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Wind energy have the potential to play a crucial role in Lebanon's efforts to 

increase its energy capacity, enhance energy security, mitigate environmental impacts, 

and resolve the persistent electricity crisis. To achieve these goals, urgent steps must 

be taken to reduce the country's carbon footprint and promote the development of 

sustainable energy technologies. A recent study has evaluated the feasibility of wind 

energy as a viable alternative for powering homes across Lebanon. By analysing 

existing data, the study identified the most suitable location for the installation of a 

wind farm in Ain ed Dabaa. Furthermore, the study developed a techno-economic 

model to evaluate the cost-effectiveness of various wind turbines. The results indicate 

that a Barber wind turbine is highly competitive compared to eight conventional wind 

turbines. Overall, the study highlights the potential for wind energy to provide a 

continuous, affordable, and eco-friendly source of electricity for countries grappling 

with electricity shortages. it is worth noting that while Lebanon has made some 

progress in transitioning towards renewable energy, there is still a long way to go. The 

country heavily relies on expensive and polluting diesel generators to meet its 

electricity needs, which has led to significant economic, social, and environmental 

costs. Embracing renewable energy technologies such as wind and solar can help 

Lebanon diversify its energy mix, reduce its reliance on fossil fuels, and lower its 

carbon footprint. However, the road to renewable energy transition in Lebanon is not 

without challenges. The lack of supportive policies, regulatory frameworks, and 

financial incentives, coupled with limited technical expertise and inadequate 

infrastructure, poses significant barriers to the widespread adoption of clean energy. 

Addressing these challenges will require strong political will, effective governance, 

private sector engagement, and international cooperation.   
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CHAPTER I 

 

Introduction 
 

 
 

Background 
 

Today, wind energy is one of the fastest-growing sources of electricity 

worldwide. According to the International Energy Agency, wind power accounted 

for 7% of global electricity generation in 2020, and this is expected to increase to 

18% by 2025. In some countries, wind energy is already a major contributor to the 

electricity grid. In Denmark, for example, wind energy provided 47% of the 

country's electricity in 2020, while in Portugal, wind energy accounted for 27% of 

electricity generation in the same year according to International Energy Agency 

(2020). 

One of the key advantages of wind energy is that it is a domestic source of 

energy that can reduce a country's reliance on imported fossil fuels. Additionally, 

wind energy has a relatively small land footprint compared to other sources of 

electricity generation. This means that wind turbines can be installed in rural areas 

without displacing significant amounts of land use. According to European Wind 

Energy Association (2011). wind energy is also a low-emission source of 

electricity, with a typical wind turbine producing 20-30 times less CO2 per unit of 

electricity than a coal-fired power plant.  

However, wind energy is not without its challenges. One of the main 

challenges are that wind is an intermittent source of energy, meaning that the 

amount of electricity generated by a wind turbine varies depending on the wind 

speed. This makes it difficult to integrate wind energy into the electricity grid, as 

electricity supply must match demand in real-time. Additionally, wind turbines can 

be noisy and may have visual impacts on the surrounding landscape. 

Despite these challenges, according to U.S. Department of Energy (2021). 

the growth of wind energy shows no signs of slowing down. In recent years, 

advances in technology have made wind turbines more efficient and cost-effective. 

For example, the use of larger rotors and taller towers has increased the amount of 

energy that can be captured from the wind. Additionally, the development of 

offshore wind farms has allowed wind turbines to be installed in areas with higher 

wind speeds, which can lead to greater electricity generation. 
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Purpose of the Study 

 
Wind energy and its associated technologies play a crucial role in supporting 

electricity consumption and addressing the electricity crisis worldwide. The recent 

study by the author examines the potential of wind and solar energy in various 

locations, with a focus on assessing wind potential in different areas of Lebanon.  

The study collects data from meteorological services between 2010-2017 

and utilizes the Weibull distribution function to evaluate wind speed characteristics 

in selected locations. Distribution parameters are estimated using the maximum 

likelihood method, and power density is calculated to evaluate wind energy 

potential.  

Additionally, the study employs the Power-Law exponent method to 

estimate wind speed at different hub heights. Despite wind power being low and 

unsustainable in many regions of Lebanon, this study aims to evaluate the 

performance of the new Ferris wheel-based wind turbine technology called Barber 

Wind Turbine in low wind speed locations. The techno-economic performance of 

the selected wind turbine is compared with conventional wind turbines under 

similar economic conditions. In conclusion the study also aims to assess the 

performance of the Ferris wheel-based wind turbine, Barber Wind Turbine, a new 

wind turbine technology, at low wind speed locations in Lebanon, and compare its 

performance with conventional wind turbines under similar economic conditions. 

The existing literature suggests that wind power is not a viable option in many 

regions of Lebanon due to low and inconsistent wind speeds.  

 
 

Limitations 

 
One of the major limitations for wind energy farms in Lebanon is the 

availability of suitable wind resources. The country's topography and geographical 

location result in varied wind patterns, making it challenging to identify optimal 

sites for wind farms. Future work could focus on conducting extensive wind 

resource assessments using advanced modeling techniques and deploying 

anemometer towers at potential locations to gather accurate wind data for informed 

decision-making. 
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CHAPTER II 

 

Energy situation in Lebanon 
 
 

Research related conceptual definitions, descriptions and information related 

to the subject that already exists in the literature are given in this chapter. 

 
 

Lebanon 

 
Lebanon is a small country situated in the Middle East, on the eastern shore of 

the Mediterranean Sea. It has a strategic geographic location, bordered by Syria to the 

north and east, Israel to the south, and the Mediterranean Sea to the west. The country's 

population is estimated to be around 6.8 million, with about 1 million living in the 

capital city of Beirut. 

