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Abstract: In this work, a hybrid system is comprised of wind turbines (WT) and photovoltaic (PV) panels to
generate green Hydrogen via water electrolysis. Consideration is given to the influence of five
electrical power generation scenarios on system performance and Hydrogen production cost. This
study adopts the solar radiation, wind speed, and ambient temperature for Mersa-Matruh in Egypt.
The system performance is studied using MATLAB-Simulink over one year. The winter months
have high wind speed and low sun radiation compared to other months, whereas additional months
have high solar radiation and lower wind speed than the winter months. The findings show that the
amount of Hydrogen produced for all scenarios varies from 12,340 m3 to 13,748 m3 per year. The
system efficiency and LCOH are 7.974% and 3.67$/kg, 9.56%, and 3.97$/kg, 10.7% and 4.12 $/kg,
12.08%, and 4.3%/kg, and 16.23% and 4.69%/kg for scenariosl to 5, respectively. Finally, the
introduced system can reduce CO2 emissions by 345 tons over the lifetime and gain about 13,806$.
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1. INTRODUCTION

In recent decades, most countries have depended on energy production from fossil fuels. The exponential
increase in the required energy and the adverse environmental effect of fossil fuels drove various nations
to use alternative clean energy sources [1]. Hydrogen might be a new fuel for the current age that drives
economic advancement and avoids existing fuels' problems. It is a sustainable fuel source and is
considered one of the potential options for the earth's current energy and environmental challenges.
Environmentally friendly Hydrogen production is a better environment and sustainable development
features [2].

Renewable energy sources, for instance, wind turbines (WT) and PV panels, can be used to obtain green
Hydrogen. One of the most rapidly developing technologies in the world is a hybrid system that
combines the power of two or more energy resources, such as PV and wind energy [3]. As a result, a
hybrid system has been developed to conquer the intermittent nature of renewable sources [4] and
generate pure Hydrogen from water electrolysis. There are various sources to generate Hydrogen, for
example, water and hydrocarbons. Several methods, including electrolysis, gasification, and steam
reforming, are used to extract Hydrogen from these sources. It is also necessary to have an energy source
for electricity production. Hydrogen production from fossil fuels emits Carbon dioxide in the same way
as burning fossil fuels for energy production. Wind, sun, and hydropower are ideal for manufacturing
Hydrogen in a green manufacturing cycle without unleashing CO; into the atmosphere. As a result, the
renewable sources driving the water electrolysis process attract worldwide interest since it has the ability
to bring the world to a global economy that emits no greenhouse gases [5].

The climatic conditions significantly impact the amount of power generated by the PV system used for
Hydrogen generation. Changes in ambient temperature have a considerable influence on the
performance of the PV panels. The total system performance generally improves as the temperature
drops [6,7]. A ten percent increase in Hydrogen generation and a 0.1% increase in capital investment
costs were found when solar power output increased [8]. The PVT Hydrogen production system can
produce up t014.15 ml/min with electric efficiency [9]. In addition, wind speed, WT hub height, and
WT-rated power considerably impact system performance when used in Hydrogen synthesis utilizing
wind power. In general, the cost of hybrid production is lower than that of wind-only production, but it
may be higher or lower than that of PVV-only output, depending on the weather circumstances [10].

Wind and solar energy are now combined to overcome each technology's shortcomings alone. For
example, WT power generation is unstable because of wind speed fluctuations, while solar panels do
not produce electricity at night. For Hydrogen production, a hybrid system's performance is evaluated
under an average worldwide solar radiation of 200-800 W/m? and a wind speed range of 2.0-5.0 m/s.
The system’s efficiency, which can generate up to 140 ml/min, was found to be 7.78 %. In addition, the
system's benefits of superior efficiency, space-saving, and cheap cost [11] make it very commercially
viable. Assuming an average worldwide solar radiation of 200-800 W/m? and wind speeds ranging from
2.0 to 5.0 m/s, the system's potential for Hydrogen generation was examined by Sopian et al. The
system's efficiency was 7.78% at a flow rate of 140 ml/min [12].

