Awvailable online at www.ijournalse.org

L]
il EMERGING SCIENCE JOURNAL

(ISSN: 2610-9182)

L] ‘ Emerging Science Journal

EMERGING SCIENCE JOURNAL

Vol. 7, No. 6, December, 2023

Wind Energy Assessment Using Weibull Distribution with
Different Numerical Estimation Methods: A Case Study

Mutaz A. Alanazi 1, Mohammed Aloraini Z®, Muhammad Islam 2¢,
Saleh Alyahya 3, Sheroz Khan 3

! Department of Electrical Engineering, College of Engineering, Qassim University, Buraydah 51452, Saudi Arabia.
2Department of Electrical Engineering, College of Engineering, Qassim University, Unaizah 56452, Saudi Arabia.

3 Department of Electrical Engineering, College of Engineering and Information Technology, Onaizah Colleges, Onaizah 56447, Saudi Arabia.

Keywords:
Abstract _—
Energy Utilization;

The demand for electrical energy is increasing every day, which is one of the critical challenges Energy Conversion:
facing the world today. Hence, the necessity of turning to clean renewable energy sources that are .
not harmful to the environment as an alternative to the traditional generation based on fossil fuels ~Power Conversion Efficiency;
has become more important than ever before. Wind power is one of the renewable sources that  \Weibull Distribution;

provides a clean solution to generate electricity. In this context, the Kingdom of Saudi Arabia
announces renewable energy projects to generate 9 GW from wind in 2032. Hence, the aim of this o
paper is to investigate the most suitable method of Weibull parameter estimation in order to predict ~ Energy Efficiency.
wind characteristics and employ it for wind energy assessment in the Qassim region located in the
center of the country. In this study, wind data is collected from NASA's forecasts of global energy
resources for 2010-2015 based on their availability at altitudes of 10m and 50m and analyzed by
using six different methods for Weibull parameter estimation: the graphical method (GM), standard
deviation method (SDM), energy pattern factor method (EPF), moment method (MM), alternative
maximum likelihood method (AMLM), and novel energy pattern factor method (NEPF). The
efficiency of each method is tested by calculating the root mean square error (RMSE) and the relative

Weibull Parameters;
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wind power density error (RPDE). The comparison shows that the most appropriate method for Received: 2L June 2023
estimating wind power density in the country is the Moment Method (MM), with the lowest RPDE  Revised: 14 November 2023
ratio equal to 0.2018%. It has been found that the wind power density in the Qassim region falls into .

the class 1 category, as it is less than 100 W/m? at a height of 10m and less than 200 W/m? at an  Accepted: 23 November 2023
altitude of 50m. The results show the region is only suitable for small off-grid projects. Published: 01 December 2023

1- Introduction

The role of electrical energy is crucial to societal development, and it fosters economic growth. It plays an essential
role for industries, human lives, and many applications of human development, such as smart phones and computers.
The law of conservation of energy describes transformation in various forms, which has utilization in a variety of
applications of commercial and industrial importance, such as in micro-electro-mechanical (MEMS), electrical, and
nanomechanical engineering (NEMS) [1]. In most cases, electric energy is produced by converting mechanical energy,
and mechanical energy is produced from heat by burning fossil fuels such as oil, coal, and natural gas. With population
growth, the demand for electrical energy increases dramatically, making it harder every day for fossil fuels to meet this
demand for the reasons of being non-renewable and causing climate change by increasing carbon gas emissions, affecting
the fundamental biosynthetic process [2, 3], amounting to 90% of fossil fuels, forcing the governments of emerging and
developing economies to offer subsidies.
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The developing countries pay more attention to their growth generation policies than to their environmental problems
as a consequence. As a result of which weather conditions fluctuate and affect plant growth, yield, and distribution, and
accordingly governments around the world have started investing a lot of money in the generation of alternative forms
of energy that are clean, renewable, and harmless to the environment. Saudi Arabia ranks seventh among the most
competitive economies among the G20 countries, accounting for 85% of global power consumption. This consumption
causes fears of air pollution within the Arab peninsula, affecting the export of oil-related products and hence the export
deficit.

Figure 1 shows that electricity production and consumption in Saudi Arabia have increased by 49.58% and 42.45%
in 2021, which represent almost double the recorded numbers in 2010. The increasing use of electricity consumption is
due to an increasing population, rapid growth in industrialization, and heavy investment in agriculture, dairy, and milk
products. Poultry farms and local small industry projects require large investment in the field of electricity, which at the
moment depends on oil and gas for generation. Oil and gas used locally are thus highly subsidized, which is originally
meant for export at world-market prices to earn foreign reserves. The increased consumption of electricity has resulted
in an equivalent increase in revenue investment into capacity and related energy transmission infrastructure. Hence, it
can be concluded that there is a need to meet the energy demand from environmentally friendly sources rather than invest
in the traditional avenues of electrical energy generation. The geographical location of GCC countries, including Saudi
Avrabia, is described as being associated with a hot and dry desert climate enriched with an abundance of solar energy
potential [4].
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Figure 1. Production and consumption of electricity in Saudi Arabia from 2012 to 2021

The Kingdom of Saudi Arabia is surrounded by the Red Sea to the west and the Arabian Gulf to the east, making it a
potential location for generating renewable energy from solar and wind. The KSA announced the formation of the
National Renewable Energy Program (NREP) in April 2017 to launch an ambitious renewable energy infrastructure
project with the aim of reducing dependence on oil and gas to meet growing domestic and industrial energy needs. This
will reduce fossil fuel-based generation of electricity, which will make oil available for export, and it is estimated that a
1% reduction in fossil fuel-based electricity generation per year will save USD 35 billion in oil and gas [5]. There are
currently thirteen projects in Saudi Arabia to produce electricity from renewable sources (solar and wind) with a total
capacity of 4870 MW. Table 1 shows renewable energy projects in the Kingdom of Saudi Arabia.

Wind energy ranks second after solar energy in the category of renewable energy worldwide, as well as in Saudi
Arabia. The Saudi Arabia Vision 2030 demands an initial target of 9.5 GW of renewable energy. Endowed with an
impressive solar and wind potential, it is expected to be 30 GW by 2030, when energy consumption becomes three times
that of current consumption. Currently, most of the power generation comes from burning oil, while the rest comes from
natural gas. Investment in the energy sector is sure to boost oil and gas exports proportionately. However, wind power
is the least popular type since it is more susceptible to unpredictable conditions than solar [6]. Since the power generated
from the photovoltaic module PV and the wind turbine will vary according to the amount of solar radiation and the wind
speed. As a result of the intermittent and unsteady nature of these sources, massive changes are resulting in the generated
power, and so a comprehensive study of the region of interest based on historical data is needed. The Weibull distribution
is widely used by engineers and researchers to perform statistical analysis of random data such as wind speed variations
[7]. The Weibull distribution includes two parameters: the scale parameter (c), which relates to the mean wind speed,
and the shape parameter (k), which relates to the variance. Both factors are used to find the probability density function
and the cumulative distribution function, in addition to the power and energy density. The wind energy potential of a
site is classified according to power density, so the accuracy of the parameter estimation method is an important factor
to be considered.
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Table 1. Renewable energy projects in Saudi Arabia [8]

Solar PV Systems Projects

Project Region Capacity (MW)
Seder 1500
Saad 300

Riyadh
Wadi Al-dawaser 120
Layla 80
Rass Qassim 700
Al-Shuaiba 600

Jeddeh Makkah 300

Rabigh 300

Sakaka 300

Jouf
Qurayyat 200
Madinah Madinah 50
Rafha Northern Borders 20

Wind Energy Projects

Project Region Capacity (MW)
Dumat Al-Jandal Jouf 400

In the literature, several methods have been presented to calculate these two parameters in order to compare different
methods to select the best-fit method for the collected data. A comparison of these methods is performed by calculating
statistical indicators such as relative power density error (RPDE), root mean square error (RMSE), coefficient of
determination (R?), and chi-square test (%?). Salah et al. [9] have conducted an analysis of wind speed characteristics for
selected sites in Saudi Arabia using three different parameter estimation methods and found that the moment method
(MM) is the best method compared to the least squares method (LSM) and maximum likelihood method (MLM) for
estimating wind power density. The paper also shows encouraging wind energy results in Saudi Arabia with a capacity
of 1000 MWh per month for several sites, making them ideal for the installation of wind turbines.

