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ABSTRACT

Power generation from hybrid renewable energy systems is gaining popularity worldwide, especially in
developing countries suffering from electricity crises. Small-scale hybrid wind and solar systems, especially
in high-altitude agriculture regions, which may experience electricity shortages during extreme weather
conditions, can be critical to achieving sustainability goals and objectives. The latter will be reached by
providing clean energy and addressing economic concerns. Accordingly, the main aim of the current paper
is to evaluate the techno-economic feasibility of a grid-connected hybrid (vertical axis wind turbine — 2-axis
photovoltaic) system at high-altitude agriculture regions (Ardal and Faridan) in Iran for the production of
clean energy. To this aim, the wind speed and solar radiation data were analyzed statistically using 13
distribution functions. The results indicate that Generalized Extreme Value produced the best fit for the
wind speed and solar radiation data. Furthermore, the purpose of the current work is to evaluate the
technical and economic aspects of grid-connected hybrid vertical axis wind turbines as well as PV tracking
systems using RETScreen software. The results demonstrate that implementing the proposed system could
generate significant amounts of electricity in order to meet the demand for domestic and agricultural
applications while ensuring clean energy in line with sustainable development goals. Besides, this study can
help integrate renewable energy into the grid and help policymakers facilitate the installation of rooftop
small-scale hybrid systems in the future.
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I.  INTRODUCTION

conservation, construction, economy, machinery, and industry

The Sustainable Development Goals include seventeen
global goals set by the United Nations General Assembly to
promote a sustainable future for all [1]. These goals were
officially adopted in 2015, with the aim to accomplish their
widespread implementation by 2030 [2]. Concerning the
Sustainable Development Goals, the advancement of renewable
energy sources plays a pivotal role in achieving energy security
in various sectors, including transportation, environmental

[3]. Energy derived from renewable energy sources such as
solar and wind energy, effectively meets the energy
requirements while simultaneously promoting community
development and global environmental conservation [4].
Renewable energy has emerged as a powerful solution to the
energy crisis during the recent decades, offering a way to
address the challenge while mitigating adverse impacts on
climate and nature [5-7].
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At present, Iran's heavy dependence on fossil fuels,
especially natural gas and oil, has led to the need to diversify
energy sources [8]. According to the World Bank, fossil fuel
energy consumption accounts for approximately 99.02% of the
total energy consumption, with the remaining 0.08% sourced
from renewable energy. Therefore, energy remains a significant
challenge in the country, despite the government's ongoing
efforts to respond to the energy necessities of the population.
The, electric power consumption in Iran generally ranges from
2.31 to 5.67 kWh per capita (i.e. 2.927 kWh per capita)
according to the World Bank. Consequently, there is a pressing
need to fully harness the proven vast reserves of renewable
energy resources to complement traditional energy sources,
mitigate impending energy crises, and enhance electricity
access for sustainable national development. Wind and solar
energy are vital tools in the fight against climate change as the
world confronts the escalating threat of global warming [9-11].
Their adoption is a strategic step toward a sustainable future
[11]. Wind turbines and photovoltaic (PV) panels generate
clean electricity, minimizing greenhouse gas emissions and
reducing the carbon footprint [12]. Utilizing wind and solar
energy can significantly reduce the reliance on fossil fuels,
transforming the energy landscape [13]. This diversification
enhances Iran's energy security, reducing the vulnerability to
supply disruptions and price fluctuations in the global energy
market.

The main goal of this paper is to evaluate the feasibility of
harnessing wind energy and analyze the effectiveness of a grid-
connected vertical axis wind turbine combined with a tracking
photovoltaic system in high-altitude regions. In regions
characterized by high altitudes, access to traditional energy
grids can be limited, emphasizing the importance of renewable
energy systems like wind and solar for meeting local energy
demands [14]. Furthermore, the implementation of grid-
connected renewable energy systems can enhance energy self-
sufficiency and reduce reliance on long-distance energy
transmission [15]. Accordingly, it is essential to assess the
wind energy potential and the performance of grid-connected
vertical axis wind turbines with tracking PV systems in high-
altitude areas. These regions often feature stronger and more
consistent wind resources, which can contribute to the
expansion of renewable energy, decrease environmental
impact, and bolster energy security in remote locations.

II. MATERIALS AND METHODS

A. Study Area

Ardal (Latitude: 31.99°N, Longitude: 50.66°E, elevation:
1847 m) and Faridan (Latitude: 32.98°N, Longitude: 50.39°E,
elevation: 2267 m) are two high-altitude areas located in Iran.
Ardal and Faridan are regions located in the Chaharmahal and
Bakhtiari Province in southwestern Iran and the Isfahan
Province of central Iran, respectively. The economy of these
selected locations is primarily based on agriculture, animal
husbandry, and pastoral activities. In general, due to climate
variability, agricultural demand, and changes in land use, both
locations face the challenges of water scarcity. Moreover, both
locations can experience extreme weather conditions, such as
heavy snowfall, which can damage power lines and disrupt
electricity supply.

B. Data Collection

The Modern-Era Retrospective Analysis for Research and
Applications, Version 2 (MERRA-2), is a reanalysis dataset
provided by NASA that offers a comprehensive record of the
Earth's climate from 1980 onward [16]. MERRA-2 is an
updated version of the original MERRA dataset, providing
more accurate and detailed atmospheric data and climate
information. It is commonly used by researchers and scientists
for various climate, weather, and environmental studies [5, 13,
17-20]. MERRA-2 covers a wide range of atmospheric and
environmental variables, including temperature, humidity,
wind, precipitation, radiation, and more [21]. These variables
are available at multiple altitudes and spatial resolutions.
Additionally, it offers data on a global scale, making it suitable
for research and analysis in various regions around the world.
The mean monthly wind speed including minimum and
maximum wind speed and solar radiation data were collected
from 1981 to 2022 and 2001-2022, respectively.

C. Grid-on Wind-PV Hybrid System

A grid-connected Vertical Axis Wind Turbine (VAWT)
and tracking photovoltaic (PV) system represent two distinct
renewable energy technologies that can be integrated to
generate electricity efficiently and sustainably. Combining a
VAWT system with a tracking PV system allows for the
simultaneous capture of wind and solar energy. This
combination of renewable energy sources can contribute to a
more reliable and sustainable energy supply, especially in areas
with variable weather conditions [22]. In general, the grid-
connected VAWT and PV components are summarized in
Table I.

