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ABSTRACT 
 
 The objective of this capstone is to evaluate the capacity factor for a few locations 

around Morocco. Lately, the climate in the world knows a huge change and the global 

warming underline the need of a new clean energies to reduce the emissions of carbon. In this 

capstone, wind power is explored by taking in consideration both economic and technical 

aspects. The latent of wind power was statistically investigated including the average wind 

speed data for one year in different places in our kingdom. This data was analyzed in order to 

find out the generations of wind power. Weibull distribution was followed in order to 

calculate speed distribution in all the six areas chosen. We choose a wind turbine for each 

place according to the findings of the annual wind power potential at each area. Thus, we 

would compare between the study results of each area using the capacity factor. Hence, we 

will do the business analysis for the site chosen. 

 

Keywords: Wind turbines, Renewable energy, Energy production 
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1 INTRODUCTION 

Human populations are naturally occurring on every spot, all over the globe. They 

crucially rely on the use of energy for it being a basic necessity for their development and 

subsistence. This need gets bigger as the societies get more modern, which means, the need of 

energy nowadays is the biggest it has ever been. People have managed, over time, to create a 

lifestyle that strongly demands the use of energy, and thereby the addiction to energy becomes 

a fact. [1] 

The major form of the energy use by humans nowadays is the production of electricity. 

As the world's economic development is predicted to noticeably increase, the world's 

electricity production is expected to raise as well. Therefore, the production of this form of 

energy (electricity) comes from different sources, such as: fossil fuels, nuclear energy, and 

renewable energy sources. [2] 

Currently alternative resources of energy are more likely to be used for they are 

sustainable and environmentally friendly, other resources may not be as effective, for instance:  

x Fossil fuels are a limited resource of energy, the current rate of their exploitation is 

expected to deplete them in the next centuries.  

x The accumulation of carbon dioxide in the lower layers of the atmosphere that leads to 

the change of the climate, intensive rainfalls, floods and droughts.  
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Therefore, it is a global responsibility to improve the quality of the resources in order to 

minimize the side effects of the energy production. Countries should aim to employ renewable 

energy sources such as wind, solar and energy sources and give up the fossil fuels. [3] 

It was back in the beginning of the 60s that the renewable energy sources had come to 

their first real explosion under the global circumstances caused by the first oil crisis. Although 

the majority of renewable energy sources are low density sources, scientists have come to 

encourage their use regarding the fact that they can be found and used anywhere and without 

impossible exigencies, in addition to them being environmentally friendly. On a global scale, 

the most tempting form of renewable energy sources is the wind [4]. It has highly notable 

benefits such as the mitigation of the climate change, and the reduction of the dependency on 

the energy coming from disapproved sources. Wind energy helps in diversifying sources of 

production, decreases import dependency, and gives to a sustainable growth in many 

countries. [4] 

Urban areas are where most of the electricity is consumed, regarding the fact that 

almost 80% of people in the developed countries live in cities. Therefore, the ability of 

converting wind energy into electricity inside the built environment would be highly beneficial 

to the populations. [2] As a consequent, big scale wind turbines are being considered as one of 

the technologies to convert wind energy to electricity. These wind turbines can potentially 

become a clean source of energy. 

The wind power capacity has raised very rapidly to provide a significant contribution 

to the production of electricity, on a global scale. Therefore, the rate of wind energy global 

expansion was testified to be 25.6%, 26.6% and 29% for years of 2006, 2007 and 2008 

respectively according to World Wind Energy Association [5][6][7]. This amplifies the 
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capacity of installed global wind energy during 2008 by 27.3 GW which brings to 121.2 GW 

total installed capacities and enables in generating a total of 260 TWh annually. Trends like 

these led WWEA to anticipate a wind power installed capacity of over 1.5 TW by the end of 

2020 [8]. The annual installation of wind power in Europe grew steadily from 3.2 GW to 11.6 

GW with a compound annual growth rate of over 11% for the last 12 years (2000-2012) 

Similarly, Morocco has started a huge wind energy program in order to increase the growth of 

renewable energy the country. The Moroccan Integrated Wind Energy Project is taking over a 

period of 10 years with an investment over the 31.5 billion dirhams which will permit the 

Kingdom to increase the installed capacity of wind energy from 280 MW in 2010 to 2000 

MW in 2020 [9]. However, in spite of this pattern of development and the attention this 

ancient technology has been getting lately, wind power had only contributed 3% of the world's 

demand for electricity in 2011 [10], due to the huge quantities of energy that were provided by 

fossil fuels from a number of suppliers available in the past years which made wind power 

economically incompetent to make use of its benefits fully. Accordingly, to enhance the 

market penetration for a wind turbine and reduce costs, public acceptance and awareness must 

be raised. 
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2 Chapter One: Literature Review  
2.1 Renewable Energy 

Renewable energy is energy captured from on-going natural processes, such as wind, 

solar, biological processes, wave, and geothermal... These tend to be means of generating 

power that can be utilized indefinitely and are replenished constantly [11]. They are derived 

directly from the sun, gravitational force, and heat generated deep within the earth. Therefore, 

renewables are considered as important donors to the energy supply portfolio as they can be 

tapped for hundreds of years and not run out, which gives them a crucial role in safeguarding 

the future world energy supply, reducing dependency on fossil fuel sources [12]. 

The largest source of renewable energy is the sun, which can be used directly under 

thermal and photovoltaic technologies or indirectly in the form of wind, hydro, and biomass. 

