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Abstract: A technical–economic assessment was carried out in this study to determine the possibilities
for wind and solar power generation in Afghanistan’s Helmand province. The results showed that
most of the province has a solar irradiance of over 400 W/m2, and also showed that wind and solar
power generated in the province can be up to twice as cheap as the official price of renewable power
in Afghanistan. The most suitable site for solar and hydrogen production was found to be Laškar
Gāh, where solar and hydrogen can be produced at a cost of 0.066 $/kWh and 2.1496 $/kg-H2,
respectively. In terms of wind power production and hydrogen production from wind, the most
suitable site was Sangı̄n, where wind power and hydrogen could be produced at costs of 0.057 $/kWh
and 1.4527 $/kg-H2, respectively. Despite the high potential of wind and solar energy in the Helmand
province, the most suitable place in this region to produce hydrogen from wind/solar energy was
evaluated from technical, economic, and environmental perspectives with the Multi-Criteria Decision-
Making (MCDM) method. The Stepwise Weight Assessment Ratio Analysis (SWARA) method
was used for weighting criteria and the Weighted Aggregated Sum Product Assessment (WASPAS)
method was used to prioritize locations. The results show that Sangı̄n is the most suitable place for
the construction of a wind hydrogen power plant and Laškar Gāh is the most suitable place for the
construction of a solar hydrogen power plant.

Keywords: renewable energy; techno-economical assessment; wind energy; solar energy; hydrogen
production; multi-criteria decision-making

1. Introduction

Energy appears to be playing a crucial role in the economic development of nations.
However, the overutilization of fossil fuel sources to satisfy ever-growing energy demand
has created a range of environmental problems—most notably, global warming and climate
change due to greenhouse gas emissions. In response, most countries have adopted some
measures to prevent or at least minimize such environmental impacts. At present, the
transition from fossil fuels to clean energies is at the top of the agenda in many countries.
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Given the non-renewable nature of fossil fuel reserves and their extensive environmen-
tal impacts, many governments have adopted energy policies focused on the widespread
use of renewable energies and the promotion of the renewable energy industry [1,2]. Kay-
gusuz [3] reported that without such energy policies, roughly 1.2 billion people worldwide
will not be able to gain access to electricity by 2030. This is an especially important issue
in Afghanistan, where energy is in high demand, but there are many infrastructural chal-
lenges in meeting this demand. Statistics published by the Afghan government show that
only 10–15% of the Afghan population has permanent access to electricity, which is one
of the lowest rates in the world [4,5]. This rate is much lower in rural areas. Afghanistan
is a war-devastated country with grave political and social stability problems, with a
population of mostly young people and children, a majority of which live in rural areas.
Unfortunately, many rural communities of this country suffer from technological, social,
and economic underdevelopment [6]. According to Afghanistan’s power sector master
plan, the net energy demand in Afghanistan is expected to increase sixfold by 2032 [4].
Certainly, Afghanistan’s current electricity generation system will not be able to keep up
with this demand. Given the vital importance of access to electricity for social and economic
development, fossil fuel sources are likely to play a major role in meeting global power
demand for the foreseeable future, but renewable energies are also turning into viable
alternatives for power generation [7].

Afghanistan has extensive wind energy capacity, especially in its western regions,
where some areas experience strong winds on about 120 days per year. According to an
assessment conducted by the American National Renewable Energy Laboratory (NREL),
a 31,611 km2 area in this region has wind speeds above Class 4 (wind speeds above
6.8 m/s and wind power densities above 400 W/m2). According to this assessment, if one
5 MW turbine is installed in each 1 km2 area of the region, it will have a wind capacity of
158.1 GW [8]. Figure 1 shows the wind energy distribution in Afghanistan. As is known,
the highest wind speeds are in the northeastern and western parts of the country. However,
wind speeds are also high in the southern parts of the country. In fact, in the southern part
of the country and especially in the Helmand province, the average wind speed is more
than 5 m/s, and there is high potential for wind energy in this region.
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Afghanistan also has an average of 300 sunny days a year, many of which have intense
sunshine and cloudless skies. The average annual normal irradiation in Afghanistan is
over 1022 kWh/m2. In the southern and western parts of the country, this figure reaches
1825–2445 kWh/m2. Solar energy is abundantly available in all parts of Afghanistan.
According to NREL’s map of Afghanistan’s solar resources, the average annual global
horizontal irradiation of the country is in the range of 3.9–5.9 kWh/m2 per day, which
is suitable for installing solar photovoltaic (PV) panels [8]. The installed PV capacity in
various places in the world is shown in Figure 2. As the figure shows, despite having
extensive solar capacity, the greater Middle East region has lower installed PV capacity than
other parts of the world. Figure 2 also shows the potential for solar energy in Afghanistan.
As is known, the highest solar radiation is in the southern regions of this country and,
especially, in the Helmand province of Afghanistan. The solar radiation in this area is more
than 5.5 kWh/m2/day.
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Hydrogen is a highly potent energy source that can serve as a substitute for hydro-
carbon fuels in road and sea transport, heating, and other applications [10]. While being
highly flammable, which poses some problems in storage and transport, hydrogen offers
an energy density of about 120–142 megajoules per kilogram, which is almost three times
higher than that of oil [11]. In addition, burning hydrogen produces water rather than
greenhouse gases, which is a massive environmental advantage [12]. Furthermore, because
of its electrochemical properties, hydrogen can be used in fuel cells and carried in liquid
and gaseous forms, as well as metal hydrides [13]. Figure 3 depicts many approaches for
generating power and hydrogen from renewable sources.

One of the important tasks to perform before starting any project or business is
to conduct a feasibility study to see if investing resources in the concept is financially
viable [15–17]. The main goal of this study is to assess the viability of generating power
from renewable wind and solar energy and then to investigate the production of clean
hydrogen fuel from various technical, economic, and environmental perspectives in the
Helmand province of Afghanistan.
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The present study contributes to the literature in several ways. Most importantly, this
is the first economic and environmental feasibility study of renewable power and hydrogen
production in any part of Afghanistan. In addition, this is the first time that the 20-year
averages of wind speed and solar radiation records are used to examine the renewable
energy potentials of the area of interest to help Afghan energy policymakers weigh their
options with regard to investment in renewable energy sources. The paper also provides a
series of GIS maps, which can facilitate the site location of renewable energy projects.

2. Review of Literature

Rising concerns about the environmental impacts of fossil fuels have created a strong
impetus for transition to cleaner energy sources and, specifically, renewable energies,
such as wind and solar, which are widely available all over the world and can serve as
sustainable energy sources without the disadvantages of fossil fuels. Recent years have
also seen a growing interest in the use of hydrogen as a clean substitution for fossil fuels.
Traditionally, hydrogen is mostly used in the production of ammonia, methanol, and other
chemical compounds, as well as in soil enrichment, but it has a promising future as a clean
energy carrier.