The electricity from the grid is supplied to the system to ensure continuous production, as studied in
[13]. The study mention that the selling price of Hydrogen ought to be at least 10 €/kg to be economically
feasible and recover the initial investment. In case of a surplus of electrical energy produced, it can be
sold to reduce the production cost [14]. On the other hand, the hybrid system is mainly used for
electricity production, and the excess electricity is used to generate Hydrogen, as stated in [1]. The
results showed that Hydrogen production was about 30.4 kg between April and July. The excess
electricity can be used to produce Hydrogen, which is collected and provided to a fuel cell for electricity
production; when produced, electricity is lower than the demand [4,10]. Studies have been conducted in
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various climates to determine the potential for Hydrogen generation and the cost per kilogram [15,16].
The price of Hydrogen generation in the United States is 6.2$/kg, whereas in Benin, it is 1.09€/m?, and
in Morocco, it is 4.64%$/kg.

MATLAB/Simulink software simulates and performs a parametric system study for the whole
production system [17,18]. The results showed that the system's performance was enhanced due to (I)
increasing electrolyzer operation temperature and (1) when PV and WT work simultaneously. The
hybrid system is examined under Iran's climatic conditions [19]. This study's results stated that the
system produces about 91 kg per day, which provides energy for 91 cars/week and saves about 1347 L
of gasoline in the week. A comparison was performed between the hybrid system's Hydrogen production
cost and end-user selling price in the Netherlands [20]. The results revealed that the system production
is lower than the end-user price by 1.3€/kg. Additionally, the hybrid system can produce urea and
Hydrogen. The Hydrogen production reaches up to 518.4 kmol/day of Hydrogen and synthesizes 86.4
kmol/day of urea [21].

Egypt, as with most of Africa, has a lot of sunlight, with an annual average of 3100 hours, or 9-11 hours
a day from north to south. In addition, wind speeds of 5 to 10 m/s are typical in several of the country's
largest cities. Despite Egypt's availability of renewable energy, the country depends mainly on fossil
fuels for its power generation needs. Dependency on fossil fuels releases up to 224 million tons of carbon
dioxide into the environment, which severely impacts the environment. According to a government
program in Egypt, more than 40% of Egypt's power will come from renewable sources by 2035, with
wind power accounting for 14% of that total and solar power accounting for 25% of that total. Because
of the fluctuating nature of renewable energy sources, Hydrogen synthesis offers a viable option for
energy storage [5,10,22,23].

As mentioned above, the system performance is directly affected by climatic conditions, and the
production cost plays a vital role in system assessment. Therefore, the current study focuses on the
energy performance and cost analysis of using a hybrid renewable energy system composed of PV and
wind turbine systems for clean Hydrogen production using an alkaline electrolyzer. Currently, the study
is conducted out of 5 cases of the produced power required for running the electrolyzer, which is: (1)
100% from PV, (2) 70%PV+30%WT, (3) 50%PV and 50%WT, (4) 30%PV+70%WT and (5) 100%
from WT. A complete mathematical model is built and solved using MATLAB software and validated.
The study is carried out under the climate conditions of Mersa-Matruh city in Egypt, which is rich in
solar and wind energy. In contrast to previous studies, this study compares wind and solar power, if
available in one place, in terms of Hydrogen production. Additionally, the present research aims to close
the knowledge gap in the utilization of Egypt's abundant renewable energy resources (solar and wind)
in the area of clean Hydrogen generation.