The ultimate source of the available power from geothermal energy such as hot springs, 

volcanoes, geezers or boreholes is the heat of the earth's core and gravitational forces of the 

sun and the moon, reproduced through tidal stream. These are forms of renewable energy 

sources as well but much less effective than that of the sun. [13] 

On a worldwide scale, 5,360 GW was generated in 2011, and only 1360GW, was 

covered by renewable resources, with an improvement of 8% in comparison to 2010's 

generating capacity [14]. As the global production of power increased from 2010 to 2011, half 

of the extra produced energy came from renewables with wind and solar photovoltaic being 
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the leaders for 40% and 30% of the new renewable capacity respectively, followed by 

hydropower with nearly 25% share [14], showing that the usage of wind power is increasing 

better than the rest of renewables, this tendency is predicted to endure due to the falling costs 

of wind energy while the other sources' costs are increasing (graph 2.1) 

 
Graph 2.1: World wind power capacity 1996-2011 [15] 

 

2.2 Wind and wind energy 

2.2.1Wind in atmospheric boundary layer  

Wind is the result of the combination of the irregular heating of the surface of the earth 

by the sun, and the difference in atmospheric pressure, which causes motion in the air. 

However, the air does not blow according to arbitrary motions, it follows advancely 

determined patterns that depend on these three major factors: the elevation above the ground, 

terrain, weather conditions and the rotation of the earth.  
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Wind patterns change as they get closer to the ground surface, blowing directly 

towards the low pressure, when compared to the patterns in the nearly frictionless flow above 

the surface. That is due to the resistance and roughness of the terrain, trees, hills, and houses 

which affects the movement of the wind and makes it very difficult to expect.  

As a result, both of the speed and the direction of the wind in the area of 100 meters up 

in the air is practically the same, most likely, over large regions whereas the wind's speed on 

the ground level is almost zero.  

Therefore, wind shear, or wind gradient, is the rate of change in wind speed or 

direction at different altitudes. It helps to permit the generation of a wind profile, measuring 

the speeds of the wind at all height levels above the surface. Noticeably, the best sources of 

wind are along coastlines and hills [16]. The wind shear is reliant on the roughness length Zo. 

 
Figure 2.1: Boundary layers of wind at different height levels above the ground [17] 

 
This can be referred to as logarithmic wind profile, since the speed of the wind rises 

with the elevation of its height in a logarithmic pattern due to the boundary layer effect. 

Consequently, for a given wind data that is characterized by a height Z and a roughness height 



 7 

Zo, the velocity at height of ZR can be achieved by using this logarithmic profile (log law) 

as[18]: 

 

Eq1: )  

The velocities V(Z) and V(ZR) are respectively at height Z and ZR. We also can refer to this 

using the power low method [19].  

Eq 2:   
The velocity V1(Z1) is at hub height Z1. 

The velocity V2(Z2) is the reference wind velocity at the reference height Z2. 

α  is  the  ground  surface  friction  coefficient. 

 
In addition to the installations in the urban wind and wind speed variations according 

to height, wind speed also changes in function of the nature of obstacles that come across the 

motion of its flow.  

As mentioned previously, the nature of the surface for which the wind blows has a 

crucial role in defining its speed. On one hand, smooth surfaces like oceans or flat lands with 

no vegetation or buildings will produce the best wind speeds at the lowest altitude. On the 

other hand, urban flows tend to be slower due to large buildings. Hills and trees also disturb 

the motion, therefore decrease wind speed and create wind shear at a particular area. 
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Figure 2.2: Examples of variation of wind height over different surface roughness 
elements [20] 

 

2.2.2 Energy in the wind 

The process of generating electricity using wind turbines starts in the blades where 

blows the wind, the thing that leads to a mechanical rotation, converting by that the kinetic 

energy in the wind to electrical energy. The wind turbines are automatically placed highly 

above the surface level since wind speed increases as the altitude gets higher. This will 

typically generate more energy than the corresponding wind turbine placed at the same 

location with lower altitude will. The balance of the wind turbine placed at higher level with 

stronger wind speed must be insured against the increased costs of production. Wind turbines 

do certainly work effectively once the wind blowing over the turbine blades is not alerted by 

any obstacles considering the fact that these obstacles surely slow down the wind speed and 

cause higher turbulence that leads to the decrease of the potential and performance of the wind 

turbines, and also leads to the damage of both turbines and supporting structures. 

Consequently, during a development of a wind project in a single given location or a large 

area, there is a remarkable impact from both economic and structural patterns of wind speeds. 

Furthermore, the intermittency of wind speed crucially affects the final eclectic power that is 

generated from wind turbines as it depends on the availability of the wind speed where another 

source of power must be used when there is no wind blowing, and even if there was enough 

wind blowing, other sources still must be used to control the changes of the speed wind that 

occur variously. Fundamentally, the feature found in and around a built environment in urban 

areas have a significant impact on the wind pattern and a structural design to make urban 
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areas' wind sitting more challenging than that of rural wind farms. In general, the turbine 

should be placed with high consideration above the building roofs or the tree canopy where 

the best wind, with the adequate speed exists [21]. 

 2.3 Wind Characteristics  
The most recent researches that had been widely done have been aiming to develop an 

adequate statistical model in order to express the wind speed distribution and direction 

frequency distribution. These distributions of the principle wind characteristics have crucial 

importance for structural and environmental design analysis and for the assessment of the 

performance of the wind energy conversion system. The wind data that is collected from a 

given site should be properly and deeply analyzed and interpreted in order to estimate the 

potential of wind energy in that specific site. The wind data may be taken from a metrological 

station that is nearby the examined site, and therefore, preliminary estimation is obtained. This 

data might be available for long periods; extrapolation should be done with extreme care and 

precision to represent the wind profile at the potential site. The measurements of the field are 

taken for short periods at the prospective location, after the preliminary investigation. It is 

sufficient to take one year wind data recorded at the candidate site to represent the long term 

variations in the wind profile within a 10% accuracy level [18] 

2.3.1 Wind speed characteristics 

It is by modern wind measurement system that mean wind speed at a site in measured; 

it is averaged over a pre-fixed time period. The average of ten minutes of wind speed is 

frequently used as most of wind analysis softwares are set to handle data over ten minutes.  
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The data can be reassembled in an hourly, daily, monthly or yearly basis [18]. The 

graph 2.2 below represents the distribution of wind speed for a site on hourly basis. 

 
Graph 2.2: the distribution of wind speed for a site on hourly basis. 