In recent decades, many studies have investigated the viability of wind power gen-
eration projects in different parts of the world. For example, Mostafaeipour et al. [18]
investigated the viability of generating wind power in Binalood, Iran. Wind speed data
from a station at Binalood were used to assess wind power at three heights of 10, 30, and
40 m in this study. This study reported that the density of wind power in the studied area
was 305,514 W/m2 at a height of 40 m, which provides an excellent possibility for produc-
ing power from wind energy. In another study, Using the Weibull function, the economic
and technical feasibility of generating electricity from renewable wind energy in Shahr-e
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Babak in Iran was evaluated by Mostafaeipour et al. [19]. After analyzing the wind data of
a station in the area, they reported that the wind power of the area is weak and could be
better harvested with small wind projects. They identified a 10 kw wind turbine as the best
choice for the area and conducted an economic assessment accordingly. The results showed
that the cost of electricity produced by such a project would be 0.18 $/kWh. Hulio et al. [20]
assessed the viability of wind power production in Hawke’s Bay, Pakistan. This assessment
was carried out using data collected from a single station at three heights of 30, 60, and
80 m for five wind turbines ranging in size from 1650 to 2750 kW and with hub heights
ranging from 80 to 103.6 m. This study’s techno-economic analyses revealed that the best
wind power density is 307.5 W/m2 at a height of 80 m, based on which the minimum cost
of electricity generation by the considered wind turbines would be 0.056 $/kWh. Alkhalidi
et al. [21] presented a technical examination of offshore wind energy generation in Kuwait
in their study. For this purpose, they used the wind data of 10 stations to estimate wind
energy at four altitudes of 50, 80, 100, and 120 m. Baseer et al. [22] performed a technical
assessment of wind power generation in the industrial city of Jubail in Saudi Arabia. The
assessment was done using wind data from nine stations at three different heights of 10,
50, and 90 m and with five wind turbines with nominal powers ranging from 1800 to
3300 kW and hub heights ranging from 75 to 119 m. In this study, the highest wind power
density was 168.46 W/m2 at a height of 90 m, and the highest wind turbine capacity factor
was 25%. Arslan [23] analyzed the environmental, economic, and technical feasibility of
generating power from wind energy in Kutahya, Turkey. This examination was done based
on the wind data of one station in the area for six types of wind turbines with nominal
powers of 200–1500 kW. Bahrami et al. [24] assessed the economic and technical viability
of generating power from wind energy in Uzbekistan. After a technical evaluation of
17 different sites, they reported that only four of these sites were eligible for economic
evaluations. Mostafaeipour et al. [25] studied the viability of electricity production from
wind energy in South Africa. It was reported that wind power generation at Port Elizabeth
will have the lowest LCOE, and the minimum cost of generated power will be 0.363 $/kWh
if EOLO wind turbines are used.

Many studies have also investigated the feasibility of solar power generation in
different parts of the world. In Iran, Firouzjah [26] assessed the economic and technical
viability of solar power generation in 15 cities using solar panels with fixed tilt angles and
capacities of 1, 5, and 10 kWh. This assessment showed that solar power generation is more
economically feasible in the southern parts of Iran. In a technical assessment of solar energy
in Pakistan, Tahir and Asim [27] estimated the average annual global horizontal irradiance
of the whole country to be 5.30 kWh/m2 a day. In a feasibility study of solar energy in
Saudi Arabia, Almasoud and Gandayh [28] reported that the power generated by solar
energy in this country can cost less than the electricity generated by fossil fuels if one factors
in the medical costs arising from air pollution. In a technical–economic–environmental
assessment of PV systems in Kuwait, Ramadhan and Naseeb [29] used the data of one
station to examine and compare the feasibility of four PV plants with capacities of 1 to
100 MW. Their results showed that in the case of using the 1 MW system, the cost of
electricity will be 0.2 $/kWh. Altarawneh et al. [30] conducted a technical assessment
to estimate the potential of generating power from solar energy in the Ma’an region of
Jordan. This study’s findings revealed that the average global irradiance in this region is
6.5 kWh/m2, and that to reach proper efficiency, the angle of PV panels should be changed
four times a year. In a study by Anwarzai and Nagasaka [4], the GIS method was used to
undertake a technical analysis of solar and wind energy in Afghanistan. These researchers
also used the SAM (System Advisor Model) to determine the preferred CSP technologies
based on annual power output. Nematollahi and Kim [31] assessed the potential for solar
power generation in South Korea and produced a series of GIS maps for annual horizontal
irradiance and sunshine hours in this country.

Many believe that hydrogen can serve as an ideal carrier for the energy produced from
various renewable sources, such as solar and wind, without CO2 emissions [32,33]. The
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conversion of renewable power into hydrogen turns the haphazardly available renewable
energy into a stable environmentally friendly fuel that can be consumed anytime and any-
where. Many investigations have been done on the generation of hydrogen from renewable
energy sources, particularly solar and wind. In one of these studies, in four places in Iran’s
Fars province, Mostafaeipour et al. [34] discussed the feasibility of generating hydrogen
from wind energy. This study revealed that among the four selected locations, the best one
is Abadeh (with an average annual density of 220 W/m2), where a 900 kW wind turbine
can generate the power needed to produce hydrogen fuel for 22 small vehicles. Nematollahi
et al. [35] made an economic and technical assessment for producing hydrogen from solar
energy in Iran’s Sistan and Baluchestan provinces. They reported that a 900 kW turbine
built in this area can generate power for producing 39.2 tons of hydrogen a year. Al-Sharafi
et al. [36] studied the possibilities for hydrogen generation in the Dhahran, Riyadh, Jeddah,
Abha, and Yanbu regions of Saudi Arabia using wind and solar energy. They estimated the
unit cost of hydrogen production in these areas to be $1.43 per kilogram. In a study by Iqbal
et al. [37], they evaluated the potential for wind-powered hydrogen production in eight
sites located in the Sindh province of Pakistan. The economic assessments of this study
were performed with the assumption of using a 2500 kW turbine. This study reported
that using wind power, Pakistan can produce 51,917 tons of hydrogen per day. Jahangiri
et al. [38] evaluated the environmental, economic, and technical viability of electricity
generation and hydrogen production from solar/wind sources in Qatar. In a study by
Mostafaeipour et al. [6] on geothermal-powered hydrogen production in Afghanistan, they
identified 17 locations in Afghanistan that are suitable for this purpose.

Despite the multitude of studies on the feasibility of wind and solar power generation
around the world, including the neighbors of Afghanistan (Table 1), unfortunately, no study
has been conducted on the feasibility of common renewable sources within this country. As
the above literature review shows, so far, no study has been conducted on the environmental
and economic feasibility of renewable energy for producing hydrogen and power in any
part of Afghanistan. This paper aims to address this gap in the literature by presenting a
technical, environmental, and economic feasibility evaluation of the production of power
and hydrogen from solar and wind energy in the Helmand province of Afghanistan.

Table 1. Spatial distribution of technical/economic/environmental feasibility studies for renewable
power generation in Asia.

Location Renewable Energy Type Reference

Binalood, Iran Wind Technical [18]

Shahrbabak, Iran Wind Technical, Economic [19]

Hawke’s Bay, Pakistan Wind Technical, Economic [20]

Kuwait Wind Technical [21]

Jubail, Saudi Arabia Wind Technical [22]

Kutahya, Turkey Wind Technical, Economic,
Environmental [23]

Uzbekistan Wind Technical, Economic [24]

Iran Solar Technical, Economic [26]

Pakistan Solar Technical [27]

Saudi Arabia Solar Technical [28]

Kuwait Solar Technical, Economic,
Environmental [29]

Ma’an, Jordan Solar Technical [30]

Afghanistan Wind, Solar Technical [4]
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Table 1. Cont.

