natural gas transport network;

- Inject H into the electricity network via PEMFC.

Therefore, this new strategy makes it possible to respond to the issues of modularity,
high fluctuation, and storage of renewable electricity and to overcome the low penetration
rates of renewable energy into the electricity network (smart grid).

4. Conception and Modeling of the PV Green Hydrogen Production
and Storage

4.1. Description of the Proposed Hydrogen PtE and PtG Structure

The infrastructure of the Green Hj station is described by the structure in Figure 2.
Hydrogen is produced in gaseous form by electrolysis, from photovoltaic. The option of
connection to the electricity grid makes it possible to inject the surplus electricity production
into the national electricity grid or, failing that, to extract it if the PV power is insufficient
during unfavorable weather conditions. The stored hydrogen can be used as follows:

- Injected into the natural gas network (CHy) either directly or after methanization;
- Compressed between 350 and 700 bars in bottles, tanks to be transported, and then
sent to users or service stations.



World Electr. Veh. J. 2025, 16, 227 6 of 24

green Hydrogen production i ij‘H
Hydrogen Storage F’

Transport

Electrolyzer —. I I I I

‘\/
& Hl’ r Hy H2
e M J' Storage Grid
Hydrogen tank > @ » 5

Compressor

{ ] PowertoGaz

>

Electricity production

H:

A 4

Rectifier
Electricity grid Methanation

l CHa

Natural gaz Network

Power to Electricity

Figure 2. Infrastructure of the H, production/storage chain.

The architecture displays also the conversion and energy storage in the form of three
value chains:

o  Power-to-Electricity (PtE): The hydrogen is converted into electricity via a PEMFC
fuel cell;

e  Power-to-Mobility (PtM): the hydrogen aliment the electric vehicles, the hydro and
hybrid ones as well as the refueling and recharging stations;

e Power-to-Gas (PtG): The hydrogen is combined with CO, to produce the gas of
methane (CH4) which is injected into the natural gas outlet (heating, .. .).

4.2. Modeling

The proposed model is shown in Figure 3. The MPT algorithm with P&O control is
used to regulate the photovoltaic (PV) system in this model, and it is also connected to the
buck-boost converter to adjust the direct voltage (DC). Then, the electrolyzer is subjected
to DC voltage to generate green hydrogen. In the case of weak or absent solar radiation, it
becomes more sustainable for the electricity grid to integrate into it. Indeed, solar energy
depends on weather conditions. Additionally, in situations where the sun generates more
energy over longer periods of time, the electrolyzer responds by absorbing the excess
electricity and producing hydrogen. Compressed hydrogen stored in a tank is then used
as fuel for the PEM fuel cell. The goal of optimizing energy management in this system is
to minimize the impact of climatic and geographic factors on daily and seasonal patterns.
Renewable energy provides a stable energy supply and the ability to meet electricity
demand. However, several key assumptions and limitations can significantly influence the
model’s accuracy such as the variability of environmental conditions, homogeneity of the
plant components, dynamic and statistical of demand Profiles, and user behavior.
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Figure 3. Simulink model of the proposed system.

e Model of PV generators

The specific layout of photovoltaic modules, with 78 strings where each string is
composed of 39 modules connected in series, is carefully designed to maximize the effi-
ciency of solar power generation. This design is meticulously crafted, taking into account
seasonal fluctuations in solar irradiation and temperature changes. By integrating weather
data into the design, the photovoltaic system can optimize its performance in real time,
ensuring maximum solar energy production in a sustainable and efficient manner. The PV
model equations are given by the voltage and current relationships (Vpy, Ipy) at the PV cell
output [30]:

o q(Vpy +Ipy-Rs)\ -]  (Vpy + Ipy-Rs)
Ipy = Ipy — Is [exp( & 1 TRy (1)
No-K-T Isc — Ipy + IO‘Np N
— L — S Rel )
Vpy Og{ No T N, Rs-Irv @)
G
by = [+ Ki(Te = Ty )| 7 2
E.(-L — 1
TC 3 q g(Tref Tc)
Is =1 . R S 4
S rS(Tref) exp KA (4)

where:

Is: the reverse saturation current of the diode at a temperature of 25 °C;
Eq: the gap energy of the semiconductor used in the cell (eV);

A: the ideal factor which depends on the PV technology;

Is.: the short-circuit current of the PV cell at a temperature of 25 °C;

Ki: coefficient of a temperature of the PV cell;

T.: temperature of the PV cell in °K;

g: load of an electron= 1.6 - 1071%;
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K: Boltzmann constant = 1.38 - 10723

Ty reference temperature = 298 °K (25 °C);

G: current sunshine in W/m?;

Gy reference sunshine = 1000 W/ m?;

Ly: photodiode current;

Vpy, Ipy: output voltage and output current of the PV cell
Rs, Rp: serial and parallel resistances

The numerical values of these parameters are given in Table 1.