 
2.3.2 Wind Direction characteristics  

Concerning the wind energy conversion system, it is considered to be one of the most 

crucial factors is the direction of the wind. To have this direction identified, wind vanes were 

applied in earlier days. In the process of determining both the direction of the wind and its 

velocity at the same time, we aim to use anemometers which are frequently under use today 

for the ability of including both of the quantities at once. The details of both wind velocity and 

direction are displayed in a combined way by the use of the wind rose, which is a diagram 

(chart) that presents the distribution of the wind at different directions. This diagram can be 

devised in to 8, 12 or 16 equally spaced sectors that indicate the wind from various directions 

[18]. 

Wind rose highlights three different types of information, which are:  

a) The percentage amount of time in which the wind is received from a specific direction.  
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b) The result of the amount of time percentage in function of the wind velocity at this 

direction. 

c) The product of the amount of time percentage and third power velocity 

 

Figure 2.3: Example of Wind rose indicating distribution of velocity in different 
directions 

 

2.4 Statistical Models for Wind Data Analysis 
In order to determine an adequate statistical distribution to epitomize wind regimes, 

several probability functions were fitted with a field data [18,22] claim that Weibull and 

Rayleigh distributions have a suitable accuracy and it is applied to define the wind variations 

in a given region. Weibull function is more relevant to use than the Gaussian function and 

more flexible than the Rayleigh function [23], the selection of the Weibull distribution can 

often be credited not only due to its flexibility, which gives it a good fit to the surveyed wind 

speed distributions, but also due to the fact that it requires two parameters to estimate. 
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2.4.1 Average wind speed  

 The average velocity is one of the most important parameters on the wind spectra [18], 

and it is expressed by: 

Eq3:   
 

Where V is the velocity of the wind in meter per second and n is the number of wind data  

In order to estimate the wind power, the velocity should be weighed to its power content. 

Thus, the average velocity will be given by [18]: 

Eq4:   

2.4.2 Standard deviation 

Standard deviation a way to measure inconsistency of velocities in a definite set of wind 

data which shows how the velocities deviates from the average velocity [18]. Thus, if standard 

deviation is small it only means the uniformity of the given data set. 

Eq5:   
  
2.4.3 Frequency distribution 

The statistical definition of the frequency distribution is the number of incidences for 

every wind speed range are counted, or binned at any site. Then, it is described as a fraction of 

the total number of wind speed occurrences in all bins. 

In order to obtain the best statistical representation, the measurement of winds need to take a 

long period of many years. Thus, we can prepare a joint frequency distribution from the raw 

data. For every interval of time, if the numbers of hour is plotted against wind speed; so, the 

distribution of the frequency arises such a histogram [24].  
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2.4.4 Probability density function 

Probability density function is continuous and counterpart to the histogram. It is 

represented by the equation bellow:  

Eq 6:  

 

The probability density function of wind speed is considered crucial in several application of 

wind energy [25]. The cumulative distribution function is expressed by:  

Eq 7:  

There are many density functions that we can use to represent the wind frequency curve. 

However, the most used ones are as follow:  

¾ Gaussian distribution 

¾ Rayleigh distribution  

¾ Weibull distribution 

2.4.4.1 Gaussian (Normal) distribution 

If the probability density function of the wind speed is:  

Eq 8:  

 

Then the wind speed is distributed as the Gaussian distribution. 

Where,  is the mean of wind speed and  is standard deviation. 
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 2.4.4.2 Rayleigh distribution  

For Rayleigh distribution the shape parameter k (coefficient k) is approximated as 2.0 

[18] which make it a special case of the Weibull distribution. Thus, the reliability of Weibull 

distribution is reliant to the accuracy of k and c coefficients. Therefore, the wind data could be 

only mean wind velocity for a specific period of time. Consequently, Rayleigh distribution can 

be found by putting k equals to 2 [18]. Thus, this distribution is expressed by: 

Eq 9: 

  

For:                Eq10: 

 
The cumulative distribution is given by:  

Eq 11:   

2.4.4.3 Weibull distribution 

The measures of the wind speed that characterize a given area are commonly studied 

according to Wiebull probability distribution that requires shape and scale factors in addition 

to the mean speed value. The Wiebull probability distribution is conveniently useful in 

representing the wind speeds due to its diverse properties. Mainly because it does not possibly 

have negative values and has the long tail which designates low probability over big range of 

high wind speeds. The annual average wind speed distribution at a particular urban location 

can be modeled precisely and accurately by the use of Weibull distribution, for which, the 

measured wind speed data allows to correctly identify both of shape and scale factors. [17] 
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The scale factor is responsible in determining the shape of the Weibull distribution and 

also it tail. However, the variation of the power of the wind depends on the third (cubic) 

power of the wind speed [16]. 

The variation of the wind velocity is represented with two Weibull distribution 

functions: 

First function:   Eq 12:  

Where k and c are Weibull shape factor and Weibull scale factor respectively   

Second function:  Eq 13:   

The function of a velocity V gives the probability (fraction of time) where the wind 

velocity is equal or less than V. Thus, the distribution is represented by F (V) and it is the 

integral of the probability density function [18]. 

Using Weibull distribution, the average wind velocity, it is given by [18]:  

Eq 14:   

By substituting for f(V), we get the following result: 

Eq 15:   

Which equals to:  Eq 16:  
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And by considering that:  Eq 17:  ,  

Substituting for dV in Eq 16, we get:  

    Eq 18:   

The standard gamma function is expressed as follow: 

Eq 19:  =  

Thus, from Eq18, following the Weibull distribution; the average velocity can be given 

as:     Eq 20:   

The standard deviation of wind velocity is expressed as follow:  

Eq 21:   

The cumulative distribution function (CDF) is utilized in order to evaluate the time 

within a certain velocity range of the wind. Consequently, the difference of cumulative 

probabilities gives the probability of being between V1 and V2 and this is given by the 

following equation:  

Eq 22:    

Which is:   Eq 23:  
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Under Weibull distribution, shape factor (coefficient k) is the main factor that determines the 

uniformity of the wind [18]. Graph 2.3 bellow shows the effect of the coefficient k on the 

probability density. 

