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Abstract

:

Generating electricity from renewable energy instead of fossil fuels brings great benefits to the environment and sustainable development. Thus, assessing the potential of wind and solar energy in agricultural coastal areas can identify sustainable energy solutions for meeting energy demand and producing fresh water for agricultural applications and domestic use. However, it is difficult to accurately assess the wind and solar energy potential in Libya due to the civil war, lack of measured data, and its limited availability. Consequently, this concise work is unique because it is the first to use daily measurement data from Az-Zāwiyah, Libya, for evaluating wind and solar energy based on one year of measured data for 2022. Moreover, the present study aims to investigate the potential of wind and solar energy as promising renewable sources for meeting energy demand in coastal agricultural regions in Libya using multiple datasets for the first time. In this paper, five satellite products (TerraClimate, ERA5, ERA5-Land, MERRA-2, and CFSR) were assessed and compared against measured data for January 2022–December 2022 to understand their suitability, accuracy, and reliability. The results showed that CFSR and ERA5-Land demonstrate the most favorable performance for assessing the wind resource, while all satellite products can be utilized for preliminary solar resource assessment. Then, the assessment of wind and solar resources was evaluated in five agricultural coastal regions (Aljmail, Az-Zāwiyah, Castelverde, Msallatah, and Sabratah) based on the best satellite product for the period of 2000–2022. Furthermore, the performance of the wind and solar power systems was investigated for typical farms, which were chosen to estimate the required energy demand according to daily electrical consumption. The results show that the positive outcomes of implementing these systems were highlighted, with an emphasis on their potential benefits to the entire Libyan agricultural sector. Accordingly, scaling up and generalizing the proposed systems and generalizing them to include all farms in Libya could have a significant impact on national electricity generation, mitigate greenhouse gases, and contribute to the development of the agricultural sector and the country’s economy.
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1. Introduction


The heavy reliance on conventional fuels, such as coal, oil, and gas, not only dramatically burdens the national economy but also gives rise to various environmental challenges such as global warming, carbon emissions, and unpredictable weather conditions [1,2]. Excessive use of conventional energy sources, especially for power generation and transportation, has released large amounts of carbon dioxide (CO2) into the atmosphere, leading to the depletion of natural resources [3]. Furthermore, the rising energy demand, the impacts of global warming and climate change, and growing fossil fuel consumption have prompted a transition from conventional fuels to renewable energy sources. Renewable energy resources represent the most promising and effective approach to reducing greenhouse gases and related environmental issues [4]. Recently, numerous studies have focused on evaluating the potential of renewable energy, particularly wind and solar energy, as a clean and sustainable source for electricity generation in various regions/countries around the world. For instance, Potić et al. [5] explored the electricity production potential from wind energy in the Municipality of Knjaževac, located in East Serbia, by employing a combination of the Analytic Hierarchy Process (AHP) and Geographic Information Systems (GISs). Mohamadi et al. [6] investigated the potential of wind energy for electricity production in eastern parts of Iran. Dehghani-Sanij et al. [7] evaluated wind energy potential in terms of installed capacity, generation, capacity factor, and levelized cost of energy in Canada. Kassem et al. [8] evaluated the potential of the solar power system at Near East University Hospital, Northern Cyprus, as an energy source to meet the energy demand during the daytime to reduce energy bills. Maammeur et al. [9] investigated the performance of solar power systems for farming families in the northwest of Algeria to reduce national electricity consumption. Ayadi et al. [10] investigated the techno-economic feasibility of a grid-connected solar power system for the University of Jordan to decrease electricity consumption and costs associated with the university’s energy usage. Additionally, Al-Najideen and Alrwashdeh [11] designed a solar power system to cover the electricity demand for Mu’tah University in Jordan. Elnaggar et al. [12] evaluated the economic viability of wind energy potential in Gaza, Palestine, for solving the shortage of energy supplies.



In the end, limited energy resources have led to exploring alternative energy sources for solving the energy crisis, especially in developing countries. Renewable energy consumption is widely regarded as less environmentally harmful than the consumption of non-renewable energy. As a result, there is a growing recognition of the importance of transitioning towards sustainable energy solutions to mitigate environmental impacts and ensure long-term energy availability.



1.1. Electrical Energy Situation in Libya


Libya is located in North Africa. Libya’s main source of energy has been its vast reserves of oil. The country possesses significant oil reserves, making it one of the largest oil producers in Africa. Libya’s electricity sector is dominated by fossil fuels, particularly natural gas and oil. The General Electricity Company of Libya (GECOL) holds the responsibility for overseeing the electricity system in Libya. As a state-owned entity, GECOL manages and supervises various aspects, including generation, transmission, distribution, and network systems [13]. However, GECOL faces substantial challenges in fulfilling its mission, with the most pressing issue being its inability to consistently provide customers with the required quantity and quality of electricity [14]. According to Sorensen [15], Libya heavily relies on fossil fuels as the primary source of electricity generation. Libya possesses significant reserves of both natural gas and oil, making them the key energy sources for electricity production [15].



In 2018, electricity generation in Libya relied heavily on natural gas, accounting for about 98% of the total, while the remaining 2% was sourced from oil-fired power facilities according to the International Energy Agency. Additionally, the country has large reserves of natural gas, which are mainly used to operate power plants and provide household heating and cooking needs.



In general, there are eight major thermal power plants distributed across the country [16]. Among these, the largest is Al-Khoms, located along the Mediterranean coast east of Tripoli, and it has a large capacity of 2500 megawatts. Other important thermal power plants include the Zawiya station near the city of Zawiya with a capacity of 1200 MW and the West Tripoli station with a capacity of 1000 MW. Besides these major facilities, smaller power plants, including diesel and gas turbine units, are spread across different regions of the country.



Recently, Libya has witnessed rapid population growth and large-scale construction activities, resulting in high energy demand. As per GECOL, the country’s installed generation capacity in 2020 stood at approximately 7.5 GW, with a peak demand of around 7 GW [17]. In addition, electricity consumption in Libya varies depending on the region and level of economic development. According to the World Bank, Libya’s per capita electricity consumption in 2019 was about 1100 kilowatt hours per hour, which is relatively low compared to neighboring countries. This can be partly attributed to the challenges faced by the country’s electricity sector, including frequent power outages and unreliable supply [18].



Furthermore, the cost of electricity for households in Libya fluctuates depending on regional disparities and consumption levels. The Libyan government extends substantial subsidies to ensure affordable electricity for households, fostering economic growth. Nonetheless, these subsidies strain the government’s budget, raising concerns about their long-term viability amid persistent economic challenges. In Libya, the cost of domestic electricity stands at approximately LYD 0.09 per kWh, roughly equivalent to USD 0.06 per kWh. This cost is comparatively low compared to neighboring countries with lesser government subsidies, where electricity expenses tend to be higher.



Moreover, the ongoing conflict and instability in Libya have disrupted natural gas production and distribution, resulting in shortages and electricity supply disruptions [19]. Furthermore, the deterioration of oil infrastructure and a decline in oil production have significantly constrained the availability of fuel for oil-fired power plants [16]. Consequently, Libya’s power plants operate significantly below their capacity, leading to frequent power outages and load shedding [19].




1.2. Renewable Energy Situation in Libya


Libya has significant potential in renewable energy resources, especially solar and wind energy. The country benefits from abundant year-round sunshine and consistent coastal winds. However, the full realization of Libya’s renewable energy potential has been hampered by political instability, security issues, and entrenched dependence on fossil fuels. Nevertheless, there have been noteworthy endeavors to harness renewable energy sources in Libya.



Wind energy shows promise, especially along Libya’s coastal areas, which enjoy favorable wind conditions. The eastern coastal areas boast wind speeds of up to 10 m per second, making them ideal for efficient electricity generation. This renewable source has the potential to significantly boost Libya’s energy mix, given the country’s continued heavy reliance on fossil fuels. The European Union Joint Research Center (JRC) estimates that Libya’s wind energy potential is 35 GW, with 10 GW being sufficient to meet the country’s current electricity demand, according to the Renewable Energy and Energy Efficiency Authority (REEEA) of Libya. In 2018, Libya opened its first wind farm, the 1.25 MW Al-Fattayah Wind Farm, with plans underway to establish additional wind farms along the coast and elsewhere [20,21,22].



Furthermore, Libya’s position within the Sahara desert region endows it with extensive solar energy potential. The National Renewable Energy Authority (NREA) reveals a daily solar energy potential of 6.5 kWh/m2, among the highest in the world. Also, the European Commission’s Joint Research Centre (JRC) estimates that Libya contributes 20% to the Mediterranean region’s total solar energy potential of 332 TWh/year [23]. Additionally, the International Renewable Energy Agency (IRENA) calculates North Africa’s solar potential at 2600 TWh/year, with Libya accounting for 1050 TWh/year [24]. Private-sector initiatives have also entered the scene, with companies like Solar Energy Solutions (SES) planning a 50 MW solar power plant in Sabha and the LEC aiming for a colossal 500 MW solar power plant in Sebha, both poised to significantly augment Libya’s electricity mix while reducing its fossil fuel dependency [25,26].



Numerous scientific researchers have investigated the potential of renewable energy including wind and solar energy in different sites in Libya as shown in Table 1. Based on the findings, it can be concluded that:




	
Most of the scientific researchers have focused on addressing the current and future situation of renewable energy in the country.



	
Most scientific researchers have analyzed the characteristics of wind speed at a specific region based on the NASA dataset or actual data measured before 2012.



	
Several studies have investigated the economic viability of a grid-connected PV/wind/hybrid renewable system.



	
Regarding the literature review, it is found that Libya has high wind and solar energy potential. Nevertheless, Libya’s renewable energy potential is hampered by challenges such as legal, political, economic, and financial barriers.









1.3. Scope of Present Work


Regarding the literature review, agricultural production was greatly reduced due to the civil war and restrictions on the supply network for pumping groundwater. In addition, the limited availability of suitable water for irrigation and domestic use has exacerbated the challenges faced by farmers. Moreover, implementing renewable energy systems can offer a potential solution to address the challenges mentioned based on the literature review on this subject [73,74,75]. Renewable energy systems have been recognized as a cost-effective alternative that is relatively easy to maintain and operates without emitting harmful greenhouse gases.



According to the authors’ review, no research has been carried out on the utilization of renewable energy systems to fulfill the energy demands of irrigation water pumping systems and households in Libya. Therefore, the main purpose of this study is to evaluate wind and solar energy systems in coastal agricultural areas in Libya to meet the energy needs of family farms for electricity generation and fresh water for crop irrigation. Moreover, in the majority of the existing literature (Table 1), the primary focus lies in the assessment of wind and solar energy using either the NASA dataset or pre-2012 actual measurements. Nevertheless, it is crucial to note that no study to date has undertaken an evaluation of satellite-derived data for conducting technical and economic analyses of wind and solar systems in Libya. Therefore, this research seeks to address this gap by systematically evaluating the suitability, accuracy, and reliability of data obtained from different satellite sources and comparing them with measured data. Furthermore, a comprehensive technical and economic analysis of wind and solar energy systems in coastal areas of Libya is proposed. This analysis relies on measured data and multiple satellite datasets, providing a comprehensive perspective on the feasibility and efficiency of these renewable energy solutions.



To achieve these objectives, the following strategies and methodologies have been implemented.



	
For evaluating the wind energy potential:



	○

	
The wind speed characteristics in Az-Zāwiyah were analyzed using measured wind speed data for January 2022–December 2022. The data were measured with an Ambient Weather WS-2902 Home WiFi Weather Station. It should be noted that the device was placed in a treeless, unshaded area to ensure unobstructed exposure to the full range of ambient weather conditions. This unobstructed positioning ensures accurate measurements and a reliable collection of weather data.




	○

	
The analysis of wind speed distribution plays a crucial role in assessing the wind energy potential in a particular area. However, evaluating wind energy potential can be challenging in areas without sufficient measurements. Therefore, utilizing data coming from satellite measurements and reanalysis datasets becomes essential in investigating wind resource assessment. The study’s objective is to assess the accuracy and reliability of five satellite-based wind products by comparing them against observed data obtained from the Az-Zāwiyah region.




	○

	
Utilizing the most reliable satellite-based wind product, the assessment of wind resources in five agricultural coastal regions was conducted by analyzing the average monthly data for a long period.










In this study, thirteen distribution models were employed to analyze the wind speed characteristics and evaluate the wind energy potential at the selected locations. The parameters of the distribution functions were calculated using the maximum likelihood method. The power law model was applied to determine the average wind speed at different heights. Additionally, the wind power density was estimated for each location. Furthermore, the technical performance of various types of wind turbines was evaluated. The assessment of the wind turbine’s technical performance involves determining factors such as energy production, capacity factor, simple payback period, and levelized cost of electricity.



	
For evaluating the solar energy potential:



	○

	
The solar radiation data in Az-Zāwiyah were analyzed using measured wind speed data for January 2022–December 2022. The data were measured using an Ambient Weather WS-2902 Home WiFi Weather Station.




	○

	
Solar radiation is an essential factor for assessing the potential and estimating the power output of solar PV applications. Satellite data can be used as an alternative for solar resource assessment in areas where measured data are unavailable. Thus, it is essential to evaluate the performance of these alternative data sources to ensure their accuracy and reliability. The study aims to evaluate the accuracy and reliability of five satellite-based wind products by comparing them with the observed data obtained from the Az-Zāwiyah region.




	○

	
Utilizing the most reliable satellite-based solar products, the assessment of solar resources in five agricultural coastal regions was conducted by analyzing the average monthly long-period dataset.










This study introduces a novel contribution by focusing on evaluating the feasibility of implementing wind and PV systems to generate electricity for domestic consumption and simultaneously produce freshwater for crop irrigation in coastal agricultural areas in Libya.





2. Materials and Methods


The proposed methodology aims to assess the wind and solar energy potential in agricultural coastal regions in Libya. Additionally, the study aims to determine the viability of utilizing these renewable energy sources to meet the energy needs of family farms in these areas. By reducing reliance on fossil fuel-based energy sources, the agricultural sector can transition towards a more sustainable energy system. Figure 1 and Figure 2 illustrate the proposed methodology and diagram of the PV/wind system for family farms, respectively.



2.1. Study Area


Libya (Figure S1 in the Supplementary Materials) is a country located in North Africa on the Mediterranean coast. It has a diverse climate influenced by its geographical location and the Sahara Desert to the south. In general, the northern coastal region experiences a Mediterranean climate. Moreover, the southern part of Libya is covered by the vast expanse of the Sahara Desert. In this study, five coastal agricultural regions in Libya, particularly along the Mediterranean coast, were selected. These locations are Az-Zāwiyah, Sabratah, Castelverde, Tajoura, Msallatah, Janzur, and Aljmail. They are located on the northwestern coast of Libya. They experience a Mediterranean climate with some influences from the Sahara Desert. The weather is generally mild, with hot summers and mild winters. Also, they receive most of their rainfall between October and March. However, the amount of rainfall is generally low. The geographic locations and comprehensive geographic details of the selected locations are presented in Figure 3 and Table 2, respectively. It should be noted that all the selected locations have agricultural potential for vegetable planting due to their moderate climate and access to water resources. Farmers cultivate a range of crops, including vegetables, fruits, and grains in these locations.




2.2. Data on Agricultural Farms through the Survey


After a comprehensive analysis of the existing literature, a simple survey was conducted in the selected sites to evaluate data on agricultural farms and collect insights from farm owners. A mixed-methods survey was employed, combining qualitative and quantitative approaches, to gather data. The survey included direct questions, incorporating both multiple-choice options and open-ended inquiries. Due to the civil war, the data collection of load, water quality, and cost in Libya relies on farmers, which makes obtaining individual data for each farm directly from the government companies impractical. It is important to acknowledge that in Libya, the collection of data including load, water quality, and cost depends on the farmers themselves. As a result, obtaining individual data of farms directly from state companies is challenging and impractical due to the ongoing civil war situation. It is important to mention that the authors chose the largest farm in the selected location for analysis, and it is worth noting that most of the farms in the country share similar specifications. The following are the main characteristics of most farms in the coastal regions of Libya which are discussed below.



2.2.1. Case 1: Farm 1


Farm 1 encompasses an area of 15 hectares and consists of various components, including 1500 orange trees, 400 olive trees, clover, and multiple types of crops. The farm also features dedicated sheds for poultry, cows, and sheep. Additionally, there are four water wells on the farm, each with different depths and purposes. The farm has a clayey soil composition with a partially sandy component. It is divided into five sections:




	
Section 1: It occupies a total area of 5 hectares. The main crop grown on the farm is orange trees. The well used for irrigation has a depth of 190 m. The Total Dissolved Solids (TDSs) in the water is 1800, indicating the mineral content. The pH level of the water is 8, indicating its acidity/alkalinity balance. Additionally, the farm employs a submersible well pump with a capacity of 12 horsepower (12 hp). This pump is responsible for drawing water from the well and supplying it to the irrigation system. It operates for an average of 15 h per day. It also has a diesel electricity generator with a capacity of 500 kilovolt-amperes (kVA). This generator is used to generate electricity for various farm operations. On average, it operates for a range of 5 to 6 h per day. The generator requires approximately 120 L of diesel per day.



	
Section 2: This section occupies an area of 5 hectares. It cultivates a variety of crops. The well in this section has a depth of 185 m with a pH level of 7.5 and a TDS value of 1700. The farm uses a pump with a capacity of 7.5 hp to extract water from the well for irrigation purposes. The pump operates for an average of 10 to 15 h per day, indicating the duration for which it is active in supplying water to the crops. The farm has a diesel electricity generator with a capacity of 60 kVA. This generator provides electrical power for various farm operations. The generator operates for an average of 5 to 6 h per day, indicating the duration for which it is in use. The farm requires approximately 20 L of diesel per day to fuel the generator.