TABLE L. COMPONENTS OF A WIND AND PV SYSTEM [13]

Grid-connected VAWT

Tracking PV system

VAWT: The central component of
the system is the VAWT itself, which
consists of vertical rotor blades
connected to a vertical shaft. The
rotor blades capture wind energy and
transfer it to the generator.

Solar panels: Also known as PV
modules, are made up of multiple
solar cells that convert sunlight into
electricity. In a tracking PV system,
these panels are mounted on
tracking structures.

Generator: The generator is
responsible for converting the
mechanical energy from the rotating
VAWT blades into AC electrical
energy.

Tracking Mechanism: The tracking
mechanism includes motors and
sensors that allow the solar panels
to follow the sun's path across the
sky. It can be a single-axis tracker,
which follows the sun's east-west
movement, or a dual-axis tracker,
which follows both east-west and
north-south movements.

Inverter: It is used to convert the AC
generated by the VAWT into DC.
This DC electricity can then be
conditioned and synchronized with
the grid's electrical characteristics.

Inverter: Converts the DC
electricity generated by the solar
panels into AC electricity
compatible with the grid.

Grid Connection: A connection point
to the electrical grid allows the
system to feed the generated
electricity into the grid for
distribution and use.

Grid Connection: The PV system is
connected to the electrical grid
through a grid connection point,
enabling the electricity generated by
the solar panels to be fed into the
grid.

The electricity generated by the VAWT and the PV systems
is synchronized through inverters to ensure it is compatible
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with the grid's electrical characteristics [23]. The combined
output of wind and solar energy is then fed into the electrical
grid for distribution and use. Calculating the capacity of an
inverter for integrating a VAWT and a tracking PV system
requires consideration of various factors, including the
maximum power output of each system, their respective
voltage levels, and any potential surges in power production. It
can be done as follows:

e Determine the Maximum Power Outputs: Find out the
maximum power output of the VAWT and the tracking PV
system. These ratings represent the peak power that each
system can produce under optimal conditions.

e Voltage Compatibility: (1) Determine the voltage output of
the VAWT system. The VAWT often generates low-
voltage DC power. (2) Determine the voltage output of your
tracking PV system. Solar panels typically produce low-
voltage DC power. Ensure that both systems' voltage levels
are compatible with the chosen inverter. In most grid-
connected systems, an inverter converts DC to AC power
for grid synchronization.

e Add the peak power output of your VAWT system to the
peak power output of your tracking PV system to get the
total peak power.

It is common to oversize the inverter slightly to
accommodate power surges or fluctuations. A 10-20% safety
margin is often recommended. Selecting the right inverter
capacity is crucial for the efficient and safe integration of your
VAWT and tracking PV systems into the grid. Oversizing the
inverter slightly and considering safety margins can help ensure
that your renewable energy system performs optimally under
varying conditions.

D. Probability Density Functions (PDFs)

PDFs provide a systematic way to analyze and understand
the statistical properties of wind speed and solar radiation data
[13]. They help summarize the data, making it easier to grasp
central tendencies, variability, and extremes within the dataset.
PDFs allow modeling the behavior of wind speed and solar
radiation, which is crucial in various applications. PDFs are
used to estimate the long-term energy potential of a location in
renewable energy resource assessment [24]. This information is
crucial for project development and investment decisions. In
this study, 13 distribution functions (DFs) are utilized to
represent the wind speed and solar radiation frequency
distribution. These distributions are listed in Table II.

E. Wind Potential Estimation

Wind Power Density (WPD) is one of the most important
indicators of wind potential for designing a wind farm. WPD is
an indicator used to assess the potential of wind resources at a
particular location. It can be determined by [25]:

| ™

= ;P )

where P represents the wind power, p is the air density
(p = 1.23kg/m3), and ¥ is the mean wind speed in m/s.

A

Furthermore, the wind energy potential is categorized
according to the average WPD at 10 m height [13, 25].

e Poor (WPD <100 W/m?)
e Marginal (WPD <150 W/m?)
e Moderate (WPD <200 W/m®)
e Good (WPD <250 W/m?)
e Excellent (WPD <300 W/m?)

Wind speed data are typically collected at a consistent
height of 10 m above the ground. To estimate wind speeds at
different hub heights, the power law model is employed. This
model is defined by [25]:

v z a
=) @
where v is the wind speed at the wind turbine hub height z, v,
is the wind speed at the original height z;,, and « is the surface
roughness coefficient, which depends on the characteristics of
the region. The value of a can be determined by [25]:

_0.37-0.088In(v10)
1-0.0881n(z10/2)

3

F. Solar Potential Estimation

Solar energy potential was evaluated by categorizing it
based on the annual Global Solar Radiation (GSR) amounts.
GSR is considered a key parameter for assessing the energy
generation potential of PV systems. The solar energy potential
is classified based on the annual value of GSR as described
below [10]:

e Poor (Annual GSR <1191.8 kWh/m’)

e Marginal (1191.8<Annual GSR < 1419.7kWh/m?)

e Fair (1419.7<Annual GSR <1641.8 kWh/mz)

e Good (1641.8<Annual GSR <1843.8 kWh/m?)

o Excellent (1843.8<Annual GSR <2035.9 kWh/m?)

e Qutstanding (2035.9<Annual GSR <2221.8kWh/m2)
e Superb (Annual GSR <2221.8kWh/m2)

G. The Proposed Hybrid System

In this study, the viability of developing a 5 kW grid-
connected hybrid system was examined from technical,
financial, and environmental perspectives. Additionally, the
monocrystalline silicon (mono-Si) PV module with the model
JKM360M-76, featuring a power capacity of 360 W and an
efficiency of 18.55%, was employed. The detailed
specifications of the chosen PV module can be found in Table
III. Furthermore, the SunSurfs WT3 Vertical Axis Wind
Turbine with a rated capacity of 5 kW was chosen. The
detailed specifications of the selected turbine are provided in
Table I'V.
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TABLE II. DFs, PDFs, AND CUMULATIVE DFs
Distribution - . . . s .
. Probability Densnty Function Cumulative Distribution Function
Function
Normal (N) fO) = == exp( =) Fw) =31+ erf (D))
-(2 710]
Gamma (G) fw) = B“F(u) exp ( (B)> Fv) ==
fw) =
{+1