 

 

Graph 2.3: Weibull probability density function for different shape factors 

Following the Weibull distribution, there are many methods that are used in order to find the 

shape factor and scale factor to analyze the wind regime are:  

¾ Graphical method 

¾ Standard deviation method 

¾ Moment method 

¾ Maximum likelihood method  

¾ Energy pattern factor method. 

The most used from the above methods are Standard deviation method and energy pattern 

factor method. 
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a) Standard deviation method 

Coefficients k and c are estimated from the average and standard deviation of wind data. 

By taking in consideration the equations of average and standard deviation; [18] 

 We found:     Eq 24:  

After calculating Vm and σV, the value of the coefficient k is easily found by only solving 

equation 24. Consequently, the coefficient c (scale factor) is expressed by:  

Eq 25:   

A suitable estimation for coefficient k (shape factor) is given [18]:  

     Eq 26:         

b) Energy pattern factor method 

Energy pattern factor method utilize the ratio of the total power available in the wind 

and also the power that corresponds to the cube of the mean wind speed [18]:  

Eq 27:           

When we calculate the energy pattern factor for the wind data the value of k can be 

found used the following equation:  
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Eq 28:   

2.5 Wind Turbines 

Nowadays, wind energy projects aim to use modern wind turbines with higher capacities 

and higher energy production, such as the 10MW wind turbine that has been developed 

recently by SWAY [16]. Most of the time, wind turbines are classified by the potential of their 

maximum output power and that is designated as the rated capacity of the wind turbine. 

Moreover, it can also justify the particular size of the wind turbine roughly as a function of 

cross sectional area, despite the fact that wind turbines are commonly designed at a wind 

speed of 13m/s so as to reach their rated output power. If two wind turbines have the same 

rated capacity and similar efficiencies, then their rotor area and overall size will practically be 

very much alike [26]. 

If a 1MW capacity wind turbine maintains a maximum sustained output power of 1MW 

and actually continues to generate energy with this amount of output throughout the year, then 

the value of the final produced energy will be estimated to 8760MWh. Specific turbine 

installations are basically meant to achieve the exact percentage that is expressed by the 

theoretical outputs over a long term. Consequently, 1MW wind turbine with a theoretical 

output of 30% would generates an energy of 1MW x 8760 hour x 30%= 2628 MWh per year. 

However, when it comes to particular installations, the theoretical output is reliant on the 

characteristics of the wind turbine and on the wind at the site. A wind turbine efficiency is also 

measured by the optimum percentage of wind energy that the turbine aims to transform into 

electrical energy [26]. 

Turbines are commonly grouped into various categories:  
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¾ Large wind turbines with a nameplate capacity of over 1 MW 

¾ Medium wind turbines with a capacity rage that goes from 100kw to 1MW 

¾ Small turbines with rated capacity below 100kW.  

¾ Some discussions of wind turbines further separates Micro turbines, those with a 

capacity that is under 10kW [27]. 

The turbulence of urban wind might cause particular obstacles for the start-up 

requirements of a wind turbine. For the installations of large wind turbines, most of time 

motors are used in order to control the rotational speed of wind turbines. A self-start-up is, 

however, an essential aspect of the system of small wind turbines installations for the 

maintenance and the low cost restrictions. This emphasizes that when it comes to urban wind 

power, there is a few implications that should be taken into consideration. As a consequent, a 

successful urban installation should afford an efficient self-start-up. 

The common size of wind turbines allows it to accomplish major economies of scale. The 

scale of the wind turbines is not a reliable standard since the weight of the turbine might likely 

increase, by a third of the size, the generated power by the turbines. The output of the wind 

turbines has enhanced due to the increasing of the hub height and the optimization of the 

design. Consequently, the bigger turbines are, the more they cost [16].  

For large wind turbines, the cost of installation goes around US$1500 and US$2000 per 

kilowatt of capacity in rural farms, but when it comes to small wind turbines, the installation 

cost ranges between US$3500 to US$10,000 per kilowatt [28]. 

   2.6 Wind turbine power 
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The equation bellow represents the power existing in the wind. As a matter of fact, it is 

impossible to generate this power entirely by a turbine. Once the wind blows over the turbine 

rotor blades, only a part of the kinetic energy of the wind is transferred to the rotor and the rest 

of it gets carried away by the air on its way out of the turbine. The current power produced 

relies on the accuracy with which this energy conveys from the wind towards the rotor. This 

efficiency is referred to as power coefficient (Cp); consequently, the power of the turbine is 

defined as the current power output of the rotor expressed by [18]: 

Eq 29:   

The last equation illustrates how the energy content in wind differs with the third power of 

the wind speed. For example, in case of doubling the wind speed, the generated energy that 

would be estimated will reach around eight times as much energy as the previous wind speed 

[16]: If the first wind speed value is equal to 4 m/s, then the power output will be up to 64 

watts; but then, once that speed is doubled, which means getting it to the point of 8 m/s, the 

power output will rise to 512 watt. The difference between these two power outputs will be up 

to eight times. As wind power is a cubic function of the wind speed, a rise in wind speed by 

10% will rise of wind power by approximately 37% [16]. Therefore, the wind speed is one of 

the most important factors for the total of energy generation by the turbine. 