2. SYSTEM DESCRIPTION AND WEATHER CONDITIONS

The meteorological conditions of Mersa-Matruh, located on Egypt's North Coast (31°20'N 27°13E), are
utilized to study the existing stand-alone system employed for Hydrogen generation. Fig. 1 illustrates
the hybrid system layout. This system is a hybrid renewable energy source that generates electricity by
combining PV and WT. The electricity is sent straight to the alkaline water electrolyzer to produce green
Hydrogen using the electricity generated by actual commercial PV panels (100 % PV), wind turbines
(100 % wind), or a mix of the two. In reality, the electricity is generated following one of five distinct
scenarios: (1) 100 % from the PV; (2) 70 %PV+30 %WT; (3) 50 %PV and 50 %WT; (4) 30 %PV+70
%WT; and (5) 100 %from WT. These scenarios are used to estimate the effectiveness of the system and
the cost of producing Hydrogen. The PV panels in scenario.l have a total rated capacity at a maximum
power point of 24 kW, whereas Scenario 5 has three wind turbines, each of which has a rated power of
10 kW. PV and WT are combined with the percentages provided in the remaining scenarios to determine
which scenario has the most effective results. In addition, the converter unit is used to modify the needed
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current for the electrolyzer depending on the estimated voltage. This power regulation is made following
the previous scenarios.

The solar radiation values that are incident on the PV panels are computed based on a tilt angle of 31°,
considered the PV panels slope angle in Egypt. This angle is chosen to collect a lot of sunlight from the
PV panels. Fig. 2 depicts the monthly average solar intensity per unit area (Wh/m?), showing that July
and December have the highest and lowest values, respectively. As a result, it is anticipated that July
will have the most significant quantity of power produced from the PV panels, while December will
have the opposite effect. Similarly, the values of the monthly average wind speed are depicted in this
figure. The chart shows that the maximum value occurs in February, while the lowest value occurs in
September.

M4+ —

%Oa PV panels
)/ ® ' a % Electricity

@®

Meteorological data
Power converter

| -y
Wind turbines

Water tank
Figure 1. The layout of the hybrid system for Hydrogen production.
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Figure 2. Meteorological data for the current study.
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3. MATHEMATICAL MODEL

The current section illustrates the mathematical model for each component of the introduced system.
3.1. Wind Turbine Model

The amount of electricity produced from the WT is calculated based on Eq.1, as described in [24]. It is
noted that the WT does not generate any electricity when the wind speed is below the cut-in wind speed

(1.85m/s) or above the cut-out wind speed (30 m/s) according to the used Enair E200L wind turbine
model specifications.

Zero (V < Veut—in andV > cht—out)
10 kW (Vrated < V S cht—out)

Pur = V3 — 185 @
Llo kW x m (cht—in V< Vrated)

Where, Viaed = 9.55 m/s and the WT generator efficiency (7¢en) is taken 95%.
3.2. PV Model

The current PV modules are designed based on Maximum Power Point Tracking (MPPT) to extract the
highest existing electricity from the PV panels. The current and voltage at MPP (lypp and Vpp) depend
on the open-circuit voltage, photocurrent, and weather conditions. Then, the equations used to estimate
these values are introduced as follows [25-28]. Table.1 shows the used PV panel specifications [10].

(] =[1 + k; (Tpy — T )]N i Too =T +M
1 {MPP MPPsTc 1 PV STC PVp GSTC' PV a 800 (W/mz)
NPV
Vmpp = [VMPPSTC + ky (Tpy — TSTC)] Npys — [(IMPPSTC - IMPP) Rs] st )
! p
lk Ppy = Iypp X Vypp
Where, the solar radiation in W/m? is G.
Table 1. PV panels specifications.
Symbol Description Value
Gstc Solar radiation at STC 1000 W/m?
Tstc Temperature at STC 25°C
k Boltzmann constant 1.38 x1072 JI'K
Ns PV panels cells in series 72
Npvp Parallel PV panels number. 12
Npvs Series PV panels number. 2
Isc, stc A current of short circuit at STC. 34.72 A
Voc,stc A voltage of open circuit at STC. 43.32V
Impe,stc Current at MPP at STC. 30.86 A
Vwmep,stc  The voltage at MPP at STC. 32.69V
Aprv Area of PV. 10.78 m?
TnocT Nominal Working Cell Temperature. 40 °C

STC — Standard Testing Conditions.

3.3. Converter

The power converter unit comprises a DC/DC converter and an AC/DC converter coupled to the DC
bus, which is used to deliver the electrolyzer with adequate DC. A 95% is believed to represent the
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constant conversion efficiency of all employed converters. The power of the electrolyzer is described
below [5,10]:

Pyy = [PWTUAC/DcUgen] + [PPVUDC/DC] 3)

Where, Pez is the electrolyzer power; n4¢,p¢ is the efficiency of AC/DC converter and 7 is the efficiency
of the DC/DC converter.