Location Renewable Energy Type Reference

South Korea Solar Technical [31]

Fars, Iran Wind, Hydrogen Technical [34]

Sistan and Baluchistan, Iran Wind, Solar, Hydrogen Technical, Economic [35]

Saudi Arabia Wind, Solar, Hydrogen Technical, Economic [36]

Sindh, Pakistan Wind, Hydrogen Technical [37]

Qatar Wind, Solar, Hydrogen Technical, Economic,
Environmental [38]

3. Study Area

This study is focused on the Helmand province of Afghanistan, which was chosen
because of its geographical, social, and economic situation, as well as its renewable po-
tential. The Helmand province stretches from the center to the south of the country at
31.36 N and 63.96 E. Helmand is Afghanistan’s biggest province, covering 58,584 km2. This
province has a population of approximately 1,442,500 people, who live in 13 cities and over
1000 villages [39]. While the Helmand River flows from the north to the southwest of the
province, the province is mostly covered by drylands.

The geographical location and features of the solar and wind data collection sites are
shown in Table 2. The location of these stations is displayed in Figure 4.

Table 2. Geographical coordinates and characteristics of the stations in the Helmand province [40].

Number Site Elevation N (◦) E (◦)

1 Deh Šū 748 30.4 63.3

2 Laškar Gāh 896 31.6 64.4

3 Sangı̄n 1510 32.1 64.8
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The required data in terms of geographical coordinates, altitude, solar radiation,
and wind speed were collected from the 20-year average data from NASA satellites [40].
Satellite measurements were used because, unfortunately, the meteorological stations of
Afghanistan do not have the necessary tools or the trained personnel to measure the needed
solar and wind data [41]. Another reason for using satellite data was the high probability of
encountering missing data or incorrect measurements as a result of inadequate maintenance
and calibration of solar sensors and other instruments [41].

4. Methodology

In the present study, wind/solar/hydrogen sources and their corresponding systems
(wind turbines, photovoltaic panels, and electrolyzers) were analyzed in three stages, each
consisting of a set of steps that were structured as shown in Figure 5. The methods and
formulas used in the technical, economic, and environmental analyses are explained in
Sections 4.1–4.6, and the results of these analyses are presented in Section 5.
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4.1. Solar Energy Modeling

PV panels are often installed with a tilt to increase their power generation efficiency
and, therefore, their economic output. Solar radiation received on an inclined surface can
be estimated by several models, ranging from simple isotropic to sophisticated anisotropic
models. The efficiency of PV panels can be improved by equipping them with active solar
trackers, but these trackers need their own power supply and require a notable amount
of extra investment. Furthermore, tracker-equipped PV systems may not be suitable for
remote areas where the technical expertise needed for repair and maintenance may not be
easily accessible [42]. Therefore, this study assumed that all PV panels will have a fixed tilt.
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The difference between solar irradiance above the atmosphere and below it is called
the clearness index, which is expressed by Equation (1) [43]:

KT =
H

H0
(1)

where H is the monthly average GHR and H0 is the irradiance at the same place without
the effect of the atmosphere, which is obtained as follows [43]:

Gon = Gsc

[
1 + 0.033 Cos

(
360n
365

)]
Cos θz (2)

Here, Gsc is the solar constant, which is equal to 1364 W/m2, and n is the number
representing the day of the year (for 1 January, n = 1). The angle between the sun’s ray and
the vertical axis, which is called the zenith angle, is given by [43]:

Cos θz = Sin(δ)Sin(φ) + Cos(δ)Cos(φ)Cos(ω) (3)

where δ is the declination angle and φ is the latitude angle, which can be obtained from
Equation (4) [43]:

δ = 23.45 Sin
(

360
284 + n

365

)
(4)

Here, ω is the hour angle, which is calculated by multiplying the hour difference
from noon by 15 degrees. The angle of sunrise and sunset for θz = 90 is given by
Equation (5) [43]:

ωs = Cos−1(tan φ tan δ) (5)

Therefore, the length of the day is determined by Equation (6) [43]:

t =
2

15
ωs (6)

The integral of Equation (2) from sunrise to sunset gives daily irradiance as Equation (7) [43]:

H0 =
24
π

Gsc

[
1 + 0.033Cos

(
360n
365

)]
∗
[

Cosφ Cosδ Sinωs +
2πωs

360
SinφSinδ

]
(7)

Here, H0 is in Wh/m2day. Therefore, the air clearness index can be obtained by
merging this equation with Equation (1).

The hourly beam radiation on an inclined surface, BT, can be obtained as follows [43]:

BT = IB cos(θ) (8)

where θ is the angle of incidence and IB is the hourly beam radiation on the horizontal
surface, which can be obtained from the following equations [43]:

cos(θ) = cos θz cosβ + sin θz sin β cos(γs − γ) (9)

γs = sign (ω)

∣∣∣∣cos−1
(

cos(θz)sinφ − sin δ

sin(θz) cos φ

)∣∣∣∣ (10)

where φ is the latitude angle, θ is the angle of incidence, δ is the declination angle, θz is
the zenith angle, γs is the solar azimuth angle, β is the tilt angle, and the angle of hour is
ω. The component of the reflection of the radiation on the inclined surface, RT, is given
by [43]:

RT = αI0
1 − cos(β)

2
(11)
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where α is the surface albedo, which is assumed to be 0.2, and I0 is the total radiation
incident on the horizontal surface. The diffusion component of the radiation on the inclined
surface, DT, is obtained using the isotropic model of Liu and Jordan as follows [44]:

DT = ID

(
1 + cos(β)

2

)
(12)

where ID is the hourly diffuse radiation on the horizontal surface. The total radiation
incident on the inclined surface is given by [43]:

IT = BT + RT + DT (13)

In solar radiation calculations, the goal is to find the tilt angle (β) that optimizes the
power output. The optimal β is crucial to the functioning of a solar PV system.

The amount of PV energy that can be drawn from solar radiation received on an
inclined surface can be obtained from the following equation [43]:

EPV = APV ηPV ηinv Lother IT (14)

where EPV is the power production from the PV module, APV is the PV module area, and
ηPV is the PV module’s efficiency. In this study, the impact of ambient temperature on the
power production is ignored.

4.2. Wind Energy Modeling

The most widely used probability distribution function for statistical analysis of wind
data is the Weibull function [40]. This function can be used to easily estimate the average
annual power production from a turbine based on the measurement of wind data. The
Weibull probability distribution function is calculated as follows [45]:

f (v) =
k
c

(v
c

)k−1
exp

(
−
(v

c

)k
)

(15)

where v, k, and c are the wind speed, scale factor, and shape factor, respectively. The
equations of scale factor and shape factor are as follows [12]:

c =
v

Γ
(

1 + 1
k

) (16)

k = 0.83v0.5 (17)

where v is the average speed of wind at the altitude of the hub of the turbine and the
gamma function, denoted by the letter Γ, is defined as [12]:

Γ(x) =
∞∫

0

e−uux−1du (18)

The cumulative distribution function is formulated as follows [12]:

F(v) = 1 − exp
(
−
(v

c

)k
)

(19)

With the wind speed at one altitude, the wind speed at the altitude of the hub of the
turbine can be calculated by the following formula [12]:

v2 = v1

(
h2

h1

)co f
(20)
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co f =
0.37 − 0.088 ln(v1)

1 − 0.088 ln
(

h1
10

) (21)

where v2 is the speed of wind at the altitude of the turbine hub (h2) and v1 is the measured
speed of wind at the altitude h1.