The efficiency of the turbines depends on the speed of the wind. As a consequent, the 

efficiency of wind turbines is determined by utilizing the power curve that illustrates wind 

turbine's output power in terms of wind speed moving towards the turbine.  
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The power curve of a wind turbine has various essential properties such as the cut-in, 

rated and cut out speeds. The cut-in speed is the lowest wind speed that allows the wind 

turbine to generate power. The rated speed represents the minimum speed that gets the wind 

turbine to generate at rated output. The wind speed rises from the cut-in speed going all the 

way to the rated speed, which allows the output power that is generated by the turbines to 

increase steadily to the rated output [16]. The extra power in the wind above the rated speed is 

unlikely to be exploited  

For safety reasons, the turbine stops above the cut-out speed. Therefore, there is no 

production of power at extremely high wind speeds. Wind turbines tend to stop their spinning 

once they reach a certain speed, which is called survival wind speed. It is the maximum wind 

speed the turbine can withstand from damage. The curve of wind turbine's power is 

demonstrated in graph 2.4 below: 

 

Graph 2.4: Power curve of typical wind turbine [29] 
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2.7 Wind turbine performance 

2.7.1 Annual energy production 

In order to determine the annual energy production (AEP) for a particular wind turbine at a 

precise location, the technique of the power curve method can be used since it gives the most 

realistic results [16]. Consequently, the frequency of wind speed distribution will be used to 

estimate the AEP by multiplying the output power that is produced from the wind turbine at 

each wind speed range with the amount of hours in each bin. However, if the frequency of 

wind speed distribution at the hub height does not exist, then wind speed at this area of the 

wind turbine can be produced with the power law equation. The AEP is expressed as follow: 

Eq 30:   

 

Where: 

x T is the number of hours in a year equal to 8760 hours  

x PT is power of the turbine at a velocity of V 

x Vco and Vcl are velocities at cut in and cut out of the turbine respectively. 

2.7.2  Turbine efficiency  

It is impossible to extract all the kinetic energy in the wind by wind turbines, which 

will cause the wind speed to reduce to zero. Following the Betz law the performance of the 

turbine is the maximum amount of energy that can be harvested by the wind turbine at its 

wind speed. Nowadays, the turbines existed in the market operate at the highest coefficient of 

performance Cp [16].  
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The coefficient of a Turbine is reliant on many factors such the profile of the turbines' 

rotor blades and blade  arrangement  [18]… In order to obtain a maximum Cp at a wide interval 

of wind velocities, producers of wind turbines should take on consideration these parameters. 

2.7.3  Capacity factor 

In order to estimate the field performance of a wind turbine, Capacity factor is 

considered to be one of the crucial indices [18]. Consequently, the capacity factor that is on a 

given site could be substituted as, the ratio of the actual energy that is generated by the system 

to the energy that could have been actually produced by it, in case the wind turbine would 

work at its rated power for a period of time. It is given by:  

Eq 31:   

Where PR is rated power of the turbine and T is the number of hours in a year (8760 hours). 

An accurate and effective wind turbine at an arbitrary site would be able to range its 

capacity factor from 0.25 to 0.4. Turbines with a capacity factor bigger or equals to 0.4, shows 

that the system is working very efficiently. CF is commonly expressed on annual basis. 

3 Chapter two: The analysis of the sites, results 
and discussion  
The methodology 
 
  The objective of this capstone is to evaluate the capacity factor for a few locations 

around Morocco. The analysis phase will consist of three different parts. A first study will 

help to determine from wind data the Weibull distribution for specific locations. The 
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performance and the profitability of a wind turbine are strongly related to the capacity factor. 

A second step consists to compute the capacity factor for a limited number of commercially 

available wind turbines. The last step will be devoted to the financial analysis for different 

projects in specific locations. 

 In order to the necessary data, different literatures were studied and many researches 

have been done. Moreover, many documents was supplied (by my supervisor Dr. Anas 

Bentamy and Mr. Lhoussine Tenghiri) to find the ongoing project. The analysis were made 

using Excel and Retscreen. To sum up, there was three main phases to regulate the feasibility 

of the project. 

Data Collection:  

x The use of secondary data (gathered and analyzed by someone else)  

x For the analysis, estimating some parameters (Power needed to implant in the site 

60MW…) 

The Analysis:  

x The organization of the data using Excel and Retscreen 

The main result of the analysis: 

x Annual energy production 

x Capacity Factor 

x Performance and coefficients  

x Payback period (return investment)  
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3.1 Objective of the study 

 The purpose of this part is to discover and comprehend the use of big scale wind-

turbines in different sites all around the Kingdom of Morocco. This study will consists of the 

use of different turbines from three big   turbine’s   companies   in   six   different   locations   from  

Morocco (Tetouan, Tarfaya, Laayoune, Taza, Essaouira and Rabat). Thus, we will conclude 

the best turbine for each site by comparing the capacity factors found. Then, our study will 

consist to choose the best site by comparing the productivity of every site. This project has as 

goal allowing the households, business, and communities in those sites to inexpensively 

measure  their  site’s  wind  energy  potential. 

The specific objectives of this study are: 

x Assessing the suitability of the sites of installation. 

x Identifying the most suitable big wind turbine to be installed at the proposed site. 

x Estimating annual energy productions. 

3.2 Sites Description  

The sites chosen are six cities from all around the kingdom, the six cities are spread in 

all the regions of Morocco from the north, the south, the west and the east of Morocco.  

The first site chosen is Tetouan, which is a city in northern Morocco. The city is far 

from 60 km of the city of Tangier. It is situated in the north of the Rif Mountains. South-West 

of Tetouan, there are mountains. Thus, Tetouan characterized by the Mediterranean climate 

since it is located along the Mediterranean Sea, the weather in Tetouan is rainy during the 
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winter and hot during the summer. Moreover, the climate in Tetouan is famous by being 

windy[30]. 

The second site chosen is Essaouira, is located in western of Morocco. The climate is 

Mediterranean with oceanic influences. Moreover, winter is mild while summer is warm, 

Essaouira is characterized of being very windy during all the year [30]. 

Third site is Taza, which is a city in the north-central of Morocco.  The city is situated 

in a mountain pass called the "Taza Gap", where the Rif Mountains and the Middle-Atlas 

range emanate together. Köppen-Geiger climate classification system categorizes its climate 

as hot-summer Mediterranean. Located along the Atlas Mountains, Taza has a seasonal 

climate, shifting from cool in winter to hot days in the summer months [30]. 