3.4. Electrolyzer System

Using electricity, an electrolyzer splits water down into Hydrogen and Oxygen. The electrochemical
modeling of an alkaline-type electrolyzer in steady-state conditions is used in this study since it is the
most widely used [29]. Aqueous Potassium Hydroxide (KOH) with 20-30%wt concentration is the
electrolyte of choice in this sort of device. Also, the electrolyzer stack, which comprises many cells,
requires a DC power supply to run. Table 2 shows the precise characteristics of the electrolyzer model
employed in this investigation.

PEZ

I = T and U =V.y.n,
r + 1Ty ) ty + ty/Tez + t3/Tes”
= 1.229 —1 1 I+1
J Ve + (T ) + s g z +1) "
Ny, = Np(nl/2F)
NURNUZTO
\ T+ /A
where, | is the electrolyzer current, and U is the electrolyzer voltage.
Table 2. Electrolyzer parameters [29].
Symbols Value
r . . 8.05%x10-° Qm?
ry Ohmic resistance 2.5%107 Qm2/°C
S Electrode overvolt Coff. 0.185V
t1 -0.1002 m?/A
t Overvoltage Coff. 8.424 m? °C/A
t3 247.3 m? °C?/A
Ne Number of cells in the electrolyzer 6
Atz Electrolyzer area 0.25 m?
Tez Electrolyzer operation temperature 80 °C
e Faraday efficiency -
F Faraday constant 96,485 C/ mol

3.5. System Performance and Production Cost

The introduced system's efficiency and components are calculated using the following relations to
investigate the system's performance [5,10,30].
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_ Ppy X Npc_pe
Npv —[T X Apy

Pyt X Ngen X Nac-pc

NMwr = P
wind (5)
my, X HHVy,
" Electrolyzer input power
My, X HHVy,

Tsys = (It X Apy) + Pying

NEz

Where my;,: Hydrogen mass flow rate, HHV,: the higher heating value of Hydrogen =39 kWh/kg, I+
solar radiation, Apy: PV area.

3.6. Levelized Cost of Hydrogen

The Levelized cost of Hydrogen (LOCH) is an efficient parameter to determine the system's
performance because it indicates its ability to compete with other Hydrogen production methods. As the
LCOH decreases, the benefits gained from the system increase. The following equation describes the
formula used to predict the LCOH in the current study [31]. Table 3 summarizes the costs of system
components.

n _OM
FLa+t (6)
t=1 He

Cl+3Y;
LCOH =

Where ClI: capital investment, OM: yearly operation and maintenance cost, i: is the Egyptian discount
rate (8.75% ), Ht: the annual amount of produced Hydrogen, and n: lifetime (20 years).

Table 3. Components capital cost [31,32].

Capital cost. Cost per unit
PV 1130 $/kW
WT 1,550 $/kwW
Power conditioner. 600 $/kW
Electrolyzer. 930 $/kW

3.7. Enviro-economic Analysis

One of our day's most pressing environmental issues is global warming, which results from rising CO;
concentrations in the atmosphere. Here, an enviro-economic analysis examines the environmental
consequences of switching from fossil fuels -generated Hydrogen to a renewable production system.
CO. mitigation accomplished through renewable energy generation and credit acquired are the basis for
this study. Currently, there is no method to sell the CO; that the new technology has reduced. This study
establishes the quantity of CO, that can be taken out of the system, and the credit amount of carbon, if
marketed, as introduced in [10].