Sedliackova et al. [10] have used MLM, which has shown good performance according to root mean square and
coefficient of determination values. Another method known as the standard deviation method (SDM) or empirical
method of Justus (EMJ) has been used to determine Weibull parameters in Kaplan [11], and it has yielded very good
results for estimating the Weibull parameters. Hussain et al. [12] have presented a comprehensive study of solar energy
generation in Cameron by estimating Weibull parameters using thirteen numerical methods, and the results have shown
that MLM, the Energy Pattern Factor Method (EPF), and EMJ are the most suitable methods compared to the
performance of the Empirical Mabchour Method (MABCH), the Rayleigh Distribution Method (RAYL), and the
Empirical Method of Lysen (EML). A similar study of wind energy has been carried out in [13], and in this study,
according to the results, the graphical method (GM) has been the best method for estimating the cumulative distribution
function (CDF). However, GM, EML, MABCH, and RAYL are the worst methods to estimate wind speed distribution
and wind power density.

It is noted that the accuracy of the estimation method changes according to the data collected and the location of
interest. In this regard, several papers have discussed wind energy at different sites [14] that investigate wind power at
six locations: Sharurah, Jeddah South, Al Wajh, Riyadh, Hafar Al Batin, and Al Jouf. Alabbadi et al. [15] have
investigated wind power in Madinah using the MLM method, and the authors have found Madinah very suitable for
small off-grid applications. AlQdah et al. [16] have performed a feasibility study of the wind energy system in Neom
city, which is located in the north-eastern area of Saudi Arabia, and they found that it falls into Class 3, which is suitable
for commercial-scale projects.

Alfawzan et al. [17] have presented a study for wind speed characteristics in the city of Jubail, which is located in the
eastern region of Saudi Arabia, and found that the mean wind power density is equal to 50.92W/m?, 116.03W/m? and
168.46W/m? at 10m, 50m, and 90m heights, respectively. Another study has been performed for Yanbu in the western
area of Saudi Arabia, and it has concluded with encouraging results for wind energy systems in that region. However,
most of these previous works have not provided a complete comparison of different estimation methods in Saudi Arabia,
while the Qassim region has not been included in most recent studies except the study by the authors in Salah et al. [9].
Nevertheless, the authors have only used three methods for the estimation of wind power density. Hence, by considering
all of these points mentioned above, the purpose of this work is summarized as follows:

¢ Investigation of wind power in the Qassim region with different methods for Weibull parameter estimation.

Page | 2262



Emerging Science Journal | Vol. 7, No. 6

e The techniques used in this paper are explained in detail, which will provide a better understanding for researchers
to study other areas around the world.

e This work will contribute to assisting decision-makers in the wind energy sector by providing an assessment of the
potential of wind energy in the Qassim region, for which studies in this area are rare.

¢ Finally, this work will help future project designers determine the cost analysis with high accuracy by choosing
the appropriate method for predicting the maximum wind energy.

In this paper, we have collected and analyzed wind data at heights of 10m and 50m above the ground for the Al-
Qassim region. Finally, the wind energy potential will be calculated based on the Weibull distribution, which allows us
to compare the result with the international wind power classification. The Weibull parameter estimation process will
use six different methods, which are: (1) graphical method (GM), (2) standard deviation method (SDM), (3) energy
pattern factor method (EPF), (4) moment method (MM), (5) alternative maximum likelihood method (AMLM), and (6)
novel energy pattern factor method (NEPF). All methods will be compared by calculating the root mean square error
(RMSE) and the relative power density error (RPDE). The organization of this paper is as follows: Section 2 presents
energy in Saudi Arabia and the Qassim region; Section 3 discusses Weibull distribution; Section 4 discusses the
estimation methods used in this paper; Section 5 will include the results; Section 6 will discuss results and discussion;
and Section 7 concludes the paper with a summary of the conclusions achieved.

2- Energy in Saudi Arabia
2-1-History and Future

The Kingdom of Saudi Arabia (KSA) has a long history with oil, and it is one of the largest oil producers in the world
while standing as the fourth largest in gas reserves, in addition to a high growth rate of domestic oil consumption due to
rapid growth in population, industrialization, agriculture, and urban development [18]. The utilization of renewable
energy sources in electric vehicle charging stations is another one of the most prominent areas of research in many
developing and developed countries [19]. KSA also depends on generating electricity from carbon-intensive fuels and
their products, which may cause air pollution as well as soil and sea pollution as a result of waste disposal through sea
water desalination. The number of renewable energy source projects started to increase in the country with the
establishment of the NREP program in 2017, since when the production of electricity from renewable sources has been
increasing day by day. Figure 2 shows the electricity production from renewable sources over the 20102021 period in
small proportions, as most projects are under construction at present.
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Figure 2. Electrical Energy Produced by Power Plants from 2010-2021

The 2018 saw the maximum production of 3.80 GWh from renewables, which is a small generation compared to that
from steam units and gas units. The population growth rate in Saudi Arabia ranges between 1% to 2%, with a population
of 33, 413, and 660 (as of 2018), about 80% of which live in major cities. The country has an area of 2.15 million km?
and is located between the Red Sea and the Arabian Gulf, with mountainous ranges in the region parallel to the Red Sea
coast. The GCC countries are critically explored with toxic heavy metals contaminating soil from agriculture
perspectives [20]. The KSA, enjoying the geographical advantage of solar and wind energy, is moving forward with
plans to develop the renewable energy sector as the use and production of fossil fuels have caused several environmental
issues in the form of air and water pollution that have adverse effects on the health and environment. The government
plans to produce 50% of its electricity from renewable sources by 2030 and 15 GWh by 2024. One of the projects
announced by the government is the city of dreamers in robots and solar power in the form of NEOM, which is located
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in northern Saudi Arabia and will require between 20 to 40 GW of power. All power is produced from zero-carbon
emissions sources of solar and wind [21]. It is known that high efficiency is one of the most important requirements in
all systems, and in order to build a renewable energy system with high efficiency, a comprehensive study must be
conducted to evaluate and analyze the resources of the specific site [22]. This is one of the many reasons for interest in
research in areas related to renewable energy in Saudi Arabia, particularly that of wind energy, which can add a
significant share to the RE portfolio if estimated and the project is undertaken holistically similar to that of NEOM.
Alternative efforts to maintain the heat balance of buildings’ construction while utilizing solar energy.