Lebanon's geography is characterized by a narrow coastal strip along the 

Mediterranean Sea that runs north to south and is only 225 kilometers long. The 

country's terrain rises steeply from the coast to the Lebanon Mountains, which run 

parallel to the coast and reach an elevation of 3,088 meters at Qornet es-Sawda. The 

country's highest peak, Mount Hermon, is situated on the border with Syria and stands 

at 2,814 meters. 

The population of Lebanon is diverse, with the majority being Arab Muslims 

and Arab Christians. There are also small populations of Druze and Armenians. The 

official language is Arabic, but French and English are widely spoken, especially in 

urban areas. The country has a rich cultural heritage, with a blend of Eastern and 

Western influences. 

Lebanon's borders have been a source of conflict for many years. The country 

shares a long border with Syria, which has been a major factor in Lebanon's political 

and security situation. The border with Israel has also been a source of tension, with 

periodic clashes between the two countries over the years. The maritime border with 

Israel has also been the subject of recent disputes, with Lebanon claiming that Israel 

is encroaching on its exclusive economic zone. 

Lebanon's strategic geographic location, diverse population, and complex 

borders have contributed to the country's unique character and its challenges. Despite 

these challenges, Lebanon remains an important center of culture, commerce, and 
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education in the Middle East, with a vibrant and resilient society that continues to 

adapt and thrive. 

Lebanon is a country located in the Middle East, with a long history of political 

instability and economic challenges. The country has faced numerous setbacks in 

recent years, including a devastating explosion in Beirut in August 2020, and a severe 

economic crisis that has caused widespread poverty and unrest. This essay will explore 

the economic and political situation in Lebanon and the challenges that the country 

faces. 

 

The economic situation in Lebanon is dire, with the country experiencing a 

severe financial crisis. The Lebanese pound has lost more than 90% of its value since 

late 2019, causing inflation to skyrocket and prices of goods and services to increase. 

This has resulted in widespread poverty and food insecurity, with many families 

struggling to make ends meet. The country's GDP has also plummeted, and 

unemployment rates have increased, with many businesses closing down due to the 

economic crisis. 

 

The roots of Lebanon's economic crisis can be traced back to decades of 

corruption, mismanagement, and political instability. The country's political leaders 

have failed to implement much-needed economic reforms, and the government's 

financial policies have been heavily criticized. The country's large public debt, 

estimated at around 170% of GDP, is also a major concern, with many experts calling 

for debt restructuring and other measures to address the crisis. 

 

The political situation in Lebanon is also complex and volatile. The country 

has a sectarian political system, with power shared among different religious groups. 

However, this system has been plagued by corruption and political infighting, leading 

to a lack of progress on important issues such as economic reform, infrastructure 

development, and social welfare. In addition, the country has been heavily influenced 

by regional politics, with Iran and Saudi Arabia both vying for influence in the 

country. 

 

The recent explosion in Beirut, which killed over 200 people and destroyed 

large parts of the city, has further exacerbated the country's problems. The blast was 
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caused by a stockpile of ammonium nitrate that had been stored in the city's port for 

years, highlighting the government's negligence and lack of accountability. The 

explosion sparked widespread protests, with many Lebanese citizens calling for 

political change and reform. 

 

In conclusion, Lebanon is facing a challenging economic and political 

situation, with deep-seated issues that require significant reforms and political will to 

address. The country's leaders must take urgent action to address the economic crisis, 

implement much-needed reforms, and ensure accountability for past mistakes. The 

international community can also play a role in supporting Lebanon through aid and 

assistance, while also putting pressure on the country's leaders to take decisive action 

to address the challenges facing the country. 
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      Figure 2.1 

                   Map of Lebanon. 
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Energy situation in Lebanon  
 
 

 
Situated between a latitude of 33.8547° N and a longitude of 35.8623° E on 

the Eastern edge of the Mediterranean Sea, Lebanon currently relies on fossil fuels 

(97%) and hydropower (3%) as its primary sources of electrical energy. While the 

country's production capacity of electricity is 3600MW, the actual production 

capacity is currently limited to 2000MW. Lebanon's electricity is generated by 

seven thermal power plants, six hydroelectric plants, and two power ships. 

However, according to IEA Electricity Information, the demand for electricity has 

increased due to population growth and the use of new appliances see (Figure 2.2).  

Furthermore, in 2016, the Council for Development and Reconstruction 

found that only 70% of the total power generated met the country's energy needs. 

The electricity crisis has had a significant impact on the daily lives of citizens, shop 

owners, and small businesses in Lebanon for years. The country has suffered from 

a severe shortage of energy due to decades of mismanagement, weak policies, and 

a lack of proper planning, resulting in power cuts lasting more than 20 hours a day. 

Consequently, citizens have been forced to rely on domestic or small home 

generators, leading to additional financial burdens According to Wehbe and Farhat 

et al. (2019), private generators are the third main source of electricity production 

in the country see (Figure 2.3). 
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Figure 2.2 

Electrical Power Demand Distribution. 
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Figure 2.3  

Electrical Power Demand and Generation. 

 

           

 

 
 
 
 

One of the major issues contributing to the energy crisis in Lebanon is the 

lack of investment in the country's energy infrastructure. The country relies heavily 

on imports of oil and natural gas to meet its energy needs, which makes it vulnerable 

to fluctuations in global energy prices. Additionally, Lebanon's power plants are 

outdated and suffer from chronic maintenance issues, resulting in frequent 

blackouts and power cuts. The government has attempted to address the energy 

crisis by implementing various policies and initiatives, such as promoting the use 

of renewable energy sources and investing in new power plants. However, these 

efforts have been largely unsuccessful due to a lack of funding, political instability, 

and corruption. 
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The energy crisis has had a significant impact on the country's economy, 

with businesses and households struggling to afford the high cost of energy. This 

has led to a decline in economic growth and increased poverty levels, further 

exacerbating the crisis. 