	
Section 3: The farm spans a 2-hectare area and is primarily dedicated to cultivating clover. It utilizes a well with a depth of 210 m, containing water with a TDS value of 1950 and a pH level of 8.5. To facilitate irrigation, a pump with a capacity of 8.5 hp is employed to extract water from the well. This pump operates for an average of 15 to 20 h per day, ensuring a consistent water supply for the clover crop. In addition, the farm is equipped with a diesel electricity generator boasting a capacity of 78 kVA. This generator serves as a power source for various farm operations. It operates for an average of 5 to 6 h per day. To sustain its operation, the generator consumes approximately 30 L of diesel fuel daily.



	
Section 4: The farm encompasses a 1-hectare area and is primarily dedicated to cultivating olive trees. It relies on a well with a depth of 225 m, containing water with a TDS value of 2100 and a pH level of 8.5. To facilitate irrigation, a pump with a capacity of 5.5 hp is utilized to extract water from the well. The pump operates for an average of 5 h per day, providing water to the olive trees during this period. Moreover, the farm is equipped with a diesel electricity generator boasting a capacity of 40 kVA. This generator serves as a power source for various farm operations. It operates for an average of 5 to 6 h per day. To sustain its operation, the generator consumes approximately 5 L of diesel fuel daily.



	
Section 5: It occupies an area of 1 hectare and consists of sheds designed to house chickens, poultry, cows, and sheep. These sheds are equipped with a total of 21 mechanical ventilation fans, each with a capacity of 3.5 horsepower, enabling efficient air circulation. It should be noted that these fans operate for 24 h in summer and an average of 4 to 5 h per day in the winter. Additionally, the sheds are fitted with 20 lights, each having a capacity of 100 Watts, to provide illumination. The farm is equipped with two diesel electricity generators, serving as a backup or alternative power source, with a capacity of 615 kVA to supply electricity. Operating the generator requires approximately 150 L/d of diesel fuel.



	
Section 6: Four houses are located on a 1-hectare plot of land. Each house has a specific area measurement: house #1 covers 250 m2, house #2 covers 180 m2, house #3 covers 300 m2, and house #4 covers 150 m2. The daily electric consumption for each house falls within the range of 15–25 kWh. Specifically, house #1 consumes 25 kWh/d, house #2 consumes 20 kWh/d, house #3 consumes 30 kWh/d, and house #4 consumes 15 kWh/d








The farmers’ feedback on electricity amount and cost is presented in Figure 4. Additionally, the total fuel consumption and cost are illustrated in Figure 4. It is found that the total amounts of the electricity demand and fuel consumption are 612 kWh/day and 476 L/day, respectively.




2.2.2. Case 2: Farm 2


Farm 2 has an area of about 2 hectares and encompasses a diverse range of components. The farm’s soil composition is characterized as semi-sandy with a small amount of clay. Within its boundaries:




	
There are 30 greenhouses, each spanning an area of 400 m2. The farm features a diverse range of 2000 trees, including pomegranate trees, grapevines, and peach trees. These trees collectively occupy an area of 7000 m2.



	
It has 10 LED searchlights with a capacity of 1000 W.



	
The farm has accommodation for workers (5 rooms). The area of the rooms is approximately 90 m2.








These greenhouses and trees rely on a well with a depth of 200 m, containing water with a TDS value of 1800 and a pH level of 8. To facilitate irrigation, a pump with a capacity of 15 hp is employed to extract water from the well. The pump operates for an average of 10 h per day. Additionally, the farm is equipped with a diesel electricity generator boasting a capacity of 400 kVA. This generator serves as a power source for various farm operations and typically operates for an average of 5 h/d for a greenhouse, 12 h/d for lighting, and 19 h/d for rooms. To sustain its operation, the generator consumes approximately 90 L of diesel fuel daily.



Figure 5 presents the feedback from farmers regarding the amount and cost of electricity.



It should be noted that the TDS and pH values of water are measured in the field using a handheld water quality meter. This device is designed to provide accurate readings of TDS and pH levels, allowing farmers to monitor and assess the water quality for various purposes, such as irrigation. By using it on site, farmers can obtain real-time measurements and make informed decisions regarding water usage and management on their farms.



Generally, according to the survey findings, the following has been found:




	
Regarding the education variable, the majority of farmers have completed middle school, while only a few of them have not received formal education. The income of the farmers ranges from USD 105 to USD 315, which depends on the size of the farm, crop type, and so on.



	
The total volume of freshwater needed for irrigation, drinking purposes, and domestic use is within the range of 20,000–24,000 L per week, with an associated cost of around USD 24–30. It is important to note that groundwater is not suitable for all types of crops, which necessitates the need to obtain fresh water by purchasing it from water tankers.










2.3. Weather Data


2.3.1. Measured Data


As mentioned previously, this paper evaluated the wind and solar energy potential for agricultural farms on the northwestern coast of Libya. Due to the civil war and limited availability of meteorological stations in Libya, an Ambient Weather WS-2902 Home WiFi Weather Station was used to measure the weather data including wind speed and solar radiation at Az-Zāwiyah. The device was installed in a location devoid of trees or shading. This ensures that the station is exposed to the full extent of ambient weather conditions without any obstructions. This unobstructed placement allows for accurate measurements and reliable weather data collection. It can be utilized to measure daily data for various weather parameters. Additionally, it can be connected to a computer through a data logger device to collect and store the measured data. It is equipped with sensors to measure parameters such as temperature, wind speed, and solar radiation. It provides the capability to record and display these measurements on its built-in console or through the Ambient Weather online platform. To collect and store the data for further analysis, it can connect to a computer using a data logger device. The data logger acts as an intermediary device that allows the weather station to interface with the computer and transfer the collected data. It captures and saves the measurements at regular intervals. The data was collected over one year, specifically from January 2022 to December 2022. The data were measured at a height of 2 m.




2.3.2. Reanalysis and Analysis of Datasets


In light of the limited availability of measurement instruments in most developing countries like Libya, it is crucial to evaluate satellite products (SPs), such as reanalysis and analysis datasets, using locally measured data before utilizing them as a source of meteorological information. This evaluation ensures the reliability and accuracy of the satellite products in providing valuable meteorological data for the given region.



In general, reanalysis and analysis of datasets refer to comprehensive sets of meteorological data that are generated through advanced data assimilation techniques [76]. These datasets are created by combining various sources of observations, including weather station measurements, satellite data, and other relevant sources, using sophisticated mathematical models [76,77]. Many scientific researchers have utilized the satellite database for evaluating the potential of wind energy [78,79,80,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,96] as shown in Table S1 in the Supplementary Materials. In this study, five SPs were selected based on their high spatial resolution, coverage domain, and periods of availability as shown in Table 3.




2.3.3. Statistical Indices


The performance of the reanalysis and analysis datasets was evaluated using different statistical metrics, including coefficient of determination (R2), root mean squared error (RMSE), and mean absolute error (MAE). Moreover, the performance of the model can be described based on the ranges of the relative root mean square error (RRMSE) as given in Table S2 in the Supplementary Material. In this study, the mathematical expressions for the employed statistical metrics are shown in Equations (1)–(4).
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where  n  is the amount of data,    a  p , i     is the predicted value,    a  a , i     is the actual value,     a  a , a v e     is the average actual value, and  i  is the number of input variables.





2.4. Assessment of Wind Energy Potential


2.4.1. Extrapolation of Wind Speed Data


As mentioned before, the wind speed data were measured and recorded continuously at a hub height of 2 m above the ground. Therefore, the power law model is utilized to extrapolate the wind speed to various hub heights. The model is represented by the following equation [76].


   v   v 2    =    (   z   z 2     )   α   



(5)




where v is the wind speed at the wind turbine hub height z,    v 2    is the wind speed at the original height    z 2   , and α is the surface roughness coefficient, which depends on the characteristics of the region. The value of  α  can be determined using Equation (6).


  α =   0.37 − 0.088 l n  (   v 2   )    1 − 0.088 l n  (   z 2  / 2  )     



(6)








2.4.2. Modeling the Distribution of Wind Frequencies


Wind speed characteristics play a crucial role in the design and operation of wind energy systems. Probability distribution models are commonly used to analyze wind speed data and estimate the probability of different wind speeds occurring at a particular location. Generally, examining the wind speed characteristics (WSCs) is considered the first step for evaluating the wind energy potential at a specific location. Therefore, finding suitable probability distribution models is essential for describing the WSCs. Several probability distribution models were evaluated for their suitability in wind energy applications worldwide. According to Refs. [97,98,99,100], the 2-parameter Weibull (2p-W) and 1-parameter Rayleigh (1p-R) are commonly utilized for studying the distribution of wind speed of specific regions [97,98,99,100]. For instance, Celik [97] studied the wind speed characteristics at Iskenderun in Turkey using 2p-W and 1p-R. Hussain et al. [98] estimated the wind power density for Gwadar, Jiwani, Ormara, and Pasni in Pakistan using 2p-W. Serban et al. [99] evaluated the wind power potential at two locations in Romania using 2p-W and 1p-R. Ali et al. [100] utilized 2p-W and 1p-R for evaluating the WSCsd at Deokjeok-do Island, Incheon, in South Korea. Moreover, several scientific researchers have analyzed the WSCs using various distribution functions (DFs) to determine the best-fit probability distribution [101,102,103,104,105,106,107,108,109,110,111,112,113,114,115]. Table S3 in the Supplementary Materials summarizes the previous studies associated with studying the WSCs using various DFs. It should be noted that the choice of model depends on the available data on wind speed at specific regions. Based on the findings (Table S3 in the Supplementary Materials), it can be concluded that (1) the most common distribution functions for WSCs are exponential, gamma, generalized extreme value, inverse Gaussian, log-logistic, lognormal, Nakagami, Rayleigh, and Weibull; (2) two studies found that Wakeby distribution was the best distribution to describe the WSCs at specific regions; and (3) two studies used Kumaraswamy distribution for analyzing the wind speed characteristics in India and Lebanon.



In this study, 13 distribution functions (DFs) were used for analyzing the wind characteristics at the selected locations. The probability density function (  f  ( v )   ) and cumulative distribution function (  F  ( v )   ) expressions for the selected DFs are expressed as shown in Table 4.



In this study, the maximum likelihood method (MLM) was used to calculate the distribution parameters. Moreover, the Kolmogorov–Smirnov (K-S) test was employed to find the best distribution model.



The Kolmogorov–Smirnov (K-S) test is as follows [108]:


  D =   max   1 ≤ i ≤ n    (  F  (   x i   )  −   i − 1  n  ,    i n  − F  (   x i   )   )   



(7)




where


   F n   ( x )  =  1 n  ×  (  N u m b e r   o f   o b s e r v a t i o n ≤ x  )   



(8)




where   F  ( x )    is probability distribution function of the normal distribution,    x i    is the ith order statistics of a random sample, 1 ≤ i ≤ n, and n is the sample size.




2.4.3. Wind Power Density


Wind power density (WPD) is a measure of the amount of power that can be harnessed from the wind at a specific location. It is defined as the ratio of the power present in the wind to the area swept by the wind turbine. WPD is also referred to as wind power potential or wind power per unit area, and it provides a numerical representation of the energy potential in a given region. It can be expressed as follows [102]:


   P A  =  1 2  ρ  v 3   



(9)




where  P  is the wind power density in W,  A  is a swept area in m2,  ρ  is the air density ( ρ  = 1.225 kg/m3), and  v  is the wind speed in m/s



Moreover, the average WPD for a period measurement can be determined using the equation below [102].


    P ¯  A  =  1 2  ρ   v ¯  3   



(10)




where       P  ¯    is the mean wind power density in W and   v ¯   is the mean wind speed in m/s.



Moreover, it can be estimated as a function of the probability density function (  f  ( v )   ) as shown below [102].


   P A  =  1 2  ρ  v 3  f  ( v )   



(11)








2.4.4. Output Energy of Wind Turbines


Equation (12) can be utilized to estimate the power generated by the wind turbine. Additionally, the power curve of the wind turbines can be approximated using a parabolic function, as shown by Equation (10) [102].


   E  w t   =   ∑   i = 1  n   P  w t  ( i )    t  



(12)






   P  w t  ( i )    =  {        P r     v i 2  −  v  c i  2     v r 2  −  v  c i  2     (   v  c i   ≤  v i  ≤  v r   )          1 2  ρ A  C p   v r 2   (   v r  ≤  v i  ≤  v  c o    )       0                       (   v i  ≤  v  c i   a n d  v i  ≥  v  c o    )         



(13)




where    E  w t     is total power output, t is the number of hours in the period under consideration,    v i    is the vector of possible wind speed at a given site,    P  w t  ( i )      is the vector of the corresponding wind turbine output power (W),    P r    is the rated power of the turbine (W),    v  c i     is the cut-in wind speed (m/s),    v r    is the rated wind speed (m/s), and    v  c o     is the cut-out wind speed (m/s) of the wind turbine.    C p    is the coefficient of performance of the turbine (Equation (14)), and it is a function of the tip-speed ratio and the pitch angle.


   C p  = 2    P r    ρ A  v r 3     



(14)







Moreover, the capacity factor (  C F  ) of the wind turbine is estimated by Equation (15) [102].


  C F =    E  w t     8760  P R     



(15)








2.4.5. Techno-Economic Analysis of Wind Turbines


Recently, wind systems have faced common economic challenges. The cost of electricity generated by a wind turbine is influenced by several factors. The economic feasibility of a wind power plant hinges on specific local conditions that can differ significantly from one location to another. Consequently, conducting a thorough economic evaluation becomes vital, especially when making substantial investments in large-scale wind turbine installations for power generation. In the current study, the mathematical equations used to evaluate the economic viability of wind turbines can be expressed as follows.



	(a)

	
The total investment cost is


   C  T I   =  C  W T   +  C  S T   +  C  E N   +  C  C I   +  C  T R   +  C  E L   +  C M   



(16)






   C  W T   =  C  C W T   ×  P R   



(17)




where    C  W T     is the cost of the wind turbine in USD,    C  S T     is 2% of    C  W T    ,    C  C I     i s   the civil work and installation cost in USD (8% of    C  W T    ),    C  E N     is the engineering cost in USD (5% of    C  W T    ),    C  T R     is the transport cost (2% of    C  W T    ),    C  E L     is the electrical connection cost in USD (7% of    C  W T    ),    C M    is the miscellaneous cost (1% of    C  W T    ),    C  C W T     is the specific cost of the wind turbine in USD/kW, and    P R    is rated power of the turbine in kW.




	(b)

	
The net present value (NPV)


  N P V =   ∑   n = 0  N     C n       (  1 + r  )   n     



(18)




where  N  is the project life,    C n    is the after-tax cash flow in year n, and  r  is the discount rate.




	(c)

	
The present value of costs (PVC) method estimates the cost of production. As part of this method, the annual operating cost of the wind turbine is calculated using Equation (19).


  P V C = 1 +  C  o m r    [    1 + i   r − i    ]  ×  [  1 −    (    1 + i   1 + r    )   n   ]  − S    (    1 + i   1 + r    )   n   



(19)




where    C  o m r     is the operation and maintenance (O&M) cost,  r  is the interest rate,  i  is the inflation rate, and n is machine life as designed by the manufacturer.




	(d)

	
Cost of electricity generated by a wind turbine in USD/kWh


  C E G =   P V C   A E P    



(20)






  A E P = 8760 ×  P R  × C F  



(21)








	(e)

	
Annual greenhouse gas (GHG) savings in CO2/Year


  G H G =   A v e r a g e   n a t i o n a l   e l e c t r i c i t y   g e n e r a t i o n   m i x × A E P   1000000    



(22)








	(f)

	
Simple payback period (SPP) in years


  S P P =  I  A E P ×  P e     



(23)




where  I  is the installed capital cost of the wind turbine plus the costs of civil works and    P e    is the price of electricity (USD/kWh).









2.5. Assessment of Solar Energy Potential


2.5.1. Classification of Solar Potential


The assessment of solar energy potential was conducted by categorizing it according to the annual value of global solar radiation (GSR). Global solar radiation is widely used as a parameter for evaluating the energy generation potential of photovoltaic (PV) systems. The classification of solar energy based on the GSR annual value is presented in Table 5.




2.5.2. Estimating Solar PV Energy Output


The monthly energy output (   E M   ) from a solar PV system can be determined by considering factors such as the peak sun hours of the location, the installed capacity of the system, and the derate factor that accounts for component efficiencies and environmental conditions. Mathematically, the monthly energy output in kWh from a solar PV system can be estimated using Equation (24).


   E M  =  N d  ×  f m  ×    H c    1   kW /  m 2    ×  P  I C    



(24)




where    f m    is the average monthly derate factor or performance ratio,    N d    is the number of days in the month,    H c    is solar radiation on the plane of the solar PV array in kWh/m2/day, and    P  I C     is solar PV installed capacity in kW.




2.5.3. Technical Indices


In this study, the technical performance of the installation is assessed by evaluating several performance parameters: final energy output, final energy yield, performance ratio, and capacity factor. These parameters serve as indicators of the overall performance of the solar PV system, taking into account factors such as the available solar resources and other environmental variables.








	(a)

	
Final Energy Output (   E  A C    ): This parameter represents the total amount of energy produced by the solar PV system over a given period, typically measured in kWh. It provides an overall measure of the system’s energy generation capability.


   E  A C   =   ∑   d = 1  N   E  A C  ( m )     



(25)




where    E  A C     is the monthly energy output at the time ( t ) and  N  is the number of days in a month.




	(b)

	
Final Energy Yield (   Y f   ): It is calculated by dividing the final energy output by the installed capacity of the solar PV system. It represents the average energy production per unit of installed capacity and helps assess the system’s efficiency in converting sunlight into usable electricity.


   Y f  =    E  A C      P  I C      



(26)








	(c)

	
Performance Ratio (  P R  ): The performance ratio is determined by dividing the actual energy yield by the theoretical energy yield. The theoretical energy yield is calculated based on the available solar resource and is an estimation of the maximum energy the system could produce under ideal conditions. The performance ratio reflects the efficiency of the system in converting available sunlight into electricity, taking into account losses due to factors such as shading, temperature, and system degradation.


  P R =    E  A C      P  I C        G  S T C      H C     



(27)




where    G  S T C     is the reference irradiance.