Generalized Extreme
Value (GEV)

ji [(1 +¢ (%))_1/{] exp (— (1 +¢ (%))—1«) k#0
LiWH%WW@N%W

exp (—exp (— (”%‘))) k%0
exp (—exp (-24))

F(v) =
k=0

Nakagami (Na)

2m-1,(-56?

fw) = F(mmm v

Inverse Gaussian (IG)

_ , _ Aw-w?®
f(U) 2nt(R-y) exp( 2u2R )

Log-normal (LN)

ln(ﬂ) u)z]

1) = e | -1(

F(v) =5+ erf 2

Log-Logistic (LL)

f(v)=\“ “

Fv) =——

oy

Rayleigh (R)

1) = Zew (3())

F(v)=1—exp( % - )

Weibull (W)

@ =) ew(-())

F(v)=1—exp( () )

Three-Parameter
Weibull (W-3P)

-GG el-(5))

Fv)=1—exp (— (%)a)
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be pO—%) 1

1—(1—v‘1)b -w
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LOngIlC (L) f(U) - 0'{1+exp(fv_7“)}z F( ) 1+exp( )
o Star_lda_lrd m Shape parameter B Shape parameter
deviation
N Mean Na LL
u Q Scale parameter a Scale parameter
parameter
B Shape A Shape parameter a Shape parameter
parameter
G Scale 16 w
a u Mean parameter o Scale parameter
parameter
u Location o Shape parameter a Shape parameter
parameter LN
GEV| «a Scale u Scale parameter W-3p o Scale parameter
parameter
Shape o oare .
4 parameter R o Scale parameter 14 Location parameter
a Shape u Location parameter u Location parameter
parameter BS L
b Shape B Scale parameter o Scale parameter
K parameter
a Shape Shape parameter
parameter Y pep
B Scale
parameter
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Simple Payback (SP):
TABLE IIIL SPECIFICATION OF THE SELECTED PV PANEL
c-IG
It Specificati SP = ®)
em pectiication (Cener+ccapa+CRE+CGHG)_(Co&M+Cfuel)
Manufacturer JinKO solar
Model JKM545M-72HL4-V Equity Payback (EP):
STC NOCT N
Maximum power (Pogy) [W] 545 405 EP =30-0Cy )
Voltage at maximum power (Vmp) [V] 40.8 38.25 . . .
Current at maximum power (Impp) [A] 13.36 10.60 Annual Life Cycle Savings (ALCS):
Open circuit voltage (Voc) [V] 49.52 46.74 _ NPV
Short circuit current (Isc) [A] 13.94 11.26 ALCS = 1(1_ 1 ) (10)
Operating temperature range [°C] -40°C~+85°C T a+nN
Temperature coefficient of Ppay [%/°C] -0.35%/°C Benefit-Cost (B—C) ratio:
Temperature coefficient of Voc [%/°C] -0.28%/°C
Temperature coefficient of Isc [%/°C] 0.048%/°C B—C= NPV+(1-fgq)C (11)
Nominal operating cell temperature (NOCT) 45+2°C a-fa)c
Cost [USD 0.37 . . .
ost (USD/W] where P,,; is the energy generated per year, P is the installed
TABLEIV.  WIND TURBINE CHARACTERISTICS capacity, N is the project life in years, C, is the after-tax cash
) flow in year n, r is the discount rate, C is the total initial cost of
Variable Value the project, f; is the debt ratio, B is the total benefit of the
S liated Posvfr [EV‘[JI]H/\] 158 project, IG represents the incentives and grants, C,p,, iS the
R:rtel:ip ‘xﬁi SLP;Z 0 m/:] 10 annual energy savings or income. C.qp, is the annual capacity
Survival wind speed [m/s] 28 savings or income, Crg is the annual Renewable Energy (RE)
Rated rotating speed [rpm] 40 production credit income, Cgy¢ is the GHG reduction income,
Diameter [m] 18 Cogum 1s the yearly operation and maintenance costs incurred by
e clean ener roject, is the annual cost of fuel, whic
Tower height [m] 14 the cl gy project, Crye; is th 1 cost of fuel, which
Cost [USD] 15300

H. Simulation Software

Recently, various simulation tools have been utilized for
evaluating the performance of wind farms, solar plants, and
hybrid systems [20]. RETScreen is a widely used software tool
for assessing energy production, life-cycle costs, emission
reduction, financial viability, and risk for various types of
renewable energy and energy efficiency projects [7]. It can be
employed to rate the feasibility of grid-connected VAWTs and
PV tracking systems, among other renewable energy projects.
RETScreen is a versatile software tool that can appraise the
technical and financial aspects of such hybrid renewable energy
projects [7, 6].

Equations (4)-(11) represent the pre-defined mathematical
expressions used by the tool [6, 7, 24] to perform the economic
evaluation.

Capacity Factor (CF):
_ _Pout
CF = PX8760 )

Annual GHG emission reduction (A-GHG):

A — GHG = [(Base case GHG emission factor) —
(Proposed case GHG emission factor)] X

End use energy delivered )
Net Present Value (NPV):
— VN Cn
NPV = SN0 i ©)

Levelized cost of energy (LCOE):

sum of cost over lifetime

LCOE =

)

s of electricity generated over lifetime

is zero for renewable projects, and Agye is the annual GHG
emission reduction.