Fuel oil power plants have an average CO; equivalent intensity of 0.277 kgcoo/kWh. Therefore, the
yearly CO; reduction for the hybrid system in kilograms of Carbon dioxide (kgco2) and Carbon credit
gained (CCQG) are defined as follows [10]:

CO, reduction during system life time = E,,;; X n X 0.277 @)
CCG = CO, reduction (ton) x 40 ($/ton)

Where, Eou annual produced electricity (kwh), and n is the system lifespan (20 years).
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4. SOLUTION STEPS AND MODEL VALIDATION

A MATLAB/Simulink code is developed based on the flowchart, as shown in Fig. 3. As this figure
demonstrates, the code first reads the metrological data from a separate file. Secondly, the mathematical
model is used to calculate the electric power from PV panels and WT; then, the converter model is used
to estimate the required current for the electrolyzer. After that, the electrolyzer model calculates the total
amount of Hydrogen produced. Finally, the three sub-models (efficiency, LCOH, and CCG) are
developed to perform a completer system assessment.

Read

meteorological data

Apply PV panels and
WT models to estimate
the electric power.

Electric power

power converter
model to estimate the
required current for the
electrolyzer.

Electrolyzer cell voltage
‘ DC

[
Hydrogen production

System efficiency é

Figure 3. Solution flowchart.

MATLAB/Simulink simulates the previously stated equations over a year (8760 hours) using accurate
metrological data. Ulleberg's electrolyzer [33] method gave findings that were compared to the current
results. Table.2 shows the operational parameters employed in this study. The obtained results of the
current density-voltage curve for one cell of the current model are plotted in Fig. 4 for various
electrolyzer temperatures at the same input conditions of Ulleberg. As shown in Fig. 4, the Ulleberg
experimental data and the present modeling findings are pretty close in terms of accuracy.
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Figure 4. Electrolyzer model validation curve.
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5. RESULTS AND DISCUSSION

The present study aims to investigate the performance of the clean Hydrogen generation structure in
Egypt under five scenarios (a combination of solar and wind power), as mentioned above. Furthermore,
an estimation of the LCOH of each scenario is performed to determine which possible case is more
suitable depending on the low production cost. The hybrid system is chosen to provide continuous
operation for long hours with high efficiency for the hybrid Hydrogen production system in winter and
summer days and nights. For this reason, integration between PV and WT is studied to obtain better
operating conditions. Fig. 5 illustrates the monthly average produced electricity from the renewable
energy sources for each scenario. It is evident that the power generated from the wind turbine is more
than electricity from PV in December, January, and February (winter months), because of the high wind
speed. In contrast, the electricity from PV is the highest in other months. Therefore, the annual amount
of produced electricity from scenarios with a large PV percentage is higher than WT.

250

200

.
th
=

Power (KWh)
=
=

wh
=

—e—Sce.l Sce.2 Sce.3 Sce.4 —e—Sce.5

0

Jan. Feb. Mar. Apr. May. Jun. Jul. Aug. Sept. Oct. Nov. Dec.
Figure 5. The average produced electricity of each scenario.

Fig. 6 demonstrates the annual electricity production for each studied scenario. It is noted that the
produced electricity increases with a reduction in the share of WT in electricity production. The most
significant amount of produced electricity is 62.3 MWh when the system operates on PV only. Still, this
amount reduces until it reaches 55.77 MWh when the system uses WT only for electricity production.
Therefore, using PV panels for electricity production is beneficial under Egypt's climatic conditions.

Scenario.1 Scenario.2 Scenario.3 Scenmario.4 Scenario.5

Figure 6. Annual electricity production.

=
=

Electricity (MWh)
28

The main concern of the current study, as mentioned before, is to get as high much Hydrogen as possible
to get the lowest LCOH. When the LCOH decreases, the ability of the green production system to
compete with other production methods increases. From the yearly Hydrogen production for the
different studied scenarios, as shown in Fig. 7, the amount of produced Hydrogen also reduces as the
produced electricity decreases. This figure revealed that the highest amount of yearly Hydrogen
production is 1,153 kg in Scenario 1. In comparison, the lowest amount is 1,035 kg for Scenario 5 (PV

only) when the hybrid system uses only WT. Also, the WT has a negative impact on Hydrogen
production.
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Figure 7. Annual Hydrogen production.