	(d)

	
Capacity Factor (  C F  ): It is the ratio of the actual energy output of the solar PV system to the maximum possible energy output if the system operated at its maximum capacity for a given period. It indicates the extent to which the system is utilized and provides insight into its operational efficiency. A higher capacity factor indicates better utilization of the installed capacity.


  C F =    E  A C  ( d )       P  I C      1   T h     



(28)




where    T h    is the total expected number of hours of operation in a given period.










2.5.4. Economic Viability


To evaluate the economic feasibility of the installation, several financial indicators are utilized in this analysis. These indicators include discounted payback period, simple payback period, internal rate of return (IRR), net present value (NPV), and levelized cost of energy (LCOE) of the generated electricity.



	(a)

	
The NPV is expressed as:


  N P V =   ∑   t = 0  n    N C  F t       (  1 + i  )   t    = −  C o  +   ∑   t = 1  n    N C  F t       (  1 + i  )   t     



(29)




where    C o    is the investment cost,  n  is the project economic life, and   N C  F t    is the annual net cash flow (which is annual revenue minus annual expenses (such as operation cost, maintenance, and replacement)) for a year. From a monetary benefit viewpoint, the NPV of a project needs to have a positive value (  N P V > 0  ).




	(b)

	
The internal rate of return is the value of the discount rate (  I R R  ) that would result in an NPV of zero, and it can be determined from Equation (30):


  −  C o  +   ∑   t = 1  n    N C  F t       (  1 + I R R  )   t    = 0  



(30)











To calculate the   I R R  , Equation (30) needs to be solved using an iteration or trial-and-error approach. In this study, the   I R R   calculation is performed using the built-in   I R R   function available in Microsoft Excel.



	(c)

	
The levelized cost of energy (  L C O E  ) is a metric used to assess the economic viability of a solar PV installation. It represents the average cost of generating each unit of electricity over the lifetime of the project. The   L C O E   takes into account the total costs associated with building, operating, and maintaining the solar PV system, divided by the total energy output generated by the system throughout its lifetime. Mathematically, the LCOE can be expressed as follows:


  L C O E =    C o  +   ∑  1 n     C  i , t   +  C  O & M ,   t        (  1 + i  )   t        ∑  1 n     E t       (  1 + i  )   t       



(31)




where    C  i , t    ,    C  O & M ,   t    , and    E t    are the investment cost (such as replacement cost), operation and maintenance cost, and electricity generated each year, respectively.




	(d)

	
The payback period is a financial metric used to evaluate the time required to recover the initial investment costs through revenue generated by an investment. It represents the length of time it takes for the investment to reach a break-even point. The simple payback period provides a straightforward measure of the time required to recover an investment. Mathematically, the SPP period can be calculated using Equation (32).


  S P P =    C o     A s     



(32)




where    A s    is the annual saving.










3. Results


3.1. Assessment of Wind and Solar Energy Potential for Az-Zāwiyah


Wind Speed Characteristics and Wind Power Density Using Daily and Monthly Data


As aforementioned, the wind speed (WS) data were measured at a height of 2 m. Thus, the power law method is employed to synthesize the actual data collected at a height of 2 m to a height of 10 m to compare it with the reanalysis and analysis datasets. The statistical description of average daily wind speed includes the standard deviation (SD), coefficient of variation (CV), minimum (Min.), maximum (Max.), kurtosis (K), and skewness (S), which are summarized in Table 6 for the selected location.



Considering the measured dataset, it is noticed that the mean wind speeds were low. It was found that the mean wind speed ranged from 2.50 m/s (October) to 4.33 m/s (April). Generally, the mean and SD values indicate a high level of consistency in wind behavior. Moreover, it can be seen that the lowest CV value is 17.45% (September), suggesting that the dataset has relatively low variation around its mean value. On the other hand, the highest CV value is 41.54% (January), indicating a slightly higher level of variation compared to the mean. Furthermore, it is noticed that the minimum wind speeds with values of 1.60 m/s and 2.24 m/s were recorded in December and May, respectively. Moreover, the maximum values of wind speeds were recorded in January and October with values of 7.34 m/s and 4.06 m/s, respectively. Additionally, skewness values for most months are positive, indicating that all distributions are right-skewed, indicating a longer or fatter tail on the right side of the distribution. The skewness values for February, April, July, October, and November are negative, indicating that the tail of the distribution is skewed to the left. Moreover, the kurtosis values, ranging from −0.83 to 1.84, indicate the degree of the flatness of the distributions of the data. In this case, the range of kurtosis values suggests that the distributions of the data vary in terms of their flatness. A negative kurtosis value (−0.83) indicates a distribution that is slightly flatter or less peaked than a normal distribution, while a positive kurtosis value (1.84) suggests a distribution that has heavier tails than a normal distribution. Figure 6 illustrates the daily wind speed for Az-Zāwiyah. It is noticed that the maximum wind speed of 7.34 m/s was recorded on 8 January 2022, while the minimum value of 1.60 m/s was obtained on 5 December 2022.



Considering reanalysis and analysis datasets, Table 6 and Figure 6 give the following findings.



	
The mean wind speed is within the range of 2.86–4.34 m/s for CFSR, 1.58–3.90 m/s for ERA5, 1.87–4.09 m/s for ERA5-Land, and 3.79–6.01 m/s for MERRA-2. Additionally, the highest and lowest values of mean and SD were obtained from MERRA-2 and ERA5.



	
ERA5 exhibits the highest CV value (CV = 64.31%), while CFSR yields the lowest value (CV = 14.44%).



	
The minimum wind speed occurred in January (1.53 m/s) for CFSR, July (0.08 m/s) for ERA5, June (0.18 m/s) for ERA5-Land, and October (1.73 m/s) for MERRA-2.



	
The maximum wind speeds are observed in different months: November (8.96 m/s) for CFSR, January (7.92 m/s) for ERA5, January (8.39 m/s) for ERA5-Land, and November (14.50 m/s) for MERRA-2.



	
The skewness values for most months are positive, indicating that all distributions are right-skewed.






Generally, the differences in the statistical description of wind speed among the measured dataset and various satellite products can be attributed to several factors related to data sources, measurement methods, physical phenomena, and the characteristics of each dataset. The measured wind data originates directly from on-site observations, potentially reflecting distinctive wind behaviors characteristic of that location. In contrast, satellite-derived data rely on remote sensing technology, which may introduce errors due to atmospheric conditions, sensor limitations, and data processing algorithms. Different satellites and sensors could contribute to variations in satellite products covering more extensive areas, and the resolution might vary between products. This could lead to discrepancies when compared to the localized measured data. Therefore, it is crucial to assess the performance of reanalysis or analysis data by comparing it with that of the measured dataset.



In this study, statistical indices such as R-squared, RMSE, MAE, and RRMSE were employed to assess the performance of the estimated data. The findings are presented in Table 7, which gives the following results:




	
Based on the R-squared value, the best dataset varies from month to month. It is important to note that higher R-squared values do not necessarily indicate that one dataset is superior to another. The coefficient of determination, R-squared, only represents the strength of the linear relationship between the observed and modeled values. Therefore, RMSE, MAE, and RRMSE were employed to find the best dataset.



	
Among the available datasets, CFSR consistently demonstrates the best performance across all months, as indicated by the lower values of RMSE and MAE when compared to the other datasets.



	
For all months, the RRMSE value for the CFSR model ranges from 20% to 30%, suggesting a good performance rate. This finding is supported by the results presented in Table S2 in the Supplementary Materials.



	
For a whole year, it is noticed that ERA5-Land and MERRA-2 produced the highest value of R-squared compared to CFSR and ERA5. Based on the value of RMSE and MAE, CFSR gives the best performance compared to other datasets. In addition, the performance of the utilized dataset was assessed using RRMSE. The RRMSE value for CFSR falls within the range of 20% to 30%, indicating a good performance rate for the CFSR model, as demonstrated in Table S2 in the Supplementary Materials. Moreover, the performance rate for ERA5-Land can be considered fair based on Table S2 in the Supplementary Materials. However, the performance rates for ERA5 and MERRA-2 are deemed poor (Table S2 in the Supplementary Materials).








Additionally, this study presents a comprehensive evaluation of WS from five SPs. These SPs are CFSR, ERA5, ERA5-Land, MERRA-2, and TerraClimate. It should be noted that TerraClimate is a dataset of monthly climate and climatic water balance for global terrestrial surfaces from 1958 to the present. Figure 7 illustrates the variation in monthly data for all datasets used in this study. Based on the findings, TerraClimate, ERA5, and ERA5-Land have higher R-squared values compared to MERRA-2 and CFSR. As mentioned earlier, it is crucial to note that higher R-squared values do not necessarily imply that one dataset is superior to another. Thus, the analysis reveals that CFSR has exhibited superior performance compared to other datasets, as evidenced by the lower values of RMSE, MAE, and RRMSE. Following CFSR, ERA5-Land demonstrated the next-best performance.



As mentioned above, 13 distribution functions were utilized to describe the wind speed characteristics of Az-Zāwiyah from January 2022 to December 2022. Moreover, the analysis indicates that CFSR demonstrated superior performance compared to other datasets, as indicated by lower values of RMSE, MAE, and RRMSE. ERA5-Land follows CFSR with the next-best performance.



Additionally, the parameters of ten distribution functions were estimated using daily, monthly, and whole-year wind speed data with the maximum likelihood method. The best distribution among the ten distribution functions for each location was evaluated based on the results of the Kolmogorov–Smirnov test. Tables S4–S8 in the Supplementary Materials tabulate the estimated distribution parameters for all selected models based on the average daily and monthly wind speed data. Furthermore, they provide the goodness-of-fit statistic and distribution model rankings for average daily wind speed using different datasets (measured, CFSR, and ERA5-Land). Additionally, Table 8 displays the top five distribution models that achieved the highest rankings to analyze the average daily wind speed data during the investigation period. Based on the results of the K-S tests, it was found that the W-3P, GEV, and BS distribution functions demonstrated the lowest values, indicating that they are better fits for the wind speed data.



To evaluate the wind potential in the selected location, the wind power density is computed. In this study, the air density is assumed to be 1.23 kg/m3. The value of WPD for each location is tabulated in Table 9.



Using the average measured dataset for evaluating the wind potential, it shows that the value of WPD ranges from 9.31 W/m2 to 50.12 W/m2 with an average value of 24.25 W/m2. Moreover, the value of WPD is within the range of 9.63–50.43 W/m2 with an average value of 28.53 W/m2 using the CFSR dataset. Furthermore, it was found that the WPD values varied between 4.01 W/m2 and 50.08 W/m2 with an average value of 18.65 W/m2 by utilizing the ERA5-Land dataset.



In general, the wind energy generation potential of sites is classified according to average power density values at a height of 10 m as follows [117,118]:




	
Fair (WPD < 100 W/m2)



	
Fairly good (100 W/m2 < W PD < 300 W/m2)



	
Good (300 W/m2 < WPD < 700 W/m2)



	
Very good (WPD > 700 W/m2)








Based on the value of WPD, the selected locations can be considered as power class 1, which indicates poor wind energy potential. Therefore, small-scale wind turbines are suitable to be used in the selected regions for exploiting the available wind energy potential. Furthermore, it can be concluded that high-capacity wind turbines (MWs) with a height of 90 m and above can be suitable for gathering the wind energy potential in the selected locations.



This is investigated using the power law model, i.e., the collected data at 10 m height is synthesized to the 90 m height, the height at which most of the 1 MW capacity or above wind turbines are located.





3.2. Assessment of Solar Energy Potential for Az-Zāwiyah


Table S9 in the Supplementary Materials presents a statistical summary of the average solar radiation, including various descriptive measures such as mean, standard deviation (SD), coefficient of variation (CV), minimum (Min.), maximum (Max.), kurtosis (K), and skewness (S) for the selected location. Moreover, the daily solar radiation for Az-Zāwiyah is illustrated in Figure S2 in the Supplementary Materials. Based on the findings, the following can be noticed:




	
By considering the measured data, the mean values for all months are within the range of 118.86–327.83 W/m2. The minimum value of 38.37 W/m2 and maximum value of 343.39 W/m2 were recorded in March and June, respectively.



	
Based on the CFSR dataset, the mean values fall within the range of 124.16–329.77 W/m2. April had the lowest recorded value of 16.00 W/m2, while August had the highest recorded value of 378.0 W/m2.



	
By analyzing the ERA5 dataset, it is found that the mean values for all months varied from 121.51 W/m2 to 328.80 W/m2. Moreover, it is noticed that the lowest value of 38.30 W/m2 was observed in March, while the highest value of 342.2 W/m2 was recorded in June.



	
By considering the ERA5-Land dataset, it is observed that the mean value ranged from 118.58 W/m2 to 325.95 W/m2. Moreover, the maximum and minimum solar radiation values were recorded in March and June with values of 39.10 W/m2 and 341.90 W/m2, respectively.



	
Based on the MERRA-2 dataset, the WPD values varied from 130.98 to 339.85 W/m2. March had the lowest recorded value of 59.20 W/m2, while June had the highest recorded value of 360.90 W/m2.








Furthermore, it is essential to assess the performance of the estimated data; thus, this study employed statistical indices, including R-squared, RMSE, MAE, and RRMSE, to evaluate their performance. The results of the analysis are summarized in Table 10, presenting the following findings:




	
The selection of the best dataset varies for each month based on the R-squared value. However, it is crucial to note that higher R-squared values do not automatically indicate the superiority of one dataset over another. R-squared merely reflects the strength of the linear relationship between the observed and modeled values. Therefore, to determine the best dataset, the analysis also considered RMSE, MAE, and RRMSE, as these metrics provide additional insights beyond the R-squared value.



	
Among the available datasets, ERA5-Land consistently demonstrated the best performance when the data for the whole year were used, as indicated by the lower values of RMSE and MAE when compared to the other datasets.



	
For the whole year, the RRMSE values for all datasets ranged from 20% to 30%, suggesting a good performance rate. This finding is supported by the results presented in Table S2 in the Supplementary Materials.








Moreover, the variation in monthly solar radiation data for all datasets used in this study is illustrated in Figure 8. Based on the findings, the R-squared value is within the range of 0.981–0.997, which indicates a strong linear relationship between the observed and modeled values. Additionally, the RRMSE value for all datasets falls within the range of 20% to 30%, indicating a good performance rate for all datasets, as demonstrated in Table 4. Additionally, Figure 9 shows the annual value of solar radiation (SR) for the selected region. It is observed that the SR value is within the range of 1882–2070 kWh/m2. Generally, the solar energy generation potential of sites is classified according to the annual value of SR as shown in Table 5. It is found that the selected region exhibits abundant solar resources and is classified as class 5 (excellent). Consequently, the region is suitable for the future installation of PV systems, primarily due to its significantly high SR value.




3.3. Assessment of Wind and Solar Energy Potential Based on the Long Period of 2000–2022


In this study, the wind energy potential was evaluated at agricultural and coastal locations, namely, Az-Zāwiyah, Aljmail, Castelverde, Janzur, Msallatah, Sabratah, and Tajoura. These regions have economies that heavily depend on agriculture. The productive land in these areas supports diverse agricultural activities, including crop cultivation and livestock farming. Moreover, based on the previous section, it has been determined that the ERA5-Land and ERA5 datasets exhibit superior performance compared to other datasets for wind speed and solar radiation, respectively. Therefore, average daily wind speed and solar radiation data have been used to estimate the wind and solar potential in the selected regions. The data were collected from CFSR, ERA5-Land, and ERA5 from 2000 to 2022.



3.3.1. Wind Speed Characteristics and Wind Power Density at a Height of 10 m


Table 11 provides the descriptive statistics for the wind speed data for all selected locations. Considering the ERA5-Land dataset, it is found that the mean value of wind speed is within the range of 4.75–5.19 m/s. The highest and lowest mean wind speeds were recorded at Aljmail and Msallatah, respectively. Furthermore, the CV values observed in the data range from 30.72% (Msallatah) to 34.29% (Aljmail), indicating a moderate level of variability in the measured wind speeds. Moreover, it is found that the maximum wind speed of 8.40 m/s was recorded at Msallatah. Additionally, skewness values for all locations are positive, indicating that all distributions are right-skewed, indicating a longer or fatter tail on the right side of the distribution. Based on the CFSR dataset, the average wind speed falls within the 4.85(Aljmail)-5.49 (Msallatah) m/s range. The data show moderate variability in wind speeds, with coefficient of variation (CV) values ranging from 20.68% (Msallatah) to 25.81% (Az-Zāwiyah). The highest maximum wind speed was recorded at Msallatah with a value of 7.69 m/s. Furthermore, the skewness values for most locations (Castelverde, Msallatah, and Sabratah) are positive, indicating that all distributions are right-skewed, implying a longer or fatter tail on the right side of the distribution.



To demonstrate the suitability of the distribution functions (DFs), the Kolmogorov–Smirnov test was used. Tables S10 and S11 in the Supplementary Materials list the parameter values estimated for various distribution functions for all selected locations based on the ERA5-Land and CFSR datasets, respectively. It is shown that GEV matches well with the observed wind speed data. Additionally, it is found that the Rayleigh DF seems to be unsuitable for describing the wind speed for all locations. Moreover, Table 12 lists the mean wind speed and WPD for the observed data and each DF. The analysis reveals that the WPD values fall within the range of 65.41–86.32 W/m2 and 69.73–101-9.3 W/m2 based on the ERA5-Land and CFSR datasets, respectively. Based on the ERA5-Land dataset, all selected locations exhibit a favorable wind resource, which can be effectively utilized for various applications, including the deployment of small-scale wind turbines.



Considering the CFSR dataset, Msallatah has the highest annual WPD compared to other locations. This location can be considered a location for installing large-scale wind turbines. However, four locations with an annual WPD of less than 100 W/m2 may be considered good candidates for installing small-scale wind turbines.