III.  RESULTS AND DISCUSSION

A. Assessment of Wind Energy Potential

Figure 1 shows the mean monthly variation of wind speed
for the selected locations. The statistical description of average
monthly wind speed includes mean, Standard Deviation (SD),
Coefficient of Variation (CV), minimum (Min.), maximum
(Max.), Kurtosis (K), and Skewness (S), which are summarized
in Table V. It is found that the mean wind speeds are within the
range of 2.51-3.07 m/s for Ardal and 3.14-3.89 m/s for Faridan.
Generally, the mean and SD values indicate a high level of
consistency in wind behavior. Furthermore, it is evident that
the CV values exhibit moderate levels, spanning from 10.21%
to 24.5% for Ardal and 10.58% to 28.35% for Faridan.
Additionally, we observe that the lowest monthly wind speeds,
1.81 m/s and 2.12 m/s, were recorded in November 2010 and
November 1996, respectively. On the other hand, Faridan
records the highest monthly wind speed at 6.48 m/s. Moreover,
most locations display positive S values, signaling right-
skewed data distributions. The K values, ranging from -1.56 to
7.79, signify variations in the flatness of the data distributions.
A negative kurtosis (-1.56) suggests a slightly flatter
distribution, while a positive kurtosis (7.79) implies heavier-
tailed data compared to a normal distribution. As mentioned
above, 13 distribution functions were utilized for analyzing the
characteristics of wind speed at the selected location. Based on
the findings, the GEV distribution function offers superior fits
(best Kolmogorov-Smirnov (KS) values) for the wind speed
data as shown in Table VI. Figure 2 involves the graphical
representation of the PDF for all selected DFs. To assess the
wind potential at the chosen location, the WPD was calculated.
Its values were 13.97 W/m® and 26.48 W/m® for Ardal and
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Faridan, respectively. Based on the WPD values obtained, the
selected locations fall into power class 1, signifying relatively
poor wind energy potential. Therefore, it is most suitable to
utilize small-scale wind turbines in these regions to harness the
available wind energy resources effectively.

Wind speed [m/s]

1 2 3 4 5 6 7 8 9 10 11 12
Number of month [-]

v a2

Wind speed [m/s]

Number of month [-]

Fig. 1. Monthly variation of mean wind speed for (a) Ardal, (b) Faridan.

B. Assessment of Solar Energy Potential

Figure 3 illustrates the mean monthly variation of Solar
Radiation (SR) for the chosen locations. The statistical
description of monthly average SR is summarized in Table VII.
The mean monthly SR falls within the range of 5.54-6.29
kWh/m*/day for Ardal and 5.16-6.14 kWh/m?*day for Faridan,
suggesting a notably consistent pattern based on the mean and
standard deviation values. Furthermore, the S values for most
locations are positive, denoting that all the distributions are
right-skewed. It is found that the annual value of GHI is
2280.89 kWh/m® for Ardal and 2235.06 kWh/m” for Faridan.
The analysis reveals that the solar resources in the chosen
locations are categorized into the superb potential. In addition,
the chosen DFs parameters were determined using the
maximum likelihood method with monthly SR data. To
ascertain the most appropriate distribution among the ten
options for each location, the Kolmogorov-Smirnov (KS) test
was employed. Table VIII provides a summary of the estimated
distribution parameters for all selected models, including the
KS values and their corresponding ranks. According to the
results, the GEV distribution function demonstrated the lowest
KS value, implying that it offers the best fit for the SR data.

Fuetins

Frabwtitly Doty

Frnbbitty Daraly Finction

[ oared dats
— LopLevate — Legremad

Fig. 2.

53 a8 i
#Haan wing spoe )

— . 6

— Kumaassmy sussian
— Gan Exmme Wk
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Comparisons of PDF distributions for analyzing wind speed data

(a) Ardal, (b) Faridan.

10

SR [kWh/m2/day]
o

s 2001
—m - 2002
~-4-- 2003
—& — 2004
—p-— 2005
4 2006

—y - 2007
--g-- 2008
w2009
¢ 2010

2 3 a4 5 6 7 8 9 10 11 12
Number of month [-]

SR [kWh/m2/day]
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—p 2012
- q-- 2013
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—e-— 2015
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- A 2018
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—y— 2021
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Fig. 3.

2 3 4 5 6 7 8 9 10 11 12
Number of month [-]

Monthly variation of mean SR for (a) Ardal, (b) Faridan.
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Figure 4 illustrates the graphical representation of the PDFs
for all selected DFs.

C. Techno-Economic Analysis

Techno-Economic Analysis (TEA) for a grid-connected
hybrid renewable energy system is crucial for financial
decision-making. TEA helps assess the economic feasibility of
the project by estimating costs, revenues, and potential returns
on investment. This information is vital for investors, project
developers, and financial institutions to make informed
decisions. Also, it helps quantify reductions in greenhouse gas
emissions and other pollutants, contributing to sustainability
goals. In this study, TEA for the developed system was

conducted using the RETScreen software. To make the system
feasible, this study utilizes various financial parameters as
input variables, such as 7% inflation rate, 12% discount rate,
9% reinvestment rate, 70% debt ratio, 0% debt interest rate,
and 5% electricity export escalation rate. These values were
assumed based on previous scientific studies.

Figure 5 depicts the monthly Electricity Generation
Exported (EGE) to the grid by a 5 kW grid-connected hybrid
system. The data shows that the highest EGE values occur in
June for the PV system and in March for the wind system.
Conversely, the lowest EGE values are observed in December
for the PV system and in September for the wind system.

TABLE V. STATISTICAL DESCRIPTION OF AVERAGE MONTHLY WIND SPEED FOR ALL SELECTED LOCATIONS
Year Ardal Faridan
Mean SD Cv Min. Max. S K Mean SD Cv Min. Max. S K