One of the most important parameters in the aerodynamic design of turbine blades is
the energy pattern factor, which can be obtained from the following formula [12]:

ke =
U3

U3 =
Γ
(
1 + 3

k
)

Γ
(

1 + 1
k

) (22)

The most probable wind speeds and the wind speed that carries the maximum power,
VF,max (m/s) and VE,max (m/s), can be defined as follows [46]:

VF,max = c
(

k − 1
k

) 1
k

(23)

VE,max = c
(

k + 2
k

) 1
k

(24)

The speed of wind must be greater than the cut-in speed for the wind turbine to
activate. The probability of wind speed exceeding the cut-in speed of 5 m/s is [46]:

p
(

5
m
s
< V

)
=

∞∫
5

p(V)dV (25)

The amount of energy that can be harvested at a location can be estimated based on
wind power density per unit area, as formulated below [46]:

P
A

=
1
2

ρ
∫ ∞

c
U3 p(U)dU =

1
2

ρ v3 =
1
2

ρ c3Γ
(

1 +
3
k

)
(26)

where ρ is the density of air and, under standard conditions, is determined to be 1.225 kg/m3.
The following equation gives the amount of wind energy for a certain duration of time [46]:

E = P(N. ∆t) (27)

where ∆t is the time step and N is the number of measurements.
The capacity factor (CF) of a wind turbine is the ratio of the power produced by that

turbine to its rated power. This factor can serve as an index of the efficiency of a wind
turbine that is installed in an area (the higher the CF, the better the efficiency). The CF
of a turbine is calculated as the proportion of its power output to its rated power (Pr), as
formulated below [46]:

CF =
Pout

Pr
=

e−(
vi
c )

k
− e−( vr

c )k( vr
c
)k −

( vi
c
)k − e−(

v0
c )

k
(28)

4.3. Hydrogen Output Estimation

Hydrogen has attracted a lot of attention as a promising alternative energy carrier
for clean transportation. Hydrogen production from renewable energies is an interesting
discussion in the field of renewable energy development [6,33]. The reason for why many
researchers and investors are attracted to this discussion is the immense potential for clean
hydrogen production with the power coming from on-grid or off-grid renewable power
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generation systems. The following equation [33] can be used to estimate the quantity of
hydrogen that a renewable-powered electrolyzer can produce:

HWT,PV =
EWT,PV

Ecel
ηconv (29)

where ηconv is the rectifier efficiency, which is usually between 80 and 95 percent, and the
electrolyzer’s electricity consumption is Ecel , which is approximately 5–6 kWh/m2 [46].

4.4. Economic Assessment

In the present study, economic analyses were performed in terms of LCOE, which is
widely used and accepted in the literature [45,47,48]. In other methods of calculating the
LCOE, inflation and interest rates are not taken into account, and the relationship between
inflation and interest rates is taken into account in the calculations [49]. The following
formula was used to calculate the LCOE [12,45]:

LCOE
(

in
$

kWh

)
=

CI + ∑n
i=1

OM+REP(
1+ f
1+r

)i

∑n
i=1 EWT,PV

(30)

where i is the year, n is the life cycle of the wind turbine, OM is the maintenance cost, CI is
the initial cost of the wind farm, REP is the replacement cost, EWT,PV is the power output
of the wind turbine or solar panel, r represents the interest rate, and f is the inflation rate.
The values assumed for the economic parameters are shown in Table 3.

Table 3. Values of economic parameters in the present study.

Parameter Value Unit Ref.

Wind turbine investment cost 1 /$W [50]
Inverter cost 0.31 $/W [51]

PV module cost 1.2 $/W [51]
Electrolyzer cost 0.384 $/W [45,52]

Wind turbine installation cost 40 % [53]
PV module installation cost 20 % [35]

OM Cost of WT 6 % [54]
OM Cost of PV 1 % [35]

Life cycle of project 20 year [35]
Life cycle of inverter 10 year [35]

Life cycle of electrolyzer 7 year [52]
Interest rate 20 % [55]
Inflation rate 15 % [55]

For the economic evaluation of hydrogen output, the index LCOH (in $/kg) was
calculated with the following equation [52]:

LCOH
(

in
$
kg

)
=

Celectrolyzer + Celectricity

∑t
i=1 Mhydrogen

(31)

The total quantity of hydrogen generated in the years of electrolyzer operation is the
denominator of the aforementioned fraction. Celectrolyzer and Celectricity are given by [52]:

Celectrolyzer = LCOE ∑n
i=1 EWT

20
(32)

Celectricity =
Cu. electrolyzer × Mhydrogen × Eelectrolyzer

t × 8760 × CF × ηelectrolyzer
(33)
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where cue and eta are the unit price and efficiency of the electrolyzer. Since electrolysis is of
the alkaline type, the efficiency of the electrolyzer was assumed to be 75% [52].

4.5. CO2 Emission Reduction

Greenhouse gas emissions are among the primary causes of ozone layer depletion,
as well as climate change. Among these emissions, carbon dioxide is mostly produced by
the combustion of fossil fuels and has the greatest impact on environment. Power plants
typically burn oil or natural gas as fuel with CO2 production of 77 t/TJ and 55.8 t/TJ,
respectively [56]. As a result, CO2 emission reduction due to the use of renewable energies
can be estimated in two scenarios: one where the renewable power replaces the electricity
output of oil-burning plants, and another where it replaces the electricity output of natural
gas-burning plants.

4.6. GIS Maps

Over the years, GIS maps have been used in a wide variety of studies for different
purposes. With the development of computer technologies, it is now possible to combine
multiple GIS maps for even better analyses. Because measuring all variables of interest at
all sites is challenging, it is common to make measurements on regular grids and produce
estimates for off-grid points by interpolation or extrapolation. Among the most effective
interpolation methods is Inverse Distance Weighting (IDW) [57], which is widely used
in renewable energy assessments. IDW involves using linearly weighted interpolation of
measurements to produce estimates for points where no direct measurement is available.

4.7. The Hybrid MCDM Methods

Prioritization of sites for producing hydrogen from wind/solar energy was performed
using the SWARA–WASPAS method. The SWARA method was used for evaluating criteria
and the WASPAS method was used for prioritizing sites. Therefore, the equations used in
these methods are as follows.

4.7.1. SWARA Method

The SWARA method was introduced by Keršuliene et al. [58] as one of the MCDM
methods for weighing criteria. The advantages of this method over other weighting
methods such as AHP and ANP are its low incompatibility rate due to the lack of pairwise
comparisons, the lack of a limit in the number of criteria, the evaluation of the accuracy
of decision makers’ opinions, and the simplicity of the method [59]. The steps of the
SWARA method include determining the order of importance of the criteria, determining
the relative preference of each criterion (Sj), calculating the relative preference of each
criterion, measuring the initial preference of each criterion (qj), normalizing the weights,
and measuring the final weight of the criteria (wj) [58].

4.7.2. WASPAS Method

The steps of this method are as follows [60]:

1. First, the decision matrix is formed:

X =



x01 . . . x0j . . . x0n
...