3.3.2. Solar Radiation Characteristics


Based on the previous section, Az-Zāwiyah has been assessed to possess abundant solar resources, classified as class 5 (excellent). As a result, the region is highly suitable for the future installation of photovoltaic (PV) systems. This is primarily due to the region’s significantly high solar resource (SR) value, indicating favorable conditions for solar energy generation. Also, it is possible to assume that solar radiation remains relatively constant over large areas, disregarding the impact of cloud absorption on solar radiation according to Bhatia [78]. Moreover, according to the World Bank Group (Global Solar Atlas), SR in coastal locations is within the range of 1900–2100 kWh/m2. Thus, this study examines the potential of solar energy across five different locations over 13 years from 2010 to 2020, using a monthly database provided by ERA5 (best SP). The variations in average monthly solar radiation (SR) and air temperature (AT) are illustrated in Figure 10. The maximum SR value is recorded in July while the minimum value is recorded in December. The annual value of SR is within the range of 1970.21–2028.46 kWh/m2. Based on these values, the selected locations exhibit abundant solar resources and are classified as class 5 (excellent). Consequently, these locations are suitable for the future installation of PV systems, primarily due to their significantly high SR value. Figure 8 also presents the average air temperature, revealing that Sabratah and Msallatah have the maximum and minimum mean AT values at 21.17 °C and 20.06 °C, respectively.





3.4. Economic Analysis of Wind and Solar Project in Az-Zāwiyah during 2022


In the previous sections, it was noted that the frames have identical conditions and similar daily loads. Furthermore, the analysis indicated that the chosen locations have a higher potential for solar energy in comparison to wind energy. Consequently, the authors have developed two renewable energy systems with different capacities based on the value of the peak power output (   P  m a x    ) of the PV system (Equation (33)) [9]. Subsequently, the performance of both the PV and wind projects was assessed by evaluating the energy production capacity factor (CF), simple payback period (SPP), and the levelized cost of electricity (LCOE).


   P  m a x   =    E  A C    P i     G  S R    f  P V    η  i n v      



(33)




where    P i    is the solar radiation at STC in kW/m2,    G  S R     is the maximum monthly value of global solar radiation (kWh/m2/d),    f  P V     is the PV derating factor (assumed to be 80%),    E  A C     is the daily power consumption in kWh/d, and    η  i n v     is the inverter yield.



Moreover, the energy requirement of a saline water reverse osmosis (RO) system must be calculated to evaluate its power needs and incorporate it into a renewable energy system. The total power requirement of an RO plant takes into account the power needed for desalination (i.e., mechanically pushing water through membranes), as well as the electricity required to pump the feed water to the plant and the treated water into the water system. The primary water source for the desalination plant is the saline groundwater extracted from the existing well. As mentioned before, the total volume of water needed for irrigation, drinking purposes, and domestic use is approximately 24,000 L/week (3428.57 L/day  =  3.4 m3/day). Thus, the energy requirements for the RO desalination plant can be determined using Equation (34) [119].


   P D  =   S E C · q   C  F D     



(34)




where    P D    is the power requirement of the RO in kW,   C  F D    is the capacity factor of the plant, which is assumed to be 95%,  q  is the flow rate for the feed water in m3/h, and   S E C   is the specific energy consumption of desalination in kWh/m3, which can range from 0.5 to 3 kWh/m3, depending on factors such as the salinity of the feed water, the operational characteristics of the plant, the type of membranes used, and other relevant factors [119]. In this study, it is assumed to be 1.75 kWh/m3.



By using Equations (33) and (34), the maximum output power of the system was calculated to be 104 kW for Farm 1 and 34 kW for Farm 2, based on the measured maximum solar radiation value.



The economic data required for the techno-economic model include the cost of electricity per kWh, the annual interest rate, the capital cost of acquisition, and the operation and maintenance costs associated with the wind turbine. In this study, the following assumptions were taken into consideration:




	
The lifetime of the turbine and PV is assumed to be 20 years and 25 years, respectively.



	
The interest rate and inflation rate were taken as 7% and 8%, respectively.



	
The engineering cost, civil work cost, installation cost, cost of transport, cost of the electrical connection, and miscellaneous costs were assumed to be 2%, 5%, 8%, 2%, 7%, and 1%, respectively, of the cost of the wind turbine.



	
The scrap value was assumed to be 10% of the turbine price and civil work cost.



	
The price of the electricity was taken as USD 0.10 to ensure the economic viability and feasibility of the project.



	
The capacity of the RO plant is 200 L/h and it costs about USD 2000 based on the available literature. Calculations consider that the plant is under operation 17 h/day.








3.4.1. Economic Analysis of Wind Turbines for the Period of January 2022–December 2022


In general, wind turbines can be classified into horizontal axis wind turbines (HAWTs) and vertical axis wind turbines (VAWTs). The horizontal axis wind turbine, equipped with propeller blades, commonly achieves an efficiency of 60% and is widely deployed. In contrast, vertical axis wind turbines can surpass 70% efficiency. In this section, the performance of different types of wind turbines is compared. The specification of the selected wind turbine is presented in Table S12 in the Supplementary Materials. Also, the power curves of these turbines are illustrated in Figure S3 in the Supplementary Materials.



Figures S4 and S5 in the Supplementary Materials present the monthly variation of EP for all selected turbines. It is found that the EP values are within the range of 3257.9–10,870.0 kWh for VAWTs and 2049.7–19,275.5 kWh for HAWTs. The highest and lowest values of EP were obtained by using MERRA-2 and ERA5, respectively. The highest coefficient of correlation was found between the measured data and ERA5-Land when VAWTs and HAWTs were used, respectively, with ERA5 showing the next highest correlation as shown in Figures S4 and S5 in the Supplementary Materials. On the other hand, the lowest correlation was observed between the actual data and MERRA-2 and CFSR when VAWTs and HAWTs were used, respectively.



Moreover, the monthly variation in CF for all selected turbines is presented in Figures S6 and S7 in the Supplementary Materials. The CF values range from 9.0% to 29.2% for VAWTs and from 5.7% to 51.8% for HAWTs. The highest CF value was obtained when using MERRA-2, while the lowest value was obtained with ERA5. Additionally, Figures S6 and S7 in the Supplementary Materials show that the highest coefficient of correlation is found between the actual data and ERA5-Land when VAWTs and HAWTs are used, respectively. Additionally, ERA5 exhibits the next highest correlation. On the other hand, the lowest correlation is observed between the actual data and MERRA-2 and CFSR when VAWTs and HAWTs are used, respectively.



Furthermore, Figure 11 shows the estimated results in terms of annual energy produced (AEP), annual capacity factor (ACF), electricity generated cost (LCOE), and simple payback period (SPP) for all used datasets.



Based on the measured data illustrated in Figure 11, it is evident that the annual energy production (EP) was estimated to be 102,533 kWh for the VAWT and 104,595 kWh for the HAWT. Moreover, the analysis revealed that the annual CF for the VAWT was 23.4%, while for the HAWT, it was slightly higher at 23.9%. These findings suggest that the CF of wind turbines tends to increase as the hub height of the turbines rises. Moreover, the calculated SPP for the wind turbines in the chosen region indicates that both the VAWTs and HAWTs will be able to recoup their initial costs within their lifetimes, which is 20 years. Specifically, the VAWT has the longest SPP of 14.14 years, while the HAWT has a shorter SPP of 11.95 years. The LCOE using HAWTs was found to be 0.117 USD/kWh, while for the VAWTs, it was slightly higher at 0.138 USD/kWh.



Based on the dataset collected from various satellite products (Figure 9), it is noticed that MERRA-2 has the highest EP values, with an EP of 121,591 kWh for VAWTs and 180,608 kWh for HAWTs. Conversely, ERA5 presents the lowest EP values, amounting to 74,028 kWh for VAWTs and 58,948 kWh for HAWTs, across both wind turbine types. Additionally, it is seen that the comparison reveals that the EP values obtained using the CFSR dataset slightly exceed the EP values estimated from the measured data. Similarly, the maximum annual value of CF is obtained from MERRA-2, while the minimum one is obtained from EAR5. Moreover, the comparison highlights that the CF values obtained using the CFSR dataset slightly exceed the CF values estimated from the measured data (i.e., the CF value for VAWTs is 25.2% with the CFSR dataset compared to 23.4% with the measured data, while the CF value for HAWTs is 24.8% with the CFSR dataset, slightly higher than the 23.9% estimated from the measured data). Additionally, the calculated SPP for the wind turbines in the selected region, based on the CFSR, MERRA-2, and TerraClimate datasets, indicates that both the VAWTs and HAWTs will be able to recover their initial costs within their lifetimes. However, the longest SPP values are obtained from the ERA5 and ERA5-Land datasets, exceeding 15 years. This suggests that installing the wind turbines in the selected location using the ERA5 and ERA5-Land datasets may not be economically viable for energy production. In addition, the MERRA-2 dataset has the lowest value of the LCOE, while the ERA5 dataset results in the highest LCOE value. Additionally, the LCOE values obtained using the CFSR dataset are close to the LCOE value derived from the measured data.



It is important to acknowledge that these results were derived for a single turbine (either a VAWT or HAWT) with a capacity of 50 kW. Extrapolating these results can provide insights into the expected performance of wind farms with capacities of 102.3 kW for Farm 1 and 32 kW for Farm 2.




3.4.2. Economic Analysis of PV System for the Period of January 2022–December 2022


Based on the available information and research conducted by the authors regarding PV technology companies or manufacturers in Libya, PV system components including the PV modulus and inverters may not be widely available in the Libyan market in all regions. In general, solar energy has gained global attention due to its renewable and sustainable nature in many African countries including Libya (see Table 1). Considering the global availability of solar technology, it is expected that PV panels will be available in the market. However, the extent of availability and adoption can be influenced by factors such as local regulations, government incentives, infrastructure, and market demand as shown in Table 1.



For the developed PV system, a mono-Si 545 W PV module manufactured by JinKO Solar Company was selected as it is an efficient PV module. The specification of the selected module is tabulated in Table S13 in the Supplementary Materials. To construct the proposed PV project in each farm, a total of 188 and 60 of the selected modules are required for Farm 1 and Farm 2, respectively. Furthermore, the estimated area occupied by these modules is approximately 484 m2 for Farm 1 and 154 m2 for Farm 2. Four units of a Multisolar 30 kW Hybrid Inverter with a capacity of 30 kW were utilized for Farm 1. For Farm 2, a Pure Sine Wave Inverter with capacities of 30 kW and 10 kW was employed. The specification of the selected inverters can be found in Refs. [120,121].



Figure 12 and Figure 13 illustrate the economic performance of the PV system for Farm 1 and Farm 2, respectively, across different datasets. The analysis encompasses various parameters such as annual energy production (AEP), annual capacity factor (ACF), performance ratio (PR), system efficiency, electricity generation cost (LCOE), and simple payback period (SPP). The key findings from the study are as follows:




	
The annual energy production (AEP) for Farm 1 falls within the range of 154,055 to 169,422 kWh, while for Farm 2, it ranges from 49,086 to 53,982 kWh.



	
Both farms exhibit similar ranges for annual capacity factor (ACF), performance ratio (PR), and system efficiency, which are approximately 17.2% to 18.9%, 79.88% to 79.92%, and 69.35% to 69.38%, respectively.



	
The electricity generation cost (LCOE) for Farm 1 varies from 0.0161 to 0.0178 USD/kWh, whereas for Farm 2, it ranges between 0.0200 and 0.0222 USD/kWh.



	
The simple payback period (SPP) for Farm 1 is estimated to be between 10.89 and 11.12 years, while for Farm 2, it falls within the range of 14.20 to 14.60 years.



	
These findings provide insights into the economic viability and performance of the PV systems at Farm 1 and Farm 2 across the considered datasets.



	
The analysis suggests that the solar potential is relatively consistent across different datasets, as the values obtained are similar or closely aligned with the measured data. This indicates that the solar energy generation potential remains relatively uniform regardless of the specific dataset used for evaluation.










3.5. Economic Analysis of Wind and Solar Projects in All Selected Locations during the Period of 2000–2022


Table 13 summarizes the annual value of EP, CF, LCOE, and SPP for each wind turbine. The findings indicate that using horizontal axis wind turbines (HAWTs) leads to an increase in the annual EP and CF compared to VAWTs. The results reveal that Msallatah exhibited the highest annual EP and CF among the selected regions. For VAWTs, the EP was 143,662.34 kWh with a CF of 32.8%. On the other hand, for HAWTs, the EP was 176,174.20 kWh with a CF of 40.22%. Sabratah was identified as the second most suitable location for wind power generation. Moreover, the values obtained for all regions are relatively close, indicating that all selected areas are suitable for future wind farm installations. Moreover, it is observed that the SPP values varied from 6.51 to 6.24 years for HAWTs and from 10.09 to 10.65 years for VAWTs. These results indicate that both types of turbines have SPP values within the lifetime of 20 years. In other words, both turbines can cover the initial investment cost before the end of their expected lifetime. Furthermore, the analysis reveals that the LCOE values obtained using HAWTs range from 0.1039 to 0.0953 USD/kWh. In contrast, the LCOE values obtained using VAWTs range from 10.6476 to 10.0931 USD/kWh. The LCOE value for HAWTs is lower compared to VAWTs. This indicates that the cost of producing electricity using HAWTs is more economical than using VAWTs.



Table 14 provides a comprehensive overview of the annual values associated with each farm. It encompasses key parameters such as EP, CF, PR, system efficiency, LCOE, and SPP. The analysis reveals that the annual EP (annual energy production) exhibits a variation across different family farms in Az-Zāwiyah and Aljmail. In Az-Zāwiyah, the minimum EP is recorded at 53,436.96 kWh for Farm 2, while the maximum EP is observed at 162,943.23 kWh for Farm 1. In Aljmail, Farm 2 has the minimum EP of 55,020.58 kWh, while Farm 1 demonstrates the maximum EP of 167,772.11 kWh. Moreover, the annual CF, PR, and system efficiency values are relatively similar across all regions. This indicates that the efficiency and performance of wind energy systems are consistently comparable, regardless of the specific location. Moreover, for Farm 1, the LCOE exhibits a range of 0.0164 to 0.0170 USD/kWh. On the other hand, for Farm 2, the LCOE varies between 0.0199 and 0.0206 USD/kWh. In terms of the SPP, Farm 1 has an estimated range of 10.83 to 10.91 years. This means that the investment in Farm 1 is expected to be recovered within this period. For Farm 2, the SPP falls within the range of 13.71 to 13.84 years.





4. Discussion


Understanding the variability of wind/solar energy potential serves as valuable guidance for policymakers and investors in determining the optimal locations and developing wind/solar projects in Libya. In the deployment stages of wind/solar energy systems, understanding the variability of wind speed and solar radiation variability becomes a vital factor in assessing the feasibility of these projects. However, due to the lack of measurement data, utilizing data derived from satellite measurements and various reanalysis becomes paramount in advancing the assessment and forecasting of next-generation wind and solar resources. These alternative data sources serve as crucial tools for evaluating the potential and economic viability of wind and solar energy in specific locations [60,85,87,89,92,122,123,124]. The reliability and suitability of these products need to be carefully evaluated before estimating wind and solar resources.



Considering the above, firstly, the present study aimed to investigate the performance of five satellite products with various resolutions against the average daily and monthly measured data (wind speed and solar radiation) for January 2022–December 2022 at Az-Zāwiyah, Libya. The results demonstrate that CFSR performed the best, whereas MERRA-2 was the weakest for average daily and monthly wind speed data. In general, the choice of satellite product for evaluating the wind energy potential depends on the spatial resolution and specific location. For instance, Jung and Schindler [95] found that utilizing wind speed data with higher resolution is imperative to enhance the prioritization of suitable sites for wind turbine installation at the local and global scale. Satyanarayana Gubbala et al. [125] confirmed that ERA (ECMWF ReAnalysis) wind data have proved to be valuable for accurately estimating the wind potential by validating the data against corresponding observations from automatic weather stations and wind turbine locations. Gualtieri [126] concluded that ERA5 reanalysis data are sufficiently reliable in offshore locations as well as flat onshore areas. Yildirir et al. [127] found that ERA5 data exhibited stronger agreement with the onshore sites when compared to MERRA-2 dataset. Piasecki et al. [128] concluded that the wind speed data obtained from ERA5 demonstrated a closer alignment with the actual measurements taken on the ground, suggesting a higher level of accuracy and reliability compared to the wind speed data derived from MERRA. Khatibi and Krauter [129] found high correlation coefficients between MERRA-2 wind speed data and the measured data. Moreover, the findings of the study reveal a strong agreement between the estimations of solar radiation using ERA5-Land data and the ground measurements. Moreover, the results indicate that the solar radiation from the satellite products can be used for conducting preliminary assessments of solar resources, providing valuable insights for solar energy planning and implementation based on the RRMSE value. These results can be supported by previous scientific studies. Piasecki et al. [128] found strong agreement between solar radiation data from selected satellite products (ERA5 and CAMS) and ground measurements. Kassem et al. [116], Khatibi and Krauter [129], Gairaa and Bakelli [130], and Belgilani et al. [131] found close agreement between estimated (NASA, MERRA-2) and measured monthly global solar radiation data.



Secondly, this study examined the wind and solar potential and conducted an economic viability assessment for wind and solar energy systems in Az-Zāwiyah, Libya. Both measured data and the most reliable satellite products were utilized for wind speed and solar radiation analysis from January 2022 to December 2022. To assess the wind energy potential, 13 distribution functions were employed to analyze the wind characteristics in Az-Zāwiyah. The distribution parameters were calculated using the MLM method, and subsequently, the wind power density value was determined to classify the wind resources in the region. Additionally, solar energy resources are categorized based on calculation of the annual solar radiation. The findings indicated that the selected region exhibits a higher potential for solar energy compared to wind energy. This conclusion is consistent with previous scientific studies, as shown in Table 1.