2-2-Qassim Region Energy Scenario

The electricity consumption in the Al-Qassim (Figure 3) region is commensurate with its population, which reached
10 TWh in 2021. The region is suitable for an appropriate scale of wind generation as there are no significant
deformations of wind speed and direction in this vastly hon-mountainous landscape [23], which is sure to reduce higher
temperature rises and increased greenhouse gases due to the ongoing conventional electricity generation relying mostly
on oil and gas. It has a good renewable source and hosts the second largest solar renewable energy project in Al-Rass,
with a total capacity of 700 MW, as listed in Table 1. The Qassim region has been tested with encouraging results for
solar power systems [24, 25] based on data on global horizontal irradiance, direct normal irradiance, diffuse irradiance,
ambient temperature, humidity, atmospheric pressure, and wind speed for the month of August 2014. In this paper, wind
systems will be discussed to study this area for the purpose of building a wind turbine farm to produce electricity. This
is a comprehensive study of its kind suitable for the site.

Figure 3. Map of Saudi Arabia with Al-Qassim Region

Most of the electricity in the Qassim region is produced by steam turbines, and there are many projects to convert
production to a combined cycle in order to increase efficiency and reduce fuel consumption, which will lead to lowering
emissions. The Electricity Company is implementing many projects in the Qassim region, such as the Qassim North
Power Plant Project, which will be completed in 2025 with a production capacity of 3,600 MW. This project will save
about 15 million barrels of oil [26]. This increasing rate of projects is due to the increased demand for electricity every
day and the increased air pollution in the Qassim region due to many factors, such as electricity production and weather
conditions [27]. The goal of renewable energy projects is to reduce the use of burning oil and gas to produce electricity
because both oil and gas cause high emissions of carbon gases that cause many problems for humans and the environment
around them. Carbon dioxide (CO,) capture and storage (CCS) is one of the critical enabling technologies that would
reduce CO; emissions significantly while also allowing fossil fuels to meet the world’s other pressing energy needs,
particularly in the scenario of Middle East and North African (MENA) countries, which account for a sizeable proportion
of the world’s oil production and trade. Coal-based plants have shown worse results by producing gases (CO; 0.82
kg/MWh, NO; 0.07 kg/MWh, SO 0.58 kg/MWh, NOx 0.2, and others 0.1k/MWh [28]). Renewable energy projects in
Saudi Arabia seek to reduce nine tons of emissions in 2024, as shown in Figure 4.
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Figure 4. Reduction in CO2 Emissions [8]

3- Weibull Distribution

While the benefits of harnessing wind energy are evident, however the implementation depends on a number of
practical challenges due to their intermittent and unsteady nature. Hence, the wind renewable energy projects require
complete and extensive site surveys to choose the appropriate location because they depend on the weather conditions
at that location. Wind systems similar to those of solar have different potentials in different countries and regions due to
site-to-site variability and other essential parameters. Statistical methods should be used to analyze these resources based
on recorded data. Since wind speed changes rapidly and frequently over time, the statistical function of the probability
distribution function must be used to predict wind behavior over a period of time. Weibull, Gamma, and Rayleigh are
types of probability distribution functions for estimating wind power potential using statistical distribution models.
Researchers have proven that the Weibull distribution has higher accuracy than other statistical functions to capture the
skewness of the wind speed distribution, and it is widely used in research. The Weibull distribution has two parameters
that must be estimated to find the two functions, the probability density function and the cumulative distribution function,
which appear in Equations 1 and 2. The two parameters are, k, which represents shape factor without a unit and
parameter, ¢, which is scale factor in the units of wind speed in m/s. The shape parameter is important to determine the
wind characteristics in the selected region since the wind direction is one of the critical factors to be taken into
consideration and scale factor is determining the wind potential [29]. As scale factor increases the wind potential will
increase and vice versa.

=@ @

C

F(v) = fooo f(v)dv=1-— e_(%)k (2

where v is wind speed, k and ¢ are Weibull parameters, and where v > 0; k, ¢ > 0.

From the equation above, it is clear that the distribution curve of wind speeds will be affected by the values of shape
and scale factors, and hence the estimation of these values with high accuracy is an essential requirement. There are
many ways to estimate the k and ¢ parameters, and it is an important step in determining wind energy and power densities.
However, the accuracy of the estimation varies from one method to another. The researchers found that all methods
return rough estimates with a different error ratio. Furthermore, one of the interesting results is that the error is different
from one place to another, which means that the best method for estimation varies according to the area being tested.
Hence, research is increasing in this field to study the best methods and develop new ways for parameter estimation.
Table 2 illustrates a group of recent studies comparing estimation methods, and it is clear that the accuracy of estimation
methods is a very area-dependent concern.
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Table 2. Comparison of estimation methods of Weibull Parameters in recent studies

Ref

Year of study

Area

Methods

Result of comparison

[30]

[31]

[32]

[33]

[34]

[35]

[36]

2021

2022

2021

2020

2023

2018

2023

Istanbul
Republic of Turkey

Eastern Jerusalem
Palestine

Dar es Salaam
Tanzania

Izmir Institute
Republic of Turkey

Coastal Areas
Pakistan

Jeju Island
South Korea

Khartoum
Sudan

Graphical method (GM)
Method of moment (MM)
Energy pattern factor (EPF)
Mean standard deviation (MSD)
Power density (PD)

Genetic algorithms (GA)

Maximum likelihood (MLM)

Modified maximum likelihood (MMLM)
Method of moment (MoM)

Energy pattern factor (EPFM)

empirical method (EM)

Graphical method (GM)
Standard Deviation (SD)

Empirical Method (EM)
Maximum Likelihood (MLM)
Modified Maximum Likelihood (MMLM)
Least Square Method (LSM)
WASsP Weibull Method

Graphical method (GM)
Empirical Method (EM)

Energy pattern factor (EPF)
Moment Method (MM)

Energy Trend Method (ETM)
Least Squares Regression (LSRM)
WASP Algorithm (WAsPA)
Maximum Likelihood (MLM)

Empirical Method (EM)

Moment Method (MM)

Graphical method (GM)

Energy pattern factor (EPF)

Maximum Likelihood (MLM)

Modified Maximum Likelihood (MMLM)

Energy pattern factor (EPF)
Graphical method (GM)

Moment Method (MM)

Least Squares Regression (LSRM)
Firefly Algorithm (FA)

The best method is GA while the worst is
EPF and the accuracy of estimation
method is different according to data size
and area being tested.

The best methods are EM and MoM while
the worst is EPF

SD shows better results compared to GM

The best method is MLM method

All method showed good results which
are close to the real and actual data except
GM and ETM

The best method is MM while the worst
method is GM

The best method is FA followed by MM
and GM while the worst method is EPM

In this paper, six different methods have been used for the estimation of Weibull parameters to study wind energy in
the Qassim region. However, before we enter into the details of each method, the relation between wind energy and wind
power densities with Weibull parameters needs to be explained. Wind power density describes the amount of wind
resources in a particular place, and energy density indicates how much power density exists at a specific time in a site.
The available power in wind which is flowing at any speed ‘v’ through a turbine blade with a swept area ‘A’ is calculated
by Equation 3.

P(v) = %XpXAXV3

®)

where p is the air density and it is equal to 1.225 kg/m?, by dividing both sides by swept area A, the power in wind at
given speed v per unit area is calculated as power density given in Equation 4.
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Pa(v) =22 =25 p xv3 (@)
By applying the integration for the multiplication of Equations 4 and 1 as seen below in Equation 5 and considering
standard gamma function shown in equation 6, the wind power density following Weibull distribution for the selected
regime is shown in Equation 7. The energy density is calculated by multiplying the power density by the time (T) as
seen in Equation 8, and for one year T is equal to 8760 if the time is taken in hourly base.