1981 3.07 0.49 16.09 2.28 4.04 0.30 0.26 3.89 0.80 20.51 2.63 5.34 0.18 -0.36
1982 2.80 0.31 10.98 2.37 3.46 0.68 0.70 3.39 0.44 12.97 2.76 4.20 0.21 -0.61
1983 2.87 0.41 14.22 2.25 3.66 0.11 -0.26 3.54 0.58 16.40 2.81 4.88 1.06 1.31
1984 2.95 0.45 15.29 2.27 3.66 0.36 -0.93 3.71 0.70 18.75 2.69 4.96 0.47 -0.29
1985 2.87 0.54 18.85 2.06 4.25 1.28 3.72 3.77 0.98 25.84 2.61 6.48 2.01 5.80
1986 2.89 0.36 12.42 2.28 3.51 0.21 -0.33 345 0.46 13.24 2.70 4.27 0.35 -0.21
1987 2.96 0.44 14.90 2.57 3.92 1.34 0.86 3.77 0.71 18.78 2.94 5.14 0.58 -0.50
1988 3.06 0.48 15.83 2.31 4.18 0.82 2.06 3.79 0.79 20.72 2.68 5.66 0.94 2.34
1989 2.75 0.38 13.68 2.24 3.40 0.24 -0.85 3.32 0.45 13.60 2.68 3.94 -0.17 -1.06
1990 2.90 0.40 13.96 2.14 3.46 -0.29 -0.56 3.59 0.49 13.59 2.65 443 -0.30 0.17
1991 2.90 0.47 16.18 2.16 3.70 -0.06 -0.35 3.59 0.61 16.92 2.57 4.81 0.54 0.49
1992 3.00 0.48 16.03 2.04 3.88 -0.22 0.54 3.71 0.64 17.15 2.55 4.99 0.32 0.75
1993 2.79 0.46 16.30 2.12 3.60 0.13 -0.63 3.53 0.50 14.15 2.84 4.34 0.13 -1.17
1994 2.88 0.38 13.23 2.20 3.63 0.22 0.44 3.64 0.50 13.59 2.75 4.78 0.70 2.24
1995 2.51 0.27 10.56 1.89 2.79 -1.18 1.59 3.14 0.33 10.58 2.52 3.65 -0.39 -0.49
1996 2.75 0.49 17.88 1.91 3.53 -0.11 -0.86 3.33 0.63 18.80 2.12 4.15 -0.25 -0.52
1997 2.75 0.44 15.86 2.03 3.66 0.52 0.65 349 0.63 17.97 241 4.57 0.32 -0.51
1998 2.84 0.51 1791 191 3.71 0.08 -0.11 3.52 0.62 17.62 2.70 4.66 0.74 -0.30
1999 2.80 0.37 13.30 2.24 3.28 -0.23 -1.56 347 0.57 16.45 2.61 4.32 0.10 -1.22
2000 2.81 0.45 15.90 2.11 3.55 0.15 -1.11 3.46 0.58 16.82 2.66 4.53 0.31 -0.83
2001 2.76 0.36 13.17 2.12 3.33 -0.04 -0.71 3.50 0.41 11.71 2.95 4.18 0.17 -1.13
2002 2.83 0.43 15.31 2.04 3.47 -0.43 -0.63 3.57 0.76 21.30 247 4.90 -0.03 -0.84
2003 2.87 0.48 16.84 241 3.79 1.23 0.31 3.57 0.65 18.15 2.95 4.84 1.30 0.61
2004 2.83 0.35 12.51 2.23 3.38 -0.05 -0.60 3.52 0.59 16.68 2.68 4.83 0.78 1.14
2005 2.71 0.30 10.90 2.37 3.38 1.13 1.06 3.30 0.46 13.97 2.72 4.52 1.72 4.23
2006 2.74 0.34 12.45 2.19 3.38 0.06 -0.11 3.40 0.49 14.43 2.87 431 0.85 -0.39
2007 2.74 0.39 14.29 2.08 3.51 0.49 0.65 3.44 0.58 16.79 2.29 441 -0.33 0.34
2008 2.80 0.32 11.53 2.24 3.33 -0.30 -0.39 3.36 0.51 15.32 2.68 4.33 0.57 -0.30
2009 2.73 0.39 14.31 2.12 3.27 0.08 -1.11 3.48 0.66 18.87 2.70 447 0.62 -1.04
2010 2.64 0.45 17.17 1.81 3.25 -0.52 -0.75 3.32 0.72 21.73 2.15 4.39 0.10 -1.17
2011 291 0.33 11.38 2.30 3.51 -0.10 0.35 3.45 0.47 13.52 2.79 443 0.88 0.72
2012 2.87 0.70 24.56 2.12 4.57 1.34 2.07 347 0.98 28.35 2.55 6.03 1.74 3.63
2013 2.83 0.36 12.78 2.01 3.32 -0.77 1.31 351 0.55 15.64 2.77 461 0.62 -0.22
2014 2.70 0.28 10.21 2.20 3.10 -0.62 -0.51 3.33 0.41 12.36 2.69 4.20 0.67 0.42
2015 2.94 0.40 13.66 2.48 3.66 0.58 -1.14 3.63 0.60 16.42 2.80 4.69 0.59 -0.74
2016 2.94 0.39 13.40 2.52 3.84 1.39 1.67 3.68 0.61 16.50 3.01 5.11 1.33 1.78
2017 2.93 0.38 12.81 2.30 3.29 -0.94 -0.80 3.58 0.41 1141 2.70 4.13 -0.70 0.45
2018 2.75 0.33 11.94 2.24 3.18 -0.14 -1.41 3.38 0.54 16.00 2.77 445 0.51 -0.55
2019 2.85 0.50 17.56 2.02 3.56 0.14 -0.89 342 0.76 22.36 2.39 4.94 0.69 -0.24
2020 2.83 0.50 17.50 2.19 3.90 0.67 0.64 3.36 0.75 2241 244 5.23 1.31 2.70
2021 2.71 0.40 14.58 2.30 3.84 2.36 6.71 3.38 0.57 16.89 2.69 5.05 2.46 7.79
2022 2.90 0.63 21.61 1.92 4.27 0.64 1.08 3.49 0.94 26.95 2.28 5.67 1.02 1.48
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TABLE VL DF PARAMETERS AND P-VALUE BASED ON THE KS TEST FOR ANALYZING WIND SPEED DATA
DF Ardal DF Faridan
Parameters Statistic Rank Parameters Statistic Rank
GEV k=-0.16507 0=0.27731 £=2.7116 0.11588 1 GEV k=-0.07426 0=0.37932 ©=3.3123 0.10576 1
Na m=24.819 2=8.095 0.13259 2 W-3P a=1.6117 (=0.72886 »=2.8493 0.11904 2
