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Abstract

In recent years, hydrogen production from renewable energy has been attracting the attention of investors and politicians in
the world. Although green hydrogen is still in its early stages in Iran, it has a high potential for development. Considering the
importance of the above-mentioned facts and Iran's very good wind potential, the present study was the first attempt to
investigate hydrogen production from wind energy in the hot and humid climate zone of Iran. The investigated stations were
5 cities of Khuzestan province and 4 large scale wind turbines were selected to be evaluated. A numerical analysis on wind
data and the best fit of the Weibull function for the stations were done. Based on the coefficients k and ¢ of the Weibull
function, the amount of hydrogen produced by electrolysis was calculated. The results of the study showed that the EWT 900-
52 wind turbine produced the most wind electricity, an annual 4645.85 megawatt hours of wind electricity equivalent to 68.3
tons of hydrogen, in all the investigated stations. Moreover, the suitable station was found to be Dezful, which can produce
20.36, 16.45, 11.93 and 9.44 tons of hydrogen when using wind turbines EWT 52-900, AWE 54-900, AWE 52-750 and
Hewind 43-600 respectively.
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1. Introduction

In the process of defining energy supply
policies in Iran, it seems necessary to consider plans
for safe, sustainable and eco-friendly energy supply
[1, 2]. Among the various options, hydrogen energy
systems are one of the most effective solutions
attracting a lot of attention in the world in recent
years as an efficient and clean energy source [3-6].
Iran is a developing country with growing oil, gas,
petrochemical and nuclear industries. Therefore,
reaching a stable source of hydrogen is considered
to be an essential goal [7].

The total hydrogen produced in the world until
2018 is approximately 50 million tons, and China is
the largest producer of hydrogen with an annual
production of 12.5 million tons. Approximately 88%
of the total hydrogen produced in the world is related
to petrochemical industries, and less than 10% of the
produced hydrogen is sold commercially [8].

As shown in Figure 1, among different types of
renewable energy sources, wind energy possesses
the highest growth rate having increased from
1.09% in 2000 to 19.03% in 2018 [9]. Until 2018,
the total installed wind energy capacity in the world
was equal to 591 GW and 5.5% of the electric
energy in the world was provided by wind power
plants [10].

Renvwable energy gencruuon, Woold, 1950 o 2008 (1T'Wh)
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Fig. 1. Changes in energy production from renewable sources
during the years 1980 to 2018 [9].
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In table 1, some of the recent studies conducted
in the field of wind hydrogen production in Iran are
mentioned. Analysing the conducted studies, it was
found that in some of these studies, only the use of
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hydrogen as an energy storage has been mentioned
[11-13]. In many other studies, the wind power
density in the area under study has been calculated
using functions and statistical methods [14-17].

Table.1.
A review of previous studies and comparison with the present study
Energy . . .
Ref. Year Study Area 1eSOLrCEs Method/ Software Topic Focused on Difference with current work
Present 2023 Khuzestan WT Best Weibull Assessment of wind potential -
work distribution curve-fit for hydrogen production in
large scale
[18] 2021 Abadan WT/PV/ HOMER Tri-generation of heat, - Do not use several types of wind
Biomass/Fuel cell electricity and hydrogen turbines
- Not doing the best curve-fitting
- The main focus was not on the hydrogen
production
[19] 2021 Fars WT/PV MCDM Ranking location for hydrogen - Different climatic zone
techniques production - The main focus was on the ranking of
station.
- Not doing the best curve-fitting
- Do not use several types of wind
turbines
- Different methodology
[20] 2020 East WT Data Envelopment Finding the best location for - Different climatic zone
Azerbaijan Analysis (DEA) wind farm - The main focus was on the ranking of
station.
- Not doing the best curve-fitting
- Do not use several types of wind
turbines
- Different methodology
[21] 2020 Iranian coastal WT Mathematical Evaluation of hydrogen - Different climatic zone
cities analysis production from seawater with - Different methodology
wind turbine - Not doing the best curve-fitting
[11] 2019 Bandar Abbas, WT/ PV/ DG HOMER Techno-economic feasibility to - Different climatic zone
Shiraz, Tabriz, satisfy electric, heat and - Different methodology
Tehran, and hydrogen load - Constant hydrogen load
Yazd cities - Do not use several types of wind
turbines
- Not doing the best curve-fitting
[12] 2019 Bandar Abbas Grid & HOMER Techno-economic feasibility - Different methodology
city WT/Grid & study for electricity and - Constant hydrogen load
WT/PV/Grid hydrogen production - Hydrogen production using a reformer
- Not doing the best curve-fitting
[22] 2019 Firuzkuh WT/Grid DEMATEL & Techno-economic feasibility - Different climatic zone
DEA/HOMER study for electricity and - Hydrogen production using a reformer
hydrogen production - Constant hydrogen daily load
- Not doing the best curve-fitting
[23] 2018 31 provinces WT Weibull distribution Evaluation of wind potential - The main focus was on the high
of Iran & GIS maps for hydrogen production by altitudes.
using seven commercial WT - The main focus was on comparing
different models for estimating Weibull
parameters.
- Not doing the best curve-fitting
[24] 2018 Iranian coastal WT Weibull distribution &  Evaluation of wind potentials - Different climatic zone
province MCDM for hydrogen production from - The main focus was on desalinated
techniques/RETScreen desalinated sea water water.
- Not doing the best curve-fitting
[13] 2017 Hendijan/ WT/PV/DG/Grid HOMER Techno-economic feasibility - Different methodology
Khuzestan study for electricity and - Constant hydrogen load
hydrogen production - Do not use several types of wind
turbines
- Not doing the best curve-fitting
[16] 2017 llam, Grid & Weibull distribution &  Suitability of stations for wind - Different climatic zone
Kordestan, and WT/Grid & MCDM techniques  and solar hydrogen production - The main focus was on the ranking of
Kermanshah WT/PV/Grid station.
provinces - Not doing the best curve-fitting
[17] 2017 Fars WT Weibull distribution & Ranking the stations for - Different climatic zone
MCDM techniques  construction of a wind farm for - The main focus was on the ranking of
hydrogen production station.
- Not doing the best curve-fitting
[15] 2016 Fars WT Weibull distribution  Feasibility study on the wind - Different climatic zone
energy and hydrogen - The main focus was on wind energy.
production - Not doing the best curve-fitting
[14] 2016 Sistan- WT Weibull distribution Feasibility study on the wind - The main focus was on wind energy.
Baluchestan energy and hydrogen - Not doing the best curve-fitting