Py = [, Pa(v) X f(v) dv (®)
r@) = [ e™x'"tdx (6)
= 20 (3)xr () 0
= 20w () xr (< ®

Weibull parameters are used also to determine three important factors of the mean wind speed (V ), most frequent
speed in that area (Ve), and the speed which carries the maximum energy to the system (Ve), which are describing
the wind characteristics. The mean wind speed that follows Weibull distribution for the selected site is calculated by
using Equation 9 that takes into consideration the gamma function as shown in Equation 6, and the Equations 10 and

11 show Vr and Ve. Other factors to determine the suitable turbine are the three different speeds which are Vin, Via
and Vor.

Where Vi, is the cut-in speed where the wind turbine starts to produce the power, V4 is the rated speed where the
wind turbine is producing the rated power, and V. is the cut-out speed where the wind turbine is taken out of service in
order to protect its components from the high wind speed, which means that wind turbine will not produce any power
below the cut-in speed and beyond the cut-out speed. Figure 5 shows an example for wind power curve illustrating the
relation between the wind speed and generated power. The selection of wind turbine rated speed or the speed that
generates the rated power will be based on the speed that carries the maximum energy to the system since the maximum
efficiency is obtained when the two speeds are almost equal to each other (Ve = Vyar) [16, 30].

Rated Power
2
g
&
=
3
No Power
Wind Speed (m/s)
Figure 5. Wind Turbine Power Curve
Vm:ch(1+i) 9)
k-1.1
1
c (k+2)k
Vg = T (1)
kk
_(uin)®  _(vorn)®
P(vin<v<voff)=e(c) —e(C) (12)

Furthermore, Weibull parameters are helpful to determine the probability that a wind turbine is in operation since, in
most cases, the cut-in speed of wind turbines is between 3 m/s and 4 m/s. The cumulative distribution function is used
for this purpose to determine the probability that wind speed will be in the range between the cut-in speed and cut-out

speed, as seen in Equation 12. All of these important factors show that the accuracy of the estimation process should be
at its highest level.
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4- Estimation of Weibull Parameters

The shape and scale parameters can be estimated by using several methods. In this paper, six different methods will
be explained and used in the estimation process, and according to the statistical indicators, the method with the highest
accuracy will be used to evaluate wind energy in the Qassim region. The methods are graphical method (GM), standard
deviation method (SDM), energy pattern factor method (EPFM), moment method (MM), alternative maximum
likelihood method (AMLM), and novel energy pattern factor method (NEPFM).

4-1-Graphical Method (GM)

This method (also known as the least squares method) represents the wind data in graphical form, which can be useful
to understand the characteristics of wind speed at the selected site to predict future failure since it finds a linear
approximation of the observation data by minimizing the distances between the best-fit line and observation points. In
this technique, the cumulative distribution function is converted from an exponential function to a linear function by
applying a double logarithmic transformation to Equation 2, as seen in Equation 13.

In[—In(1 — F(v;)] = kIn(v;) — KIn(c) (13)

Here, a straight line is constructed and drawn by plotting In(v;) on horizontal x-axis and In[-In(1-F(vi))] on vertical y-
axis. The slope of this line is equal to the shape parameter (k) and scale parameter (c) is calculated by using the intercept
on vertical y-axis. The linear approximation of any data is constructed by using the equation below

vi = a+Bx; (14)
where;

a=y—BX

B= Z?:lxiYi_an (15)

Z?:lxiz_n(i)z
By substituting In(vi) and In[-In(1-F(v;))] in Equation 14, it is clear the shape parameter is equal to the slope while
scale parameter is calculated as shown in Equation 17.
k=B (16)
c= e @ (17)

4-2- Standard Deviation Method (SDM)

This method (also known as empirical method) is widely used in research for Weibull parameters estimation due to
its simplicity and the fact that it relies on observation data, which will increase the accuracy and provide a better
understanding for the collected data. The mean wind speed and standard deviation of the collected wind data are used to
determine the shape parameter k as shown in Equation 18 and once it is estimated, the scale parameter is calculated by
using Equation 19. The mean wind speed and standard deviation are calculated by using Equations 20 and 21.

- @
=D @9
V=-3,v, (20)
o=[-2,(vi - V)Z]% (21)

where v is mean wind speed and o is standard deviation.

4-3-Moment Method (MM)

This method is similar to the previous one and the main advantage of using this technique for Weibull parameters
estimation is the simplicity and the capability of providing efficient way to describe the wind speed data in the interest
area. Weibull shape and scale parameters can be estimated by substituting mean wind speed and standard deviation
shown in Equations 20 and 21 into Equation 22 and once the shape parameter is calculated, and the scale parameter is
estimated by using Equation 19.

Page | 2268



Emerging Science Journal | Vol. 7, No. 6

(22)

(0.9874)1'0983
o/V

4-4- Energy Pattern Factor Method (EPF)

This method has been proposed by Akdag & Dinler [37] and it is simple and direct method because it depends on
average wind speed. As the name suggests there is a factor called energy pattern factor (EPF) which represent the ratio
between average of cubic speed and cube of average speed as shown in Equation 23.

Epf = ;—3 (23)

Once energy pattern factor is determined, scale and shape parameters will be estimated by using simple calculations
given in Equations 24 and 19.

3.69

K=1+75 (24)

4-5- Alternative Maximum Likelihood Method (AMLM)

The goal of this method is to avoid the iteration of original maximum likelihood method [38]. Iterative methods can
provide difficulties during the solution process, and in most cases, software programs such as Matlab are used to solve
these types of problems. By using this technique, simple calculations can be performed to estimate k and ¢ values by
using Equations 25 and 26.

1
T n(n-1) 2
k=% (n z{;l(ln(vi))Z-(z;;l1n(vi))2) (25)
1

Fzm v (26)

n

C

4-6- Novel Energy Pattern Factor Method (NEPF)

This method is proposed by Akda & Guler [39] and derived from energy pattern factor method (EPF). The method
is suggesting specific coefficients for estimation of scale and shape parameters as seen in Equations 27 and 28. The
coefficients are presented in Tables 3 and 4.

__ a,Epft+azEpfi+a,Epf+a;Epf+ag

" b4Epft+b3Epf3+b,Epf2+b,Epf+bg (27)
_ V(k%+cik+cg) (28)
k2+d;k+dg

Table 3. Coefficients for calculating shape factor

ao -0.220374 bo -1.27285

a 3.27527 b, 3.69115
a -5.78961 b, -2.60973
as 2.15143 bs -0.800468

a 0.590396 by 0.992007

Table 4. Coefficients for calculating scale factor

Co 0.225761 do -0.35144

C1 0.134704 d;  0.711818

5- Error Analysis

The estimation of Weibull parameters is performed by several methods that have different accuracy, and research
is developing new methaods to reach the highest possible accuracy. The accuracy of all methods can be estimated by
calculating statistical indicators. In this paper, two indicators are included to measure accuracy and compare all
methods.
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The first indicator is root mean square error (RMSE), which provides the inconsistency between recorded data
and those obtained by Weibull parameters. RMSE is calculated by using Equation 29, where y; is the wind speed
frequency of observation data and x; is the frequency found from the Weibull density function. The accuracy of the
estimation method will increase as the value of RMSE closes to zero; the results for this indicator are always positive
numbers [40].