w a=11.199 £=2.9025 0.13349 3 G a=70.049 £=0.05004 0.12537 3
G =99.74 [(=0.0284 0.13431 4 Na m=17.104 2=12.447 0.1269 4
N 0=0.28359 1=2.8322 0.13655 5 LN 0=0.11298 1=1.2478 0.12784 5
LL a=15.845 (=2.7759 0.14002 6 BS a=0.1131 (=3.4828 0.1279 6
W-3P a=1.4275 [=0.45671 p=2.4141 0.14521 7 LL a=13.698 [=3.4177 0.13203 7
BS =0.09561 (=2.8193 0.14568 8 N 0=0.41879 £=3.5051 0.13851 8
LN 0=0.09554 1=1.0365 0.14575 9 W a=9.6125 [(=3.6 0.14096 9
v A=282.48 1=2.8322 0.14717 10 1G A=245.53 ©=3.5051 0.14141 10
L 0=0.15635 1=2.8322 0.15788 11 L 0=0.23089 £=3.5051 0.15542 11
K ;=0.61943 a,=1.1245 a=2.4402 b=3.3493 0.20313 12 K =0.91493 ,=0.70462 a=2.7775 b=4.2843 0.26401 12
R 0=2.2598 0.44181 13 R 0=2.7967 0.4186 13
TABLE VII.  STATISTICAL DESCRIPTION OF AVERAGE MONTHLY SOLAR RADIATION FOR ALL SELECTED LOCATIONS
Year Ardal Faridan
Mean SD Cv Min. Max. S K Mean SD CvV Min. Max. S K
2001 6.28 1.66 26.48 2.99 8.47 -0.67 -0.18 5.71 2.10 36.75 2.46 8.38 -0.53 -1.09
2002 6.15 1.95 31.65 345 8.92 0.01 -1.61 5.69 2.09 36.68 2.92 8.62 0.08 -1.72
2003 5.98 1.86 31.04 3.55 8.49 0.01 -1.70 5.70 1.96 34.40 3.01 8.36 0.03 -1.56
2004 6.05 1.98 32.73 3.06 8.63 -0.09 -1.79 5.55 1.99 35.88 2.96 8.05 -0.06 -1.96
2005 6.16 2.01 32.62 3.20 9.49 0.03 -1.23 5.70 2.19 38.36 2.55 9.12 -0.09 -1.16
2006 5.86 2.01 34.25 3.03 9.06 0.04 -1.23 5.30 243 45.89 2.17 9.14 0.11 -1.35
2007 5.72 1.92 33.46 3.46 8.20 -0.02 -1.92 5.20 2.06 39.69 2.59 8.11 0.07 -1.58
2008 5.86 1.43 24.40 2.71 8.25 -0.67 1.21 547 1.59 29.03 2.68 8.08 -0.27 -0.63
2009 5.54 1.64 29.64 2.99 7.92 0.07 -1.09 5.16 1.66 32.16 2.65 7.36 -0.02 -1.33
2010 5.88 1.49 25.38 3.07 7.96 -0.45 -0.72 5.56 1.56 28.00 2.95 7.62 -0.36 -0.99
2011 5.71 1.64 28.80 3.06 8.17 -0.20 -1.14 5.35 1.74 32.56 2.57 7.86 -0.33 -1.11
2012 5.64 1.49 26.36 3.36 7.67 0.17 -1.44 5.37 1.53 28.50 3.52 7.36 0.26 -1.70
2013 6.14 1.54 25.12 4.07 8.60 0.19 -1.52 5.74 1.73 30.19 3.76 8.33 0.30 -1.55
2014 5.85 1.63 27.75 3.08 8.47 -0.01 -0.72 5.26 1.72 32.75 2.39 7.69 -0.11 -0.97
2015 5.70 1.51 26.44 3.31 8.15 -0.06 -0.65 5.39 1.60 29.66 3.10 8.03 0.03 -0.85
2016 6.29 1.54 24.41 3.66 8.64 -0.25 -1.04 5.78 1.71 29.60 3.37 8.22 -0.21 -1.44
2017 6.10 1.68 27.47 4.09 9.84 0.84 0.63 6.14 1.75 28.56 4.06 9.93 0.80 0.32
2018 5.61 1.75 31.20 3.24 8.56 0.26 -1.01 5.36 1.90 35.37 3.08 8.44 0.52 -1.27
2019 591 1.75 29.57 3.02 9.03 0.20 -0.54 5.65 1.66 29.31 2.81 8.22 0.07 -0.82
2020 6.16 1.83 29.71 4.30 9.74 0.59 -0.85 5.85 1.65 28.18 4.28 9.15 0.75 -0.58
2021 6.24 1.50 23.95 3.78 9.05 0.14 -0.26 6.00 1.45 24.21 4.07 9.06 0.72 0.21
2022 5.90 1.64 27.78 3.96 8.40 0.22 -1.72 5.92 1.59 26.88 3.50 8.22 0.08 -1.56
TABLE VIII. DF PARAMETER AND P-VALUE BASED ON KS TEST FOR ANALYZING SR DATA
DF Ardal DF Faridan
Parameters Statistic | Rank Parameters Statistic | Rank
GEV k=-0.18925 0=1.5589 1=5.2919 0.16969 1 GEV k=-0.21368 o=1.6772 1=4.914 0.14995 1
G a=14.136 (=0.42034 0.17318 2 G a=11.259 £=0.49594 0.16301 2
w «=3.8606 [(=6.3056 0.17328 3 Na m=3.1487 (2=33.718 0.16604 3
1G A1=83.995 1=5.9419 0.17961 4 BS a=0.2979 [=5.3465 0.16733 4
BS a=0.26135 [=5.7456 0.17983 5 LN 0=0.29609 1=1.6772 0.16735 5
LN 0=0.26018 1=1.7487 0.18013 6 LL a=4.7379 [=5.1435 0.16888 6
Na m=3.8188 (2=37.596 0.18483 7 1G A1=62.87 ©=5.5839 0.16918 7
W-3P =0.82014 £=2.2016 »=3.8836 0.18527 8 w a=3.3814 [=5.9625 0.17315 8
N 0=1.5804 1=5.9419 0.19608 9 N o=1.6641 1=5.5839 0.17425 9
LL a=5.4193 [£=5.5401 0.20239 10 L 0=0.91748 1=5.5839 0.19407 10
K ,=0.97025 =1.0674 a=3.8836 b=8.6518 0.21235 11 W-3P a=0.86229 [(=1.9416 »=3.3727 0.23268 11
L 0=0.87131 £=5.9419 0.21723 12 K 2,=0.75667 ,=1.5287 a=3.3727 b=8.6812 0.23604 12
R 0=4.7409 0.28503 13 R 0=4.4553 0.24914 13