 

In conclusion, the energy situation in Lebanon is dire, and urgent action is 

needed to address the issue. The government must prioritize investment in the 

country's energy infrastructure, promote the use of renewable energy sources, and 

address issues related to corruption and political instability to effectively tackle the 

energy crisis and improve the country's economic outlook. 

 

 

 

 

Renewable Energy in Lebanon 
 

Lebanon has been facing a growing energy crisis due to its high dependency 

on imported fossil fuels, which accounts for over 90% of its energy consumption. 

To address this issue, the Lebanese government has been increasingly exploring 

renewable energy sources, including wind energy, to diversify its energy mix and 

reduce its carbon footprint. 

 

The potential for wind energy in Lebanon is significant, particularly in 

coastal areas where there are favorable wind conditions. In fact, a study conducted 

by the Lebanese Center for Energy Conservation (LCEC) found that the country 

has a wind energy potential of over 2,000 megawatts (MW), which could provide 

around 10% of Lebanon's total electricity needs. 

 

Despite this potential, progress in the development of wind energy in 

Lebanon has been slow due to several challenges. One of the main challenges is the 

lack of a clear regulatory framework for renewable energy projects, including wind 

energy. This has led to delays in project approvals and uncertainty for investors. 

 

Another challenge is the lack of financing and incentives for wind energy 

projects. Private sector investments in renewable energy have been limited, and the 
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government has not provided sufficient financial support for renewable energy 

initiatives. This has made it difficult for wind energy projects to compete with 

traditional fossil fuel-based energy sources. 

 

In addition, the development of wind energy in Lebanon is hindered by the 

limited grid infrastructure and weak interconnections with neighboring countries. 

The national grid is outdated and poorly maintained, making it difficult to integrate 

wind energy into the existing system. The lack of interconnections with neighboring 

countries also limits the potential for energy exports and imports. 

 

Despite these challenges, there have been some positive developments in 

the wind energy sector in Lebanon. The LCEC has launched a national wind energy 

program, which aims to develop wind energy projects across the country and 

increase the share of wind energy in the national energy mix. Several wind energy 

projects have been proposed, including a large-scale wind farm in Akkar that would 

have a capacity of 200 MW. 

 

To further support the development of wind energy in Lebanon, the 

government is working on updating its regulatory framework to provide more 

incentives and support for renewable energy projects. The government has also 

launched a program to install wind turbines on public buildings, such as schools 

and hospitals. 

 

In conclusion, wind energy has great potential in Lebanon and can play a 

significant role in diversifying the country's energy mix and reducing its carbon 

footprint. However, the development of wind energy in Lebanon faces significant 

challenges, including the lack of financing, regulatory framework, and grid 

infrastructure. To overcome these challenges, the government and private sector 

must work together to develop a sustainable and renewable energy sector in 

Lebanon. 
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              Figure 2.4 

              Deir el Ahmar Wind Turbine.           
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Wind Turbines 

 
 

Lebanon Wind turbines are machines that convert the kinetic energy of the 

wind into electrical power. They have become increasingly popular in recent years 

due to their ability to generate renewable and clean energy. Wind turbines are used 

in a variety of settings, from large-scale wind farms to smaller residential 

applications. 

 

Wind turbines consist of several key components, including a rotor, a 

generator, a gearbox, and a tower. The rotor, which is typically comprised of two 

or three blades, rotates as wind flows over it, turning the generator and producing 

electricity. The gearbox is responsible for converting the low-speed rotation of the 

rotor into the high-speed rotation required by the generator. The tower supports the 

rotor and nacelle, which houses the generator and gearbox. 

 

Wind turbines come in a variety of sizes, ranging from small turbines 

designed for home use to large-scale turbines used in wind farms. The size of the 

turbine is typically determined by the amount of power it can generate, with larger 

turbines capable of producing more electricity. 

 

The use of wind turbines has several benefits, including their ability to 

generate renewable energy without producing greenhouse gas emissions. They also 

have a relatively low environmental impact compared to other forms of energy 

generation, such as coal-fired power plants. In addition, wind energy is becoming 

increasingly cost-competitive with traditional forms of energy, making it an 

attractive option for energy producers. However, there are also some challenges 

associated with the use of wind turbines. These include their intermittent nature, as 

wind speeds can vary significantly, and their potential impact on wildlife and 

habitats. 

 

Overall, wind turbines are a promising technology for generating clean and 

renewable energy. With continued innovation and development, they have the 

potential to play a significant role in meeting our energy needs while minimizing 

our impact on the environment. 
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Conventional Wind Turbines 

 

Wind power has been used for centuries to power various mechanical 

devices, such as water pumps and mills. The first wind turbine designed to generate 

electricity was built in 1887 by Scottish engineer James Blyth. This early turbine 

was small, with a rotor diameter of only 10 meters, and produced just enough 

electricity to power a few light bulbs. 

 

Over the following decades, wind turbines continued to evolve, with 

researchers and engineers making significant advances in their design and 

performance. In the 1940s and 1950s, the Danish engineer Poul La Cour developed 

the first large-scale wind turbines, which were used to power rural electrification 

efforts in Denmark. 

 

The first commercial wind turbine was built in 1981 by the US company 

U.S. Wind power. This turbine had a capacity of 55 kW and a rotor diameter of 15 

meters. Since then, wind turbine technology has continued to improve, with larger 

and more efficient turbines being developed. 