production
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Extensive studies have been conducted on
hydrogen production using wind turbines.
Nevertheless, by reviewing the related literature, it
was found out that no detailed evaluation focusing
on the potential of wind hydrogen production in hot
and humid regions in lIran has been conducted
before. Also doing of the best curve-fitting, the non-
constant of the produced hydrogen load, and the use
of the constants of the Weibull function for the
production of wind hydrogen, have not been done in
previous studies or have been done very rarely.
Therefore, in this study, 5 stations in the province of
Khuzestan located in Iran were evaluated in order to
find the best location for wind hydrogen production
in this province. The 20-year average wind speed
data and 4 common wind turbines in the market were
used for investigation and analysis. The author
hopes that the results of the present study will serve
as a road map to help decision makers in the field of
energy and especially renewable hydrogen in Iran.

2. The system under study

Approximately 96% of the hydrogen produced
in the world is currently supplied through fossil
fuels. However, in order to use the potential of
hydrogen as a clean energy carrier, it is necessary to
use renewable energies in hydrogen production [25,
26]. On the other hand, although various
technologies have been proposed for hydrogen
production, the most common method used is water
electrolysis [27]. In order to produce hydrogen
based on water electrolysis using renewable sources,
it is possible to use different solar [6, 25, 26, 28-34],
wind [14, 22, 35-38] or a combination of different
renewable sources depending on the availability and
geographical conditions [27, 39-43]. The schematic
of the investigated system is presented in Figure 2.

Electrolyser

\ to split water
- - Mo “
? l 6, _> H2 9 cven D
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" ‘ S10% He i >
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Wed Gas pipslins hesting,
hot water

Fig. 2. Schematic of the system investigated in the present
study

3. The area under study

As Figure 3 demonstrates, Khuzestan is a
province in the southwest of Iran. It is the fifth most
populated province of Iran having a hot and humid
climate and an area of 64,057 km2. Considering that
the present study is limited to the hot and humid
region and the fact that the stations have been
selected for investigation whose wind speed data is
available on the NASA website, 5 stations in
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Khuzestan province have been selected for
investigation. The stations investigated in the
present study are Abadan, Ahvaz, Bandar-e
Mahshahr, Dezful and Masjed-e Soleyman. The
wind speed data of the investigated stations, which
is a 20-year average, was extracted from the NASA
website. Geographical and demographic coordinates
of the investigated stations are presented in Table 2.

Table.2.
Geographical and demographic coordinates of the investigated
stations
Station Lon lat Height Population
(m) 2016
Abadan 48.3 304 6 231476
Ahvaz 48.7 313 22 1185000
Mahshahr 49.2 30.7 46 162797
Dezful 485 324 503 264709
MJ-Soleyman 49.3 32.0 406 100497

Fig. 3. The area under study.