In each scenario, the characteristics of WT, PV panels, and alkaline electrolyzer are constant, but the
portion of PV and WT in electricity production changes. The PV and WT efficiencies were assumed
constant during the study and equal to 11.1% and 22.4%, respectively. Although WT has a higher
efficiency than PV, electricity produced from PV is higher. This is because the wind speed in the studied
area is not abundant and constant. Furthermore, higher WT efficiency leads to the higher efficiency of
the system containing more electricity produced from WT. The opposite is true for systems with more
electricity produced from PV. Additionally, the electrolyzer efficiency is 76% for all scenarios.

Fig. 8 shows the variation in the system efficiency of each scenario. To sum up, higher system efficiency
implies making optimal use of the energy that has been introduced into the system but does not mean
high Hydrogen production. Scenario 5 has the highest efficiency, 16.23%, and lowest yearly Hydrogen
production, 1,035 kg, while Scenario 1 has the lowest efficiency, 7.974%, and most increased Hydrogen
production, 1,153 kg.

Besides efficiency and Hydrogen production, the other concept used to judge the system is LCOH.
During the calculation of this value, the project's lifetime is assumed to be 20 years, and each
component's operation and maintenance cost is taken at 2% of the capital cost. In addition, the land cost
of 50$/m? is considered when estimating the capital cost. The LCOH for different scenarios is shown in
Fig. 9. Hydrogen produced using Scenario 5 is the most expensive scenario. The cost is reduced as the
percentage of WT share in electricity production decreases. The best-case scenario, considering the
LCOH, is scenario one because of the abundance of solar radiation and the ability of PV to harvest solar
radiation and convert it to valuable electricity. The results clearly show that the idea of running the
electrolyzer during sun time is more economically feasible than operating it 24 h a day. This is because
the wind turbines do not produce enough electricity during the night, so a lower amount of Hydrogen is
produced while spending more money on constructing wind turbines. However, the results of this study
may change if the sharing of the wind increases compared to the PV output power.

SYSTEM EFFICIENCY, %

Scenario.1 Scenario.2 Scenario.3 Scenario.4 Scenario.5
Figure 8. Total system efficiency for each scenario.
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Figure 9. LCOH for each scenario.
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Table 4 details the CO; reduction and carbon credit gains during 20 years of the hybrid system lifetime.
It can be concluded that the growth in electricity production leads to an increase in the amount of CO»
mitigation and an increase in credit gain. Scenario 1 can reduce the amount of CO, by 345 tons over the
system's lifetime, and the system may gain up to 13,806 $ due to this reduction in CO..

Table 4. CO, mitigation and CCG over the system lifetime.

Scenario No CO;, mitigation (Ton) CCG (%)
1 345 13,806
2 333 13,323
3 327 13,081
4 321 12,842
5 309 12,360

6. CONCLUSION

The performance and LCOH of a green hybrid Hydrogen generation system in Mersa-Matruh in Egypt,
are depicted. This study is performed under identical climatic situations but with different proportions
of power generated from PV and WT for five distinct scenarios: (1) 100 % from PV, (2) 70 %PV+30 %
WT, (3) 50% PV, and 50% WT, (4) 30% PV+70% WT, and (5) 100% from WT. MatLab/Simulink code
is given hourly yearly environmental variables (solar radiation, wind speed, and ambient temperature)
to simulate PV and WT models for electricity production. The electricity is then linked with an
electrolyzer model confirmed by Ulleberg's experimental data to produce Hydrogen. The following are
some of the study's concluding observations:

In winter (December, January and February) have high wind speed and low solar radiation yielding
high power from WT and low power from PV, while the opposite is obtained for other months.
Scenario 1 has the highest amount of produced electricity and Hydrogen, and Scenario 5 has the
lowest amount of both values.

The total system efficiency for each scenario from 1 to 5 is 7.974%, 9.56%, 10.7%, 12.08%, and
16.23%, respectively.

The LCOH for each scenario from 1 to 5 is 3.67%$/kg, 3.97$/kg, 4.12%/kg, 4.3%/kg, and 4.69%$/kg,
respectively.

The best configuration of the system for Hydrogen production based on LCOH is Scenario 1.

The system can reduce CO2 emissions by 345 tons over the lifetime and gain about 13,8063.
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