Table 1. PV-JINKO solar module parameter.

Settings Value/Type
PV power 1200 kWpic
Total number of PV modules 3042
PV Connection Modules 78 strings x 39 in series
PV Connection Modules 400 Wx (78 strings x 39 in series)
Short-circuit current (Isc) 7.66 A (each one)
Open-circuit voltage (Voc) 48.5 V (each one)

e PEM electrolyzer model

Proton exchange membrane electrolyzers works by using electric current to split water.
In the case of water electrolysis, the gas obtained under the action of electrical energy is
molecular oxygen at the anode and molecular hydrogen at the cathode. Proton exchange
membrane electrolysis is an electrolysis technology that has the advantage of being able to
produce high purity hydrogen directly under pressure, and with compact systems requiring
low maintenance. The performance of a PEM is often linked to the operating voltage of
the converter and the current density passing through the converter, and these parameters
can be linked to the conversion efficiency and therefore to the power consumption of
the electrolyzer during the production of hydrogen. The electrolyzer equations can be
expressed as follows:

VEl(t> = Vin + Vunode(t> + Vcathode(t) + Rel(t)IEl(t) (5)
IEL(t) = lanodel (t) + IanodeZ(t) = lcathodel (t) + IcathodeZ(t) (6)
- Electrolysis yield
Ng,- Vg
= Vi 7)
el

- Electric power

Np,-V
Py =212 (8)
el
- Quantity of Hy produced
nele (t
Vi, (1) = C;F( ) 9)

- Efficiency
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(10)

Vin: open circuit voltage;

Vianode(t): voltage losses at the anodes;

Veathode(t): voltage losses at the cathodes;

R,(t): ohmic resistance of the electrolytes;

I;i(t): electrolyzer current;

Linode1(t), Lupodea(t): currents in the resistive and capacitive anode branches;
Leathode1(t), Leathode2(t): currents in the resistive and capacitive cathode branches;
7¢: the number of cells in the electrolyzer;

F: the Faraday constant (96,485.33 C/mol);

T: the temperature of the electrolyzer (in Kelvin);

nr: the Faraday efficiency.

From Equations (5)—(10) and the data in Table 2, the electrolyzer model was designed
using Simulink.

Table 2. Characteristic table of the PEM electrolyzer.

Settings Values
Rated electrical power 355 W
Rated steak voltage 8V
Stack current range 0-50 A
Operating temperature range 298 °K
Hydrogen outlet pressure 10.5 bar
Cells numbers 90 cells in Series and 25 in Parallel

o Compressor model

The compressor is an essential component in a high-pressure hydrogen gas production
and storage station that can achieve values of 70 to 700 bars. The nominal power of the
compressor is expressed by the following formula:

r=1
Tin Piy | 7
P Heomp Pout

Pcomp(t) =C - 1]m00mp(t) (11)

where

Cp: the specific heat of hydrogen at constant pressure, (14.3 k] /kg/K);

Tj,: the temperature of hydrogen at the compressor inlet, (293 K);

1comp: the mechanical efficiency of the compressor;

Piy, Pos: are, respectively, the inlet pressure (30 MPa) and outlet pressure (70 to 700 bars) of
the compressor;

r: the ratio of the specific heats of hydrogen, (r = 1.4);

Meomp(t): the mass flow rate of gas through the compressor [kg/s].

e  Huydrogenstorage model

A hydrogen tank is a device used to store hydrogen, particularly in the form of gaseous
dihydrogen. This type of storage is used in particular to power fuel cells. The storage
tank is used to store the amount of hydrogen produced by the electrolyzer and supply the
amount required by the fuel cell to maintain the load demand. In order to ensure the safety
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and normal operation of the system, effective and critical control of high-pressure storage
must be carried out. The dynamic changes in its pressure are expressed by Equation (12).

mg, R Trank

P =
M Vt:mk

+ Pinitial (12)

The variables used in the equation are as follows [31]:

P: gas pressure in pascals (Pa);

Piyitiar: the initial pressure (Pa);

mp,: the mass of the hydrogen quantity;

R: the gas constant equal to 8.314 J/Kmol;

Ttank: the absolute temperature of the gas in Kelvin (K);

Viank: the gas volume (m3);

z: compressibility factor;

M: the molar mass of the hydrogen gas (2.016 x 10~ kg/mol).