. . .
...

. . .
...

xi1 . . . xij . . . xin
...

. . .
...

. . .
...

xm1 . . . xmj . . . xmn

 i = 0, m; j = 1, n (34)
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where m is the number of options, n is the number of criteria, and xij indicates the
score of the ith option on the jth criterion. x0j represents the optimal value for the jth
criterion and is defined as follows:

xij =
xij

max
i

xij
f or Positive Criteria , xij =

min
i

xij

x∗ij
f or Cost Type Criteria (35)

2. The normalized decision matrix is as follows:

ˆ
Xq =



ˆ
x11 . . .

ˆ
x1j . . .

ˆ
x1n

...
. . .

...
. . .

...
ˆ
xi1 . . .

ˆ
xij . . .

ˆ
xin

...
. . .

...
. . .

...
ˆ
xm1 . . .

ˆ
xmj . . .

ˆ
xmn


;

ˆ
xij = xijwj , i = 1, m; j = 1, n (36)

Normalization of each matrix element is done as follows:

xij =
xij

max
i

xij
f or Positive Criteria , xij =

min
i

xij

x∗ij
f or Cost Type Criteria (37)

3. Calculate the decision matrix from the WSM decision method:

ˆ
Xq =



ˆ
x11 . . .

ˆ
x1j . . .

ˆ
x1n

...
. . .

...
. . .

...
ˆ
xi1 . . .

ˆ
xij . . .

ˆ
xin

...
. . .

...
. . .

...
ˆ
xm1 . . .

ˆ
xmj . . .

ˆ
xmn


;

ˆ
xij = xijwj, i = 1, m; j = 1, n (38)

where w is the weight of each criterion; in the present study, it was assumed that
all criteria have the same weight. Calculate the decision matrix from the WPM
decision method:

=
Xp =



=
x11 . . .

=
x1j . . .

=
x1n

...
. . .

...
. . .

...
=
x i1 . . .

=
x ij . . .

=
x in

...
. . .

...
. . .

...
=
xm1 . . .

=
xmj . . .

=
xmn


;
=
x ij = xij

wj , i = 1, m; j = 1, n (39)

4. Calculate the value of the optimal function:

Qi = ∑n
j=1

ˆ
xij, i = 1, m , Pi = ∑n

j=1
=
x ij, i = 1, m (40)

5. Option scores:
WPSi = 0.5 ∑m

j=1 Qi + 0.5 ∑m
j=1 Pi (41)

6. Prioritization of options: In the WASPAS method, the options are ranked based on the
WPSi values.



Sustainability 2022, 14, 1177 15 of 30

5. Analysis

In this study, the potential for generating power and hydrogen from solar and wind
resources in the Helmand province of Afghanistan was investigated from technical, eco-
nomic, and environmental perspectives. In this section, the results of this investigation are
presented in three subsections. Section 5.1 examines the feasibility of generating power
and hydrogen from renewable solar energy from technical, economic, and environmental
perspectives, and Section 5.2 does the same for wind energy. In the end, Section 5.3 presents
the GIS maps of wind energy, solar energy, and potential for producing hydrogen in the
research area.

5.1. Solar Energy

Table 4 shows the average, minimum, and maximum annual horizontal global irra-
diance in the studied stations. As can be seen, all three stations have an average solar
irradiance of over 400 W/m2, which indicates the more or less suitable conditions of this
region for harvesting solar energy. As shown in Table 4, the best and worst stations in terms
of average annual solar irradiance are Sangı̄n and Laškar Gāh, with an average annual
irradiance of 455 W/m2 and 431.7 W/m2, respectively. However, the highest irradiance
belongs to Deh Šū, where the irradiance reaches as high as 620 W/m2 in June. The low-
est irradiance, 248.3 W/m2, also belongs to Laškar Gāh. However, it is not possible to
confidently say which station is the most suitable in the area without further evaluation.

Table 4. Solar irradiance in the Helmand province (W/m2).

Site Highest Lowest Average

Deh Šū 620 252.5 450
Laškar Gāh 583.3 248.3 431.7

Sangı̄n 599.2 264.2 455

The one-year diagrams of solar irradiance in each of the studied stations are plotted in
Figure 6. As expected, the peak solar radiation (SR) occurs in June. These peak values are
given in Table 4.
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Figure 6. Monthly changes in average solar irradiance.

Table 5 shows the monthly averages of the clearness index at each location. As the
table shows, the highest clearness index, 0.668, belongs to Sangı̄n in September, and the
lowest, 0.463, belongs to the same station in March. As can be seen, there is a very large
difference between the highest and lowest clearness index values of Sangı̄n station in
different months.
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Table 5. Clearness index in the Helmand province.

Site Deh Šū Laškar Gāh Sangı̄n

January 0.61 0.576 0.47
February 0.634 0.597 0.488

March 0.615 0.584 0.463
April 0.634 0.592 0.508
May 0.652 0.62 0.581
June 0.643 0.654 0.646
July 0.63 0.647 0.649

August 0.633 0.653 0.654
September 0.633 0.56 0.668

October 0.668 0.644 0.66
November 0.643 0.596 0.576
December 0.602 0.545 0.475

Yearly 0.635 0.62 0.584

The results of the assessment of solar energy for tilt angles of 0–90 degrees are shown
in Figure 7. As these results show, the optimal tilt angles for the Deh Šū, Laškar Gāh, and
Sangı̄n stations are 29.2, 30.6, and 30.3 degrees, respectively. Installing PV panels with these
tilt angles rather than horizontally will improve the annual solar power output by 10.95%
in Deh Šū, 12.08% in Laškar Gāh, and 11.85% in Sangı̄n.
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The amount of electricity that can be generated at each station was estimated for four
types of PV panels with specifications given in Table 6.

Table 6. Specifications of PV panels considered in the study.

Code PV Panel Capacity (W) Length (mm) Width (mm) Efficiency (%)

1 HBL_Power_Systems_HB_1250 50 585 655 13.45

2 Peimar_OS100P 100 1030 674 14.54

3 Jinko_JKM_200PP_48 200 1324 992 15.32

4 Suntech_STP300-24/Ve 300 1956 992 15.48

In this study, it was assumed that 2000 panels will be used in each station. Since PV
panels generate DC power, the solar power generation system must also be equipped with
a DC-to-AC inverter. The specifications of the considered inverters are given in Table 7.
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Table 7. Specifications of the inverters considered in the study.

Inverter Name Capacity (kW) The Number of Panels Inverter Efficiency (%)

Hoymiles MI 1000 100 2000 96.34
Fronius Galvo 2 0 1 200 2000 95.9

GESolar GES2 4K2TL 400 2000 95
SMA—Sunny Boy 7000TL-US-22 -208V 600 2000 96.5

Since sunlight is only available during the day hours, to estimate the total energy
radiated to the panels over a one-year period, the total radiation reaching the inclined
panel at different times of the day in different months must be estimated. Table 8 shows
the power output of each considered panel at each station, the resulting environmental
impact, and the amount of hydrogen that can be produced from the generated power. As
can be seen, the 600 kW module (Panel No. 4) has a higher solar power output, hydrogen
output, and CO2 emission reduction than the other modules, which can be attributed to its
higher nominal power. Among the stations, Laškar Gāh has the highest solar power output
and hydrogen output, which reflects its high solar energy potential. Using the 600 kW PV
module in this station will result in a CO2 emission reduction of over 350 tons.