RMSE = [231L, (y; - xi)z]% (29)

Another indicator for testing the accuracy is relative power density error (RPDE), which shows the difference between
calculated wind power based on Weibull distribution and those obtained by using measured data [41]. RPDE is calculated
with use of Equation 30 where Py is the power based on Weibull distribution, the results of this indicator could be positive
or negative and as the percentage become small, the accuracy of the estimation method will increase.

RPDE = “=x 100 (30)

6- Result and Discussion

The daily wind speeds at 10 m and 50 m heights from 2010-2015 have been collected and analyzed using six different
methods. All of these methods are compared using the RMSE and RPDE. Tables 5 and 6 show the results of all six
methods at both heights. The comparison between the probability density function (PDF) and cumulative distribution
function (CDF) gained by each method with the frequency distribution and cumulative frequency obtained by real data
is shown in Figure 6 at both heights.

Table 5. Wind Speed Characteristics in Qassim region at 10m height

Method C (m/s) K Vvm(m/s) VF(m/s) VE(m/s) Pd(W/m? Pd(W/m?) RPDE RMSE (PDF) RMSE (CDF)

GM 471 3.63 424 431 531 60.03 0.6762 0.0190 0.0483
SDM 4.29 3.92 3.88 3.98 4.76 4451 0.2427 0.0256 0.0124
MM 4.29 3.93 3.88 3.98 4.76 44.48 0.2420 0.0256 0.0124
EPF 4.32 3.34 3.88 3.89 4.97 3081 47.55 0.3276 0.0297 0.0183
AMLM 4.39 4.40 4.00 4.14 4.78 46.99 0.3112 0.0205 0.0255
NEPFM 3.50 3.83 3.17 3.24 3.92 24.54 -0.3147 0.0802 0.0767

Table 6. Wind Speed Characteristics in Qassim region at 50m height

Method C(m/s) K  Vm(mis) VF(mis) VE(m/s) Pd(W/m?) Pd(MW/m?) RPDE RMSE (PDF) RMSE (CDF)

GM 6.86 4.46 6.26 6.48 7.45 178.7 0.5328 0.0115 0.0543
SDM 6.32 4.32 5.75 594 6.90 140.2 0.2028 0.0165 0.0095
MM 6.32 4.33 5.75 5.95 6.90 140.1 0.2018 0.0165 0.0095
EPF 6.39 3.53 5.75 5.82 7.26 1o 1511 0.2960 0.0224 0.0227
AMLM 6.41 4.67 5.86 6.09 6.92 145.2 0.2445 0.0136 0.0193
NEPFM 523 4.27 476 4.92 5.73 79.8 -0.3153 0.0662 0.0957

According to the comparison of PDF and CDF with the measured data and according to the RMSE value, the best
methods for obtaining the PDF are GM with RMSE value equal to 0.0115 followed by AMLM, SDM, MM, EPF and
NEPFM. However, the most accurate methods for estimating the CDF are MM and SDM with RMSE value equal to
0.0095 followed by AMLM, EPF, GM and NEPFM. The other factor that can determine the accuracy of the estimation
method is the wind power density and by using the RPDE ratio it is clear that the best method for estimating the power
density is the MM with RPDE ratio equal to 0.2018% followed by SDM, AMLM, EPF, NEPFM and GM. Although the
similar studies for this paper in Saudi Arabia are rare since most of the papers are applying only one method for testing
the wind potential at a given site. However, Table 7 shows a group of available studies performed in the region to
compare the Weibull parameters estimation methods.
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Figure 6. PDF and CDF functions, (a) PDF at 10m height, (b) PDF at 50 m height, (¢) CDF at 10m height, (d) CDF at 50 m height

Table 7. Comparison of estimation methods of Weibull Parameters in recent studies performed in Saudi Arabia

Year of

Ref study Area Methods Result Comparison with this paper
Riyadh, Qf”‘SSim’ This paper is using more methods for Weibull
Arar, A'JOva Graphical Method (GM) MM is the best method for estimating ~ parameters estimation; However, the paper
9] 2021 Dholum, Guriat, Method of Moment (MM) the wind power density. However, the  shows that MM method is the best method for
Jeddah, Hagl, Maxi Likelihood (MLM MLM is showing the best performance  wind power density estimation and also the
Yanbu, Jezan, aximum Likelihood ( ) compared for estimating wind speed. GM s the best method for Qassim region

Dhahran and Nejran which is supporting the findings.
Least Squares Regression (LSR)  NNA outperform all the methods, This paper uses more methods but does not
Maximum Likelihood (MLM) However, by comparing the numerical ~ apply the MLM method or NNA method.
Riyadh, Hafer Al Method of Moment (MM methods, the MLM is the most accurate  However, Qassim region is not included in this
[42] 2023 Bat?ln and Sharurah Empirical Method ((EM)) method for estimating Weibull  study, and the previous study by Salah et al. [9]
P parameters compared to  other  shows that GM is better than MLM for Weibull
Energy Pattern (EPM) numerical methods while the LSM has  parameter estimation in Qassim region and this
Neural Network Algorithm (NNA)  the worst performance. paper support this finding.

This paper is studying another area which is
Qassim region and the results shows that the
Maximum Likelihood (MLM)  The best method for Weibull parameter >R O GM have better performance for
[43] 2017 Jubail Least Squares Regression (LSR)  estimation is the MLM followed by Weibull parameters estimation compared to

Wasp Algorithm

LSR method

other methods. Furthermore, Baseer et al. [44]
did not test the power density error which is
one of the important factors that shows the
accuracy of the estimation method.

The GM technique will be used for the estimation of the probability density function as well as for finding the Weibull
parameters of mean wind speed, frequent speed, and the speed that carries the maximum energy to the system. The MM
method will be employed for wind power density calculations, which are used for site classification and also for the
estimation of the cumulative distribution function (CDF). All wind characteristics will be estimated according to the best
method that provides the best results for the assessment of wind potential at the site. Furthermore, the data used in the
assessment of the Al-Qassim region are hourly data, providing clearer observation of the wind speed with increased

accuracy.
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The Weibull parameters are thus calculated by finding the sloop and intercepts as described in Equations 16 and 17
for substituting them into Equation 1. The results are shown in Table 8 at 10m height and Table 9 at 50m height. Table
8 shows the shape parameter (k) is varying between 2.04 (2010) and 3.31 (2013), while the scale parameter (c) is varying
from 3.54 (2010) to 5.62 (2015). Table 9 gives values of k that are smaller and c that are larger in most cases than what
are seen in Table 8 because the height is different and the speed of wind is increasing with height, and the shape parameter
‘k’ and scale parameter ‘c’ are in the range between 2.00 (2011) to 3.06 (2015) and 5.26 (2010) to 7.46 (2015)
respectively.