The system uses hydrogen-based fuel, charging on sunny days and discharging at
night to meet daily needs. The mass of hydrogen available in the tank at the time of the
step in question is determined by the following equation:

Miauk(8) = Wi+ [ (Hain = dii) (1) (13)

o  Fuel cell model

PEM fuel cells are innovative technologies that electrochemically convert hydrogen
into electricity. Using a proton exchange polymer membrane, these cells are able to se-
lectively move protons while blocking electrons, thereby generating an electric current.
They stand out for their fast start-up, high efficiency, and ability to respond quickly to load
fluctuations, making them ideal for a variety of applications including fuel cell vehicles
and emergency power systems.

The electronic model of the fuel cell can be illustrated by the diagram inFigure 4. The
model is equivalent to a Thevenin generator characterized by its couple (Enernst, Rth)
which delivers on an electrical load, as illustrated in Figure 4.

or»O0r

Enernst Vout=Eg¢

Figure 4. Electric model of a fuel cell.

The Ry, is the internal resistance of Thevenin generator, and can be expressed

as follows:
Ruct + Rcon

Ry, = Ropm + -
th ohm 1+ ]Cw(Ract + Rcon)

(14)

w =2 niF (F: frequency)
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As the current in the fuel cell is continuous, we can adopt F=0. In this case, Ry, becomes
Rin = Ropm + Ren + Ryt (15)

The output voltage Vic of the fuel cell can be expressed as follows [32,33]:

VFC = EFC = ENernst — Vact — Vohm — Veon (16)

The expression of the Nernst equation is as follows [33]:

ENernst = 1.23 — 0.85T3(T — 298) + 4.31-10°T-[log(Py, ) + 0.510g(Po,)]  (17)

Py, and Po, are the pressures of hydrogen and oxygen, respectively, at the inlet of the
cell expressed in atmosphere (atm). According to Amphlett’s model:

Vact = &1+ G2 T + G3T-1log(COz) + &4 T- log(Irc) (18)
where

Igc is the fuel cell current;
&1, &2, &3 and &4 are the empirical parameters of the fuel cell;
CO, is the concentration of oxygen (mol/cm?).

Co, can be computed by Henry expression as follows [34]:

_ Po,
2 5.08 % 1060 —498/T

Co (19)

The ohmic drop voltage across the cell is the result of the electronic resistances of the
bipolar plates and can be given by the following expression [33]:

Vohm = Irc-(Rm + Re) (20)

Ryv = G5+ 6T + ¢7lrc (21)

Rp: is the resistance of the membrane;
Rc: is the contact resistance to the conduction of electrons.

The concentration voltage is as follows [33]:

Veon = B ( ] - 1> (22)

Jmax

Finally, the output voltage of the PEMFC is as follows:

Vstack = Neell-Vgc (23)

Vgtack: the output voltage of the PEMFC (all cells);
Necell: number of cells in series;

Enernst: the thermodynamic potential of a single cell;
Vact: the activation voltage;

Vonm: the ohmic voltage;

Veon: the concentration voltage;

T: cell temperature (in °K);

P, : hydrogen pressure (in atm);
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Po,: oxygen pressure (atm);
J: the current density of the cell (A/cm?);
Jmax: the maximum current density of the battery (A/cm?);
B: a weighting constant.
Finally, the output voltage of the fuel cell is as follows:
Vitack = 1.23 — 0.85T3(T — 298) + 4.31-10°T-[log(Py, ) + 0.5log(Po, )] 24
~[21+ T + & T-10g(CO,) + &4 T log(IFC)] — Trc (RM +RC) — B 1kz — 1)
The amount of hydrogen absorbed by the PEMFC is given by Equation (25).
Prc(t)
f) = ———— 2
dmout (t) PCIyjrc (25)

where:

dmey(t): the hydrogen mass consumption by the fuel cell PEMFC (kg/h);
Prc: the power of the PEM fuel cell systems

P¢r: the Lower Hydrogen Calorific Value;

nec: the efficiency of fuel cell.