Based on the findings in Table IX, the following can be
concluded:

In Faridan, the PV system produces the most electricity

annually, reaching a peak of 10,932.52 kWh. The minimum

annual electricity generation from the PV system is
10,283.56 kWh in Ardal. On average, the PV system

generates around 10,608.04 kWh per year.
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Faridan also records the highest annual electricity

generation from the wind system, with a maximum of
8,933.17 kWh. In Ardal, the wind system's annual
generation is at its lowest, with a minimum of 6,724.77
kWh. On average, the wind system generates approximately
7,828.97 kWh annually.

The efficiency of the PV system in Faridan reaches a
maximum capacity factor of 24.96%, indicating effective
utilization of the available sunlight. In Ardal, the PV
system's capacity factor is at its lowest, with a minimum of
23.81%. On average, the PV system operates at a capacity
factor of approximately 24.38%.

Similarly, in Faridan, the wind system achieves a maximum
capacity factor of 20.40%, showcasing its efficient
conversion of available wind energy into electricity. In
Ardal, the wind system's capacity factor is the lowest at
15.35%. On average, the wind system maintains a capacity
factor of approximately 17.88%.

The maximum simple payback period is 15.17 years in
Ardal, the minimum is 12.99 years in Faridan, and the
average is approximately 14.08 years. Similarly, the
maximum equity payback period is 6.68 years in Ardal, the
minimum is 5.41 years in Faridan, and the average is
approximately 6.05 years.

The maximum NPV is $9,377.86 in Faridan, the minimum
is $5,945.58 in Ardal, and the average is approximately
USD 7,161.72. A positive NPV not only demonstrates
financial viability but also underscores the long-term
sustainability of renewable energy projects by reducing
energy costs and potentially generating revenue from

excess energy production. Furthermore, the environmental
benefits of reduced greenhouse gas emissions are implicit.
Additionally, ALCS quantifies the annual financial savings
generated by the project. In this context, the highest annual
savings are USD 1,195.68/year in Faridan, while the lowest
is USD 758.06/year in Ardal. The average ALCS is
approximately USD 976.87/year.

Energy Production Cost (EPC) signifies the cost of
producing 1 kWh of electricity. It is found that the
maximum cost is 0.1086 kWh/USD in Ardal and the
minimum is 0.0930 kWh/USD in Faridan, whereas the
average is approximately 0.1008 kWh/USD.

Reducing GHG emissions promotes environmental
sustainability by lowering the carbon footprint. It is found
that the reduction is 11.48 tCO; in Faridan and 9.82 tCO, in
Ardal, while the average is approximately 10.65 tCO,
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Fig. 5. Monthly variation of EGE of proposed systems.
TABLE IX. DF PARAMETERS AND P-VALUE BASED ON THE
KS TEST FOR ANALYZING SR DATA
Parameters Ardal Faridan
Annual-PV system [kWh] 10283.56 | 10932.52
Annual wind system [kWh] 6724.77 8933.17
Capacity factor -PV system [%] 23.81 24.96
Capacity factor -wind system [%] 15.35 20.40
Gross annual GHG emission reduction [tCO2] 9.82 11.48
Simple payback [Year] 15.17 12.99
Equity payback [Year] 6.68 541
Net Present Value [USD] 5945.58 9377.86
Annual life cycle savings [USD/year] 758.06 1195.68
Energy production cost [kWh/USD] 0.1086 0.0930

Moreover, yearly cash flows in terms of cumulative and

pre-tax values are crucial for assessing the financial viability
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and attractiveness of a project. They provide a comprehensive
view of a project's financial performance over time, including
its ability to generate returns on investment and its economic
sustainability. These metrics aid decision-makers, investors,
and project developers in evaluating projects and making
informed financial and strategic choices. Cumulative cash
flows represent the running total of cash inflows and outflows
over time, usually on an annual basis. They accumulate year by
year and provide insight into the project's overall financial
performance throughout its lifespan. Cumulative cash flows
help stakeholders understand the project's financial trajectory,
including when it starts generating profits or returns on
investment. They are crucial because they reveal the project's

70000
60000

Cash flow [USD]

financial health over time and whether it is on track to recover
its initial investment and generate a profit. Pre-tax cash flows
refer to the cash inflows and outflows before accounting for
income taxes. They are important because they reflect the
project's financial performance in its purest form, without the
influence of tax considerations. Analyzing pre-tax cash flows
allows stakeholders to assess the project's economic viability
and profitability based solely on its operational and financial
characteristics. It helps in making investment decisions and
evaluating the project's attractiveness to potential investors.
Figure 6 provides an overview of the cash flow throughout the
lifespan of wind farm and solar plant projects in the chosen
region.

Ardal
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Fig. 6.

IV. DISCUSSION

The Sustainable Development Goals provide an inspiring
framework for energy sector initiatives and policies, guiding
them towards sustainability. Global energy demand is rising,
leading to increased carbon emissions and environmental
degradation. In response, Sustainable Development Goal 7
aims to provide "modern, reliable, and environmentally
friendly energy for all" by 2030 [26]. Solar and wind energy
undoubtedly support these endeavors and enhance technical
and economic efforts to achieve the Sustainable Development
Goals. An example of these ambitious projects is the
installation of grid-connected vertical-axis hybrid wind turbines
and PV tracking systems in high-altitude areas, representing a
major step towards sustainable goals. High-altitude solar and
wind energy are widely considered the most promising sources
of renewable energy [27]. This paper represented the
examination of high-altitude wind and solar energy potential in

M Pre-tax

Cumulative and pre-tax cash flow for all projects.