Table 8. Monthly shape parameter K, and scale parameter C, at 10 m height

Year 2010 2011 2012 2013 2014 2015

Month k c k c k c k c k c k c

JAN 283 453 236 433 268 462 297 493 262 441 272 434
FEB 215 440 244 471 253 509 275 444 274 430 274 462
MAR 242 454 245 465 272 483 261 467 228 476 269 4.46
APR 241 471 271 535 248 432 252 485 210 522 255 562
MAY 236 455 245 453 237 529 264 437 251 444 233 443
JUN 230 4.02 237 409 250 452 276 501 292 503 234 435
JUL 266 502 263 435 272 502 291 499 247 465 289 460
AUG 257 452 257 389 314 388 279 434 248 394 313 5.00
SEP 287 366 221 365 309 413 256 389 300 391 253 368
OCT 254 354 280 449 247 469 250 457 265 439 219 382
NOV 297 381 248 494 316 448 252 466 272 452 252 486
DEC 204 406 297 375 264 452 331 449 262 405 267 459

Table 9. Monthly shape parameter K, and scale parameter C, at 10 m height

Year 2010 2011 2012 2013 2014 2015

Month k c k c k c k c k c k c

JAN 260 654 221 613 255 642 305 681 252 624 268 6.22
FEB 217 625 247 662 251 698 271 663 252 6.02 306 6.75
MAR 235 635 242 649 271 691 245 660 254 655 257 6.37
APR 258 633 278 721 236 603 255 676 212 700 262 7.46
MAY 229 6.18 254 625 257 721 243 6.89 251 6.04 223 5097
JUN 212 563 211 573 222 643 268 705 295 720 218 6.07
JUL 253 693 230 632 262 684 268 687 232 666 241 6.83
AUG 255 626 230 588 261 573 265 623 233 578 295 6.99
SEP 236 547 200 550 242 643 210 577 256 587 219 557
OCT 211 526 241 650 221 6.78 223 655 251 639 219 529
NOV 261 542 249 657 262 632 257 622 256 608 249 6.62
DEC 204 564 241 567 252 621 273 635 236 588 250 6.19

Yearly probability density and cumulative distribution functions for the years from 2010 to 2015 at 10m and 50m
heights are shown in Figure 7, respectively. These graphs show that at 10m height, the wind speeds range in between 3-
5 m/s, the highest values in all years, while the wind speeds ranging in between 4-6 m/s have the highest one at 50m
height, which is larger than the speeds at 10 m, and this is normal due to the height increases. Annual wind characteristics
are given in Table 10 for 10m height and Table 11 for 50m height, where it is noted that the ranges of the most frequent
speed at 10m and 50m height in all years are the same since the peak points in the probability density function refer to
the most frequent speed.
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Figure 7. Yearly PDF and CDF functions, (a) PDF at 10m height, (b) PDF at 50 m height, (c) CDF at 10 m height, (d) CDF

at 50 m height

Table 10. Yearly wind characteristics at 10 m

Wind Characteristics (10m height)

vear Vm (m/s) k c(mis) Ve(m/s) Ve(mis) Pq(W/m?) Eq(KWh/m?) V>3
2010 4.39 235 437 3.45 5.69 50.37 441.24 0.6397
2011 453 2.40 4.45 3.56 5.73 55.28 484.25 0.6596
2012 4.60 238 485 3.86 6.26 58.36 511.23 0.7010
2013 4.58 265 4.62 3.86 571 57.63 504.84 0.7102
2014 453 2.29 4,70 3.66 6.18 55.42 485.45 0.6826
2015 461 236  4.66 3.69 6.05 58.33 510.97 0.6911
Table 11. Yearly wind characteristics at 50 m
Wind Characteristics (50m height)

Year

Vm (m/s) k c(mis) Ve(mls) Ve(mis) Pgq(W/m?) Eq(KWh/m?) V>3
2010 6.44 233 596 4.68 7.78 165.63 1450.91 0.8420
2011 6.60 2.40 6.07 4.85 7.81 177.50 1554.90 0.8568
2012 6.77 245 6.49 5.24 8.29 191.63 1678.67 0.8836
2013 6.72 2.60 6.35 5.27 7.91 187.90 1646.00 0.8924
2014 6.61 2.38 6.39 5.09 8.26 178.32 1652.08 0.8732
2015 6.63 244 6.25 5.03 7.99 180.05 1577.24 0.8764
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The other factor is the wind speed, which carries the maximum energy to the system, and it is clear that this speed is
higher than the average and the most frequent speed and is also due to the cubic relation between wind speed and power.
Since the wind turbine is designed to work at speeds beyond the cut-in speed, which in most cases is between 3-4 m/s
[16], the cumulative distribution function is used to find the probability that wind speed is equal to 3 m/s or more. At
10m height the probability of wind speed equal to 3 m/s or more is between 64% and 70%, while at 50m height the
probability is in the range between 84% and 89%.

The yearly wind power density shows similar values during the years from 2010 to 2015, which are between 50 W/m?
and 58 W/m? at 10m height and between 165 W/m? and 191 W/m?at 50 m height. The highest values recorded in 2012
were 58.36 W/m? at 10 m height and 191.63 W/m? at 50 m height. However, the wind power density has different values
during the months of the year due to the seasonal changes that should be considered. In the Qassim region, the largest
wind power density is obtained in the period between March and July, as expected since the temperatures begin to rise
from March until they reach their maximum values during the summer, which falls between June and August, and most
peak loads occur during this period in Saudi Arabia. Figure 8 shows the annual and monthly wind power density at
altitudes of 10m and 50m. The largest values of wind power density occur during April in most years, and the highest
values were recorded in 2011 and 2015.
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Figure 8. Wind Power density, (a) Yearly at 10m and 50m height, (b) Monthly at 10m height, (c) Monthly at 50m height

To assess the region, there is an international standard classification of wind power generation which evaluates a
given region according to speed and power density at different altitudes [36]. Based on the values that show that the
power density is less than 100 W/m? at 10m height and less than 200 W/m? at 50 m height, Al-Qassim region falls in
Class 1 most years which means this region is not a suitable for building large-scale projects. However, these values
may serve in off-grid projects applications such as battery charging, water pumping, and agricultural applications.
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Table 12. Wind power classification

Heights At 10 m Heights At 50 m Heights
Class V(mis) Pd(W/m? V(m/s) Pd(W/m?
Poor 0-4.4 0-100 0-5.4 0-200

Marginal  4.4-5.1 100-150 5.4-6.2 200-300
Moderate  5.1-5.6 150-200 6.2-6.9 300-400
Good 5.6-6.0 200-250 6.9-7.4 400-500
Excellent  6.0-6.4 250-300 7.4-78 500-600
Excellent  6.4-7.0 300-400 7.8-8.6 600-800
Excellent >7 >400 >8.6 >800

~N o g b~ W N PR

7- Conclusions

In this paper, we have discussed wind energy assessment and how to conduct a study of a region in order to test its
wind potential. For this purpose, six different methods have been employed to find Weibull parameters, find the best
distribution of wind speeds, and estimate the wind energy density that is classifying the region. The methods used in this
paper are the graphical method (GM), the standard deviation method (SDM), the energy pattern factor method (EPF),
the moment method (MM), the alternative maximum likelihood method (AMLM), and the novel energy pattern factor
method (NEPF). The comparison between these methods has been made on the basis of statistical indicators of root
mean square error (RMSE) and wind power density error (RPDE). Based on this study and by comparison with
previously available studies, we can draw these conclusions and recommendations:

e The moment method (MM) has been judged as the best method for estimating wind power density with the smallest
RPDE ratio, followed by the standard deviation method (SDM) according to the results and in light of already
reported studies since these methods depend on real data that give high accuracy.

e The graphical method (GM) has outperformed all other methods in determining the Weibull parameters in the
Qassim region since it has the smallest RMSE ratio.

e The moment method (MM) also shows the best performance to obtain the cumulative distribution function, and
then the wind speed probability is calculated at a specific speed or through the parameters found by this method.