Table 8. Annual power output, hydrogen output, and CO2 emission reduction resulting from building
PV systems in the studied stations.

PV Module
Code

Station Annual Energy
Production (MWh)

Hydrogen Production
(ton-H2)

CO2 Emission Reduction
(ton-CO2)

Scenario 1 Scenario 2

1

Deh Šū 219.64 3.555 60.84 43.93

Laškar Gāh 223.03 3.61 61.78 44.6

Sangı̄n 221.66 3.588 61.4 44.33

2

Deh Šū 428.21 6.932 118.61 85.64

Laškar Gāh 434.82 7.038 120.44 86.96

Sangı̄n 432.15 6.995 119.71 86.43

3

Deh Šū 845.59 13.69 234.23 169.12

Laškar Gāh 858.64 13.9 237.84 171.73

Sangı̄n 853.37 13.81 236.38 170.67

4

Deh Šū 1282.2 20.76 355.17 256.44

Laškar Gāh 1302 21.08 360.65 260.4

Sangı̄n 1294 20.95 358.44 258.8

The findings of the economic investigation of using PV modules in each station are
shown in Table 9. In terms of the price of solar power generated at each station, the lowest
price, 0.0648 $/kWh, belongs to Laškar Gāh, and the highest price, 0.0684 $/kWh, belongs
to Deh Šū. As mentioned earlier, the official price of renewable energy in Afghanistan is
$0.15 per kilowatt-hour. Therefore, the solar power produced in these stations will be at
least twice as cheap as the official price. Similar conclusions can also be made for hydrogen
production in these stations. The longest payback period of these plants will be 6 years,
which again shows how economical it is to invest in these projects.
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Table 9. Economic evaluation of generating power and hydrogen from solar energy resource in the
study area.

PV Module
Code Station LCOE ($/kWh) LCOH ($/kg) Payback Period

1

Deh Šū 0.0658 2.1238 5.9

Laškar Gāh 0.0648 2.0915 5.8

Sangı̄n 0.0652 2.1044 5.8

2

Deh Šū 0.0675 2.1787 6

Laškar Gāh 0.0665 2.1455 5.9

Sangı̄n 0.0669 2.1588 6

3

Deh Šū 0.0684 2.2066 6.1

Laškar Gāh 0.0673 2.173 6

Sangı̄n 0.0678 2.1864 6.1

4

Deh Šū 0.0676 2.1828 6.1

Laškar Gāh 0.0666 2.1496 6

Sangı̄n 0.067 2.1629 6

5.2. Wind Energy

Figure 8 depicted the monthly variation of wind speed at three heights in the three
stations. As can be expected, the wind speed rises with increasing altitude (because of
the diminishing effect of the boundary layer). The highest wind speed at all three stations
occurred in June.
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The characteristics of wind at the three altitudes of 10, 30, and 50 m are reported in
Tables 10 and 11. Table 10 shows the nominal velocity and the parameters of the Weibull
distribution function for the three altitudes. As can be seen, the average wind speeds
indicate that this region certainly has good possibilities for generating hydrogen and power
from wind energy resources. Among the three stations, Sangı̄n has the highest average
wind speed.
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Table 10. Average wind speeds and Weibull parameters.

Site
10 m 30 m 50 m

¯
v k c ¯

v k c ¯
v k c

Deh Šū 4.776 1.814 5.373 6.165 2.061 6.960 6.942 2.187 7.839
Laškar

Gāh 5.031 1.862 5.666 6.462 2.110 7.296 7.260 2.236 8.196

Sangı̄n 5.285 1.908 5.957 6.756 2.157 7.628 7.573 2.284 8.549

Table 11. Important parameters from the technical evaluation of wind energy.

Site
10 m 30 m 50 m

EPF Pv VFmax VEmax EPF Pv VFmax VEmax EPF Pv VFmax VEmax

Deh Šū 1.6758 0.4157 3.4537 8.0930 1.4553 0.6030 5.0425 9.6721 1.3773 0.6879 5.9278 10.5500
Laškar

Gāh 1.6239 0.4528 3.7459 8.3842 1.4229 0.6373 5.3811 10.0080 1.3511 0.7181 6.2882 10.9070

Sangı̄n 1.5784 0.4887 4.0364 8.6731 1.3941 0.6690 5.7156 10.3390 1.3278 0.7455 6.6433 11.2590

Other wind characteristics are given in Table 11. The probability of wind speed
exceeding 5 m/s is one of the most crucial parameters in feasibility assessments of wind
energy projects. In all three stations, this probability is over 68% for a height of 50 m and
over 60% for a height of 30 m, which shows the high potential for wind power generation
in this area.

Table 12 shows the wind power and density values estimated with the Weibull prob-
ability distribution function. The estimates for the height of 40 m are larger than those
for the height of 30 m, which is expectable because wind speed increases with height. As
shown in Table 12, among the three stations, Sangı̄n has the highest wind density as well as
the highest wind power (450.1 W/m2 at a height of 50 m).

Table 12. Annual average of power density of wind energy in the studied locations.

Station
Wind Power Density (W/m2)

10 30 50

Deh Šū 141.49 266.19 359.88
Laškar Gāh 160.63 299.8 403.61

Sangı̄n 181.28 335.68 450.07

For a more accurate assessment of wind power based on heights, we used the classifi-
cation table of Elliott and Schwartz [61], which is provided in Table 13. The classes of wind
power in the studied stations according to this classification are shown in Figure 9.

Table 13. Wind power classification according to Elliott and Schwartz [61].

Power Class 10 m 30 m 50 m

1 0 < P10 ≤ 100 0 < P30 ≤ 160 0 < P50 ≤ 200
2 100 < P10 ≤ 150 160 < P30 ≤ 240 200 < P50 ≤ 300
3 150 < P10 ≤ 200 240 < P30 ≤ 320 300 < P50 ≤ 400
4 200 < P10 ≤ 250 320 < P30 ≤ 400 400 < P50 ≤ 500
5 250 < P10 ≤ 300 400 < P30 ≤ 480 500 < P50 ≤ 600
6 300 < P10 ≤ 400 480 < P30 ≤ 640 600 < P50 ≤ 800
7 400 < P10 ≤ 1000 640 < P30 ≤ 1600 700 < P50 ≤ 2000
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As shown in Figure 9, the wind powers of Sangı̄n and Laškar Gāh stations at a height
of 50 m fall into Class 4, and the worst station in this respect is Deh Šū, which falls into
Class 3. These results demonstrate the suitability of the area for wind power generation.

The quantity of wind power that can be produced at each station was estimated for
eight wind turbines with the specifications given in Table 14. These turbines were chosen
from among the 150–2500 kW products of well-known companies.

Table 14. Specifications of wind turbines considered in the study.