The fourth site is Rabat which is the capital of the kingdom. Rabat is situated on the 

Atlantic Ocean at the mouth of Bouregreg River. Our site is exactly located on between the 

Atlantic and the Bouregreg Valley. Rabat is characterized by a Mediterranean climate with 

oceanic influence. Due to its location along the Atlantic Ocean, the city climate shift from 

cool in winter to warm days in the summer. Rabat is considered to be very windy [30]. 

The fifth site chosen is Tarfaya, which is located on the southwestern of Morocco. It is 

considered as a port town of the Atlantic Coast. Tarfaya has a mild desert climate, which is 

characterized of having moderate temperatures comparing to the other desert climates. Thus, 

Temperatures are mild all the year. However, Tarfaya is famous of facing a lot of windy days 

[30]. 

The sixth and the last site is Laayoune, which is situated in the south of Morocco. The 

city is separated by the dry river Saguia el Hamra. Laayoune has – like Tarfaya- a mild desert 

climate, the climate is weakened by the Gulf Stream [30]. 

https://en.wikipedia.org/wiki/K%C3%B6ppen-Geiger_climate_classification_system
https://en.wikipedia.org/wiki/Hot-summer_Mediterranean_climate
https://en.wikipedia.org/wiki/Desert_climate
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3.3 Wind turbines used 

 I have chosen different wind turbines from three big companies in the market. The first 

turbine is Gamessa G83-2MW at 60 meters, which is made by Gamessa. Gamessa is a Spanish 

company considered as one the global technological leaders in the wind industry, operating in 

54 countries. It operates also in the wind turbine's process and maintenance services that 

manages 21 GW. The company has production centers in the main wind markets: Spain and 

China, as the global production and supply hubs, while maintaining its local production 

capacity in India and Brazil. Gamesa is also responsible of construction and sale of wind 

farms, having installed more than 7,450 MW worldwide. The annual equivalent of its 33,500 

MW installed amounts to more than 7.4 million tons of petroleum (TEP) per year and prevents 

the emission into the atmosphere of close to 52 million tons of CO2 per year. Gamesa forms 

part of the main international sustainability indexes: FTSE4Good and Ethibel [31]. 

The Gamessa G83-2MW is known to produce maximum output at minimum cost per 

kWh for medium wind sites. It has an aerodynamic design in order reduce noise releases. 

Moreover, Gamesa remote monitoring and control system with Web access and also has 

obedience with the main international Grid Codes. Gamessa G83-2MW produces lighter 

blades using fiberglass and prepreg method [29]. 

 The second turbine used is Siemens AN Bonus 1MW at 60 meters which is made by 

Siemens. Siemens is German company operating for more than 165 years. It is a global 

powerhouse positioned along the electrification value chain from power generation, 

transmission and distribution to smart grid solutions and the efficient application of electrical 

energy…Siemens  operates  in  289  major  production  and  manufacturing  worldwide.  Moreover,  
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it has warehouses, research and development facilities or sales offices in nearly every country 

in the world. The wind power and Renewables Department in Siemens is huge supplier of 

environmentally efficient renewable energy solutions. The key target choosing by Siemens is 

to drive down the cost of wind power in order to make renewable energy more competitive 

with other energy sources [32]. 

 Siemens AN Bonus 1MW is common wind turbine. It was manufactured by the Danish 

Bonus energy A/S. On 2004, it has been transferred to Siemens. According to The three-

bladed Danish wind turbine model (VTT), the AN Bonus 1MW is very successful, and it has 

low maintenance costs. Moreover, the energy produced by AN Bonus 1Mw can arrive to 

59.3% of the wind energy [32]. 

 The third turbine is VESTAS V66 2MW at 60 meters which is made by Vestas. Vestas 

is a Danish company operating in manufacturer, installer and seller of wind turbines. It is 

considered as the largest wind-turbine’s  company  in  the  world.  The  company  manufactures  in  

Denmark, Germany, Italy, the United Kingdom, Romania, Sweden, Spain, Norway, India, 

China, Australia and the United States. Vestas has installed over 48, 000 wind turbines for a 

capacity above 55GW in more than 70 countries [33]. 

 VESTAS V66 2MW is made for offshore sites, it feature a rotor diameter of 66 meters, 

hub heights of 60-78 meters (for our case 60 meters). Moreover, VESTAS V66 is equipped 

with OptiSpeed which is a system that permits the turbine blades to rotate at variable speeds. 

In other words, it allows the revolution speed of both the rotor and the generator to vary by as 

much as 60%. This model is also characterized of having low sound level thanks to the low 

revolution speed of the V66. Vestas V66 is equipped with lighting protection that secure the 
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whole turbine. Thus, V66 has met the highest requirement for energy production, capacity 

factor, power quality and sounds level [34]. 

3.4 Wind Turbine selection 

This case involves a 60 MW wind farm feasibility study of the six different sites. I will 

determine the profitability using three different machines. Then, we will select the best 

machine for each site. 

¾ 30 Gamessa G83-2MW 

¾ 60 Siemens AN Bonus 1MW 

¾ 30 VESTAS V66 2MW 

Specifically, I will evaluate the wind energy potential of the site (statistical analysis), site 

profitability indicators, including cost per kWh using the software RETSCREEN 

For Essaouira Case:  

We will calculate:  

x Weibull parameters  

x The average speed  

x Weibull distribution graph  

x The productivity of the site  

x Capacity Factor  
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We got that 0,194053468 

So automatically we calculate U at 60 meters which is equivalent to      10,45509638 
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Using the Ret Screen we got the characterization of every machine. In other words, we got the 

power curve for each turbine.  