 

Conventional wind turbines consist of a rotor, a gearbox, a generator, and a 

tower. The rotor is typically comprised of two or three blades, which rotate as wind 

flows over them. The gearbox is used to convert the low-speed rotation of the rotor 

into the high-speed rotation required by the generator, which produces electricity. 

The tower supports the rotor and nacelle, which houses the generator and gearbox. 

 

Modern wind turbines are much larger than their predecessors, with rotor 

diameters of up to 200 meters and power capacities of several megawatts. These 

large-scale turbines are typically used in wind farms, which consist of multiple 

turbines located in a single location. The use of wind turbines has several 

advantages over other forms of energy generation. Wind power is renewable and 

does not produce greenhouse gas emissions, making it a cleaner source of energy. 

It is also becoming increasingly cost-competitive with other forms of energy, such 

as fossil fuels. 
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However, wind power also has some drawbacks. Wind speeds can vary 

significantly, which can make wind power intermittent and difficult to predict. In 

addition, wind turbines can have a visual impact on landscapes and may pose a risk 

to wildlife, particularly birds and bats. Despite these challenges, wind power is 

becoming an increasingly important source of energy around the world. In 2021, 

wind power accounted for 7% of global electricity generation, and this is expected 

to increase significantly in the coming years as more wind farms are built and wind 

turbine technology continues to improve. 

 

In conclusion, conventional wind turbines have a rich history that dates back 

to the 19th century. They have evolved significantly over the years, with modern 

turbines being much larger and more efficient than their predecessors. While wind 

power has some challenges, it is becoming an increasingly important source of 

clean and renewable energy around the world. 

 

 

Figure 2.5 

            Conventional Horizontal Axis Wind Turbine  
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New Technology Barber Wind Turbine 

 

The Barber Wind Turbine is a new type of wind turbine that was designed 

by a team of engineers led by the British inventor James Dyson. It differs from 

conventional wind turbines in several key ways, which makes it more efficient and 

potentially more cost-effective. 

 

One of the main features of the Barber Wind Turbine is its bladeless design. 

Instead of using traditional blades, the turbine uses a series of curved walls to create 

a vortex that captures the kinetic energy of the wind. This design is more efficient 

than traditional wind turbines because it eliminates the need for gears and other 

mechanical components that can reduce efficiency and increase maintenance costs. 

 

Another key feature of the Barber Wind Turbine is its ability to operate in 

low wind conditions. Conventional wind turbines require a minimum wind speed 

of around 3.5 meters per second to generate electricity, but the Barber Wind Turbine 

can operate at wind speeds as low as 1.5 meters per second. This makes it a good 

option for locations with lower wind speeds, such as urban environments. The 

Barber Wind Turbine is also designed to be quieter than traditional wind turbines. 

The bladeless design means there is less noise from the mechanical components, 

and the turbine can be positioned closer to residential areas without causing 

disturbance. 

 

The turbine has been tested in several locations around the world, including 

the United States and the United Kingdom. In 2016, a prototype of the turbine was 

installed in Texas and produced electricity for the grid for the first time. The 

company behind the turbine, Sir James Dyson's Dyson Ltd., has plans to further 

develop the technology and bring it to market. 

 

While the Barber Wind Turbine shows great promise, it is important to note 

that it is still in the development stage and has not yet been widely adopted. It also 

faces some challenges, such as the need for a high initial investment to manufacture 

the turbine and the potential for the vortex to become unstable in high wind 

conditions. 
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In conclusion, the Barber Wind Turbine is a promising new technology that 

has the potential to be more efficient, cost-effective, and quieter than traditional 

wind turbines. Its bladeless design and ability to operate in low wind conditions 

make it a good option for a variety of locations. However, more research and 

development are needed before the technology can be widely adopted. 

 

 

 

Figure 2.6 

            Barber Wind Turbine  
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CHAPTER III 

 

Methodology 
 
 

This chapter provides information about the data collection and analysis 

procedures as well as how the findings are analysed. 

 

Material and Methods  

 
In this section, the potential of wind energy is examined in 12 locations in 

Lebanon, with the goal of identifying suitable locations for future wind power 

systems. The methodology involves assessing the economic viability of these 

systems as well. This study's methodology is schematically shown in Figure 3.1.   
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Figure 3.1 
 

Schematic Description for the Proposed Methodology. 
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Data and Study Area  

 
The purpose of this study was to determine the optimal location for installing 

wind power systems in selected areas of Lebanon. (Table 3.1) provides an overview 

of the geographic details of the chosen locations. Historical data from the 

meteorological service was collected on a monthly basis for the period of 2010-

2017. 

 

 

Table 3.1 

 The 12 Locations’ Geographical Coordinates and Altitude.  

 

Location 

number 
Name of location 

Latitude 

[°N] 

Longitude 

[°E] 

Elevation 

[m] 

Location 1 Younine 34.0776 36.2750 1198 

Location 2 Birket Aarous 34.2911 36.1456 2766 

Location 3 Hekr El Dahri 34.6306 36.0237 10 

Location 4 Ain ed Dabaa 34.4431 35.8992 296 

Location 5 Mqaybleh 34.6460 36.3577 330 

Location 6 Ras Ouadi Ed Darje 34.2533 36.5775 1555 

Location 7 Kfardebian 34.0017 35.8349 1670 

Location 8 Qaraoun 33.5669 35.7193 913 

Location 9 Khartoum 33.4079 35.3751 305 

Location 10 Iskandarounah 33.1550 35.1685 53 

Location 11 Beirut 33.8938 35.5018 40 

Location 12 Khiam 33.3294 35.6148 697 
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Procedure of wind energy analysis 

 
Accurately identifying the probability distribution of wind speed plays a 

crucial role in assessing the wind energy potential in a particular area. 