The Simulink model is based on the data listed in Table 3 which summarizes the
parameters of the fuel cell adopted.

Table 3. Characteristic of the fuel cell.

Settings Values
Rated output power 500 kW
Electrical efficiency 49%

H, purity 99%
Fuel consumption 335 nm?/h

Figure 5 illustrates a typical polarization curve for a fuel cell. The steep drop in voltage
at low currents is attributed to activation overvoltage. The linear decline at intermediate
currents is caused by ohmic overvoltage, while the rapid reduction in voltage at higher
currents is associated with concentration overvoltage.

Fuel Cell I-V Curve

1.25 0L

10.6

10.5

Cell Voltage (V)
5
(5]
Power Density (V\//cmZ)
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Figure 5. Polarization curve of a fuel cell.
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5. Energy Control and Management Strategy of the Proposed System

To offer energy management solutions, data exploitation is crucial. We began our
design by implementing a centralized SCADA acquisition and monitoring chain for data
collection and installing IoT sensors to gather real-time information on energy production
and consumption, as well as environmental conditions. As a second step, we opted for
secure storage of these data in remote databases via cloud computing, which offers flexibil-
ity, scalability, and enhanced security. Finally, analysis and visualization are provided by
statistical and machine learning tools and algorithms (for forecasting) that will help predict
energy demand and optimize operations. We created interactive dashboards to facilitate
data visualization and decision making.

5.1. Description

At the heart of our proposition are innovative energy management algorithms (EMS).
It optimizes operations and energy exchanges by integrating real-time data acquisition,
monitoring, and control. It forecasts energy demand using historical consumption patterns
and adjusts electrolyzer operation based on solar generation. The EMS implements opti-
mization and predictive algorithms (ARIMA or LPC) for efficient hydrogen production and
manages grid interactions for energy trading and compliance. A user-friendly interface pro-
vides performance metrics and alerts for maintenance needs. By enhancing efficiency and
reducing costs, the EMS ensures reliable hydrogen production and supports sustainability
goals, making it essential for effective renewable energy system integration.

In this approach, adaptability depending on the state of the photovoltaic system
(power surplus/power deficit) guarantees excellent reliability to meet energy demands.
The comprehensive energy management assessment takes into account various constraints
such as load demand, hydrogen storage levels, operation of various elements, and energy
surplus and shortage conditions.

5.2. System Control Strategy

In our system, the MPPT controller adjusts the operating point of the solar panel using
the modified P&O algorithm, thereby ensuring optimal power production by maintaining
the output voltage at the maximum power point [35]. DC bus control encompasses the
management of electrical parameters on this bus with the aim of ensuring stability and
operational efficiency. Electronic devices such as DC-DC converters and regulators are
used to maintain the required electrical conditions. Regulation of the output power of the
PEM electrolyzer is achieved by adjusting the input current via a buck-boost converter,
driven in continuous mode by a PWM generator. The PD3 Rectifier block simulates a three-
phase rectifier with sinusoidal pulsewidth modulation (PWM), converting three-phase AC
into a regulated DC voltage. It integrates an MPPT algorithm to optimize the power of a
photovoltaic system, with a three-phase circuit breaker under logic control.

5.3. Energy Management of the Hydrogen Production and Storage System

e  Energy management algorithm

To ensure the balance of energy flow between the components of the proposed hydro-
gen production and storage system and the grid, an efficient energy management model
was developed in a MATLAB2023 environment to plan their operation on an hourly basis.
Figures 6 and 7 illustrate, respectively, the Simulink implementation and the algorithm of
energy management (EMS). In this developed model, the hourly imbalance between the
solar output power of the PV system and the demand is evaluated based on the hourly
simulation results of PV power. When there is a surplus in solar electricity production, the
electrolyzer is powered to produce green hydrogen, and the storage tank is allowed to fill
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with green hydrogen as long as the operating pressure is below the target pressure. If the
operating pressure reaches the target pressure threshold, then the storage tank stops filling
with hydrogen gas. If the excess PV power exceeds the rated capacity of the electrolyzer,
then the electrolyzer is set to operate at its rated capacity, and the excess PV power is
injected into the grid.

1) . h2 4 fc »{ fcCntrl

g fcn

FC monotoring

h2 —
Cntrlac * Cntrlag
Cntrlac P ac 4

._’.2 g 4 fcn - O
G fcn Cntride »| dc Cntridc o Cntrldd

Power monotoring Storage optimization

Figure 6. Simulink of the energy management model flow.
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Figure 7. Flowchart of the developed energy management model.
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e Analysis of the energy management scenarios.