¢ By analyzing all the wind data, it is clear that the mean wind speed that follows the Weibull distribution in the
Qassim region ranges between 4.39 m/s — 4.61 m/s at an altitude of 10m and between 6.44 m/s to 6.77 m/s at an
altitude of 50m, which clearly shows that the wind speed in most years remains the same with no huge difference.

e In the Qassim region, according to the wind power density, it is less than 100 W/m? at 10m height and less than
200 W/m?, and hence the region is not suitable for large-scale projects. However, it can be used for serving loads
that are not connected to the electrical grid, such as in agricultural applications.

¢ In future work, wind speed should be tested at higher altitudes, and the performance of wind turbines for off-grid
applications should take into account the potential for wind turbines to produce power. As a result, the turbine will
produce energy in 70% of the time per year at 10m height. However, this ratio will increase to about 90% at 50m
height. Moreover, after determining the best turbine in terms of performance, future work can study the technical
and economic aspects of this type to serve agricultural applications in the region.

8- Declarations

8-1- Author Contributions

Conceptualization, M.A.A. and M.l.; methodology, M.A.A.; software, M.A.A.; validation, M.I., S.A,, and S.K;;
formal analysis, M.A.; investigation, M.A.A. and M.I.; resources, S.A.; data curation, M.l. and M.A.; writing—original
draft preparation, M.A.A.; writing—review and editing, M.l., S.A., S.K., and M.A.; visualization, S.K. and S.A,;
supervision, M.l.; project administration, S.A.; funding acquisition, M.A. All authors have read and agreed to the
published version of the manuscript.

8-2-Data Availability Statement

The data presented in this study are available in the article.

8-3-Funding and Acknowledgements

The researchers would like to thank the Deanship of Scientific Research, Qassim University for funding the
publication of this project.

Page | 2275



Emerging Science Journal | Vol. 7, No. 6

8-4- Institutional Review Board Statement

Not applicable.

8-5- Informed Consent Statement

Not applicable.

8-6- Conflicts of Interest

The authors declare that there is no conflict of interest regarding the publication of this manuscript. In addition, the
ethical issues, including plagiarism, informed consent, misconduct, data fabrication and/or falsification, double
publication and/or submission, and redundancies have been completely observed by the authors.

9- References

[1] Abdel Wahid, T., & Shahein, R. (2022). On Kinetic and Irreversible Thermodynamic Treatments of a Rarefied Gaseous Plasma
Bounded by a Moving Plate. Egyptian Journal of Pure and Applied Science, 59(2), 63-74. doi:10.21608/ejaps.2022.113392.1017.

[2] Jahan, M. S., Guo, S., Sun, J., Shu, S., Wang, Y., El-Yazied, A. A., Alabdallah, N. M., Hikal, M., Mohamed, M. H. M., Ibrahim,
M. F. M., & Hasan, M. M. (2021). Melatonin-mediated photosynthetic performance of tomato seedlings under high-temperature
stress. Plant Physiology and Biochemistry, 167, 309-320. doi:10.1016/j.plaphy.2021.08.002.

[3] Jreisat, A., & Al-Mohamad, S. (2022). Bank Efficiency and Oil Price Volatility: A View from the GCC Countries. Emerging
Science Journal, 6(3), 519-529. doi:10.28991/ESJ-2022-06-03-07.

[4] General Authority for Statistics (2020). Electricity Energy Statistics, 2020. Riyadh, Kingdom of Saudi Arabia. Available online:
https://www.stats.gov.sa/sites/default/files/Electrical%20Energy%?20Statistics%202020EN_0.pdf (accessed on November 2023).

[5] AlGhamdi, S. A., Abdel-Latif, A. M., Abd El-Kawi, O. S., & Abouelatta, O. B. (2022). Analysis of Wind Speed Data and Wind
Energy Potential for Seven Selected Locations in KSA. Journal of Power and Energy Engineering, 10(04), 1-26.
doi:10.4236/jpee.2022.104001.

[6] Carnevale, E. A., Lombardi, L., & Zanchi, L. (2016). Wind and solar energy: a comparison of costs and environmental impacts.
Advances in Energy Research, 4(2), 121-146. doi:10.12989/eri.2016.4.2.121.

[7] Jung, C., & Schindler, D. (2019). Wind speed distribution selection — A review of recent development and progress. Renewable
and Sustainable Energy Reviews, 114, 109290. doi:10.1016/j.rser.2019.109290.

[8] General Authority for Statistics (2020). Renewable Energy Statistics, 2020. Riyadh, Kingdom of Saudi Arabia. Available online:
https://www.stats.gov.sa/en/6827 (accessed on November 2023).

[9] Salah, M. M., Abo-Khalil, A. G., & Praveen, R. P. (2021). Wind speed characteristics and energy potential for selected sites in
Saudi Arabia. Journal of King Saud University - Engineering Sciences, 33(2), 119-128. doi:10.1016/j.jksues.2019.12.006.

[10] Sedliackova, Z., Pobocikova, 1., Michalkova, M., & Juraova, D. (2022). Wind speed modeling using Weibull distribution: A
case of Liptovsky Mikulas, Slovakia. MATEC Web of Conferences, 357, 08005. doi:10.1051/mateccont/202235708005.

[11] Kaplan, Y. A. (2020). Determination of Weibull parameters using the standard deviation method and performance comparison
at different locations. Scientia Iranica, 27(6 D), 3075-3083. doi:10.24200/SCI1.2019.50323.1632.

[12] Hussain, 1., Haider, A., Ullah, Z., Russo, M., Casolino, G. M., & Azeem, B. (2023). Comparative Analysis of Eight Numerical
Methods Using Weibull Distribution to Estimate Wind Power Density for Coastal Areas in Pakistan. Energies, 16(3), 1515.
doi:10.3390/en16031515.

[13] Koholé, Y. W., Djiela, R. H. T., Fohagui, F. C. V., & Ghislain, T. (2023). Comparative study of thirteen numerical methods for
evaluating Weibull parameters for solar energy generation at ten selected locations in Cameroon. Cleaner Energy Systems, 4,
100047. doi:10.1016/j.cles.2022.100047.

[14] Tonsie Djiela, R. H., Tiam Kapen, P., & Tchuen, G. (2021). Wind energy of Cameroon by determining Weibull parameters:
potential of an environmentally friendly energy. International Journal of Environmental Science and Technology, 18(8), 2251
2270. doi:10.1007/s13762-020-02962-z.

[15] Alabbadi, A. A., Obaid, O. A., & AlZahrani, A. A. (2023). A comparative economic study of nuclear hydrogen production,
storage, and transportation. International Journal of Hydrogen Energy (In Press). doi:10.1016/j.ijhydene.2023.08.225.

[16] AlQdah, K. S., Alahmdi, R., Alansari, A., Almoghamisi, A., Abualkhair, M., & Awais, M. (2021). Potential of wind energy in
Medina, Saudi Arabia based on Weibull distribution parameters. Wind Engineering, 45(6), 1652-1661.
doi:10.1177/0309524X211027356.

[17] Alfawzan, F., Alleman, J. E., & Rehmann, C. R. (2020). Wind energy assessment for NEOM city, Saudi Arabia. Energy Science
& Engineering, 8(3), 755-767. doi:10.1002/ese3.548.