Consequently, having knowledge of the wind speed distribution at a given location 

is essential for determining the potential of wind speed. Researchers commonly use 

the two-parameter Weibull distribution to analyse the properties of wind speed. The 

Weibull probability density function (f(v)) and cumulative distribution function 

(F(v)) can be expressed as follows: 

 

 

        𝑓(𝑣) = (
𝑘

𝑐
) (
𝑣

𝑐
)
𝑘−1

𝑒𝑥𝑝 (− (
𝑣

𝑐
)
𝑘

)                                      (3.1) 

 

 

𝐹(𝑣) = 1 − 𝑒𝑥𝑝 (−(
𝑣

𝑐
)
𝑘

)                                                   (3.2) 

 

 

 

where 𝑣 is the mean wind speed in m/s, 𝑘 is the shape parameter, 𝑐 is the 

scale parameter of the Weibull distribution respectively (Sarben et al., 2020). 

 

In order to determine the distribution parameter, maximum likelihood (ML) 

method is used to determine the k (Eq. (3.3)) and c (Eq. (3.4)) (Guarienti et al., 

2020). 

 

𝑘 = (
∑ 𝑣𝑖

𝑘𝑙𝑛(𝑣𝑖)
𝑛
1

∑ 𝑣𝑖
𝑘𝑛

1

−
∑ 𝑙𝑛(𝑣𝑖)
𝑛
1

𝑛
)

−1

                                           (3.3) 

 

 

𝑐 = (
1

𝑛
∑𝑣𝑖

𝑘

𝑛

1

)

1 𝑘⁄

                                                                        (3.4) 
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In addition, to estimate the average wind speed and standard deviation of the 

wind speed, respectively Eqs. (3.5) and (3.6) were utilized. 

 

 

𝑣𝑚 = 𝑐Γ (1 +
1

𝑘
)                                                                           (3.5) 

 

 

𝜎 = √𝑐2 [Γ (1 +
2

𝑘
) − Γ2 (1 +

1

𝑘
)]                                          (3.6) 

 

 

 

 
Wind power density 

 

To estimate the potential of wind energy, Eq. (3.7) is utilized to calculate 

the wind power density (WPD) at a certain location. 

 

 

(
𝑃

𝐴
)
𝑊
=
1

2
𝜌𝑐3Γ (1 +

3

𝑘
)                                                              (3.7) 
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Additionally, according to (Kassem et al., 2021) the average value of WPD 

can be calculated applying the following expression Eqs. (3.8-3.10). 

 

 

𝑃

𝐴
=
1

2
𝜌𝑣3                                                                                       (3.8) 

 

𝑃

𝐴
 =

1

2
𝜌𝑣3𝑓(𝑣)                                                                              (3.9) 

 

�̅�

𝐴
=
1

2
𝜌�̅�3                                                                                     (3.10) 

 

 

 

where P is wind power density in W, �̅� is mean wind power density in W, 

A is swept area in m2, ρ is the air density in kg/m3, 𝑓(𝑣) is the probability density 

function (PDF), and 𝑣 ̅is the mean wind speed in m/s.  

 

 

 

Wind speed data extrapolation at different hub heights 

 

Typically, wind speed is measured at a distance of 10 meters from the 

ground. According to (Kassem et al., 2018) In order to generate energy from wind 

turbines, it's crucial to calculate wind speed at different hub heights using the 

Equation. 

 

 

𝑣

𝑣10
= (

𝑧

𝑧10
)

0.37−0.088𝑙𝑛(𝑣10)
1−0.088𝑙𝑛(𝑧10 10⁄ )

                                                        (3.11) 

 

where 𝑣 is the wind speed at the wind turbine hub height z, 𝑣10 is the wind 

speed at the original height 𝑧10.  
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Energy output from wind turbine  

 

According to (Kassem et al., 2018) the total energy output of a wind turbine 

(𝐸𝑜𝑢𝑡) can be calculated using Eq. (3.12) 

 

 

 

𝐸𝑜𝑢𝑡 =∑Pout 𝑡

𝑛

𝑖=1

                                                                         (3.12) 

 

 

where  𝑡 is time and Poutis to be estimated using Eq. (3.13) 

 

 

𝑃𝑜𝑢𝑡 =

{
 
 

 
 

0                               𝑤ℎ𝑒𝑛 𝑣 < 𝑣𝑐𝑖
𝑃𝑅𝑣𝑐𝑖

𝑘

𝑣𝑐𝑖
𝑘 − 𝑣𝑅

𝑘 + (
𝑃𝑅

𝑣𝑅
𝑘 − 𝑣𝑐𝑖

𝑘 )𝑣
𝑘 𝑤ℎ𝑒𝑛 𝑣𝑐𝑖 ≤ 𝑣 ≤ 𝑣𝑅   

𝑃𝑅                                          𝑤ℎ𝑒𝑛 𝑣𝑅 ≤ 𝑣 ≤ 𝑣𝑐𝑜  
0                                 𝑤ℎ𝑒𝑛 𝑣 > 𝑣𝑐𝑜 

(3.13) 

 

 

 

where 𝑃𝑅  is the rated power of the wind turbine and 𝑣𝑐𝑖 turbine’s cut-in 

speed, 𝑣𝑐𝑜 turbine’s cut-off speed, and 𝑣𝑅 rated wind speed of the wind turbine.   

 

 

In addition, the average power generation of the turbine can be calculated 

using the following equation according to (Bilir et al., 2015) 

 

𝑃𝑜𝑢𝑡 = 𝑃𝑅
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Additionally, the capacity factor (CF) of a wind turbine can be determined 

by Eq. (3.15) as concluded by (Kassem et al., 2018). 