4. Methodology

The performance of wind turbines depends on
wind speed, wind turbine installation height,
turbulence intensity, etc. [44, 45]. There are several
methods to estimate the wind profile. In this study,
the power law method is used, the equation of which
is as follows [20]:

Unup  _ (Zhub )% O

uanem Zanem

In the above equation, un is the wind speed at
the height of the turbine hub, Uanem is the wind speed
at the vibration of the anemometer, znw is the
installation height of the turbine hub, and zanem is the
installation height of the anemometer.

The Weibull function, having a good
correspondence with the measured wind data [46]
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and often used to determine the wind regime, is
obtained by the following equation [21]:

k u Uk
— = (k-1 =)
fw) = o (c) .e )

In the above equation, u is the wind speed
(m/s), k is the Weibull shape factor (dimensionless)
and c is the Weibull scale parameter (m/s). The
coefficient c indicates the windiness of the area and
the value k is a parameter that indicates the extent of
a wind distribution. In the present study, parameters
k and ¢ were calculated by the Justus method [47]:

k= ((%’-)—1.086 ®)

c k2.6674
—_—= 4
U 0.184 + 0.816 k273855 ®
In the above equations, o, is the standard
deviation parameter and U is the annual average of
wind speed. The standard deviation is obtained from
the following equation [47]:

I+
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=]
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oy 1
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The maximum likelihood method presented by
Smulders and Stevens [48] was used in the present
study to fit the Weibull distribution on the wind
speed data,

The capacity factor (CF), defined as the ratio
of the output power to the rated power, is calculated
by equation 6 using the parameters k and c¢ of the
Weibull function for each station at the desired
height [49, 50].

. Pout e_(chCt—in)k _ e_(VnétEd)k

Pratea (Vracted)k _ (ché—in)k (6)
_(chtc—out)k

—e

In the above equation, Vcwin is the cut-in
speed, Veutout 1S the cut-out speed, and Viaeqg is the
rated speed of the wind turbine. The electric power
produced by the wind turbine can be calculated
using equation 7 for the time interval T (8760 h)
[51].

Eout = CF X Prggeq X T O]

Finally, hydrogen production by wind turbine
is calculated through equation 8 [51].

Eout

My, = —24
H2 = 1113 x Ecy, . eonv-

®)

where nconv. IS the efficiency of the converter
(90%) and Ece is the energy consumption of the
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electrolyser (5.5 kWh/N.m®). Each kilogram of
hydrogen is considered equal to 11.13 N.m?3 [52].

5. Input data

The wind speeds of the 5 investigated stations
in Khuzestan province are presented in Table 3. The
wind speed data used in the present work are 20-year
averages extracted from the NASA site and
measured for a height of 10 m above the ground
[53]. Moreover, the technical data of the wind
turbines used in the study is presented in Table 4.
Based on the previous studies of other researchers
and the availability of 4 wind turbines under
investigation in the Iranian market, these wind
turbines have been selected for investigation.
According to the dimensions and sizes of wind
turbines used, the opinion of experts in the field of
wind energy, previous studies, and considering the
fact that with the increase in the height of the
installation of the wind turbine, the price of the
supporting structure increases exponentially, the
height of 40 m was chosen for the investigations.

Table.3.
Wind speed of studied stations @ 10m

i S8 8 58855359 9% 83 8>
=] o @
Saton § f £ §=35280238%

Abadan 2128 3 333445443633222221 31
Ahvaz 2 222427283536 3 24181919 25
Mahshahr3.6 3.8 3.8 3.7 44 46 44 41 4 3636 3.7 3.9
Dezful 3.6 38 4 43474946 4545423837 42

MJ- 35363638434442 4 4 383636 39
Soleyman

Table.4.
Wind turbines technical data @ 40m
Model Rated Cut-in Rated Cut-off Diameter

power speed speed speed of rotor
(kW) (m/s)  (mfs)  (mls) (m)

HW 43-600 600 35 145 25 43
AWE 52-750 750 3 14.5 25 52
EWT 900-52 900 3 13 25 515
AWE 54-900 900 2 13 25 54

6. Results

The results of performing the best fit to
calculate the parameters k and ¢ of the Weibull
function at the height of 40 meters of wind turbine
installation for the investigated stations are
presented in figure 4. Considering the fact that
coefficient ¢ refers to the windiness of the
investigated area, it can be concluded from the
results that Dezful is the windiest station in
Khuzestan province and Ahvaz is the weakest one.
Moreover, since the coefficient k indicates the
extent of a wind distribution, it can be concluded
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from the results that the widest range of wind speed
(variability of winds in a wide range of speed)
belongs to Dezful station with k=1.96 and the
smallest wind speed range (narrow wind speed
distribution) belongs to Abadan and Ahvaz stations
with k=1.99.