Wind Turbine
Model

Rated Power
(kW) Cut-In (m/s) Rated Wind

Speed (m/s) Cut-Off (m/s) Hub Height
(m)

Swept Area
(m2)

Vestas V20 150.0 4.5 13 25 24 314
Nordtank NTK 300 300.0 4.5 13.5 25 35 755
Nordtank NTK 450 450.0 4 13 25 50 1075

Vestas V44 600.0 4 16 20 53 1521
Goldwind S43/750 750.0 3 12 25 40 1452

EWT DW 61-900 900.0 2.5 11.5 25 46 2292.5
Nordtank NTK

1500 60 1500.0 4.0 15 25 60 2827

Nordex N80 Alpha 2500.0 4.0 15 25 60 5028

Table 15 shows the power output of each considered turbine at each station, the
environmental impact of this power production, and the quantity of hydrogen that can be
generated from the produced power. As expected, Sangı̄n has a higher wind power output
than the other two stations. The greatest amount of power and hydrogen production due
to higher nominal capacity was related to Turbine 8. However, the energy conversion
efficiency of this turbine is not the most suitable compared to other turbines. The best
wind turbine for all stations is the 900 kW model because it has a higher CF. The highest
annual power production from wind, 3.2 GWh, can be accomplished by installing the
900 kW turbine in Sangı̄n. In contrast, the lowest annual wind power output, 233.3 MWh,
happens if the 150 kW turbine is installed at the Deh Šū station. Similar results were
obtained for hydrogen production and CO2 emission reduction. In this case, the highest
annual hydrogen output and CO2 emission reduction were estimated to be 52.2 tons and
892.6 tons, respectively.
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Table 15. Capacity factor of wind turbines and annual power output, hydrogen output, and CO2

emissions resulting from building wind systems in the studied stations.

Turbine Model Station CF
Annual Energy

Production (MWh)
Hydrogen

Production (Ton-H2)

CO2 Emission Reduction
(Ton-CO2)

Scenario 1 Scenario 2

1

Deh Šū 17.75 233.3 3.776 64.616 46.654

Laškar Gāh 19.7 258.8 4.19 71.693 51.764

Sangı̄n 21.7 285.1 4.615 78.972 57.019

2

Deh Šū 19.86 521.8 8.447 144.55 104.37

Laškar Gāh 21.9 575.4 9.314 159.39 115.08

Sangı̄n 23.98 630.2 10.201 174.57 126.04

3

Deh Šū 26.71 1053 17.045 291.69 210.61

Laškar Gāh 29.08 1146.5 18.558 317.57 229.29

Sangı̄n 31.47 1240.6 20.082 343.66 248.13

4

Deh Šū 17.82 936.3 15.156 259.36 187.27

Laškar Gāh 19.41 1020.2 16.515 282.61 204.05

Sangı̄n 21.05 1106.4 17.909 306.47 221.28

5

Deh Šū 30.61 2010.8 32.549 557 402.17

Laškar Gāh 33.03 2169.8 35.122 601.02 433.95

Sangı̄n 35.45 2329.1 37.701 645.16 465.82

6

Deh Šū 35.79 2821.5 45.672 781.55 564.3

Laškar Gāh 38.34 3022.5 48.925 837.22 604.49

Sangı̄n 40.87 3222.2 52.158 892.55 644.44

7

Deh Šū 21.66 2846.5 46.076 788.48 569.3

Laškar Gāh 23.58 3098.3 50.153 858.24 619.67

Sangı̄n 25.54 3355.7 54.319 929.53 671.14

8

Deh Šū 21.66 4744.1 76.794 1314.13 948.83

Laškar Gāh 23.58 5163.9 83.588 1430.4 1032.78

Sangı̄n 25.54 5592.8 90.532 1549.22 1118.57

Table 16 shows the LCOE and LCOH values calculated for the three stations. The
average LCOE obtained for the 900 kW turbines (code 6) is 0.0573 $/kWh. The highest
LCOE, 0.1320 $/kWh, was obtained for the case where the 150 kW turbine is installed in
the Deh Šū station. Similar results were obtained for the LCOH. Next, a revenue–cost chart
was plotted to estimate the payback period of wind power generation in each station. As
the results show, it was estimated that the longest payback period will be 12 years and the
shortest will be only 3.1 years.

Table 16. Findings of the economic analysis of producing hydrogen and power from wind energy
resources in the study area.

Turbine Model Station LCOE ($/kWh) LCOH ($/kg) Payback Period

1

Deh Šū 0.132 3.3444 11.4

Laškar Gāh 0.119 3.0142 9.1

Sangı̄n 0.108 2.7364 7.6
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Table 16. Cont.

Turbine Model Station LCOE ($/kWh) LCOH ($/kg) Payback Period

2

Deh Šū 0.118 2.99 8.9

Laškar Gāh 0.107 2.7116 7.5

Sangı̄n 0.0977 2.4758 6.5

3

Deh Šū 0.0877 2.2226 5.5

Laškar Gāh 0.0806 2.0414 4.9

Sangı̄n 0.0745 1.8865 4.4

4

Deh Šū 0.1316 3.3328 11.3

Laškar Gāh 0.1208 3.0587 9.4

Sangı̄n 0.1113 2.8205 8

5

Deh Šū 0.0766 1.9399 4.6

Laškar Gāh 0.071 1.7978 4.1

Sangı̄n 0.0661 1.6748 3.8

6

Deh Šū 0.0655 1.659 3.7

Laškar Gāh 0.0611 1.5487 3.4

Sangı̄n 0.0573 1.4527 3.1

7

Deh Šū 0.1082 2.7407 7.6

Laškar Gāh 0.0994 2.5179 6.6

Sangı̄n 0.0918 2.3248 5.9

8

Deh Šū 0.1082 2.7407 7.6

Laškar Gāh 0.0994 2.5179 6.6

Sangı̄n 0.0918 2.3248 5.9

While, according to [62], the price of hydrogen varies in the range of 4.78–5.84 $/kg-
H2, the LCOH of the considered wind-powered and solar-powered hydrogen production
plants will be much lower than this price, which clearly shows the economic feasibility of
hydrogen production in the study area.

5.3. GIS Maps

Figure 10 shows the GIS maps obtained for solar irradiance, solar power generation,
and solar-powered hydrogen production using the IDW-based interpolation method. As
can be seen, the central parts of the province have greater possibilities for producing
hydrogen and power from solar energy.

Figure 11 shows the wind-related GIS maps. Because of the similarity of wind distri-
bution patterns for different heights, only wind speed and density maps for a height of
50 m are presented. Please note that all power output and hydrogen output maps are all
based on the most suitable turbine for the area, i.e., the 900 kW model. These results show
that the northern parts of the province have a better possibility for generating hydrogen
and power from wind resources.

In general, from an exclusively technical perspective, the most suitable place for
building a wind power plant is the northern part, the most suitable place for building a
solar power plant is the central part, and the most suitable place for building a hybrid
solar–wind power plant is the central-northeastern part of the province. Providing location
recommendations based on other criteria requires an MCDM analysis, which is discussed
in Section 5.4.
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5.4. MCDM Analysis

The SWARA–WASPAS hybrid MCDM method was used to evaluate the choice of a
suitable location for the construction of wind/solar power plants from different perspec-
tives. Table 17 shows the criteria for evaluating suitable locations. As it turns out, six
criteria were considered from different technical, economic, and environmental perspec-
tives. The results of the SWARA evaluation showed that the economic criterion was the
most important criterion, and the environmental criterion was the least important criterion.
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Table 17. Results of weighting the criteria with the SWARA method.