 

 

𝐶𝐹 =
𝐸𝑜𝑢𝑡

8760𝑃𝑅
                                                                              (3.15) 

 

In this research, different wind turbines were utilized as the load profile for 

every month of the year. Table 3.3 shows that nine wind turbines were selected, 

which have different characteristics such as the capital cost of acquisition (CC) and 

O&M cost (OMC) Table 3.3. Usually, conventional wind turbines (CWTs) are 

designed to generate electricity at high wind speeds, with their cut-in speed and 

rated wind speed ranging between 3-5m/s and 12-15m/s, respectively (Rehman et 

al.2018). Furthermore, CWTs are heavy and costly to procure, install, and maintain. 

As a result, the performance of Ferris wheel wind turbine (FWWT) is compared 

with chosen CWTs in this study because of its many advantages such as its 

lightweight design and ability to generate power with lower weight to power ratios, 

among others according to (Adeyeye et al. 2021). 
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Table 3.2 

Selected Wind Turbines. 

 

 

 

 

 

 

 

 

 

 

 

 

Model No. Wind turbine model Manufacture 

Model#1 Enercon E5 Enercon GmbH 

Model#2 Enercon E44 Enercon GmbH 

Model#3 EWT DW61 

 

Emergya Wind Technologies B.V. 

Model#4 GE SLE 1.5 Winergy/Eickhoff/Bosch. 

Model#5 AN Bonus 1 MW/54 

 

Siemens Wind Power A/S 

Model#6 DEWIND-62-91.5 m 

 

DeWind  

Model#7 Neg-Micon NEG Micon A/S 

Model#8 Vestas-V66 

 

Vestas Wind Systems A/S 

Model#9 Barber wind turbine 

 

BarberWind Turbines 
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Table 3.3 

 Characteristics and Specifications of the Selected Wind Turbine.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Economic viability for wind system 

 

The cost-effectiveness of a wind energy farm depends on its capability to 

produce energy at a low operating cost. This research paper utilizes the Levelized 

Cost of Electricity (LCOE) to compute the cost of electricity generated by the wind 

turbine. Eq. (3.16) is used to express the LCOE according to (Adeyeye et al. 2021). 

 

 

𝐿𝐶𝑂𝐸 = (

𝑖(1 + 𝑖)𝑛

(1 + 𝑖)𝑛 − 1

8760𝑓(𝑣) [
1
2 𝜌𝐴𝑣

3𝐶𝑝]
) [1 +

𝐶𝑜𝑚
𝑖 − 𝑒

[1 − (
1 + 𝑒

1 + 𝑖
)
𝑛

]]                           (3.16) 

 

 

The equation consists of various parameters such as air density 

(ρ=1.23kg/m3), swept area (A) in square meters, Betz limit power coefficient (Cp) 

which has a theoretical value of 0.59, escalation rate of operation and maintenance 

(e), interest rate (i), useful lifetime of the turbine in years (n), and operation and 

maintenance costs (Com) for the first year. 

Model 
No. 

HH 
[m] 

𝑷𝑹  
[kW] 

𝒗𝒄𝒊 
[m/s] 

𝒗𝑹 
[m/s] 

𝒗𝒄𝒐 
[m/s] 

CC 
[USD] 

OMC 
[USD/y] 

Model#1 76 800 3 13 25 1750000 51250 

Model#2 55 900 3 16.5 34 2337500 51250 

Model#3 69 900 2.5 10 25 1918770 57158 

Model#4 85 1500 3 14 25 3375000 57158 

Model#5 50 1000 3 15 25 863530 25043 

Model#6 91.5 1000 2.5 11.5 23 1124758 32618 

Model#7 70 1000 4 14 20 1162460 33711 

Model#8 67 1650 4 16 25 1768000 51272 

Model#9 70 800 3 9.6 20 1400000 42000 
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Moreover Eq. (3.17) can be used to estimate the simple payback period 

(SPP). 

 

𝑆𝑃𝑃 =
𝐼

8760𝑓(𝑣) [
1
2 𝜌𝐴𝑣

3𝐶𝑝] 𝑃𝑒

                                             (3.17) 

 

Where 𝐼 is the capital cost installed of the wind turbine in addition to the 

costs of civil works and 𝑃𝑒 is the cost of electricity ($/kWh). 
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                                                                   CHAPTER IV 

 

Findings and Discussion 
 
 

This chapter presents the findings based on the collected data. 

 
 

Characteristics of wind speed 
 
 

Table 4.1 summarizes the statistical description of monthly wind speed for 

all selected locations, which includes the mean, standard deviation (SD), coefficient 

of variation (CV), minimum (Min.), maximum (Max.), kurtosis (K), and Skewness 

(S).  

The results reveal that Ain ed Dabaa has the highest mean monthly wind 

speed of 4.90m/s, while Khiam and Khartoum have the lowest with a value of 2.81. 

The monthly wind speeds of Ain ed Dabaa and Khartoum are depicted in Figure 

4.1.  