The performance of wind and solar energy systems in terms of CF, LCOE, and SSP was investigated in selected locations. For the wind energy aspect, two distinct 50 kW wind turbines were selected for analysis. As for solar energy, two solar plants of varying capacities were proposed, considering the daily load requirements for family farms. The study aims to assess the effectiveness, cost-efficiency, and system feasibility of these renewable energy solutions in meeting the energy needs of family farms in the specified locations. The results showed that the annual CF value for both wind turbines was within the range of 16.9–41.2%, which varies based on the specific dataset employed in the analysis. Also, the results indicated that the LCOE and SSP for both wind turbines are within the range of 0.0675–0.138 USD/kWh and 9.98–19.59 years, respectively, depending on the dataset used. Other scientific researchers who analyzed the performance of a wind farm system in terms of CF and SPP can support these observations. For instance, Allouhi et al. [132] found that CF values were within the range of 31.1–49% and 37.3–56.6% for turbines with hub heights of 50 m and 75 m. Adeyeye et al. [123] found that SSP, LCOE, and CF for the BWT 61 m–800 kW wind turbine ranged from 1.9–27.3 years, 0.04 USD/kWh to 0.43 USD/kWh, and 4.5% to 37.2%, respectively. Alsaad [133] found that the payback period for different wind farms with a capacity of 100 MW ranged from 6.34 years to 19.9 years. Ucar and Balo [134] found that the values of CF and LCOE produced by various wind turbines were within the range of 32–38% and 0.255–0.306 USD/kWh, respectively. Ammari et al. [135] found that the CF values varied from 6.8% to 47.6% using various wind turbines with various characteristics. Moreover, according to the finding of Ref. [136], the CF values using different wind turbines are estimated to be within the range of 22.9–50.6%. Furthermore, the findings regarding the solar plants revealed that the annual CF for both farms fell within the range of 17.2% to 18.9%, depending on the specific dataset used in the analysis. Additionally, the results indicated that the LCOE and SSP for both farms ranged from 0.0159 USD/kWh to 0.0215 USD/kWh and from 10.99 years to 13.99 years, respectively. These values were influenced by the dataset employed in the analysis. These results are supported by previous studies. For example, Kassem and Abdalla [108] determined that the LCOE for a 5 kW Vertical Axis Wind Generator-V ranged from 0.08703 to 0.01025 USD/kWh. In comparison, the LCOE for a 5 kW grid-connected PV system varied from 0.036 to 0.049 USD/kWh. The authors also found that the annual capacity factor (CF) for the PV system ranged from 18.72% to 19.1%, while for wind systems, it ranged from 2.58% to 56.10%. Moreover, according to Owolab et al. [124], the proposed PV system has an annual CF ranging from 20.70% to 21.70%. Additionally, the authors [124] determined that the SPP and LCOE for the developed PV system varied from 13.6 to 14.6 years and from 0.128 to 0.135 USD/kWh, respectively. Mohammadi et al. [137] found that the LCOE for the developed PV system was found to range between 112.3 and 125.6 USD/MWh. Moreover, the annual CF varied from 17.5% to 20.03%, and SPP was within the range of 6.38 to 7.00 years. Imam and Al-Turki [138] found that CF, PR, and LCOE are 22%, 78%, and 0.0382 USD/kWh, respectively, for 12.25 kW grid-connected PV systems. Kassem and Abdalla [108] determined that the LCOE for a 5 kW Vertical Axis Wind Generator-V ranged from 0.08703 to 0.01025 USD/kWh. In comparison, the LCOE for a 5 kW grid-connected PV system varied from 0.036 to 0.049 USD/kWh. The authors also found that the annual capacity factor (CF) for the PV system ranged from 18.72% to 19.1%, while for wind systems, it ranged from 2.58% to 56.10%.



Thirdly, the economic viability of the proposed PV and wind energy systems was evaluated using the best satellite products in five coastal agriculture areas. Monthly data from 2000 to 2022 were collected to assess the impact of the period on the performance and profitability of these systems. The results showed that the CF value is within the range of 31.09–32.80% and 17.97–18.29% for wind and solar systems, respectively. The findings indicate that the CF for the PV system remains consistent between the periods of January 2022 to December 2022 and 2000 to 2022. However, for the wind system, the CF for the period of 2000 to 2022 is higher compared to the period of January 2022 to December 2022. This difference may be attributed to the spatial variability. It should be noted that satellite and reanalysis data depend on spatial resolution. The spatial resolution of satellite and reanalysis data plays a significant role in determining their accuracy and level of detail. The data with higher spatial resolution provides more detailed information about the Earth’s features and phenomena. High-resolution satellite data allow for a better understanding of spatial patterns and can capture fine-scale variations in variables. Moreover, the algorithms used to process satellite/reanalysis data can influence the accuracy of the final product. Differences in algorithms, data processing techniques, and assumptions can contribute to variations in accuracy. Additionally, the results showed that electricity cost generated from wind and solar systems remains constant for both periods. Similarly, the SPP is considered constant. This suggests that the electricity cost and simple payback period can remain relatively consistent over different periods due to technological stability, solar resource availability, and system efficiency.




5. Conclusions


The current study investigated the preliminary assessment of wind and solar energy potential in five coastal agricultural areas in Libya. The analysis relied on multiple data sources (measured data, reanalysis, and dataset analysis). The results revealed that these selected areas show significantly greater potential for solar energy generation than wind energy. Furthermore, the results confirmed the feasibility of implementing solar power plants of different scales. At the same time, small-scale wind energy systems can be used to generate electricity from wind energy in these locations. Wind and PV systems can offer a viable solution to meet the energy demands of family farms while also providing the potential for freshwater production to enhance agricultural productivity. It is important to note that the cost of electricity generated by these systems may be higher compared to conventional systems. However, their implementation holds significant benefits, particularly in addressing the chronic lack of electricity and water crises. Furthermore, wind and PV systems contribute to reducing emissions, aligning with sustainable development goals. By harnessing the renewable energy potential of wind and solar power, these systems present an opportunity to alleviate the strain on conventional energy sources and mitigate environmental impacts. Despite the initial higher cost, the long-term advantages, such as energy security, reduced reliance on fossil fuels, and minimized greenhouse gas emissions, make wind and PV systems an attractive option for sustainable energy generation. Overall, the adoption of wind and PV systems not only offers a feasible means of meeting energy needs for family farms but also addresses critical issues of electricity scarcity, water crises, and environmental sustainability, promoting a pathway towards sustainable development in the country.




6. Future Work


In general, Libya’s vast desert landscape and location in the Sun Belt provide ample exposure to the sun. The country’s coastline also facilitates a steady flow of winds from both land and sea. As a result, some locations can have both a high potential for wind and solar energy generation due to a combination of geographic, meteorological, and climatic factors. Therefore, these areas present opportunities for diverse and reliable renewable energy generation, contributing to a cleaner and more sustainable energy mix. Therefore, future work should focus on implementing hybrid wind and solar systems that can take advantage of both sources, ensuring a constant supply of energy throughout the day and even during changing weather patterns as well as reducing the dependence on fossil fuels. Moreover, the suitability of specific sites for wind and solar installations with various scales should be studied by analyzing measured data and considering factors such as land availability, transportation infrastructure, and grid integration. In addition, making informed decisions about integrating wind and solar energy systems into Libya’s energy matrix requires comprehensive studies. Hence, it is necessary to discuss the development of supportive policies, regulatory frameworks, and financial incentives to attract private investment and encourage the growth of future renewable energy projects to ensure a reliable and sustainable energy supply in Libya.
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Figure 1. Flowchart of the proposed methodology. 






Figure 1. Flowchart of the proposed methodology.



[image: Energies 16 06725 g001]







[image: Energies 16 06725 g002] 





Figure 2. Diagram of (a) PV and (b) wind system for agriculture farms. 
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Figure 3. Libya map and geographic locations of regions. 
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Figure 4. Electricity amount, fuel consumption, and cost for Farm 1. 
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Figure 5. Electricity amount, fuel consumption, and cost for farm 2. 
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Figure 6. Average daily wind speed for Az-Zāwiyah during 2022. 
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Figure 7. Average monthly wind speed for Az-Zāwiyah during 2022. 
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Figure 8. Average monthly solar radiation for Az-Zāwiyah during 2022. 
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Figure 9. Annual value of solar radiation for Az-Zāwiyah during 2022. 
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Figure 10. Monthly variation in solar radiation (SR) and air temperature (AT) for all selected locations. 
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Figure 11. Performance of wind projects in terms of EP, CF, LCO, and SPP for all selected turbines. 
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Figure 12. Performance of PV project in terms of EP, CF, LCO, and SPP for Farm 1. 
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Figure 13. Performance of PV project in terms of EP, CF, LCO, and SPP for Farm 2. 
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Table 1. Summary of previous studies related to renewable energy in Libya.
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	Reference
	Year
	Location
	Description of the Study
	Main Finding





	[27]
	1995
	Zwara
	Analyzing the wind speed characteristics using WASP software for wind farm installation
	The mean wind speed and wind power density at the selected region are 6.9 m/s and 399 W/m2, respectively



	[28]
	2003
	Libya’s coastal region
	Design of seawater reverse osmosis desalination plants driven by wind and solar energy
	The levelized water cost was estimated to be 1.8 EUR/m3 and 1.9 EUR/m3 for scenario 1 (Grid + Wind energy conversion) and scenario 2 (Grid + PV)



	[29]
	2003
	Zwara
	Evaluation of the preliminary feasibility study for the proposed pilot wind farm with a capacity of 6 MW
	The project demonstrates economic viability and feasibility



	[30]
	2006
	Libya
	Highlighting the applications of renewable energy, the available resources, and prospects for the use of renewable energy resources in the country
	Photovoltaic systems have great potential for diverse applications, especially for supplying electricity to remote areas, supported by economic and technical justifications



	[31]
	2010
	Ghariat, Obari, Tazerbo, Derna, Sebha, Shahat, Ghat, Misurata, Jaghboub, Hon, Agedabia, Alkomes, Elkufra, Benina, Jalo, Zuara, Sirt, Tubrk, Ghadames, Tripoli, Airport, Nalut, Yefran
	Analyzing statistically the wind speed data of 22 metrological stations using Type I extreme value probability distribution
	The country can be divided into four zones with a 50-year return period



	[32]
	2011
	Mrair-Gabis Village
	Investigating the potential of utilizing the renewable power system with various configuration options for small-scale seawater reverse osmosis desalination units using HOMWER software
	PV/diesel generators/batteries are the best options to generate electricity for small-scale seawater reverse osmosis desalination units



	[33]
	2012
	Libya
	Developing renewable hybrid energy systems as power sources for mosques using HOMER software
	PV/diesel generators/batteries are the best options to generate electricity



	[34]
	2012
	Dernah, Tolmetha, Al-maqrum, Sirt, and Misratah
	Addressing the impact of the penetration of wind power on the Libyan power system. Additionally, investigating the wind energy potential using Weibull distribution functions during the period of 1979–1989.
	The inclusion of wind generation has been proven to enhance the reliability of power systems



	[35]
	2013
	Libya
	Investigating the present and future utilization of renewable energy (wind and solar) in the country
	The country has high wind and solar energy potential. Nevertheless, Libya’s renewable energy potential is hampered by challenges such as legal, political, economic, and financial barriers.



	[36]
	2013
	Derna
	Evaluating the wind speed characteristics using the Weibull distribution function from 2000 to 2009
	Using small-scale wind turbines with lower rated speeds will produce more power than higher-rated speeds at the same hub height



	[37]
	2013
	Libya
	Presenting analytical data on the current and future energy conditions and discussing the challenges and obstacles facing the renewable energy sector in Libya
	Libya has huge potential to harness renewable energy through home grid-connected PV systems, large-scale grid-connected wind farms, and concentrated PV systems



	[38]
	2014
	Misurata
	Assessing the economic viability of a hybrid system (PV/diesel generator/battery) as a power source for the school using HOMER software
	Excess power from the proposed system in spring, summer, and autumn can be used to reduce the cost of energy or can be sold to the grid



	[39]
	2014
	Dernah, Musrata, Zuara, and Sebha
	Assessing the wind energy potential using the Weibull distribution function
	Dernah has the highest maximum energy production compared to other locations



	[40]
	2014
	Benina-Benghazi
	Analyzing the wind speed data statistically using the Weibull distribution function for the year 2008
	The energy density of wind is estimated at 415.82 W/m2 at a height of 10 m, which corresponds to wind energy class 4



	[41]
	2015
	Dernah
	Evaluate the environmental impact of the wind farm in the selected region
	Wind energy stands out for producing the lowest levels of carbon dioxide emissions when compared to fossil fuels and other renewable energy sources



	[42]
	2015
	Libya
	Providing analytical data for the current and future energy situation in the country as well as addressing the challenges and obstacles faced by the renewable energy sector
	Solar resources offer immense potential in comparison to wind energy, particularly after considering oil and natural gas



	[43]
	2016
	Libya
	Investigating what is available to the energy sector regarding the use of renewable energy (wind and solar energy) as an alternative energy source
	The renewable energy sector could help to cover the energy demand and reduce the amount of CO2 in the country



	[44]
	2016
	AL-Maqrun Town
	Investigating the wind energy potential and the performance of large-scale wind turbines based on year data (2002–2003)
	Utilizing wind turbines with power rated higher than 1 MW could help reduce the energy demand and greenhouse gas emissions



	[45]
	2016
	Al-Zawiya
	Studying the impact of wind energy integration on the refinery’s energy system to meet the refinery’s demand
	The integrated system would help to cover the energy demand, reduce CO2 emissions, and improve the economy



	[46]
	2016
	Libya
	Examining the existing utilization and prospects of renewable energy in Libya, alongside exploring the challenges and opportunities for investment in this sector
	The availability of renewable energy complements peak loads and current energy demand, making wind and solar projects attractive for Libya



	[47]
	2016
	Al-Fattaih-Darnah
	Studying the wind energy potential using the Weibull distribution function during the year 2003
	The annual wind power density of the region is categorized as class 3



	[48]
	2017
	Tarhuna, Misalatha, Goterria, Assaba, Assaba, EL-Magrun, and Dernah
	Analyzing statistically the wind speed data from seven locations using the Weibull distribution function from 2007 to 2008 and 2002 to 2004
	Misalatha and Asaaba are suitable regions for the installation of the wind farm based on the economic feasibility results



	[49]
	2017
	Benina-Benghazi
	Investigating the technical and economic feasibility of a solar water heating system using RETScreen software
	Solar water heating systems are economically viable and can lead to fuel savings and a reduction in CO2 emissions



	[50]
	2018
	Libya
	Evaluating the potential implementation of concentrating solar power plants for electric production
	The results are promising for implementing economically competitive concentrating solar power plants in the country



	[51]
	2018
	Libya
	Assessing the present state of energy resources and exploring the future potential of renewable energy sources, along with discussing upcoming projects aimed at harnessing these sustainable resources
	Libya has great potential for renewable energy, especially in solar and wind energy resources



	[52]
	2019
	University of Al-Marj
	Design a wind–solar hybrid power generation system in Libya using HOMER software
	The most feasible economical design to supply an average load connected to the grid was identified as the installation of ten wind turbines and solar PV with capacities of 100 kW and 150 kW, respectively



	[53]
	2019
	Zwara
	Estimating the monthly and annual wind power density for 2007 using the Weibull distribution function
	Small-scale wind turbines can be considered suitable for generating electricity from wind energy



	[54]
	2019
	Hun
	Analyzing the wind energy resource potential using the Weibull distribution function and investigating the performance of wind turbines during the period of 2011–2012
	The selected region is suitable for developing wind farms using class III/B wind.



	[55]
	2019
	Tripoli, Nault, and Esspeea
	Analyzing the characteristics of wind speed using ten distribution functions based on monthly data for the period of 1981–2010
	Small-scale wind turbines can be utilized for producing electricity from wind energy



	[56]
	2020
	Libya
	Review the future of solar and wind energy as alternative sources in Libya
	The country has high wind and solar energy potential. However, the implementation and development of renewable energy technologies in Libya face a range of challenges and barriers, including legal, political, economic, and financial obstacles.



	[57]
	2020
	Libya
	Providing the status of renewable energy and benefits from it and explaining strategies to enhance future applications and electricity generation to support the energy sector
	Libya has a huge potential for solar and wind energy, but the use of renewable energy in consumption is almost non-existent



	[58]
	2020
	Libya
	Analyzing the potential of solar and wind energy for producing hydrogen
	The northeastern and southern parts of the country are advised to exploit wind and solar energy, respectively, for hydrogen production



	[59]
	2020
	Libya
	Addressing the status of renewable energy and its benefits and explaining strategies to enhance its future applications
	Solar energy can be considered as the best possible renewable energy source, but it is very difficult to develop and improve its use as a clean energy source in the country



	[60]
	2020
	Tripoli, Nalut, Espiaa, Al bayda, Benghazi, Al-kufrah, Misratah, Sabha, Darnah
	Evaluating the wind and solar energy at nine locations as well as the techno-economic feasibility of wind and solar projects based on the NASA dataset
	Al Kufra is the best place for installing solar plants due to the high value of solar radiation. Benghazi and Dernah are suitable places for large-scale wind farm installations in the future.



	[61]
	2020
	Al Butnan, Al Jabal al Akhdar, Al Jabal al Gharbi, Al Jifarah, Al Jufrah, Al Kufrah, Al Marj, Al Marqab, Al Wahat, An Nuqat al Khams, Az Zawiyah, Benghazi, Darnah, Ghat, Misratah, Murzuq, Nalut, Sabha, Surt, Tripoli, Wadi al Hayat, and Wadi ash Shati’
	Evaluating solar energy potential based on the NASA dataset and developing solar systems using RETScreen software
	The southern part of Libya has high solar potential compared to other parts. Al Kufrah demonstrated the best option for the construction of a large-scale solar plant to generate electricity from solar energy compared to other regions.