the regions of Ardal and Faridan, Iran for the first time utilizing
the MERRA-2 dataset. To analyze the characteristics of wind
and solar radiation data, 13 distribution functions were
employed. According to the study's results, it was observed that
the GEV DF displayed the lowest KS value. This shows that
the GEV DF provides the best fit for the wind speed and solar
radiation data, suggesting its suitability for modeling these
datasets. Moreover, the obtained WPD values categorize the
selected locations into power class 1, which signifies relatively
low wind energy potential. Consequently, it is advisable to
employ small-scale wind turbines in these areas to efficiently
tap into the limited wind energy resources. On the other hand,
both locations exhibit superb solar potential, suggesting that
they are highly suitable for harnessing solar energy resources.
Furthermore, this paper presented a technical and economic
feasibility study of a VAWT and PV tracking system for
electricity production.
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Based on the findings of this study, it has been determined
that the total energy production from the hybrid system is
17,008.33 kWh for Ardal and 19,865.69 kWh for Faridan.
Moreover, the PV system competence varies between the two
regions, with Faridan achieving a maximum capacity factor of
24.96%, denoting effective utilization of available sunlight,
while Ardal achieved 23.81%, with an average of
approximately 24.38%. Similarly, in Faridan, the wind system
demonstrates efficiency with a maximum capacity factor of
20.40%, successfully converting wind resources into
electricity. In contrast, Ardal's wind system has the lowest
capacity factor at 15.35%, with an approximate average of
17.88%. These results are supported by several previous
studies. As mentioned in [28], the economic viability of a
project is measured by considering its NPV and payback
period. In the case of this project, the NPV, which represents
the disparity between the present value of cash inflows and
cash outflows over a specific time frame for all locations,
yielded positive results. This positive NPV signifies that the
project is financially and economically viable [29-32]. Besides,
it is observed that simple and equity payback period is within
the range of 12.99-15.17 years and 5.41-6.68 years,
respectively. These results are in accordance with the findings
of several previous studies. For example, authors in [31]
reported CF values ranging from 31.1% to 49% for 50 m hub-
height turbines and 37.3% to 56.6% for 75m hub-height
turbines. Authors in [33] observed varying values for simple
payback and CF in the range of 1.9 to 27.3 years and 4.5% to
37.2%, respectively, for a BWT 61 m—800 kW wind turbine. In
[34], it was found that the payback period for various 100 MW
wind farms ranged from 6.34 to 19.9 years. Authors in [35]
noted that CF values for various wind turbines fell between
32% and 38%. Authors in [36] reported CF values spanning
from 6.8% to 47.6% for different wind turbines with varying
characteristics. Authors in [32] proposed a PV system had an
annual CF ranging from 20.70% to 21.70%. Authors in [32]
found that the payback period for their developed PV system
ranged from 13.6 to 14.6 years. Authors in [37] reported annual
CF values ranging from 17.5% to 20.03% and simple payback
period values within the range of 6.38 years to 7.00 years.
Authors in [38] outlined a CF value of 22 for 12.25 kW grid-
connected PV systems.

Moreover, this study's findings reveal that the highest
energy production cost is 0.1086 kWh/USD in Ardal, while the
lowest is 0.0930 kWh/USD in Faridan, with an average of
approximately 0.1008 kWh/USD. These outcomes are
corroborated by several scientific investigations. For example,
authors in [33] observed that the LCOE for a 61 m—800 kW
BWT wind turbine falls in the range of 0.04-0.43 USD.
Authors in [35] noted LCOE values ranged from 0.255
USD/kWh to 0.306 USD/kWh. Authors in [36] reported CF
values spanning from 6.8% to 47.6% for different wind
turbines with diverse characteristics. Authors in [5] described
LCOE values varying from 0.08703 USD/kWh to 0.01025
USD/kWh for a 5 kW Vertical Axis Wind Generator-V and
LCOE values ranging from 0.036 USD/kWh to 0.049
USD/kWh for a 5 kW grid-connected PV system. Authors in
[32] reported LCOE values for their proposed PV system
varying from 0.128 USD/kWh to 0.135 USD/kWh. Authors in

[38] estimated an LCOE value of 0.0382 USD/kWh for a
developed PV system.

According to the Iran Energy Report 2022, electricity cost
has shown an annual rise of approximately 20% since 2019,
reaching 0.0024 USD/kWh for households and 0.0034
USD/kWh for industrial consumers in 2021. It is found that the
energy production cost from the proposed system is higher than
the electricity tariff. However, there are still several benefits
from the developed systems such as (1) reduced reliance on
external power sources, especially in remote areas or during
power outages, (2) reduced greenhouse gas emissions and
carbon footprint, (3) provision of a stable electricity source and
reduced vulnerability to energy price fluctuations, (4) earning
income through net metering or feed-in tariffs, and (5) leading
to more stable and efficient energy infrastructure.

Additionally, the gross annual greenhouse gas emission
reduction quantifies the decrease in greenhouse gas emissions
attributable to the renewable energy project. These emissions
are significant contributors to global warming and climate
change. The study reported 11.48 tCO, reduction in Faridan,
and 9.82 tCO, in Ardal, with an average of around 10.65 tCO,.
By mitigating these tons of CO, equivalent, the project
contributes to the realization of Sustainable Development Goal
15 (SDG 15): Life on Land.

V. CONCLUSIONS AND FUTUER WORK

The case study in this research demonstrates the possible
technical and economic feasibility and develops a system to
meet household energy needs. This research can serve as a
framework to evaluate the practicability of the prospective
small-scale hybrid wind system in Iran and other developing
countries. In future studies, a hardware implementation of the
system suggested may be carried out with detailed performance
analysis, paving the way for its eventual dissemination and
widespread adoption.

Exploring the achievability of wind and solar power in
high-altitude areas is essential to maximizing renewable energy
sources. These regions offer unique advantages, including
stronger, more consistent wind patterns and greater exposure to
sunlight. Harnessing these resources not only enhances clean
energy production but also carries environmental benefits. It
reduces greenhouse gas emissions, combats climate change,
and has the potential to improve air quality. Furthermore, this
transformation  creates  opportunities for  sustainable
development and job creation, thus benefiting local
communities socially and economically. Such systems also
hold the promise of improved public health, thanks to reduced
pollution and cleaner air. Hence, prioritizing the environmental
impact assessment of small-scale hybrid systems (wind and
solar) to enhance the social acceptance of renewable energy
technologies should be the main focus of future research.
Besides, a comprehensive risk analysis of small-scale hybrid
systems, incorporating wind and solar energy sources, is
essential to assess the financial viability of such projects in the
future. This analysis should entail various factors, including
political, regulatory, and market risks, which can significantly
impact these initiatives success. A thorough risk analysis
should consider these factors, employ risk mitigation strategies,
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and develop contingency plans to ensure the financial viability

of

developers,

small-scale hybrid

investors,

systems. This will help project
and policymakers make informed

decisions and increase the likelihood of renewable energy
projects to be successful.
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