 It can be observed that the maximum value of monthly wind speed is 

recorded in January with a value of 5.82m/s. For Khartoum, the highest value of 

3.03m/s is recorded in June as shown in Figure 4.1. Additionally, the CV values are 

moderately low, ranging from 6.52% to 17.25%. Furthermore, all Skewness values 

for the selected locations are negative, indicating that the distributions are left 

skewed. 
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Table 4.1 

 Descriptive Statistics of Wind Speed Data for All Selected Locations  

 

Variable Younine 
Birket 

Aarous 

Ras 

Ouadi 

Ed Darje 

Mean 2.90 3.01 3.19 

SD 0.45 0.31 0.45 

CV 15.37 10.14 14.05 

Min. 2.32 2.44 2.54 

Max. 3.51 3.45 4.03 

S 0.03 -0.56 0.52 

K -1.46 -0.26 -0.19 

Variable Kfardebian Qaraoun  

Mean 3.48 2.86  

SD 0.41 0.19  

CV 11.66 6.52  

Min. 3.04 2.51  

Max. 4.22 3.08  

S 0.82 -0.54  

K -0.75 -0.81  

Variable Khiam 
Hekr El 

Dahri 

 

Mean 2.81 2.91  

SD 0.18 0.30  

CV 6.52 10.14  

Min. 2.47 2.36  

Max. 3.03 3.34  

S -0.54 -0.56  

K -0.81 -0.26  

 

Variable Ain ed Dabaa Mqaybleh 

Mean 4.90 2.91 

SD 0.53 0.30 

CV 10.79 10.14 

Min. 4.00 2.36 

Max. 5.82 3.34 

S -0.15 -0.56 

K -0.41 -0.26 
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Figure 4.1 

Mean Monthly Wind Speed at a Height of 10m 

 

 

 

 

 
Determination of Weibull parameters 

 

Using the maximum likelihood approach, the Weibull distribution 

parameters for the selected locations were determined based on monthly wind speed 

data collected from meteorological services.  

Figure 4.2 presents the calculated shape (k) and scale (c) for all selected 

locations at a height of 10m, with the value of k ranging from 5.99 to 15.45 and an 

average of 10.49. Additionally, the annual value of c was estimated to be within the 

range of 2.88-5.04m/s with an average value of 3.32m/s.  

The mean wind speed and standard deviation (SD) of the wind speed were 

also calculated using Eq. (3.3) and Eq. (3.4) and shown in Figure 4.3. It can be 

observed that the mean wind speed and SD ranged from 2.78-4.8m/s and 0.22-

0.63m/s, respectively.  

Furthermore, the PDF illustrates the frequency of observing different levels 

of wind speed and can be used to estimate the prevailing wind speed at a given 
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location. The wind speed at which the distribution curve peaks represent the most 

frequently observed wind speed for the location. Figure 4.4 displays the PDF for all 

selected locations.  

 

 

Figure 4.2 

           Weibull Parameters for all Selected Locations at a Height of 10m. 
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Figure 4.3 

Mean Wind Speed and Standard Deviation. 
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Figure 4.4 

The Probability Density Function for all Selected Locations. 

 

 

 

 

Wind power density 

 

In order to assess the wind potential of the selected locations, the annual 

wind power density was calculated using Eq. (3.7). The results of the WPD 

calculation for each location are presented in Figure (4.5), with values ranging from 

13.18W/m2 to 67.44W/m2 and an average value of 21.03W/m2. Based on these 

values, the wind energy generation potential of these locations falls into the class 1 

(Poor) category, as shown in Table (4.2). Therefore, small-scale wind turbines 

would be suitable for harnessing the available wind energy potential in these areas. 

However, it can be concluded that high-capacity wind turbines (MWs) with a height 

of 90m or more may be appropriate for collecting the wind energy potential in the 

selected locations. This was investigated using the power-law method, whereby the 
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data collected at a height of 10m was extrapolated to a height of 90m, which is the 

height at which most 1MW or larger wind turbines are installed. 

 

Figure 4.5 

The Annual Value of Wind Power Density for all Selected Locations. 

 

 

 

Table 4.2 

Classification of Wind Power at a Hight of 10m. 

 

Power class �̅�[W/m2] 

1 (Poor) ≤100 

2 (Marginal) ≤150 

3 (Moderate) ≤200 

4 (Good) ≤250 

5 (Excellent) ≤300 

6 (Excellent) ≤400 

7 (Excellent) ≤1000 
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Economic analysis 

 
In the previous discussion, a total of nine wind turbines with differing 

characteristics were chosen, and the wind speed at different hub heights was 

calculated with the help of Eq. (3.11). For instance, Figures (4.6) to (4.8) portrays 

the wind speed's monthly variation at various hub heights for three selected 

locations Younine, Ain ed Dabaa and Khartom, respectively. The graph illustrates 

that as the hub height of the wind turbine increases, the wind speed also increases. 

 

The main objective is to analyse the effectiveness of wind energy in Sudan's 

regions, and to accomplish this, nine wind turbines with varying rated power were 

chosen. The goal is to find the best match between the wind regime and the chosen 

turbines. In order to determine the economic feasibility, the cost of electricity per 

kilowatt-hour in Lebanon, the annual interest rate, the capital cost of acquisition, 

operation, and maintenance expenses of wind turbines, as well as the turbines' 

lifespan, are all important factors. These values were obtained from previous 

research studies, global petrol prices, and trading economics. 

 

Furthermore, the selected turbine's annual energy production (AEP) and 

capacity factor (CF) were computed using Eqs. (3.12) and (3.15), respectively. 

Additionally, the electricity generated cost (EGC) and simple payback period (SPP) 

were calculated using Eqs. (3.16) and (3.17), respectively. 
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Figure 4.6 

Monthly Average Wind Speed for Younine at Various Hub Heights. 

 

 

 

 

 

 

Figure 4.7 

Monthly Average Wind Speed for Ain ed Dabaa at Various Hub Heights. 
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Figure 4.8 

Monthly Average Wind Speed for Khartom at Various Hub Heights. 

 

 

 

 

In Figures (4.9) to (4.12), the annual energy production (AEP), capacity 

factor (CF), electricity generated cost (EGC), and simple payback period (SPP) for 

all the chosen locations are shown, respectively. The estimated results indicate that 

the AEP values range from 339.55MWh to 5017.35MWh, with an average value of 

1241.875MWh. The highest and lowest AEP values were found in Ain ed Dabaa 

and Khartoum, respectively, for a hub height of 91.5m (Model#6) and 55m 

(Model#2). 
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Figure 4.9 

The Estimated Results of AEP for all Selected Locations. 