	[62]
	2021
	Benghazi
	Evaluating the techno-economic feasibility of small-scale PV/storage/diesel distributed generation for reliable electric power supply in local communities using HOMER software
	The most feasible economical design system was found to be the PV-battery system as compared to the diesel generator option



	[63]
	2021
	Libya
	Providing a broad review of the energy situation in Libya and evaluating the potential of available renewable energy (wind, solar, biomass, wave, and geothermal energy)
	Wind and solar energy are major contributors to the displacement of fossil fuels for energy production



	[64]
	2021
	Libya
	Providing solar photovoltaic status, utilization, and proposed strategies to enhance future applications and electricity generation
	The country has a high potential for solar energy and government strategy is crucial to support PV market growth



	[65]
	2021
	Espiaa, Msallata, Alqatrun, and Adirsiyah
	Evaluating the wind energy potential using Weibull distribution. Three approaches were used to estimate the Weibull parameters.
	The highest and lowest values of wind power density were obtained at Msallata and Adirsiyah with a value of 418.502 W/m2 and 77.993 W/m2, respectively, at a height of 20 m



	[66]
	2021
	Zawia
	Developing a utility-scale wind farm with a total estimated power of 20 MW to reduce the GHG emissions associated with oil refinery facilities in the selected region
	The wind farm could potentially avoid around 2 MtCO2 of CO2 emissions



	[67]
	2021
	Tobruk, Dernah, Benghazi, Ajdabiya, Sirt, Misrata, and Tripoli
	Assessing the wind potential at seven locations using the Weibull distribution function based on simulation data
	The highest energy production and capacity factors are obtained from Derna, Tobruk, and Misrata



	[68]
	2021
	Sabha, Obari, Alqtroun, and Hun
	Evaluate the potential of wind energy as a power source using the Weibull distribution function
	Sabha demonstrated the best option for generating electricity from wind compared to other regions



	[69]
	2021
	Aljofra
	Assessing the economic feasibility of solar energy using SAM software
	PV and concentrated solar power systems can be considered the most promising technologies for generating electricity



	[70]
	2021
	Libya
	Addressing the necessity of replacing fossil fuels with renewables and providing a detailed analysis of the cost of solar and wind power, along with future trends
	Wind and solar energy play a significant role in displacing fossil fuels for energy production



	[71]
	2023
	Azzizia, Assabaa, Tarhuna, Msllata, Misurata, Sirte, Magrun, Tulmitha, Dernah, Ejdabia, Bennina, Surman, Zwara, and Triboli
	Selecting the best site for the installation of a wind farm using a hybrid multi-criteria approach
	Derna and Tarhuna were suitable regions for wind farm installation in the country



	[72]
	2023
	Kufra, Benghazi, Tripoli, Tobruk, Sabha, and Mesrata
	Finding the best location for installing solar plants in the country using the Grey-TOPSIS method
	Mesrata is a suitable location for installing the solar plant










 





Table 2. Geographic details of the selected locations.
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	Location
	Latitude (° N)
	Longitude (° E)
	Elevation (m)





	Aljmail
	32.856
	12.058
	2



	Az-Zāwiyah
	32.763
	12.736
	20



	Castelverde
	32.750
	13.717
	40



	Msallatah
	32.582
	14.151
	166



	Sabratah
	32.781
	12.450
	4










 





Table 3. Major characteristics of SPs used in the study.
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	Products
	Description/Full Name of the Dataset
	Resolution
	Period





	TerraClimate
	Global gridded dataset of meteorological and water balance for global terrestrial surfaces
	0.042° × 0.042°
	1958–present



	ERA5
	Fifth-generation reanalysis product of the European Centre for Medium-Range Weather Forecasts
	0.05°/1 d
	1979–present



	ERA5-Land
	ERA5-Land has been produced by replaying the land component of the ECMWF ERA5 climate reanalysis
	0.125° × 0.125°
	11 July 1963–present



	MERRA-2
	Second-generation Modern-ERA Retrospective Analysis for Research and Applications
	0.5° × 0.625°
	1981–present



	CFSR
	NCEP (NOAA NWS National Centers for Environmental Prediction) Climate Forecast System Reanalysis dataset
	1/5°
	1979–present










 





Table 4. Expression of the probability density function and cumulative distribution function used in the present study.
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Distribution Function

	
Probability Density Function

	
Cumulative Distribution Function






	
Normal (N)

	
   f  ( v )  =  1    2 π  σ 2      e x p  (  −   v − μ   2  σ 2     )    

	
   F  ( v )  =  1 2   [  1 + e r f  (    v − μ   σ  2     )   ]    




	
Gamma (G)

	
   f  ( v )  =    R  α − 1      β α  Γ  ( α )    e x p  (  −  (   v β   )   )    

	
   F  ( v )  =    Γ  R / β    ( α )    Γ  ( α )      




	
Generalized Extreme Value (GEV)

	
   f  ( v )  =  {       1 σ     [     (  1 + ζ  (    v − μ  σ   )   )    − 1 / ζ    ]    ζ + 1   e x p  (  −    (  1 + ζ  (    v − μ  σ   )   )    − 1 / ζ    )      k ≠ 0        1 σ     [  e x p  (  −  (    v − μ  σ   )   )   ]    ζ + 1   e x p  (  e x p  (  −  (    v − μ  σ   )   )   )    k = 0         

	
   F  ( v )  =  {      e x p  (  − e x p  (  −  (    v − μ  σ   )   )   )      k ≠ 0       e x p  (  − e x p  (  −   v − μ  σ   )   )                            k = 0         




	
Nakagami (Na)

	
   f  ( v )  =   2  m m    Γ  ( m )   Ω m     v  2 m − 1    e   (  −  m Ω   G 2   )      

	
   F  ( v )  =   γ  (  m ,  m Ω   v 2   )    Γ  ( m )      




	
Inverse Gaussian (IG)

	
   f  ( v )  =    λ  2 π  (  R − γ  )      e x p  (  −   λ    (  v − μ  )   2    2  μ 2  R    )    

	
   F  ( v )  = Φ  (     λ  R − γ      (   v μ  − 1  )   )  + Φ  (  −    λ  R − γ      (   v μ  + 1  )   )  e x p  (    2 λ  μ   )    




	
Log-normal (LN)

	
   f  ( v )  =  1  v σ   2 π     e x p  [  −  1 2     (    l n  ( v )  − μ  σ   )   2   ]    

	
   F  ( v )  =  1 2  + e r f  [    l n  ( v )  − μ   σ  2     ]    




	
Log-Logistic (LL)

	
   f  ( v )  =    (     (   β α     (   v α   )    β − 1    )       (  1 +  v α   )   β     )   2    

	
   F  ( v )  =  1     (  1 +  v α   )    − β       




	
Rayleigh (R)

	
   f  ( v )  =  v   σ 2    e x p  (  −  1 2     (   v σ   )   2   )    

	
   F  ( v )  = 1 − e x p  (  −  1 2     (   v σ   )   2   )    




	
Weibull (W)

	
   f  ( v )  =  (   α σ   )     (   v σ   )    α − 1   e x p  (  −    (   v σ   )   α   )    

	
   F  ( v )  = 1 − e x p  (  −    (   v σ   )   α   )    




	
Three-Parameter Weibull (W-3P)

	
   f  ( v )  =  (   α β   )     (    v − γ  β   )    α − 1   e x p  (  −    (    v − γ  β   )   α   )    

	
   F  ( v )  = 1 − e x p  (  −    (    v − γ  β   )   α   )    




	
Kumaraswamy (K)

	
   f  ( v )  =   a b  e   (  −   1 −    (  1 −  v a   )   b    β    (  1 −  v a   )   b     )      Γ  ( α )   β α     1     (  1 −  v a   )   2       (    1 −    (  1 −  v a   )   b    β    (  1 −  v a   )   b     )    α − 1     

	
   F  ( v )  =   ∫  0    1 −    (  1 −  v a   )   b       (  1 −  v a   )   b         e    − ω  β      Γ  ( α )   β α    d ω =   Γ  (  α ,   z  )    Γ  ( α )   β α     (  α ,     1 −    (  1 −  v a   )   b    β    (  1 −  v a   )   b     )    




	
Birnbaum-Saunders (BS)

	
   f  ( v )  =       v − μ  β    +    β  v − μ       2 γ  (  v − μ  )    ϕ  (        v − μ  β    −    β  v − μ      γ   )    

	
   F  ( v )  = Φ  (     v  −    1 v     γ   )    




	
Logistic (L)

	
   f  ( v )  =   e x p  (  −   v − μ  σ   )    σ    {  1 + e x p  (  −   v − μ  σ   )   }   2      

	
   F  ( v )  =  1  1 + e x p  (  − v  )      




	
N

	
  σ  

	
Standard deviation

	
Na

	
  m  

	
Shape parameter

	
LL

	
  β  

	
Shape parameter




	
  μ  

	
Mean parameter

	
  Ω  

	
Scale parameter

	
  α  

	
Scale parameter




	
G

	
  β  

	
Shape parameter

	
IG

	
  λ  

	
Shape parameter

	
W

	
  α  

	
Shape parameter




	
  α  

	
Scale parameter

	
  μ  

	
Mean parameter

	
  σ  

	
Scale parameter




	
GEV

	
  μ  

	
Location parameter

	
LN

	
  σ  

	
Shape parameter

	
W-3P

	
  α  

	
Shape parameter




	
  α  

	
Scale parameter

	
  μ  

	
Scale parameter

	
  σ  

	
Scale parameter




	
  ζ  

	
Shape parameter

	
R

	
  σ  

	
Scale parameter

	
  γ  

	
Location parameter




	
K

	
  a  

	
Shape parameter

	
BS

	
  μ  

	
Location parameter

	
L

	
  μ  

	
Location parameter




	
  b  

	
Shape parameter

	
  β  

	
Scale parameter

	
  σ  

	
Scale parameter




	
  α  

	
Shape parameter

	

	
  γ  

	
Shape parameter

	

	

	




	
  β  

	
Scale parameter

	

	

	

	

	

	











 





Table 5. Classification of solar energy [116].






Table 5. Classification of solar energy [116].





	Class
	Annual GSR [kWh/m2]





	1 (poor)
	<1191.8



	2 (marginal)
	1191.8–1419.7



	3 (fair)
	1419.7–1641.8



	4 (good)
	1641.8–1843.8



	5 (excellent)
	1843.8–2035.9



	6 (outstanding)
	2035.9–2221.8



	7 (superb)
	>2221.8










 





Table 6. Statistical estimators of the daily wind speed using various datasets for Az-Zāwiyah.
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Month

	
Dataset

	
Mean

	
SD

	
CV

	
Min.

	
Max.

	
S

	
K

	
Month

	
Dataset

	
Mean

	
SD

	
CV

	
Min.

	
Max.

	
S

	
K






	
Jan

	
Measured

	
3.47

	
1.44

	
41.54

	
1.99

	
7.34

	
1.31

	
0.76

	
Jul

	
Measured

	
3.03

	
0.64

	
21.11

	
1.95

	
4.39

	
0.06

	
−0.83




	
CFSR

	
3.22

	
1.48

	
45.95

	
1.53

	
6.90

	
1.21

	
0.56

	
CFSR

	
3.60

	
0.59

	
16.47

	
2.46

	
4.63

	
0.00

	
−1.02




	
ERA5

	
3.20

	
1.79

	
56.02

	
1.35

	
7.92

	
1.26

	
0.70

	
ERA5

	
2.55

	
1.16

	
45.67

	
0.08

	
4.52

	
−0.37

	
−0.66




	
ERA5-Land

	
3.50

	
1.89

	
54.03

	
1.59

	
8.39

	
1.22

	
0.67

	
ERA5-Land

	
2.74

	
1.25

	
45.74

	
0.21

	
4.75

	
−0.43

	
−0.76




	
MERRA-2

	
5.97

	
2.52

	
42.23

	
2.75

	
12.31

	
0.92

	
0.24

	
MERRA-2

	
4.46

	
1.27

	
28.56

	
2.64

	
7.12

	
0.40

	
−0.92




	
Feb

	
Measured

	
3.49

	
1.22

	
34.82

	
2.00

	
6.23

	
0.92

	
−0.07

	
Aug

	
Measured

	
2.88

	
0.79

	
27.50

	
1.76

	
4.94

	
1.26

	
1.19




	
CFSR

	
3.21

	
0.87

	
27.26

	
1.95

	
5.23

	
0.90

	
0.14

	
CFSR

	
3.51

	
0.68

	
19.32

	
2.53

	
5.12

	
0.90

	
0.15




	
ERA5

	
2.84

	
1.78

	
62.48

	
0.28

	
6.69

	
0.75

	
−0.37

	
ERA5

	
2.05

	
1.15

	
56.03

	
0.19

	
4.91

	
0.99

	
0.98




	
ERA5-Land

	
3.04

	
1.88

	
61.76

	
0.37

	
7.04

	
0.74

	
−0.40

	
ERA5-Land

	
2.31

	
1.18

	
51.24

	
0.24

	
5.33

	
0.95

	
1.15




	
MERRA−2

	
5.35

	
2.39

	
44.74

	
2.38

	
10.69

	
0.85

	
−0.33

	
MERRA-2

	
4.31

	
1.18

	
27.41

	
2.62

	
7.46

	
1.20

	
0.93




	
Mar

	
Measured

	
3.82

	
1.25

	
32.82

	
2.09

	
7.20

	
1.09

	
0.94

	
Sep

	
Measured

	
3.01

	
0.53

	
17.45

	
2.13

	
4.27

	
0.72

	
0.59




	
CFSR

	
3.85

	
1.39

	
35.95

	
2.04

	
8.09

	
1.51

	
2.75

	
CFSR

	
3.61

	
0.52

	
14.44

	
2.92

	
4.65

	
0.34

	
−0.98




	
ERA5

	
3.34

	
1.66

	
49.72

	
0.51

	
6.59

	
0.07

	
−0.79

	
ERA5

	
2.27

	
1.06

	
46.58

	
0.47

	
4.85

	
0.39

	
0.02




	
ERA5-Land

	
3.68

	
1.72

	
46.83

	
0.78

	
7.00

	
0.06

	
−0.92

	
ERA5-Land

	
2.43

	
1.08

	
44.57

	
0.65

	
5.08

	
0.43

	
0.05




	
MERRA-2

	
5.86

	
1.87

	
32.00

	
2.75

	
9.82

	
0.29

	
−0.83

	
MERRA-2

	
4.63

	
0.96

	
20.73

	
3.34

	
7.23

	
1.05

	
0.89




	
Apr

	
Measured

	
4.33

	
1.21

	
28.00

	
2.22

	
6.77

	
0.39

	
−0.83

	
Oct

	
Measured

	
2.50

	
0.62

	
24.64

	
1.80

	
4.06

	
0.89

	
−0.04




	
CFSR

	
4.34

	
1.28

	
29.44

	
2.70

	
7.48

	
1.04

	
0.70

	
CFSR

	
2.86

	
0.54

	
18.89

	
1.79

	
4.42

	
1.13

	
2.06




	
ERA5

	
3.90

	
1.84

	
47.29

	
1.00

	
6.95

	
0.07

	
−1.23

	
ERA5

	
1.58

	
1.01

	
64.03

	
0.41

	
3.84

	
0.98

	
−0.22




	
ERA5-Land

	
4.09

	
1.87

	
45.79

	
1.24

	
7.19

	
0.15

	
−1.09

	
ERA5-Land

	
1.87

	
1.20

	
64.31

	
0.38

	
4.28

	
0.81

	
−0.68




	
MERRA-2

	
5.92

	
1.88

	
31.65

	
2.36

	
9.77

	
0.19

	
−0.44

	
MERRA-2

	
3.79

	
1.46

	
38.42

	
1.73

	
7.47

	
0.99

	
0.52




	
May

	
Measured

	
3.39

	
1.02

	
30.13

	
2.24

	
6.52

	
1.37

	
1.84

	
Nov

	
Measured

	
3.55

	
1.44

	
40.45

	
1.76

	
7.14

	
0.80

	
−0.08




	
CFSR

	
3.83

	
1.07

	
27.97

	
2.21

	
7.27

	
1.22

	
2.21

	
CFSR

	
4.00

	
1.51

	
37.65

	
2.41

	
8.96

	
1.44

	
2.62




	
ERA5

	
2.19

	
1.35

	
61.59

	
0.27

	
6.18

	
1.14

	
1.62

	
ERA5

	
3.13

	
1.75

	
55.91

	
0.64

	
7.19

	
0.52

	
−0.34




	
ERA5-Land

	
2.38

	
1.49

	
62.57

	
0.21

	
6.04

	
1.05

	
0.79

	
ERA5-Land

	
3.39

	
1.87

	
55.15

	
0.91

	
7.77

	
0.56

	
−0.43




	
MERRA-2

	
4.38

	
1.60

	
36.45

	
2.45

	
9.03

	
1.50

	
2.17

	
MERRA-2

	
6.01

	
3.15

	
52.48

	
1.84

	
14.50

	
0.55

	
0.00




	
Jun

	
Measured

	
3.31

	
0.70

	
21.07

	
2.15

	
5.03

	
0.57

	
0.02

	
Dec

	
Measured

	
3.33

	
1.08

	
32.35

	
1.60

	
6.31

	
0.37

	
0.40




	
CFSR

	
3.86

	
0.79

	
20.52

	
2.49

	
5.21

	
0.05

	
−1.00

	
CFSR

	
3.26

	
1.28

	
39.21

	
1.62

	
5.83

	
0.56

	
−1.01




	
ERA5

	
2.72

	
1.13

	
41.38

	
0.13

	
5.13

	
−0.33

	
0.55

	
ERA5

	
2.52

	
1.43

	
56.65

	
0.46

	
6.13

	
0.36

	
−0.47




	
ERA5-Land

	
2.92

	
1.22

	
41.91

	
0.18

	
5.40

	
−0.40

	
0.33

	
ERA5-Land

	
2.84

	
1.58

	
55.55

	
0.24

	
6.24

	
0.06

	
−0.98




	
MERRA-2

	
4.55

	
1.15

	
25.22

	
2.73

	
7.61

	
0.56

	
0.58

	
MERRA-2

	
5.05

	
1.93

	
38.18

	
1.74

	
9.64

	
0.29

	
−0.53











 





Table 7. Statistical parameters using average daily data for Az-Zāwiyah.






Table 7. Statistical parameters using average daily data for Az-Zāwiyah.





