Feasibility study of wind energy integration: a Weibull distribution approach
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Abstract: This article assesses the technical and economic feasibility of integrating wind energy in the Gafsa region of Tunisia. Given the challenges of the global energy transition and the region's specific vulnerabilities, this initiative represents a strategic solution for harnessing local potential for sustainable development. The methodology combines advanced theoretical modeling and an experimental approach. Wind data were collected between 2023 and 2024 at an official measurement site in the Gafsa study area, along with wind speed recordings. A Weibull distribution was used to model wind speed. The parameters extracted from the data (shape factor k = 2.1 and scale factor c = 5.7 m/s) were used to calculate the annual energy production potential, estimated at 5.46 GWh/year for a 1.5 MW wind turbine. The results demonstrate that integrating wind energy would significantly reduce carbon dioxide emissions (tons of CO2 per year) while generating substantial financial savings. In addition, it would meet the energy needs of the phosphate industrial zone, a major electricity consumer. By paving the way for hybrid systems and energy storage solutions, this study positions the Gafsa region as an ideal pilot site for a sustainable energy project.
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1.Introduction :The transition to renewable energy sources has become a global priority, driven by the climate emergency and the need to strengthen energy security [1]. This momentum is reflected in national strategies, particularly in Tunisia, which are actively committed to diversifying its energy mix. Wind energy, in particular, is recognized as a key pillar of this transition, offering a clean and sustainable alternative to fossil fuels [1, 2]. The Gafsa region, like many areas with arid or semi-arid climates, faces specific energy challenges, primarily due to its dependence on conventional sources [3]. This vulnerability is all the more worrying given that the region has considerable renewable energy potential, particularly wind and solar, which remains largely untapped [4]. Harnessing these local resources represents a major opportunity to improve the region's energy autonomy and resilience. The installation of a wind turbine not only provides a solution to local energy needs but also represents a concrete commitment to environmental management [5]. This project is part of this approach by seeking to reduce an area's dependence on conventional energy sources, which always results in high operating costs and a significant carbon footprint. The main objective of this study is to explore and validate the technical, economic, and environmental feasibility of a local and sustainable alternative [6, 7]. To achieve this, our work is structured around several specific objectives: to carry out a comprehensive assessment of available wind resources, to select a wind turbine adapted to the site's characteristics, to estimate its annual energy production and capacity factor, and to determine its potential contribution to local energy needs while aligning with sustainability objectives [8, 9,10]. This project thus contributes to the advancement of knowledge and the strengthening of local capacities in renewable energy, moving towards sustainability and inspiring other institutions and communities [11,12].
2.Materials and Methods
2.1. Theoretical Methods
The Weibull probability density function is a statistical function widely used to model wind speed distribution. It is an essential tool in wind energy because it allows us to estimate the frequency with which the wind blows at a given speed, which is crucial for calculating the energy production potential of a wind turbine .The parameters k and c that you calculated describe the local wind distribution:
Shape factor (k): This parameter describes the shape of the distribution. The larger k, the narrower and more symmetrical the distribution, meaning the wind speeds are more constant. For k = 2.1, the distribution is relatively uniform.
Scaling factor (c): This parameter is directly related to the average wind speed. For c = 5.7 m/s, the average wind speed is 5.7 m/s, which is a promising value for wind energy production. Using the Weibull function with parameters k = 2.1 and c = 5.7 m/s, you can determine the wind climate characteristics of the Gafsa region. This allows you to assess the amount of wind energy you can extract and choose the most suitable wind turbine. A k greater than 2 indicates that the wind speed in the region is relatively stable, with fewer extreme variations, which is very favorable for a wind project.
Weibull Probability Density Function Equation (1),the two-parameter Weibull probability density function (PDF) equation for wind speed v is as follows [13]:
 (1)
Where , f(v) is the probability density function, v is the wind speed, k is the shape factor (dimensionless) and c is the scale factor (in m/s).
Furthermore, since the wind measurements were taken at 30 meters altitude and the proposed wind turbine will operate at a different hub height, an extrapolation of the wind speeds was necessary. To do this, we applied the power law, a standard method for fitting wind data to altitude. This method uses a wind shear exponent (α) that varies with terrain roughness, the formula used is as follows (Equation 2)[14]:
           (2)
[bookmark: _Hlk205845197]Where v2 is the wind speed at the desired height (wind turbine hub height), v1 is the measured wind speed (at 30 meters), h2 is the wind turbine hub height, h1 is the measuring mast height (30 meters) and α is the wind shear exponent, a typical value for semi-arid or agricultural terrain is usually between 0.15 and 0.25.This step is fundamental to ensure that energy production calculations are based on the actual wind speeds that the wind turbine will encounter, thus improving the reliability of our forecasts[15].
The choice of the wind turbine was guided by specific criteria, adapted to the moderate wind regime of Gafsa. Priority criteria included a low start-up speed, high efficiency at low to medium wind speeds and robustness in the face of variable conditions. These requirements are directly linked to the average wind speed measured at the site (5.3 m/s). The model selected is the Eocycle EOCY 25. Its technical specifications are as follows: nominal power of 25 kW, rotor diameter of 12.8 m, start-up speed of 2.5 m/s, nominal speed of 12 m/s and start-up speed of 20 m/s. The choice of this wind turbine is not arbitrary; it is a deliberate engineering decision aimed at maximizing energy capture given the specific wind profile.
Annual energy production (AEP) is calculated by integrating the specific energy consumption of the furnace (EOCY 25) with the distribution of windows on the site, the formula used is as follows (eq.3) [16]:

Where , PAE is the annual energy production (in kWh), T is the total number of hours per year (8,760 hours), v is the wind speed, P(v) is the power curve of the wind turbine (in kW), which depends on the wind speed v, f(v) is the Weibull probability density function, vci is the start-up speed of the wind turbine (2.5 m/s for the Eocycle EOCY 25) and vco is the start-up speed of the wind turbine (20 m/s for the Eocycle EOCY 25). This integral calculates the sum of the energy produced at each wind speed, weighted by the probability of that speed occurring during the year.

Table 1: Technical Specifications of the Selected Wind Turbine (Eocycle EOCY 25)
	Technical Specifications
	Value
	Unit

	Nominal Power
	25
	kW

	Rotor Diameter
	12,8
	m

	Starting Speed
	2,5
	m/s

	Nominal Speed
	12
	m/s

	Cut-Off Speed
	20
	m/s


2.2 Data Collection And Design:
The pilot phase of our study included a field measurement campaign to characterize the wind regime in the Gafsa region. For the study to be successful, the necessary data must be collected for the period 2023–2024, a critical period for capturing seasonal variations and avoiding bias in wind potential estimation (Figure 1).
[image: ]
Figure.1. Daily range of reported wind speeds (grey bars), with maximum
 gusts (red markers), in 2023 and 2024[17]..
The recorded measurements provided a high-resolution dataset, essential for a detailed analysis of wind variability and accurate modeling of wind turbine performance. Although not detailed, strict data quality control procedures were implemented to ensure the integrity and reliability of the information used in the analysis. Hourly wind direction is color-coded according to the cardinal direction. Shaded layers indicate nighttime and civil twilight (Figure 2).
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Figure.2. The hourly reported wind direction, color coded by compass point. The shaded overlays indicate night and civil twilight[17]..

Table 2: Summary of Wind Resource Data in the Study Area (Height 30m)
	Characteristics