Page | 2276


https://doi.org/10.28991/ESJ-2022-06-03-07

Emerging Science Journal | Vol. 7, No. 6

[18] Nishanthy, J., Charles Raja, S., Praveen, T., Jeslin Drusila Nesamalar, J., & Venkatesh, P. (2022). Techno-economic analysis of
a hybrid solar wind electric vehicle charging station in highway roads. International Journal of Energy Research, 46(6), 7883—
7903. doi:10.1002/er.7688.

[19] Shahsavari, A., & Akbari, M. (2018). Potential of solar energy in developing countries for reducing energy-related emissions.
Renewable and Sustainable Energy Reviews, 90, 275-291. doi:10.1016/j.rser.2018.03.065.

[20] Al-Taani, A. A., Nazzal, Y., Howari, F. M., Igbal, J., Orm, N. B., Xavier, C. M., Barbulescu, A., Sharma, M., & Dumitriu, C. S.
(2021). Contamination assessment of heavy metals in agricultural soil, in the Liwa area (UAE). Toxics, 9(3), 53.
doi:10.3390/toxics9030053.

[21] Ghoniem, R. M., Alahmer, A., Rezk, H., & As’ad, S. (2023). Optimal Design and Sizing of Hybrid Photovoltaic/Fuel Cell
Electrical Power System. Sustainability (Switzerland), 15(15), 12026. doi:10.3390/su151512026.

[22] Abdelrady, A., Abdelhafez, M. H. H., & Ragab, A. (2021). Use of insulation based on nanomaterials to improve energy efficiency
of residential buildings in a hot desert climate. Sustainability (Switzerland), 13(9), 5266. doi:10.3390/su13095266.

[23] Zagubien, A., & Wolniewicz, K. (2022). Energy Efficiency of Small Wind Turbines in an Urbanized Area—Case Studies.
Energies, 15(14), 5287. doi:10.3390/en15145287.

[24] Aydin, O., Iglinski, B., Krukowski, K., & Sieminski, M. (2022). Analyzing Wind Energy Potential Using Efficient Global
Optimization: A Case Study for the City Gdansk in Poland. Energies, 15(9), 3159. d0i:10.3390/en15093159.

[25] General Authority for Statistics. (2021). Household Energy Statistics 2021. Riyadh, Kingdom of Saudi Arabia. Available online:
https://www.stats.gov.sa/en/897 (accessed on May 2023).

[26] Alaraj, M., Kumar, A., Alsaidan, I., Rizwan, M., & Jamil, M. (2021). Energy Production Forecasting from Solar Photovoltaic
Plants Based on Meteorological Parameters for Qassim Region, Saudi Arabia. IEEE Access, 9, 83241-83251.
doi:10.1109/ACCESS.2021.3087345.

[27] Almarshoud, A. F. (2017). Technical and Economic Performance of 1MW Grid-connected PV system in Saudi Arabia.
International Journal of Engineering Research and Applications, 07(04), 09-17. doi:10.9790/9622-0704010917.

[28] Saudi Electricity Company. (2017). Annual Report: Saudi Electricity Company. available online: https://www.se.com.sa/en-
us/Pages/AnnualReports.aspx (accessed on November 2023).

[29] Liu, H., Tellez, B. G., Atallah, T., & Barghouty, M. (2012). The role of CO2 capture and storage in Saudi Arabia’s energy future.
International Journal of Greenhouse Gas Control, 11, 163-171. doi:10.1016/j.ijggc.2012.08.008.

[30] Shu, Z. R., & Jesson, M. (2021). Estimation of Weibull parameters for wind energy analysis across the UK. Journal of Renewable
and Sustainable Energy, 13(2), 23303. doi:10.1063/5.0038001.

[31] Wadi, M., & Elmasry, W. (2021). Statistical analysis of wind energy potential using different estimation methods for Weibull
parameters: a case study. Electrical Engineering, 103(6), 2573-2594. doi:10.1007/500202-021-01254-0.

[32] Alsamamra, H. R., Salah, S., Shogeir, J. A. H., & Manasra, A. J. (2022). A comparative study of five numerical methods for the
estimation of Weibull parameters for wind energy evaluation at Eastern Jerusalem, Palestine. Energy Reports, 8, 4801-4810.
doi:10.1016/j.egyr.2022.03.180.

[33] Michael, E., Tjahjana, D. D. D. P., & Prabowo, A. R. (2021). Estimating the potential of wind energy resources using Weibull
parameters: A case study of the coastline region of Dar es Salaam, Tanzania. Open Engineering, 11(1), 1093-1104.
doi:10.1515/eng-2021-0108.

[34] Bingdl, F. (2020). Comparison of Weibull Estimation Methods for Diverse Winds. Advances in Meteorology, 2020.
doi:10.1155/2020/3638423.

[35] Kang, D., Ko, K., & Huh, J. (2018). Comparative study of different methods for estimating Weibull parameters: A case study on
Jeju Island, South Korea. Energies, 11(2), 356. doi:10.3390/en11020356.

[36] Younis, A., Elshiekh, H., Osama, D., Shaikh-Eldeen, G., Elamir, A., Yassin, Y., Omer, A., & Biraima, E. (2023). Wind Speed
Forecast for Sudan Using the Two-Parameter Weibull Distribution: The Case of Khartoum City. Wind, 3(2), 213-231.
doi:10.3390/wind3020013.

[37] Akdag, S. A., & Dinler, A. (2009). A new method to estimate Weibull parameters for wind energy applications. Energy
Conversion and Management, 50(7), 1761-1766. doi:10.1016/j.enconman.2009.03.020.

[38] Christofferson, R. D., & Gillette, D. A. (1987). A Simple Estimator of the Shape Factor of the Two-Parameter Weibull
Distribution. Journal of Climate and Applied Meteorology, 26(2), 323-325. doi:10.1175/1520-0450(1987)026<0323:aseots>2.0.c0;2.

[39] Akdas, S. A., & Giiler, O. (2015). A novel energy pattern factor method for wind speed distribution parameter estimation. Energy
Conversion and Management, 106, 1124-1133. doi:10.1016/j.enconman.2015.10.042.

Page | 2277


https://www.stats.gov.sa/en/897
https://www.se.com.sa/en-us/Pages/AnnualReports.aspx
https://www.se.com.sa/en-us/Pages/AnnualReports.aspx

Emerging Science Journal | Vol. 7, No. 6
[40] Teimourian, H., Abubakar, M., Yildiz, M., & Teimourian, A. (2022). A Comparative Study on Wind Energy Assessment
Distribution Models: A Case Study on Weibull Distribution. Energies, 15(15), 5684. doi:10.3390/en15155684.

[41] Mohammadi, K., Alavi, O., Mostafaeipour, A., Goudarzi, N., & Jalilvand, M. (2016). Assessing different parameters estimation
methods of Weibull distribution to compute wind power density. Energy Conversion and Management, 108, 322-335.
doi:10.1016/j.enconman.2015.11.015.

[42] Alrashidi, M. (2023). Estimation of Weibull Distribution Parameters for Wind Speed Characteristics Using Neural Network
Algorithm. Computers, Materials &amp; Continua, 75(1), 1073-1088. doi:10.32604/cmc.2023.036170.

[43] Baseer, M. A., Meyer, J. P., Rehman, S., & Alam, M. M. (2017). Wind power characteristics of seven data collection sites in
Jubail, Saudi Arabia using Weibull parameters. Renewable Energy, 102, 35-49. doi:10.1016/j.renene.2016.10.040.

Page | 2278