> Initializing Data Inputs: Configure the initial parameters required for the
algorithm, including Ppv, grid availability, H, storage tank capacity, minimum
PV power thresholds, and minimum variation for Hj storage.

> PV Power Evaluation.

e  If the generated PV power exceeds a minimum threshold (Pmin) and if the PV power
is sufficient, then the power generated is directed by PV to the PEM electrolyzer for
H; production.

o If the PV power is insufficient then the energy is imported from the electricity grid.

> H, Storage Tank Monitoring: Continuously monitor the status of the Hj stor-
age tank and ensure that the tank is neither overfilled or underfilled for safe
operating conditions.

> Check if the current H; storage level is within a predefined operational range
and is not close to the maximum capacity of the tank.

> Optimization of Hp Charge.

e  If the current variation in dmhj(t) is less than a predefined minimum variation (Delt
mH; max) then interrupt the filling process to maintain system stability.

e  If the H; variation allows additional charging then continue to charge the H, storage
tank until it reaches an optimal level.

> Management of Excess PV Power: When the H, storage tank is full, the solar
power generation is checked if it is PV and not zero.

o If excess PV power is available then activate the system to export excess PV power to
the grid, ensuring efficient use of the generated energy.

> Iteration of the Algorithm: The algorithm evaluates and repeats these steps on
an hourly basis to adapt to changing conditions and optimize energy manage-
ment throughout the system.

6. Results and Discussions
6.1. Simulation Parameters

Simulations were carried out using MATLAB/Simulink software2023, with real data,
including solar irradiation and ambient temperature. The parameters used for the sim-
ulation of the different components of the hydrogen production and storage system are
illustrated in Table 4. Figures 8-10, respectively, show the daily variations in solar irradia-
tion, ambient temperature, and of the PV power supplied. The instantaneous power of the
electrolyzer is illustrated in Figure 11, in which we observe that during periods of absence
of sunshine (between 0 and 6 a.m., then 19-24 p.m. for each day of the summer season), the
electrical network (grid) powers the system while for other periods it is solar energy which
will be the main source of power for the system.

Figure 12 shows the daily exchange of electricity between the system components (PV,
electrolyzer, grid, storage). It refers to the transfers of energy that occur daily between
different parts of an energy system. These trades are influenced by factors such as PV
renewable energy production, consumer demand, and storage capacities. Understanding
and optimizing these exchanges is essential to ensure the efficiency of the energy system,
and the use of Simulink makes it possible to visualize and analyze these dynamics for
informed energy management. The hydrogen production and storage system provides
around 126,040 kWh of green energy every day, which represents around 60% of the clean
energy contribution.
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Table 4. Design parameters of the proposed system.

Settings Value/Type
Total PV installed capacity 1200 kW
Total number of PV modules 3042
PV Connection Modules 78 strings x 39 in series
Nominal power of each PV Module 400 W
Short-circuit current (Isc) 7.66 A
Open-circuit voltage (Voc) 485V
PEM Electrolyze power 700 kW
Hydrogen tank 800 Kg
PEM Fuel Cell 500 kW
Efficiency of Fuel Cell 46%
900
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Figure 8. Hourly solar irradiation (W/m?).
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Figure 9. Hourly ambient temperature.
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Figure 12. Daily exchange of electricity between system components.

Figure 13 shows the simulated daily hydrogen production and consumption assuming
that the tank is initially not empty (low mass). An increase in the electrolyzer’s hydrogen
production rate can be observed during periods of high sunlight, where excess solar energy
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is more likely to be generated during long periods of sunlight, as well as an increase in the
hydrogen consumption rate of the fuel cell. Figure 14 represents the results of the simulation
of Hy production as a function of the electrolyzer electric current. As current is supplied to
the electrolyzer, the dissociation reaction of water molecules increases rapidly. Therefore,
the overall efficiency of the proposed PV-H, system is 60%. Future work should focus on
improving the efficiency of PV-H, systems while minimizing the energy cost for optimally
sized renewable-hydrogen hybrid systems. In order to quantify and verify the reliability
and effectiveness of the suggested control approach, as well as the ability of the independent
hydrogen production and storage system to meet energy demands independent of any
external factors, Matlab-Simulink software 2023 was used with practical meteorological
input data (radiation/temperature of Figures 8 and 9).