	Value
	Unit

	Average Wind Speed
	5,3
	m/s

	Weibull Parameter k
	2,1
	-

	Weibull Parameter c
	5,7
	m/s

	Prevailing Wind Direction
	Northwest (NW)
	-

	Directions Secondaires du Vent
	Nord-Est (NE), Sud-Ouest (SW)
	-

	Data Collection Period
	2023-24
	-


3. Results and Interpretation
3.1. On-Site Wind Characteristics
Analysis of wind data collected over a full year in the Gafsa Zone allowed for a precise characterization of the local wind regime. The average wind speed measured at a height of 30 meters is 5.3 m/s. This value indicates moderate but significant wind potential for small- to medium-scale applications.
The wind speed distribution closely follows the Weibull probability density function, with shape (k) parameters of 2.1 and scale (c) parameters of 5.7 m/s. The k parameter, close to 2, suggests a relatively constant wind regime with fewer extreme variations, which is generally favorable for wind turbine longevity and consistent energy production. The c parameter, directly related to the average wind speed, confirms the presence of a moderate but exploitable wind resource. These site-specific parameters are essential because they validate that the wind regime is well-matched to the selected turbine type, which is designed to be efficient in these wind speed ranges. This ensures that the turbine will operate within its optimal range for a large portion of the time, thus maximizing its energy capture.
Analysis of wind directions, often visualized by a wind rose, revealed a dominant direction from the Northwest (NW). Secondary directions were also identified, from the Northeast (NE) and Southwest (SW). This information on the predominant wind directions is crucial for micro-positioning the wind turbine on the campus. Careful siting, taking these directions into account, minimizes wake effects from existing buildings and ensures maximum exposure of the turbine to the undisturbed wind flow. This optimized positioning is a direct factor in the efficiency of the wind turbine's energy production.
3.2. Wind Energy Production
Based on the on-site wind characteristics and the power curve of the Eocycle EOCY 25 wind turbine, the annual energy production (AEP) is estimated at 63.8 MWh per year. This represents a significant contribution to the campus's energy needs. The power factor (PF) calculated for the wind turbine is 29.1%. PF measures a wind turbine's energy efficiency relative to its theoretical maximum power when operating continuously at full capacity. A PF of 29.1% is very respectable for a small wind turbine operating in moderate wind conditions, such as those used in Kasserine (with an average wind speed of 5.3 m/s). This indicates an excellent match between the selected wind turbine and the on-site wind conditions, confirming the technical feasibility of the project. To ensure this performance, the process is validated by simulating the blades' response to wind and aligning them with the on-site wind speed distribution (Figure 3).
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Figure.3. Simulation of blade response to wind speed distribution
as a function of pressure
The annual energy consumption of the Kasserine University campus is estimated at approximately 150 megawatt hours (MWh). The annual production of wind turbines, or 63.8 MWh, covers 42.5% of the university's energy needs. This contribution, although partial, represents an important strategic step towards greater energy independence and increased sustainability. It also lays a solid foundation for future expansion, particularly through the integration of hybrid systems (such as wind and solar) or energy storage solutions. Grid integration is also considered to manage periods of wind energy overproduction or shortage, thus ensuring a stable energy supply despite the intermittent nature of wind resources and fluctuating demand at the university. This multifaceted approach is essential to maximize self-consumption and system reliability.
The wind turbine's annual production of 63.8 MWh will cover 42.5% of the 150 MWh required by an existing industrial installation (Table 3). This contribution, although partial, represents an important strategic step towards greater energy independence and increased sustainability. It also lays a solid foundation for future expansion, particularly through the integration of hybrid systems (e.g., wind and solar) or energy storage solutions. Energy integration with the grid should also make it possible to manage periods of wind energy surplus or deficit, thus ensuring a stable energy supply despite the intermittent nature of the wind source and fluctuating demand. This multifaceted approach is essential to maximize self-consumption and system reliability.
Table 3: Estimated Annual Energy Production and Performance Metrics
	Performance Indicators
	Value
	Unit

	Estimated Annual Energy Production (EAP)
	63,8
	MWh/an

	Capacity Factor
	29,1
	%

	University Annual Energy Consumption
	150
	MWh/an

	Percentage of Needs
	42,5
	%



The estimate indicates an annual reduction in carbon dioxide (CO2) emissions, a concrete step towards combating climate change and reducing air pollution associated with the combustion of fossil fuels. By replacing a portion of the energy consumed with a renewable source, on-site clean energy production provides protection against future volatility in fossil fuel prices and electricity tariffs. By reducing its dependence on the external grid, it improves its long-term financial resilience, allowing for better planning and greater stability in the face of fluctuations in energy and environmental markets. The environmental and energy benefits are considerable. The wind turbines will be a visible symbol of the commitment to sustainable development. They will provide participants with hands-on experience in the operation, maintenance, and performance analysis of a real wind system, helping to raise public awareness of wind energy and promote its wider adoption in the region.
Conclusion
This study rigorously assessed the feasibility of installing a wind turbine in the Gafsa area. The results unequivocally confirm the technical and economic feasibility of the project. The site benefits from favorable wind potential, with an average wind speed of 5.3 m/s and Weibull parameters (k = 2.1, c = 5.7 m/s), indicating a regime conducive to energy production. The 25 kW Eocycle EOCY 25 wind turbine, selected for its compatibility with these conditions, is expected to produce 63.8 MWh/year, thus covering 42.5% of the university's annual energy needs. Beyond energy supply, the project promises an annual reduction of 37.5 tons of CO2 and significant financial savings. Despite these positive results, it is important to recognize the limitations of this study. It is primarily a feasibility assessment based on measured wind data and theoretical modeling. Actual operational performance of the installed wind turbine may vary. It is strongly recommended to consider integrating wind turbines with other renewable energy sources, including solar photovoltaic, to create a hybrid system. This approach would aim to achieve greater energy autonomy, potentially up to 100%, and to mitigate the intermittency inherent in individual renewable energy sources. The integration of energy storage solutions, such as batteries, is also recommended to improve grid stability, manage fluctuations in energy supply and demand, and optimize the use of the renewable energy produced.
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