For GAMESA G83-2MW, we have the following power curve: 

Wind speed 
Power 

curve in Energy Curve 
m/s kW MWh 

0 0,0   

1 0,0   

2 0,0   

3 9,7 472,4 

4 31,2 1 329,1 

5 78,4 2 619,8 

6 148,2 4 166,3 

7 242,7 5 755,8 

8 368,8 7 245,5 

9 525,3 8 569,1 

10 695,0 9 705,8 

11 796,6 10 653,5 

12 835,9 11 414,7 

13 846,8 11 994,6 

14 849,3 12 401,9 

15 849,9 12 650,2 

16 850,0   

17 850,0   

18 850,0   

19 850,0   

20 850,0   

21 850,0   

22     

23     

24     

25     

 

Table 3.1: Power curve of GAMESA G83-2MW (Retscreen) 
Using the Table above, and the equations below: 
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P (U)=(k/c)(U/c)^(k-1) * exp(-(U/c)^k) 

We found that the productivity in MWh for every turbine (Gamesa G83-2MW) is  

 
_

WP 6411.26802 MWh 

Then, we would calculate the Capacity Factor:  

    CP=  

    CP= 0.36593996 

The table below resumes all the findings: 

Sum of frequencies  1,00E+00 

The Average Speed 9,66E+00 

Standard deviation 4,70E+00 

Coefficient k 2,189270252 

LN of gamma (1+(1/k)) 0,121474851 

gamma(1+(1/k)) 0,885613326 

coefficient  c 1,09E+01 

ln of the average speed at 40m 2,268407641 

α 0,194053468 

The average speed at 60m 10,45509638 

The productivity in MW for each turbine 6411,26802 

Number of turbines of 2MW 30 

The total productivity in a year of the turbines 192338,041 

Capacity Factor 0,36593996 

Table 3.2: Table that resumes the finding of Gamesa G83-2MW in the Essaouira site 
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Graph 3.1: Weibull Distribution along with Power curve for Gamesa G83-2MW in the 

Essaouira site 

According to the obtained graph, we can notice that the most frequent wind speed in 

this site is 8 m/s. The highest powers can be obtained is equivalent to high velocities. 

However, the chance of arriving to those velocities is low. 

Similarly we did the same for the other two machines. We followed the same 

procedure. 

For Siemens AN Bonus 1MW, here is the table that resumes the findings: 

Sum of frequencies  1,00E+00 

The Average Speed 9,66E+00 

Standard deviation 2,21E+01 

Coefficient k 2,189270252 

LN of gamma (1+(1/k)) 0,121474851 

gamma(1+(1/k)) 0,885613326 

coefficient  c 1,09E+01 

ln of the average speed at 40m 2,268407641 

α 0,194053468 

The average speed at 60m 10,45509638 

The productivity in MW for each turbine 3017,6353 

Number of turbines of 2MW 60 

The total productivity in a year of the turbines 181058,118 

Capacity Factor 0,34447892 

Table 3.3: Table that resumes the finding of Siemens AN Bonus 1MW in the Essaouira 
site 
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Graph 3.2: Weibull Distribution along with Power curve for Siemens AN Bonus 1Mw in 

the Essaouira site 
 
For VESTAS V66 2MW, here is the table that resumes the findings:  
 

Sum of frequencies  1,00E+00 

The Average Speed 9,66E+00 

Standard deviation 4,70E+00 

Coefficient k 2,189270252 

LN of gamma (1+(1/k)) 0,121474851 

gamma(1+(1/k)) 0,885613326 

coefficient  c 1,09E+01 

ln of the average speed at 40m 2,268407641 

α 0,194053468 

The average speed at 60m 10,45509638 

The productivity in MW for each turbine 5256,5481 

Number of turbines of 2MW 30 

The total productivity in a year of the turbines 157696,443 

Capacity Factor 0,30003128 

Table 3.4: Table that resumes the finding of VESTAS V66 2MW in the Essaouira site 
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Graph 3.3: Weibull Distribution along with Power curve for VESTAS V66 2MW in the 
Essaouira site 

 

By comparing the findings of the three turbines, we conclude that Gamesa G83-2MW 

is the best turbine to be implemented in Essaouira site regarding the capacity factor.  

Similarly, we are going to follow the same procedure for the other five sites, and we 

got the following results resumed in the table below.   

 

 Rabat Tarfaya Laayoune Tetouan  Taza 
Gamesa 
G83-2MW 

0,12500371 

 
0,41747658 

 
0,51933175 

 
0,39592066 

 
0,35219425 

 
Siemens AN 
Bonus 1MW 

0,11393114 

 
0,39000612 

 
0,49188357 

 
0,37412684 

 
0,33040653 

 
VESTAS 
V66 2MW 

0,08788051 

 
0,33272546 

 
0,43695903 

 
0,32972338 

 
0,28473236 

 
Table 3.5: Table that resumes the Capacity Factors for the five sites 

 

The findings shows that for all the five site the use of Gamesa G83- 2MW has better 

productivity than the other two machines. Moreover, we notice that Laayoune has the best 

productivity comparing to the other sites. Thus, we will start the business analysis for 

Laayoune site. 

 
 

4 Chapter Three: Business Analysis of Laayoun 
site: 

 
After finding an estimation of the annual energy production (AEP) for the turbine 

chosen (Gamesa G83-2MW) from the previous calculations above, we would start the 

economic assessment of the chosen machines. The installation of the turbines could be studies 
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by using several approaches retrieve the returns on an investment (the annuity method, the 

present value method, the payback method and cash flow analysis method). However, all 

those methods are based on assumptions of future power production while the productivity 

may   change   since   the   wind   speed,   power   prices,   interest   rates…   cannot   be   accurate.   The  

payback method is considered to be the most common method used for urban wind turbines. 

Consequently, the simple payback approach will be used to estimate the economic aspects of 

our study. The payback method is utilized to assess the economic feasibility of the turbines 

installation, using the equation bellow:  

Eq 32:  

 

Where, the annual income saving in US$ to the product of AEP and electricity tariff 

(US$/kWh) and the total annual income saving in US$ equals to the sum of annual income 

saving in US$ and the product of AEP and incentives in US$ per kWh. Consequently, the 

investment cost which is the cost of turbine cost of inverter and the installation, plus the 

operation and maintenance cost, and the annual energy production of the turbine and the 

electricity tariffs, are crucial factors for calculating the payback period.  