Criteria Average Relative
Importance Kj qj wj

LCOE ($/kWh) 1 1.000 1.000 0.206
Payback period (year) 0.081 1.081 0.925 0.191

LCOH ($/kWh) 0.053 1.053 0.879 0.181
Annual energy production (MWh) 0.152 1.152 0.763 0.157
Annual hydrogen production (ton) 0.082 1.082 0.705 0.145

CO2 (ton) 0.215 1.215 0.580 0.120

The results of the evaluation of a suitable location for the construction of a wind/solar
power plant in Helmand province for hydrogen production are shown in Table 18. The
presented results are based on three aspects: technical, economic, and environmental. As is
known, Sangı̄n is the most suitable place for the construction of a wind hydrogen power
plant and Laškar Gāh is the most suitable place for the construction of a solar hydrogen
power plant.

Table 18. Results of the WASPAS method.

Station
Solar Hydrogen MCDM Result Wind Hydrogen MCDM Result

Qi Pi WPSi Rank Qi Pi WPSi Rank

Deh Šū 0.985 0.985 0.985 3 0.868 0.868 0.868 3
Laškar Gāh 1.000 1.000 1.000 1 0.933 0.933 0.933 2

Sangı̄n 0.995 0.995 0.995 2 1.000 1.000 1.000 1

In general, an in-depth assessment for the development of renewable energy in the
Helmand province in Afghanistan was performed. Limited studies have examined solar
and wind energy in Afghanistan. In general, according to the study of Jahangiri et al. [9],
there is a lot of potential for wind and solar energy in this region. However, in the present
study, a more accurate atlas of wind and solar energy is presented for this region. The
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most important part of the present assessment is the economic assessment for electricity,
especially hydrogen generation. For this purpose, the price of hydrogen produced from
renewable energy sources in different parts of the world is shown in Table 19. The com-
parison shows that the price of hydrogen produced in this region is less than the previous
studies and that this region is suitable for the development of renewable energy.

Table 19. Prices of hydrogen produced from renewable energy sources in different parts of the world.

Researcher Area Source LCOH ($/kg)

Andrea et al. [63] Rome, Italy Biomass 11.85
Gökçek and Kale [64] Gökçeada, Turkey Wind–Solar PV 8.92
Gökçek and Kale [65] İzmir-Çeşme, Turkey Wind–Solar PV 7.526
Almutairi et al. [11] Badakhshan, Afghanistan Wind 3.887
Almutairi et al. [12] Yazd, Iran Wind 2.1

Present study Helmand, Afghanistan Wind–Solar PV 1.45–2.09

6. Conclusions

This research is a comprehensive study that includes comprehensive analyses, such
as an environmental analysis and economic and technical analyses of renewable energy
sources for generating power and hydrogen in the Helmand province of Afghanistan. First,
the feasibility of solar and wind energy sources in three stations located in this province was
investigated; then, GIS maps of each energy source were prepared and the suitable areas
for building wind or solar power plants were determined. For all stations, an economic
assessment was also performed for a range of wind turbines and PV panels. The results
show that the production of power and hydrogen from wind and solar energy in the
province is economically viable. In addition to being economically justified, implementing
such projects in the region will have significant environmental benefits. This study can
serve as a roadmap for building hydrogen production plants powered by wind power
stations (wind hydrogen), solar power stations (solar hydrogen), or a combination of both
(solar–wind hydrogen) in the Helmand area. The hybrid SWARA–WASPAS MCDM method
was used to evaluate the choice of a suitable location for the construction of wind/solar
power plants from different perspectives. A summary of the most important results of this
study is provided below:

• The optimal tilt angle of PV panels (to maximize power and hydrogen output) in the
study area was 30 degrees (Figure 7).

• With a power output of 1302 MWh and a hydrogen output of 21.08 tons a year, solar
energy generation with 600 kW modules in the study area will be technically and
economically justified (Table 8).

• The price of renewable power generated in this area will be 0.0648 $/kWh, which is
twice as cheap as the official tariff of renewable power in Afghanistan. The payback
period of these projects will be about 6 years, which reflects its economic feasibility
(Table 9).

• The region has significant wind energy potential, which can be exploited to produce
3222.2 MWh of wind power and 52.158 tons of hydrogen per year (Table 15).

• Wind power generation in the region is also economically justifiable, as the price of
generated electricity will be 0.0573 $/kWh and the payback period of the projects will
be between 3 and 13 years (Table 16).

• The prepared GIS maps showed that the most appropriate place for building a power
plant driven by wind energy is the northern part of the province, but the most
suitable place for building a solar power plant is the central part of the province
(Figures 10 and 11).

• The results of SWARA evaluation showed that the economic criterion was the most
important criterion, and the environmental criterion was the least important criterion
(Table 17).
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• The WASPAS results showed that Sangı̄n is the most suitable place for the construction
of a wind hydrogen power plant and Laškar Gāh is the most suitable place for the
construction of a solar hydrogen power plant (Table 18).

Despite the potential and benefits of renewable energy development in West Asia,
and especially in Afghanistan, there are obstacles both nationally and regionally. The most
important obstacles to the development of renewable energy in Afghanistan are fossil fuel
subsidies, lack of a feed-in tariff structure, lack of incentive for private-sector participation,
weak environmental laws, low priority of renewable energy in national planning, and a
weak executive framework. One of the solutions is energy planning based on technical–
economic evaluations, which was analyzed in the present study. Another practical policy
for attracting investors is the mandatory connection and purchase policy. Eliminating fossil
fuel subsidies and creating a national development fund for renewable energy is another
practical policy.
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Nomenclature

CF Capacity factor
Celectricity Cost of electricity consumption
Celectrolyzer Cost of electrolyzer
DT Diffuse radiation on the tilted surface
E Produced energy
Gon Normal incident solar radiation
Gsc Solar constant
HWT,PV Hydrogen production
I0 Total incident radiation on the horizontal surface
IB Hourly beam on the horizontal surface
IT Total effective incident radiation on a tilted surface
Mhydrogen Hydrogen production
VE,max Wind speed carrying the maximum energy
VF,max Most probable wind speed
ke Energy pattern factor
v0 Cut-in speed
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vi Cut-out speed
vr Rated speed
ηconv Rectifier efficiency
ηelectrolyzer Electrolyzer efficiency
θz Zenith angle
ωs Hour angle
BT Hourly beam radiation on the tilted surface
GHR Global horizontal radiation
GIS Geographic Information System
H Monthly mean of global horizontal radiation
H0 Monthly mean of global horizontal radiation in out of atmosphere
IDW Inverse Distance Weighted
KT Clearness index
LCOE Leveled cost of the energy ($/kWh)
LCOH Leveled cost of the energy ($/kg-H2)
n Number of the day
NREL National Renewable Energy Laboratory
PV Photovoltaic
te Lifetime of electrolyzer
v Mean wind speed
Γ Gamma function
θ Angle of incidence
φ Latitude
Cuelectrolyzer Unit cost of electrolyzer
CI First investment of wind turbine
Ecel Energy consumption by electrolyzer
OM Investment of process and repairs
REP Replacement costs
c Scale factor
co f The power law coefficient
f Inflation rate
i Year from the start of the project
k Shape factor
n Wind farm’s lifetime in years
r Discount rate
t Day length
α Albedo of the ground
β Tilt angle of the surface
δ Tilt angle
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