g
T
1

H2 mass (kg)

1 1 1 1 1
5 10 15 20 25
Timescale (hours)

Figure 13. Daily mass of H, storage (case of continuous operation 24 h/7 days)for a 1 MW station).
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Figure 14. Hydrogen produced per hour as a function of electrolyzer current.

o Evaluation of excess energy mode

The excess power mode evaluation looks at several performance metrics, including
hydrogen production efficiency, storage efficiency, system response time, hydrogen produc-
tion purity, overall system efficiency, and control reliability. The EMS must automatically
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check if the actual H; storage level is within a predefined operational value and is not
close to the maximum tank capacity: in this case, the value of dmH; must be less than a
threshold value (Delta mH;max), otherwise, its state remains ready for operation and it
operates in charging mode.

e Evaluation of energy deficit mode

When the system enters this mode, it becomes corrupted and requires rapid correction.
In the meantime, the electricity network is preparing to become operational to correct
this lack. The latter intervenes to cover the remaining power according to the constraints
presented. If the condition delta mH,(t) is less than a predefined minimum variation (Delta
mHymax) is met, the electrolyzer is powered and charges the hydrogen storage tank.

6.2. Evaluation of CO, Emissions
* CO, Gas emission by Hydrogen

GEco, = My, -EFy, (26)
p.T
My, = 27
® = e (27)
P-T-My
GE = 2 28
0 = e (28)

GEco,: produced quantity of carbon dioxide CO, (kg COy);
EFy,: emission Factor of green H; (kg CO,/kg Hy);

My, :produced quantity of Hydrogen (kg Hy);

P: power of the plant (kW);

T: average functioning time of the plant (Hours);

n: efficiency of Hy;

Cp,:calorific coefficient of Hy (Kwh/kg).

6.3. Comparison Study of CO, Emission Between Hydrogen and Fuel

In our case study the power station is P = 1 MW with an efficiency of 80% with
continuous an average functioning T = 3650 h/year

e  Case of Hydrogen station

EFy, = 0.1kg CO; by kg of Hp; Cpy, = 33kWh/kg

Mg, = 1000 kW/ (0.8 - 33 kWh/kg) = 30 kg Hy/h

GEco, = 30kg- (0.1) kg CO,/kg Hy = 3kg CO2/h

This is equivalent to a quantity of 10,950 kg of CO, per year (in the case of 1 MW
power production station by green Hp)

o Case of fuel (Diesel) station
EFNG =0.25 kg COZ /kg
Electric Energy production : 1MW - 3650 h/year = 3650 MWh/year

Emission of CO; : 3650 MWh/year. (0.25 kg CO,/kWh) = 912,500 kg CO, /year
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e Gain in reduction of CO; emissions

(GECO2 ) Fuel — (GECO2 ) Hz
(GEC02 ) Fuel

Gco, (%) = 100- (29)
which gives the next gain percentage Gco, = 98.8%. This value indicates that greenhouse
CO, emissions are reduced to 1.2%.

6.4. Results Discussion

The described power profiles shows that the electrolyzer voltage, current, and daily
hydrogen production flow rate are influenced by sunlight. During the day, the electrolyzer
operates at its optimal power and produces a purely green hydrogen flow rate of 6.5 kg
of green hydrogen/h, or 216 kWh of stored energy per hour. At night, the electrolyzer is
powered by the electricity grid to continue hydrogen production. It achieves a flow rate
of 9.2 kg/h of non-green hydrogen, which translates to a stored energy of 305 kWh per
hour. Thus, the stored green hydrogen is equal to 6.430 kWh per day, which translates to a
percentage of green hydrogen produced of 65%.

This quantity of stored energy is sufficient (more than 6 GWh per day) to feed the
refueling recharge stations, electric vehicles, or other end uses (industrial applications).

These results (conducted in Tunisia) can be extended to other regions having the same
climatic conditions such as the north of Africa and Maghreb (Tunisia, Algeria, Morroco,
and Libya) because they have similar geographic and climatic conditions and also the same
traditions in fossil fuel and renewable energy usage. Also, they sometimes are connected
with the same infrastructure like the smart Electricity grid between Tunisia and Algeria.

The proposed study has several limitations:

- Economic viability: High initial costs could hinder adoption, particularly in economi-
cally constrained regions.