The price for a wind turbine varies from place to place. According to the International 

Renewable Energy Agency [35] price of big wind turbines in china and danemark is between 

USD 1800$/kW and USD 2200$/ kW; however, it is also ranged between USD 1800$/kW 

and USD 2200$/kW in the majority of markets. In 2011, Preliminary data proposes that the 

cost of wind turbine reduced and the total costs declined with a reduction of USD 600/kW 

compared to 2010 [35]. Therefore, on this study we will estimate that the average installed 
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price for the big wind turbine is USD 1 000 000$ for each megawatt. Thus, the installed cost 

of the selected 60 megawatt in the Laayoun site would be USD 60 000 000$. 

According to the International Renewable Energy Agency [35] the percentage of 

operation and maintenance is ranged between 11% and 30 % per year for big wind turbines. 

For the operations and maintenance, for Laayoun site, would be estimated to 16% (taking an 

estimation of USD 33066$ per megawatt for maintenance per year). For the wind turbine park 

of Taza which is one of the first parks installed in Morocco, the current electricity tariff is 

0.65MAD per kWh; however, the wind turbine park in Kodiabida in the north of Morocco 

sells the electricity for 0.4 MAD per kWh. Moreover, the wind turbine park that will be 

installed by NAREVA and Siemens in the south of Morocco will sell the electricity for 0.35 

MAD per kWh. For this study, the price of 1 kWh of electricity produced will be sold for 

0.40MAD. The assumption taken above are summarized in the table below: 

Project  Laayoun 

Power installed in the site in Watt 60 000 000,000  

Wind turbine used Gamesa G83-2MW 

Investment in MAD 657 801 000 DHs/ TTC 

Price of watt installed in MAD 10.96 DH TTC/W 

The annual production of the site in kWh 272 966 786 kWh 

Price of the kWh in MAD 0.4 MAD 

The annual price of the production of the 

site in MAD 

109 184 314 MAD 

Table 4.1: Summary of the assumptions taken 
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Figure 4.1: Summary of the data of the site 
 

Using the mentioned assumptions, the net annual income saving and payback period 

were measured assuming only the sum of the annual income saving. The results of the 

financial analysis based on the above equations are summed in figure 4.1 as follows: 
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Table 4.2: The results of the financial analysis 

The results in Table 4.2 shows that the turbine Gamesa G83-2MW could be 

economically practicable thanks to its estimated payback period which is fewer than its 

expected life time given by the turbines' manufacturers’  Gamesa  estimated  on  25  years  [36]. 

The payback period of 7.81 years is very good with a minimum estimated turbine lifetime of 

25 years stated by the manufacturer since the possibility of the turbine to stop working before 

8  years’  time  is  very  low  which makes the turbine economically feasible. Thus, the owner of 
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the turbine is able to pay for the rest of the investment cost without any problems. Therefore, 

the electrical energy produced by the wind turbine after the payback period (8 years) is going 

to start generating money by selling electricity and make huge profits for the rest of the turbine 

life-time. 

The graph below shows that the payback is feasible and it is after the seventh year. 

 
Graph 4.1: Investment payback 

 

The   amount   estimated   doesn’t consider the inflation factor, by knowing the 

consequences of inflation on the performance of the turbine, it becomes hard because of the 

fact that inflation rate differs and change annually, it may increase or decrease depending on 

many factors. Moreover, in the next years, it is expected that inflation will increase. Thus, 

since the tariffs of the electricity depends also with the inflation rates, then it is predicted that 

the   inflation   rates   will   not   change   the   turbine‘s   business   performance.   Hence,   it   will get 

additional revenue to the turbine economy. 
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5 Conclusion: 
On our study, three types of big wind turbines were checked in six different sites in all 

around the kingdom of Morocco. The goal of this study is to choose the best machine for each 

site by comparing the capacity factors found for each machine in each site. Using the analysis 

of wind characteristic, we could determine if the site is suitable and then choose the wind 

turbine that has the biggest annual energy production to install in the site. Hence, after 

choosing the best wind turbine regarding the capacity factor, we could start the business 

analysis for the best site. Analytically, we could evaluate the performance, environmental, and 

economic evaluation of Gamesa G83-2MW in Laayoun site using Excel and Retscreen.  

The mean wind speed at Laayoun site is found to be 10.9 m/s at 40 meters height 

above the ground. To this effect, the annual energy production of Gamesa G83-2MW in 

Laayoun site was evaluated using the power curve technique and it is equals to 

272960kWh/year. Likewise, the Gamesa G83-2MW has a better capacity factor of 

performances which is found to be around 0.51 that makes it a very efficient wind turbine at 

the Laayoun site. 

After getting the annual energy production of the turbine selected, the economic 

performance of the selected wind turbine is a crucial factor that we take on consideration in 

defining the feasibility of the wind turbine installation. In our study, we choose to determine 

the payback period of the selected big turbine since it is considered to be the simplest method 

in order to determine the possibility of the turbine installations. Consequently, we found that 

the payback period of Gamesa G83-2MW at Laayoun site is around the 8th year which less 

than the minimum working life of the turbine estimated by the manufacturer to be around 

25years. The results show that the implementation of the turbines is very efficient in Laayoun 
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site since it will conduct to gain a big amount of profit after the 8th year and for the rest of its 

life. Thus, the installation of 30 machines (Gamesa G83-2MW) is economically feasible.  

In brief, the results found from this study has exposed that the installation of the 

selected wind turbine in the chosen site is technically and economically practical. Moreover, 

the implementation of this study will result the production of a clean energy and a decrease of 

the CO2 expansion and the electricity bills.  

During this study many recommendations were gathered. The following 

recommendations are presented for this study in the field of sustainable energy: 

1. The data selection of a given site should be based on wind data analysis. 

2. The wind data should be collected during at least a one year period. 

3. Choice of a given wind turbine technology (machine) must be based on 

capacity factor analysis. 

4. Height of a wind turbine must be selected based on the site roughness. 

5. Financial analysis is the key parameter to choose between different 

technologies. 

6. Implementation and installation of the big wind turbines demands more studies. 
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