Another point that can be seen in Figure 4 is
the prevailing wind speed for the investigated
stations. Based on the results for Abadan, Ahvaz,
Bandar-e Mahshahr, Dezful, and Masjed-e
Soleyman stations, the prevailing wind value is 3,
2.5, 4.5, 5, and 4 m/s, respectively. The prevailing
wind percentage for these stations is 11, 14, 8, 15,
and 8% respectively. According to the results of the
survey of prevailing wind and percentage of the
prevailing wind, it is clear that Dezful station is the
windiest station because it has both the highest
amount of prevailing wind and the highest
percentage of the prevailing wind. Table 5
demonstrates the amount of wind power produced
for all the 4 wind turbines and all the 5 cities. Based
on the results, the highest and lowest wind power
production are about 1384.8 MWh per year (Dezful
station and EWT 52-900 wind turbine) and about
117.3 MWh per year (Ahvaz station and Hewind 43-
600 wind turbine). Moreover, for all the surveyed
cities, the wind turbines EWT 52-900, AWE 54-900,
AWE 52-750 and Hewind 43-600 annually generate
approximately 4645.85 MWh (the average of each
station is 929.2 MWh), approximately 3645.4 MWh
(The average of each station is 729.1 MWh),
approximately 2638.5 MWh (the average of each
station is 527.7 MWh) and approximately 2028.1
MWh (the average of each station is 405.6 MWh) of
wind power respectively.

In Table 5, the amounts of wind hydrogen
produced based on the k and c coefficients of the
best fit performed on the Weibull function of the
wind speed data in all the 5 investigated stations are
presented. The efficiency of the converter is
considered to be equal to 90% and the energy
consumption of the electrolyser equal to 5.5
kWh/N.m3. It can be concluded from the results that
the highest amount of annual wind hydrogen
production is 68.3 tons when using EWT 52-900
wind turbine in all the investigated stations. The
lowest amount of hydrogen produced, which is
related to the application of the Hewind 43-600 wind
turbine in all the investigated stations, is 29.8 tons
per year. Among the investigated wind stations and
turbines, the highest and the lowest wind hydrogen
production are related to Dezful (EWT 52-900 wind
turbine with a rate of 20.36 tons per year) and Ahvaz
(Hewind 600-43 wind turbine with a rate of 1.73
tons per year) respectively. The average annual
hydrogen production capacity for each station when
using wind turbines EWT 52-900, AWE 54-900,
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AWE 52-750 and Hewind 43-600 is 13.7 tons, 10.7
tons, 7.8 tons and 6 tons, respectively.
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Table.5.
Numerical analysis results of wind electricity and wind
hydrogen production

Eout (MWh/year)

My, (ton/year)

Station ES8 w8 & w8 ESwBcTuws
SEEEEELE LR

Abadan 2443 3353 621.2 4645 359 493 913 6.83
Ahvaz 117.3 1759 3513 2437 173 259 517 358
Mahshahr ~ 527.1 675.3 11719 9331 7.75 9.93 17.23 13.72
Dezful 6418 8116 1384.8 1119.1 9.44 1193 20.36 16.45

MJ-Soleyman 497.6 640.4 1116.5 885.1 7.32 9.42 16.42 13.01
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7. Conclusion

The key to success in the cycle of renewable
energy is considered to be renewable hydrogen, and
only a few countries do not have projects in this
field. As the conducted studies indicate, Iran does
not have a share in the green hydrogen market.
Therefore, it is necessary to conduct preliminary
investigations in different climate zones of Iran.
Through analyzing previous studies, it was found
out that no study has been done in the field of wind
hydrogen production on a large scale in hot and
humid climate zone (Khuzestan province).
Therefore, the present study, was the first one to
investigate the potential of wind power generation
and the use of electrolysis method to produce
hydrogen in the cities of Abadan, Ahvaz, Bandar-e
Mahshahr, Dezful and Masjed-e Soleyman using
wind turbines EWT 52-900, AWE 54-900, AWE 52-
750 and Hewind 43-600. Doing the best fit of the
Weibull curve and finding the most accurate k and ¢
values make the results of the present study superior
to the previous studies in terms of corresponding
with reality. The important results of the present
study are:

Wind turbines EWT-900-52 and Hewind 43-
600 produced the most and least wind power,
respectively.

Dezful and Ahvaz stations are the most suitable
and the most unsuitable stations in the field of
wind power generation respectively.

The highest and lowest wind power production
values are 1384.8 MWh/year (Dezful station)
and 117.3 MWh/year (Ahvaz station) |,
respectively.

The highest and lowest hydrogen produced for
all the stations under investigation is 68.3 tons
and 29.8 tons per year, respectively.

The highest and lowest hydrogen produced in
Dezful station is 20.36 tons and 9.44 tons per
year, respectively.
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