- System dependence on weather fluctuations in solar energy production can affect
hydrogen production during poor sunlight conditions, especially in regions not con-
nected to the power grid.

- The country’s lack of hydrogen transportation and distribution infrastructure, which
smooths hydrogen away from refueling stations or users.

- Regulatory framework and public acceptance.

Also, we succeeded in enhancing certain aspects of our study such as sustainability,
reliability, reduced cost, and resilient H, production and storage.

- For sustainability, it was ensured by the hybridization between solar and green hydro-
gen, which are two sources without greenhouse gas emissions and complementary.

- For reliability, it is the proposed energy management algorithm that allows scenarios
to be managed and energy and thermal transfers to be optimized and therefore, the
efficiency of daily hydrogen production.

- For operating costs, it is the amortization of the actualized cost of selling hydrogen
that reduces the cost price. This cost is reduced by the integration of solar on the
one hand and by the algorithmic optimization of management and supervision of the
installation on the other.

- For resilience, it is improved by an integrated approach that combines energy diver-
sification (PtE and PtG strategies), optimized, and proactive management as well as
flexible and multiple storage.

To compare our results with other studies, we reported in Table 5 the main results and
performances obtained from several references.
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Table 5. Performances comparison with other references and studies.

Study Results

PV power = 150 kW
Electrolyzer power = 100 kW
Battery power: 47 kW
Sheikh Suhail M [36] Produced energy = 650 kWh/day
H; production = 12 kg/day
cost of Hy production = USD 4.8 per kg
Total Costs = USD 749,904

Equivalent hydrogen efficiency (EHC): 30%
Battery State of Charge (SOC): 20% to 80%
N. Naseri and Al [37] Power Sharing Efficiency: 50%
Maximum Power Point Tracking (MPPT) with
fuzzy logic controller = Efficiency 95%

PV power = 18 kW
Battery = 3.7 kW
Fuell cell = 4.9 kW
PEM electrolyzer = 7 KW
H; production = 400 kg/day
Global Efficiency = 0.35

PV power =5 kW
Energy production = 30 kWh/day
Electrolyzer power 5 kW (37 V, 250 A), 2 bar
P. Hollmuller, J-M. Joubert [39] Battery capacity: 22 kWh
H, production = 1100 Nm? per year = 100 kg/year
1 Nm? of hydrogen produces 3 kWh.
1 kg of hydrogen contains 33.3 kWh of energy.

PV power = 1200 kW
PEM electrolyzer = 750 kW
Fuell cell = 500 kW
Battery = 75 kW
H; production = 250 to 400 kg/day
Global Efficiency = 0.49
EMS with SCADA and supervision interface

F. N. Shaker [38]

Our study
Hidouri D and Al

Finally, we can say that despite some economic and technological problems such
as cost, infrastructure, and security, the proposed work could advance green hydrogen
production technology to reduce greenhouse gas emissions and limit dependence on fossil
fuels. It also allows for the development of new alternative and sustainable solutions,
whether for electricity generation, energy storage, or even the future substitution of natural
gas (methane). The proposed infrastructure could also boost the sustainable transportation,
industrial, medical, chemical, and even agricultural sectors. On a social level, its impact is
the creation of new jobs and opportunities for new investments.

7. Conclusions

The integration of green hydrogen production and storage systems, powered by
photovoltaic panels, represents a significant step forward towards energy solutions. The
results of this study investigated a 1 MW hydrogen production station that generates from
250 to 400 kg of hydrogen per day (in function of the geographic and climatic conditions),
equivalent to approximately 8 to 12 MWh of stored energy. The PEMFC hydrogen cells
used have a power of 500 kW with an efficiency of 60% and can reach 90% in the case of a
heat recovery device. We have shown that the gain brought by the substitution of fossil
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fuels with green hydrogen reduces CO, emissions by 98.8%, i.e., a gain of 900 tones of
CO; per year for the 1 MW installations. Also, the implementation of an optimization
and energy management algorithm (EMS) in our station made it possible to supervise and
control the operation and the different transfer scenarios of power energy flows between
the PV, the electrolyzer, and the PEMFC and, in particular, during hours of insufficient PV
production. The model takes into account the hydrogen consumption required to satisfy
the charging demand and updates it based on operating hours. These results clearly reveal
the potential of green hydrogen production and storage systems to contribute to the energy
transition, while indicating the need for support for the technological development of the
infrastructures necessary to maximize their large-scale deployment and ensure the safety
of equipment and personnel.
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