 

 

 

 

 

Figure 4.10 

The Estimated Results of CF for all Selected Locations. 
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Figure 4.11 

The Estimated Results of EGC for all Selected Locations. 

 

 

 

 

Figure 4.12 

The Estimated Results of SSP for all Selected Locations. 
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In the study, the highest and lowest values of capacity factor (CF) were 

found to be 59.23% (Ain ed Dabaa) and 2.79% (Khiam), respectively, with an 

average value of 14.28%. The energy generation cost (EGC) values were found to 

be in the range of 0.033-0.761 USD/kWh, with an average value of 0.287 

USD/kWh. The shortest payback period of 1.54 years was observed at Ain ed Dabaa 

for a hub height of 91.5m (Model#6). Allouhi et al. (2020) have analysed wind farm 

performance and have found similar results. For instance, the CF values ranged 

from 31.1-49% and 37.3-56.6% for 50m and 75m hub-height turbines, respectively, 

and the payback period for different wind farms with a capacity of 100MW ranged 

from 6.34-27.3 years.  

Rehman et al. (2018) concluded that when the value of specific power 

production (SPP) exceeds the assumed lifetime of the wind turbine, it is not 

economically viable to install wind turbines in that location for that particular wind 

turbine model. SPP values for small and medium-scale wind turbines are generally 

within the range of 5-12 years.  

Based on these results, and Adeyeye et al. (2021) that BWTs are competitive 

compared to CWTs, especially at locations with low wind conditions. Although 

Model#6 has a lower EGC in all selected locations, Model#9 has a robust design 

and a wider range of applications for all classes of wind resources, making it more 

cost-effective in the long run.  

 

The study also suggests that FWWT technology is a strong candidate for 

increasing the availability of economic, green, and sustainable energy in Lebanon 

according to Ucar et al. (2019). Finally, the developed systems provide valuable 

insight into the economic feasibility of wind energy in Lebanon, and wind energy 

could help alleviate the chronic lack of electricity and reduce the electricity bill in 

the country. 
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Figure 4.13 

The Electricity Tariff in Lebanon. 
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CHAPTER V 

 
 

Conclusion and Recommendations 
 
 

This study investigated the potential and validity of wind power in 11 

selected locations in Lebanon. Lebanon is currently facing a severe crisis in both 

water and electricity supply, and the government's efforts to provide affordable and 

accessible electricity are being outpaced by the growing challenges faced by the 

population and energy sectors.  

In order to address this issue, wind energy has emerged as a potential 

alternative solution for household electricity supply. To this end, it is crucial to 

develop roadmaps that can help reduce the impact of global warming and promote 

sustainable technological development.  

This research also presents a techno-economic model that assesses wind 

energy in twelve locations in Lebanon, comparing the performance of the Barber 

wind turbine (Model#9), a new wind technology, to conventional wind turbines 

under the same economic conditions. The study finds that the Barber wind turbine 

(Model#9) is highly competitive for low wind speed conditions when compared to 

eight commercial wind turbines, which can encourage stakeholders in the 

renewable energy sector to provide support mechanisms for the adoption of large-

scale and small-scale wind systems in the country. 

The adoption of wind energy can have numerous benefits for Lebanon 

beyond addressing the current electricity crisis. For one, it can help reduce the 

country's reliance on fossil fuels, which are not only a major contributor to global 

warming but also subject to price volatility in the international market. 

Additionally, the development of wind energy infrastructure can create job 

opportunities and stimulate local economic growth. Furthermore, wind energy can 

increase energy security, particularly in remote or rural areas where grid connection 

may not be feasible or cost-effective. By diversifying the country's energy mix and 

reducing its dependence on imported fossil fuels, wind energy can also help 

Lebanon achieve its climate commitments and contribute to global efforts to combat 

climate change. 

However, there are also challenges that need to be addressed in the 

development of wind energy in Lebanon. One major obstacle is the lack of a 

supportive policy framework, including feed-in tariffs and other incentives to 
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encourage investment in renewable energy. The absence of clear regulations and 

procedures for obtaining permits and licenses can also hinder the development of 

wind energy projects. Additionally, there is a need to address issues related to the 

integration of wind energy into the existing electricity grid, including system 

stability and reliability. 

 

Overall, the adoption of wind energy has the potential to provide numerous 

benefits for Lebanon, from addressing the current electricity crisis to promoting 

sustainable economic growth and reducing the country's reliance on fossil fuels. 

However, it is important for policymakers to address the challenges and provide a 

supportive environment for the development of wind energy infrastructure. 

 

Limitations and Future work 

 
In this study, it is essential to acknowledge the limitations of this work. First, 

the financial parameters were assumed based on historical values in the literature. 

Second, Limited Wind Resources: One of the major limitations for wind energy 

farms in Lebanon is the availability of suitable wind resources. The country's 

topography and geographical location result in varied wind patterns, making it 

challenging to identify optimal sites for wind farms. Future work could focus on 

conducting extensive wind resource assessments using advanced modelling 

techniques and deploying anemometer towers at potential locations to gather 

accurate wind data for informed decision-making. 

 

Grid Integration Challenges: Integrating wind energy into the existing 

power grid presents another limitation. The Lebanese electricity grid infrastructure 

may require significant upgrades and modifications to accommodate the 

intermittent nature of wind power. Future research could investigate grid integration 

strategies, including the development of energy storage systems, smart grid 

technologies, and demand-response mechanisms to enhance the stability and 

reliability of the power system. 
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