	
Month

	
Variable

	
Dataset

	
Month

	
Variable

	
Dataset




	
CFSR

	
ERA5

	
ERA5-Land

	
MERRA-2

	
CFSR

	
ERA5

	
ERA5-Land

	
MERRA-2






	
Jan

	
R-squared

	
0.93

	
0.93

	
0.91

	
0.89

	
Jul

	
R-squared

	
0.53

	
0.41

	
0.87

	
0.79




	
RMSE

	
0.46

	
0.60

	
0.65

	
2.79

	
RMSE

	
0.73

	
1.01

	
0.74

	
1.61




	
MAE

	
0.39

	
0.47

	
0.49

	
2.50

	
MAE

	
0.65

	
0.82

	
0.54

	
1.42




	
RRMSE

	
12.99

	
16.41

	
16.49

	
43.12

	
RRMSE

	
19.93

	
36.20

	
24.80

	
34.73




	
Feb

	
R-squared

	
0.86

	
0.77

	
0.74

	
0.88

	
Aug

	
R-squared

	
0.54

	
0.45

	
0.57

	
0.75




	
RMSE

	
0.58

	
1.11

	
1.11

	
2.27

	
RMSE

	
0.83

	
1.18

	
0.96

	
1.56




	
MAE

	
0.46

	
0.88

	
0.83

	
1.88

	
MAE

	
0.70

	
0.96

	
0.72

	
1.43




	
RRMSE

	
17.55

	
33.36

	
31.30

	
38.80

	
RRMSE

	
23.25

	
50.16

	
36.96

	
34.98




	
Mar

	
R-squared

	
0.62

	
0.71

	
0.68

	
0.65

	
Sep

	
R-squared

	
0.03

	
0.05

	
0.45

	
0.57




	
RMSE

	
0.86

	
1.01

	
0.98

	
2.33

	
RMSE

	
0.99

	
1.28

	
1.00

	
1.75




	
MAE

	
0.60

	
0.78

	
0.78

	
2.06

	
MAE

	
0.86

	
1.06

	
0.78

	
1.62




	
RRMSE

	
21.08

	
27.09

	
24.19

	
37.92

	
RRMSE

	
27.26

	
51.49

	
37.74

	
36.97




	
Apr

	
R-squared

	
0.77

	
0.11

	
0.79

	
0.69

	
Oct

	
R-squared

	
0.59

	
0.40

	
0.51

	
0.71




	
RMSE

	
0.61

	
1.86

	
0.99

	
1.92

	
RMSE

	
0.53

	
1.20

	
1.07

	
1.62




	
MAE

	
0.45

	
1.42

	
0.76

	
1.69

	
MAE

	
0.45

	
1.07

	
0.87

	
1.31




	
RRMSE

	
13.57

	
43.34

	
22.05

	
31.01

	
RRMSE

	
18.30

	
64.13

	
48.22

	
39.90




	
May

	
R-squared

	
0.65

	
0.06

	
0.61

	
0.72

	
Nov

	
R-squared

	
0.88

	
0.28

	
0.92

	
0.93




	
RMSE

	
0.78

	
1.89

	
1.37

	
1.33

	
RMSE

	
0.68

	
1.60

	
0.64

	
3.03




	
MAE

	
0.62

	
1.46

	
1.13

	
1.11

	
MAE

	
0.55

	
1.36

	
0.53

	
2.49




	
RRMSE

	
19.70

	
73.61

	
48.96

	
28.64

	
RRMSE

	
15.85

	
44.76

	
16.59

	
44.80




	
Jun

	
R-squared

	
0.60

	
0.10

	
0.62

	
0.38

	
Dec

	
R-squared

	
0.57

	
0.15

	
0.56

	
0.56




	
RMSE

	
0.74

	
1.25

	
0.88

	
1.52

	
RMSE

	
0.83

	
1.61

	
1.14

	
2.16




	
MAE

	
0.59

	
0.94

	
0.64

	
1.30

	
MAE

	
0.60

	
1.29

	
0.75

	
1.95




	
RRMSE

	
18.87

	
42.76

	
27.75

	
32.51

	
RRMSE

	
23.84

	
55.95

	
35.31

	
40.11




	
Whole year

	
R-squared

	
0.66

	
0.43

	
0.74

	
0.74

	

	

	

	

	

	




	
RMSE

	
0.74

	
1.35

	
0.98

	
2.05

	

	

	

	

	




	
MAE

	
0.58

	
1.04

	
0.73

	
1.73

	

	

	

	

	




	
RRMSE

	
19.53

	
43.47

	
29.24

	
38.01

	

	

	

	

	











 





Table 8. Ranking of the best five distribution models based on the K-S test.
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Actual

	
CFSR

	
ERA5-Land




	
Model

	
Statistic

	
Rank

	
Model

	
Statistic

	
Rank

	
Model

	
Statistic

	
Rank






	
January

	
W-3P

	
0.112

	
1

	
BS

	
0.100

	
1

	
W-3P

	
0.081

	
1




	
BS

	
0.134

	
2

	
W-3P

	
0.101

	
2

	
GEV

	
0.093

	
2




	
K

	
0.135

	
3

	
GEV

	
0.114

	
3

	
BS

	
0.098

	
3




	
GEV

	
0.158

	
4

	
IG

	
0.127

	
4

	
IG

	
0.102

	
4




	
IG

	
0.169

	
5

	
LL

	
0.128

	
5

	
LL

	
0.107

	
5




	
February

	
K

	
0.083

	
1

	
GEV

	
0.105

	
1

	
BS

	
0.087

	
1




	
W-3P

	
0.084

	
2

	
BS

	
0.108

	
2

	
W

	
0.088

	
2




	
GEV

	
0.095

	
3

	
LL

	
0.112

	
3

	
LN

	
0.089

	
3




	
LL

	
0.101

	
4

	
W-3P

	
0.122

	
4

	
GEV

	
0.091

	
4




	
BS

	
0.105

	
5

	
IG

	
0.142

	
5

	
G

	
0.091

	
5




	
March

	
GEV

	
0.083

	
1

	
LL

	
0.090

	
1

	
GEV

	
0.084

	
1




	
LL

	
0.083

	
2

	
GEV

	
0.092

	
2

	
N

	
0.097

	
2




	
BS

	
0.084

	
3

	
BS

	
0.093

	
3

	
W-3P

	
0.098

	
3




	
W-3P

	
0.091

	
4

	
W

	
0.095

	
4

	
BS

	
0.101

	
4




	
LN

	
0.093

	
5

	
LN

	
0.102

	
5

	
R

	
0.109

	
5




	
April

	
GEV

	
0.101

	
1

	
LL

	
0.076

	
1

	
GEV

	
0.082

	
1




	
G

	
0.106

	
2

	
GEV

	
0.082

	
2

	
R

	
0.088

	
2




	
Na

	
0.108

	
3

	
BS

	
0.099

	
3

	
W

	
0.091

	
3




	
W-3P

	
0.109

	
4

	
LN

	
0.107

	
4

	
N

	
0.093

	
4




	
BS

	
0.109

	
5

	
IG

	
0.111

	
5

	
BS

	
0.098

	
5




	
May

	
W

	
0.071

	
1

	
LL

	
0.080

	
1

	
IG

	
0.089

	
1




	
IG

	
0.081

	
2

	
BS

	
0.080

	
2

	
BS

	
0.099

	
2




	
G

	
0.091

	
3

	
GEV

	
0.083

	
3

	
GEV

	
0.101

	
3




	
K

	
0.093

	
4

	
IG

	
0.085

	
4

	
G

	
0.108

	
4




	
Na

	
0.094

	
5

	
W-3P

	
0.085

	
5

	
R

	
0.109

	
5




	
June

	
LL

	
0.089

	
1

	
GEV

	
0.092

	
1

	
W-3P

	
0.125

	
1




	
GEV

	
0.102

	
2

	
W

	
0.095

	
2

	
GEV

	
0.126

	
2




	
BS

	
0.105

	
3

	
K

	
0.103

	
3

	
L

	
0.139

	
3




	
LN

	
0.114

	
4

	
BS

	
0.106

	
4

	
Na

	
0.144

	
4




	
W-3P

	
0.114

	
5

	
N

	
0.107

	
5

	
BS

	
0.146

	
5




	
July

	
GEV

	
0.092

	
1

	
GEV

	
0.089

	
1

	
GEV

	
0.092

	
1




	
W

	
0.097

	
2

	
K

	
0.091

	
2

	
W-3P

	
0.117

	
2




	
N

	
0.103

	
3

	
N

	
0.099

	
3

	
N

	
0.134

	
3




	
K

	
0.106

	
4

	
W

	
0.099

	
4

	
K

	
0.134

	
4




	
BS

	
0.107

	
5

	
W-3P

	
0.101

	
5

	
BS

	
0.135

	
5




	
August

	
GEV

	
0.072

	
1

	
GEV

	
0.111

	
1

	
GEV

	
0.108

	
1




	
LL

	
0.081

	
2

	
BS

	
0.113

	
2

	
BS

	
0.118

	
2




	
BS

	
0.085

	
3

	
W-3P

	
0.115

	
3

	
G

	
0.119

	
3




	
W-3P

	
0.105

	
4

	
LL

	
0.137

	
4

	
IG

	
0.119

	
4




	
LN

	
0.116

	
5

	
Na

	
0.155

	
5

	
W-3P

	
0.135

	
5




	
September

	
LN

	
0.081

	
1

	
W

	
0.123

	
1

	
L

	
0.113

	
1




	
BS

	
0.087

	
2

	
Na

	
0.134

	
2

	
GEV

	
0.129

	
2




	
GEV

	
0.093

	
3

	
G

	
0.137

	
3

	
Na

	
0.135

	
3




	
G

	
0.095

	
4

	
N

	
0.140

	
4

	
N

	
0.135

	
4




	
LL

	
0.097

	
5

	
LN

	
0.143

	
5

	
BS

	
0.146

	
5




	
October

	
K

	
0.112

	
1

	
GEV

	
0.105

	
1

	
Na

	
0.113

	
1




	
W-3P

	
0.122

	
2

	
BS

	
0.121

	
2

	
W-3P

	
0.113

	
2




	
LN

	
0.127

	
3

	
LN

	
0.125

	
3

	
G

	
0.116

	
3




	
GEV

	
0.131

	
4

	
LL

	
0.130

	
4

	
BS

	
0.116

	
4




	
LL

	
0.134

	
5

	
W

	
0.133

	
5

	
LL

	
0.118

	
5




	
November

	
K

	
0.096

	
1

	
W-3P

	
0.106

	
1

	
GEV

	
0.118

	
1




	
W-3P

	
0.111

	
2

	
GEV

	
0.117

	
2

	
R

	
0.127

	
2




	
Na

	
0.121

	
3

	
IG

	
0.126

	
3

	
Na

	
0.128

	
3




	
LL

	
0.126

	
4

	
LL

	
0.128

	
4

	
W

	
0.131

	
4




	
GEV

	
0.132

	
5

	
BS

	
0.129

	
5

	
G

	
0.134

	
5




	
December

	
GEV

	
0.100

	
1

	
GEV

	
0.107

	
1

	
GEV

	
0.127

	
1




	
N

	
0.101

	
2

	
W-3P

	
0.109

	
2

	
K

	
0.129

	
2




	
Na

	
0.113

	
3

	
IG

	
0.112

	
3

	
N

	
0.132

	
3




	
BS

	
0.121

	
4

	
LN

	
0.112

	
4

	
BS

	
0.145

	
4




	
W-3P

	
0.122

	
5

	
LL

	
0.116

	
5

	
L

	
0.146

	
5




	
Whole year

	
BS

	
0.025

	
1

	
GEV

	
0.033

	
1

	
K

	
0.034

	
1




	
GEV

	
0.030

	
2

	
BS

	
0.035

	
2

	
W

	
0.036

	
2




	
LL

	
0.050

	
3

	
IG

	
0.038

	
3

	
Na

	
0.037

	
3




	
IG

	
0.054

	
4

	
LN

	
0.044

	
4

	
W-3p

	
0.038

	
4




	
W-3p

	
0.056

	
5

	
W-3p

	
0.047

	
5

	
GEV

	
0.043

	
5




	
Monthly

	
L

	
0.139

	
1

	
GEV

	
0.117

	
1

	
GEV

	
0.098

	
1




	
Na

	
0.152

	
2

	
N

	
0.133

	
2

	
G

	
0.109

	
2




	
BS

	
0.155

	
3

	
W-P3

	
0.139

	
3

	
Na

	
0.110

	
3




	
GEV

	
0.157

	
4

	
Na

	
0.140

	
4

	
W-P3

	
0.111

	
4




	
G

	
0.157

	
5

	
IG

	
0.141

	
5

	
N

	
0.116

	
5











 





Table 9. Mean in m/s and WPD in W/m2 for each month, whole year, and average monthly.






Table 9. Mean in m/s and WPD in W/m2 for each month, whole year, and average monthly.





	

	
Actual

	
CFSR

	
ERA5-Land




	
Model

	
Mean

	
WPD

	
Model

	
Mean

	
WPD

	
Model

	
Mean

	
WPD






	
January

	
Actual

	
3.47

	
25.72

	
Actual

	
3.47

	
25.72

	
Actual

	
3.47

	
25.72




	
W-3P

	
3.57

	
27.99

	
BS

	
3.2171

	
20.51

	
W-3P

	
3.4988

	
26.38




	
BS

	
3.47

	
25.74

	
W-3P

	
3.2161

	
20.49

	
GEV

	
3.498

	
26.37




	
K

	
3.55

	
27.58

	
GEV

	
3.2168

	
20.50

	
BS

	
3.474

	
25.83




	
GEV

	
3.47

	
25.72

	
IG

	
3.2168

	
20.50

	
IG

	
3.498

	
26.37




	
IV

	
3.47

	
25.72

	
LL

	
3.1821

	
19.85

	
LL

	
3.4771

	
25.90




	
February

	
Actual

	
3.49

	
26.19

	
Actual

	
3.49

	
26.19

	
Actual

	
3.49

	
26.19




	
K

	
3.49

	
26.08

	
GEV

	
3.2057

	
20.29

	
BS

	
3.0429

	
17.36




	
W-3P

	
3.49

	
26.10

	
BS

	
3.2056

	
20.29

	
W

	
2.954

	
15.88




	
GEV

	
3.49

	
26.19

	
LL

	
3.1651

	
19.53

	
LN

	
3.1321

	
18.93




	
LL

	
3.45

	
25.40

	
W-3P

	
3.2041

	
20.26

	
GEV

	
3.0436

	
17.37




	
BS

	
3.49

	
26.14

	
IG

	
3.2057

	
20.29

	
G

	
3.0436

	
17.37




	
March

	
Actual

	
3.82

	
34.26

	
Actual

	
3.82

	
34.26

	
Actual

	
3.82

	
34.26




	
GEV

	
3.82

	
34.27

	
LL

	
3.7693

	
32.99

	
GEV

	
3.6782

	
30.65




	
LL

	
3.76

	
32.66

	
GEV

	
3.8535

	
35.25

	
N

	
3.6782

	
30.65




	
BS

	
3.82

	
34.26

	
BS

	
3.8535

	
35.25

	
W-3P

	
3.681

	
30.72




	
W-3P

	
3.81

	
34.19

	
W

	
3.7104

	
31.47

	
BS

	
3.6782

	
30.65




	
LN

	
3.81

	
34.11

	
LN

	
3.8431

	
34.96

	
R

	
3.6782

	
30.65




	
April

	
Actual

	
4.33

	
50.08

	
Actual

	
4.33

	
50.08

	
Actual

	
4.33

	
50.08




	
GEV

	
4.33

	
50.08

	
LL

	
4.2838

	
48.42

	
GEV

	
4.0858

	
42.02




	
G

	
4.33

	
50.08

	
GEV

	
4.342

	
50.43

	
R

	
4.0858

	
42.02




	
Na

	
4.33

	
49.88

	
BS

	
4.3412

	
50.40

	
W

	
4.0253

	
40.18




	
W-3P

	
4.33

	
50.12

	
LN

	
4.3364

	
50.23

	
N

	
4.0858

	
42.02




	
BS

	
4.33

	
50.08

	
IG

	
4.342

	
50.43

	
BS

	
4.0858

	
42.02




	
May

	
Actual

	
3.39

	
24.02

	
Actual

	
3.39

	
24.02

	
Actual

	
3.39

	
24.02




	
W

	
3.29

	
21.90

	
LL

	
3.7544

	
32.60

	
IG

	
2.3815

	
8.32




	
IG

	
3.39

	
24.03

	
BS

	
3.8313

	
34.64

	
BS

	
2.3815

	
8.32




	
G

	
3.39

	
24.03

	
GEV

	
3.8313

	
34.64

	
GEV

	
2.3815

	
8.32




	
K

	
3.64

	
29.66

	
IG

	
3.8313

	
34.64

	
G

	
2.3815

	
8.32




	
Na

	
3.35

	
23.08

	
W-3P

	
3.8309

	
34.63

	
R

	
2.3815

	
8.32




	
June

	
Actual

	
3.31

	
22.32

	
Actual

	
3.31

	
22.32

	
Actual

	
3.31

	
22.32




	
LL

	
3.27

	
21.59

	
GEV

	
3.8607

	
35.45

	
W-3P

	
2.9195

	
15.33




	
GEV

	
3.31

	
22.32

	
W

	
3.8071

	
33.99

	
GEV

	
2.9205

	
15.34




	
BS

	
3.31

	
22.32

	
K

	
3.9165

	
37.01

	
L

	
2.9205

	
15.34




	
L

	
3.31

	
22.31

	
BS

	
3.8607

	
35.45

	
Na

	
2.977

	
16.25




	
W-3P

	
3.31

	
22.28

	
N

	
3.8607

	
35.45

	
BS

	
2.9227

	
15.38




	
July

	
Actual

	
3.03

	
17.19

	
Actual

	
3.03

	
17.19

	
Actual

	
3.03

	
17.19




	
GEV

	
3.03

	
17.18

	
GEV

	
3.6035

	
28.82

	
GEV

	
2.7356

	
12.61




	
W

	
2.98

	
16.35

	
K

	
3.6001

	
28.74

	
W-3P

	
2.7494

	
12.80




	
N

	
3.03

	
17.18

	
N

	
3.6035

	
28.82

	
N

	
2.7356

	
12.61




	
K

	
3.03

	
17.15

	
W

	
3.5615

	
27.83

	
K

	
2.553

	
10.25




	
BS

	
3.03

	
17.18

	
W-3P

	
3.6069

	
28.91

	
BS

	
2.7388

	
12.65




	
August

	
Actual

	
2.88

	
14.65

	
Actual

	
2.88

	
14.65

	
Actual

	
2.88

	
14.65




	
GEV

	
2.88

	
14.65

	
GEV

	
3.5129

	
26.70

	
GEV

	
2.3074

	
7.57




	
LL

	
2.83

	
14.00

	
BS

	
3.5128

	
26.70

	
BS

	
2.3074

	
7.57




	
BS

	
2.88

	
14.65

	
W-3P

	
3.5117

	
26.68

	
G

	
2.3074

	
7.57




	
W-3P

	
2.88

	
14.67

	
LL

	
3.4779

	
25.91

	
IG

	
2.3074

	
7.57




	
LN

	
2.87

	
14.58

	
Na

	
3.5033

	
26.49

	
W-3P

	
2.3034

	
7.53




	
September

	
Actual

	
3.01

	
16.80

	
Actual

	
3.01

	
16.80

	
Actual

	
3.01

	
16.80




	
LN

	
3.01

	
16.79

	
W

	
3.5707

	
28.04

	
L

	
2.4296

	
8.83




	
BS

	
3.01

	
16.80

	
Na

	
3.61

	
28.98

	
GEV

	
2.4296

	
8.83




	
GEV

	
3.01

	
16.80

	
G

	
3.612

	
29.03

	
Na

	
2.4316

	
8.86




	
G

	
3.01

	
16.80

	
N

	
3.612

	
29.03

	
N

	
2.4296

	
8.83




	
LL

	
2.98

	
16.30

	
LN

	
3.6118

	
29.02

	
BS

	
2.4296

	
8.83




	
October

	
Actual

	
2.50

	
9.63

	
Actual

	
2.50

	
9.63

	
Actual

	
2.50

	
9.63




	
K

	
2.52

	
9.84

	
GEV

	
2.8597

	
14.41

	
Na

	
1.8844

	
4.12




	
W-3P

	
2.51

	
9.72

	
BS

	
2.8597

	
14.41

	
W-3P

	
1.8675

	
4.01




	
LN

	
2.50

	
9.60

	
LN

	
2.8586

	
14.39

	
G

	
1.8702

	
4.03




	
GEV

	
2.50

	
9.62

	
LL

	
2.8225

	
13.85

	
BS

	
1.8685

	
4.02




	
LL

	
2.47

	
9.31

	
W

	
2.8039

	
13.58

	
LL

	
1.9805

	
4.79




	
November

	
Actual

	
3.55

	
27.65

	
Actual

	
3.55

	
27.65

	
Actual

	
3.55

	
27.65




	
K

	
3.54

	
27.35

	
W-3P

	
4.0756

	
41.70

	
GEV

	
3.3942

	
24.09




	
W-3P

	
3.55

	
27.51

	
GEV

	
3.9967

	
39.33

	
R

	
3.3942

	
24.09




	
Na

	
3.52

	
26.93

	
IG

	
3.9967

	
39.33

	
Na

	
3.4171

	
24.58




	
LL

	
3.53

	
27.19

	
LL

	
3.8996

	
36.53

	
W

	
3.2903

	
21.94




	
GEV

	
3.55

	
27.65

	
BS

	
3.9853

	
38.99

	
G

	
3.3942

	
24.09




	
December

	
Actual

	
3.33

	
22.64

	
Actual

	
3.33

	
22.64

	
Actual

	
3.33

	
22.64




	
GEV

	
3.33

	
22.65

	
GEV

	
3.2542

	
21.23

	
GEV

	
2.8371

	
14.07




	
N

	
3.33

	
22.65

	
W-3P

	
3.2466

	
21.08

	
K

	
2.85

	
14.26




	
Na

	
3.32

	
22.53

	
IG

	
3.2542

	
21.23

	
N

	
2.8371

	
14.07




	
BS

	
3.33

	
22.65

	
LN

	
3.2538

	
21.22

	
BS

	
2.8371

	
14.07




	
W-3P

	
3.32

	
22.56

	
LL

	
3.265

	
21.44

	
L

	
2.8371

	
14.07




	
Whole year

	
Actual

	
3.34

	
25.72

	
Actual

	
3.34

	
26.12

	
Actual

	
3.34

	
26.18




	
BS

	
3.34

	
26.38

	
GEV

	
3.60

	
26.13

	
K

	
2.93

	
26.19




	
GEV

	
3.34

	
26.37

	
BS

	
3.60

	
26.14

	
W

	
2.92

	
26.19




	
LL

	
3.34

	
25.83

	
IG

	
3.60

	
26.15

	
Na

	
2.93

	
26.20




	
IG

	
3.34

	
26.37

	
LN

	
3.59

	
26.16

	
W-3p

	
2.93

	
26.21




	
W-3p

	
3.34

	
25.90

	
W-3p

	
3.60

	
26.17

	
GEV

	
2.93

	
26.22




	
Monthly

	
Actual

	
3.34

	
25.72

	
Actual

	
3.34

	
26.12

	
Actual

	
3.34

	
26.18




	
L

	
3.34

	
26.38

	
GEV

	
3.60

	
26.13

	
GEV

	
2.93

	
26.19




	
Na

	
3.34

	
26.37

	
N

	
3.60

	
26.14

	
G

	
2.93

	
26.19




	
BS

	
3.34

	
25.83

	
W-P3

	
3.60

	
26.15

	
Na

	
2.93

	
26.20




	
GEV

	
3.34

	
26.37

	
Na

	
3.59

	
26.16

	
W-P3

	
2.93

	
26.21




	
G

	
3.34

	
25.90

	
IG

	
3.60

	
26.17

	
N

	
2.93

	
26.22











 





Table 10. Statistical parameters using average daily solar radiation data for Az-Zāwiyah.






Table 10. Statistical parameters using average daily solar radiation data for Az-Zāwiyah.





	
Month

	
Variable

	
Dataset

	
Month

	
Variable

	
Dataset




	
CFSR

	
ERA5

	
ERA5-Land

	
MERRA-2

	
CFSR

	
ERA5

	
ERA5-Land

	
MERRA-2






	
January

	
R-squared

	
0.38

	
0.76

	
0.97

	
0.86

	
July

	
R-squared

	
0.09

	
0.88

	
0.99

	
0.03




	
RMSE

	
30.82

	
15.41

	
5.08

	
21.50

	
RMSE

	
10.81

	
5.40

	
3.56

	
17.26




	
MAE

	
22.68

	
11.34

	
3.67

	
18.40

	
MAE

	
5.36

	
2.68

	
3.30

	
12.99




	
RRMSE

	
23.76

	
12.30

	
4.14

	
15.35

	
RRMSE

	
3.32

	
1.66

	
1.11

	
5.14




	
February

	
R-squared

	
0.43

	
0.74

	
0.98

	
0.58

	
August

	
R-squared

	
0.06

	
0.46

	
0.99

	
0.16




	
RMSE

	
41.02

	
20.51

	
4.72

	
27.80

	
RMSE

	
20.88

	
10.44

	
3.32

	
19.09




	
MAE

	
30.24

	
15.12

	
3.68

	
23.72

	
MAE

	
11.34

	
5.67

	
3.04

	
16.96




	
RRMSE

	
23.84

	
12.33

	
2.87

	
15.54

	
RRMSE

	
6.97

	
3.55

	
1.16

	
6.29




	
March

	
R-squared

	
0.62

	
0.88

	
0.99

	
0.39

	
September

	
R-squared

	
0.74

	
0.94

	
0.99

	
0.72




	
RMSE

	
33.88

	
16.94

	
4.10

	
42.62

	
RMSE

	
13.61

	
6.80

	
2.45

	
14.70




	
MAE

	
21.16

	
10.58

	
3.15

	
32.33

	
MAE

	
7.81

	
3.90

	
1.94

	
10.88




	
RRMSE

	
14.77

	
7.41

	
1.78

	
19.18

	
RRMSE

	
5.40

	
2.72

	
0.99

	
5.80




	
April

	
R-squared

	
0.08

	
0.39

	
0.99

	
0.56

	
October

	
R-squared

	
0.44

	
0.87

	
0.99

	
0.56




	
RMSE

	
57.74

	
28.87

	
3.87

	
37.04

	
RMSE

	
22.22

	
11.11

	
2.16

	
24.52




	
MAE

	
23.30

	
11.65

	
2.46

	
26.09

	
MAE

	
17.80

	
8.90

	
1.56

	
20.71




	
RRMSE

	
21.14

	
10.48

	
1.38

	
13.86

	
RRMSE

	
10.92

	
5.69

	
1.16

	
11.80




	
May

	
R-squared

	
0.67

	
0.86

	
0.99

	
0.56

	
November

	
R-squared

	
0.40

	
0.84

	
0.99

	
0.76




	
RMSE

	
32.23

	
16.12

	
3.50

	
29.24

	
RMSE

	
23.72

	
11.86

	
3.25

	
20.51




	
MAE

	
20.24

	
10.12

	
2.91

	
24.56

	
MAE

	
13.71

	
6.86

	
2.37

	
16.44




	
RRMSE

	
10.28

	
5.24

	
1.16

	
9.27

	
RRMSE

	
15.18

	
7.83

	
2.21

	
12.61




	
June

	
R-squared

	
0.53

	
0.85

	
0.97

	
0.30

	
December

	
R-squared

	
0.60

	
0.90

	
0.85

	
0.49




	
RMSE

	
8.40

	
4.20

	
2.63

	
17.75

	
RMSE

	
12.80

	
6.40

	
6.88

	
13.84




	
MAE

	
4.61

	
2.30

	
2.32

	
14.88

	
MAE

	
9.78

	
4.89

	
4.10

	
10.33




	
RRMSE

	
2.55

	
1.28

	
0.80

	
5.22

	
RRMSE

	
9.59

	
4.97

	
5.39

	
10.49




	
Whole year

	
R-squared

	
0.88

	
0.97

	
0.99

	
0.91

	

	

	

	

	

	




	
RMSE

	
28.98

	
14.49

	
4.00

	
25.30

	

	

	

	

	




	
MAE

	
15.59

	
7.79

	
2.87

	
19.01

	

	

	

	

	




	
RRMSE

	
11.78

	
5.96

	
1.67

	
10.15

	

	

	

	

	











 





Table 11. Statistical estimators of the daily wind speed using EAR5-Land and CFSR for for all locations.






Table 11. Statistical estimators of the daily wind speed using EAR5-Land and CFSR for for all locations.





	
Dataset

	
Location

	
Mean

	
SD

	
CV

	
Min

	
Max

	
S

	
K






	
ERA5-Land

	
Aljmail

	
4.75

	
1.63

	
34.29

	
2.37

	
7.58

	
0.14

	
−0.88




	
Az-Zāwiyah

	
5.19

	
1.64

	
31.55

	
2.72

	
7.95

	
0.00

	
−0.94




	
Castelverde

	
4.86

	
1.62

	
33.26

	
2.58

	
7.86

	
0.36

	
−0.64




	
Msallatah

	
5.19

	
1.60

	
30.72

	
3.09

	
8.40

	
0.62

	
−0.22




	
Sabratah

	
4.85

	
1.63

	
33.66

	
2.46

	
7.67

	
0.11

	
−0.91




	
CFSR

	
Aljmail

	
4.84

	
1.24

	
25.52

	
2.71

	
6.78

	
−0.28

	
−0.69




	
Az-Zāwiyah

	
4.85

	
1.25

	
25.81

	
2.80

	
6.81

	
−0.16

	
−0.91




	
Castelverde

	
4.98

	
1.19

	
23.85

	
3.12

	
7.05

	
0.13

	
−0.65




	
Msallatah

	
5.49

	
1.14

	
20.68

	
3.89

	
7.69

	
0.57

	
−0.29




	
Sabratah

	
5.25

	
1.18

	
22.52

	
3.37

	
7.27

	
0.08

	
−0.71











 





Table 12. Mean in m/s and WPD in W/m2 for each location.






Table 12. Mean in m/s and WPD in W/m2 for each location.





	
Location

	
ERA5-Land

	
CFSR

	
Location

	
ERA5-Land

	
CFSR




	
Model

	
Mean

	
WPD

	
Model

	
Mean

	
WPD

	
Model

	
Mean

	
WPD

	
Model

	
Mean

	
WPD






	
Aljmail

	
Observed

	
4.75

	
65.81

	
Observed

	
4.84

	
69.76

	
Az-Zāwiyah

	
Observed

	
5.19

	
86.07

	
Observed

	
4.85

	
70.10




	
GEV

	
4.74

	
65.74

	
GEV

	
4.84

	
69.73

	
GEV

	
5.19

	
86.08

	
GEV

	
4.85

	
70.13




	
N

	
4.74

	
65.74

	
W-3P

	
4.85

	
70.25

	
N

	
5.19

	
86.08

	
N

	
4.85

	
70.13




	
G

	
4.74

	
65.74

	
N

	
4.84

	
69.73

	
BS

	
5.19

	
86.09

	
BS

	
4.84

	
70.02




	
W-3P

	
4.74

	
65.41

	
BS

	
4.84

	
69.74

	
G

	
5.19

	
86.08

	
W-3P

	
4.86

	
70.58




	
Na

	
4.75

	
65.83

	
L

	
4.84

	
69.73

	
W-3P

	
5.19

	
86.15

	
Na

	
4.85

	
70.27




	
Castelverde

	
Observed

	
4.86

	
70.62

	
Observed

	
4.98

	
76.08

	
Msallatah

	
Observed

	
5.19

	
86.32

	
Observed

	
5.49

	
101.87




	
GEV

	
4.86

	
70.60

	
Na

	
4.97

	
75.82

	
GEV

	
5.19

	
86.28

	
W-3P

	
5.48

	
101.56




	
K

	
4.80

	
68.12

	
G

	
4.98

	
76.12

	
Na

	
5.16

	
84.80

	
BS

	
5.49

	
101.92




	
Na

	
4.84

	
70.01

	
BS

	
4.98

	
76.12

	
G

	
5.19

	
86.28

	
GEV

	
5.49

	
101.93




	
N

	
4.86

	
70.60

	
W-3P

	
4.98

	
76.14

	
W-3P

	
5.18

	
85.55

	
LL

	
5.35

	
94.49




	
G

	
4.86

	
70.60

	
GEV

	
4.98

	
76.12

	
IG

	
5.19

	
86.28

	
W

	
5.27

	
90.10




	
Sabratah

	
Observed

	
4.85

	
70.06

	
Observed

	
5.25

	
88.93

	

	

	

	

	

	

	




	
GEV

	
4.85

	
70.13

	
GEV

	
5.25

	
88.88

	

	

	

	

	

	

	




	
N

	
4.85

	
70.13

	
N

	
5.25

	
88.88

	

	

	

	

	

	

	




	
K

	
4.76

	
66.53

	
Na

	
5.24

	
88.60

	

	

	

	

	

	

	




	
G

	
4.85

	
70.13

	
BS

	
5.25

	
88.88

	

	

	

	

	

	

	




	
W-3P

	
4.84

	
69.82

	
W-3P

	
5.25

	
88.98

	

	

	

	

	

	

	











 





Table 13. Performance of wind turbines in terms of EP, CF, LCO, and SPP for all selected locations.
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Model

	
Parameter

	
Aljmail

	
Az-Zāwiyah

	
Castelverde

	
Msallatah

	
Sabratah






	
VAWT

	
EP [kWh]

	
136,984.92

	
136,181.38

	
140,164.78

	
143,662.34

	
141,862.04




	
CF [%]

	
31.28

	
31.09

	
32.00

	
32.80

	
32.39




	
SPP [Year]

	
10.5851

	
10.6476

	
10.3450

	
10.0931

	
10.2212




	
LCOE [USD/kWh]

	
0.1033

	
0.1039

	
0.1009

	
0.0953

	
0.0965




	
HAWT

	
EP [kWh]

	
169,853.0

	
168,913.6

	
175,044.7

	
176,174.2

	
174,374.2




	
CF [%]

	
38.78

	
38.56

	
39.50

	
40.22

	
39.92




	
SPP [Year]

	
6.48

	
6.51

	
6.92

	
6.24

	
6.28




	
LCOE [USD/kWh]

	
0.0632

	
0.0635

	
0.0653

	
0.0593

	
0.0609











 





Table 14. Performance of PV projects in terms of EP, CF, LCO, and SPP for all selected locations.






Table 14. Performance of PV projects in terms of EP, CF, LCO, and SPP for all selected locations.





	
Family Farm

	
Parameter

	
Aljmail

	
Az-Zāwiyah

	
Castelverde

	
Msallatah

	
Sabratah






	
Farm 1

	
EP [kWh]

	
167,772.11

	
162,943.23

	
165,333.53

	
165,510.84

	
165,813.83




	
CF [%]

	
18.51

	
17.97

	
18.24

	
18.26

	
18.29




	
PR [%}

	
79.94

	
79.93

	
79.93

	
79.94

	
79.93




	
System efficiency [%]

	
69.40

	
69.39

	
69.39

	
69.40

	
69.40




	
LCOE [USD/kWh]

	
0.0164

	
0.0170

	
0.0167

	
0.0167

	
0.0166




	
SPP [Year]

	
10.83

	
10.91

	
10.87

	
10.86

	
10.86




	
Farm 2

	
EP [kWh]

	
55,020.58

	
53,436.96

	
54,220.85

	
54,279.00

	
54,378.36




	
CF [%]

	
18.51

	
17.97

	
18.24

	
18.26

	
18.29




	
PR [%}

	
79.94

	
79.93

	
79.93

	
79.94

	
79.93




	
System efficiency [%]

	
69.40

	
69.39

	
69.39

	
69.40

	
69.40




	
LCOE [USD/kWh]

	
0.0199

	
0.0206

	
0.0203

	
0.0202

	
0.0202




	
SPP [Year]

	
13.71

	
13.84

	
13.78

	
13.77

	
13.77
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