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Abstract 

Recently wind resource assessment studies have become an important research tool to identify the 
possible wind farm locations.  

In this thesis work technical analysis was carried out to determine the wind resource potential of 
two candidate sites in Eritrea with help of suitable software tools. The first site is located along the 
Red Sea cost which is well known for its wind resource potential, whereas the second site is located 
in the central highlands of Eritrea with significant wind resource potential. Detailed wind resource 
assessment, for one year hourly weather data including wind speed and wind direction, was 
performed for the two candidate sites using MS Excel and MATLAB. The measured wind data at 
Assab wind site showed that the mean wind speed and power density was 7.54 m/s and 402.57 
W/m2 , whereas the mean wind speed and mean power density from Weibull distribution was 7.51 
m/s and 423.71 W/m2 respectively at 80m height. Similarly, the measured mean wind speed and 
mean power density at Dekemahre wind site was obtained to be 5.498 m/s and 141.45 W/m2, 
whereas the mean wind speed and mean power density from Weibull distribution was 5.4859m/s 
and 141.057W/m2 respectively. Based on the analysis results Assab wind site classified as wind 
class-III and Dekemhare as wind class-I.  

Wind farm modeling and Annual Energy Production (AEP) estimation was performed for E-82 & 
E-53 model turbines from Enercon Company with the help of MATLAB and Windpro software. 
The analysis revealed that Assab wind farm was an ideal site for wind energy production with 
capacity factor (CF) 53.4% and 55% for E-82 and E-53 turbines respectively. The gross and net 
AEP for turbine E-82 at Assab wind farm was 469.5 GWh and 446.025 GWh respectively with 
95% park efficiency. Similarly, the analysis showed that the CF in Dekemhare site was very low 
with typical value 14.2% and 15.26% for E-82 and E-53 turbines respectively. The gross and net 
AEP of that site for model turbine E-53 was 53.5 GWh and 50.825 GWh respectively with 5% 
wake loss. 

Finally, a simplified economic analysis was carried out to determine the economic feasibility of 
possible wind power projects in both sites by assuming investment cost 1600 €/kW for E-82 
turbine and 2000 €/kW for E-53 turbine. The total wind farm investment cost was found to be 
215.85 and 107.93 Million Euro for E-82 and E-53 model turbines respectively. The levelized cost 
of energy at Assab and Dekemhare wind farm for E-82 model turbine was 0.0307 €/kWh and 
0.5526 €/kWh respectively. The analysis result show that the levelized cost of energy in 
Dekemhare wind fasrm was much higher than that of Assab wind farm.  

 

Key words: Wind resource assessment, Wind farm, Annual Energy Aroduction, Assab wind site, 
Dekemahre wind site, Eritrea, Weibull distribution, Wind rose, Wind power density, Capacity 
factor.  
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Sammanfattning 

De senaste åren så har vindresursutvärdering blivit alltmer viktigt för att identifiera lämpliga 
platser för vindkraftsetablering. 
  
I detta examensarbetet så har en teknisk analys utförts med för ändamålet lämpliga mjukvaror för 
att utvärdera vindresurspotentialen för två påtänkta siter i Eritrea. Den ena siten (Assab) ligger vid 
Röda havskusten som är välkänd för sina goda vindresurser medans den andra siten (Dekemhare) 
ligger i Eritreas centrala högland som också har ansetts kunna ha goda vindresurser. Detaljerade 
vindresursutvärderingar gjordes med hjälp av MS Excel och MATLAB med hjälp av ett års 
väderdata tillhandahållet från företaget Vortex. Vinddatan för Assab visar på en 
medelvindhastighet på 7.54 m/s och en effekttäthet på 402.57 W/m2 för 80 m över marken. Med 
hjälp av Weibull distribution fås liknande värden 7.51 m/s och 423.71 W/m2. Motsvarande siffror 
för Dekemhare var 5.498 m/s (5.4859 med Weibull) och 141.45 W/m2 (141.057 med Weibull). 
Baserat på denna analys så kategoriserad Assab som vindklass III och Dekemhare som vindklass 
I. 
 
Vindparksmodellering och AEP (Annual Energy Production = årlig elgenerering) uppskattning 
gjordes för en vindkraftspark med 50 vindkraftverk (Enercon E82 eller E53) med hjälp av 
MATLAB och windPRO. Analysen visade att Assab vore en ideal site för en vindkraftspark med 
en kapacitetsfaktor på 53.4% respektive 55% för E82 respektive E53 modellen. Brutto och netto 
AEP för Assab med E82-modellen blir 469.5 GWh respektive 446.025 GWh förutsatt att man antar 
95% parkeffektivitet. På liknande sätt fås en betydligt lägre kapacitetsfaktor för Dekemhare, 14.2% 
och 15.26% för E82 respektive E53 modellerna. Brutto och netto AEP fås till 53.4 GWh respektive 
50.825 GWh. 
  
Slutligen så gjordes en enklare ekonomisk utvärdering av projekten. En investeringskostnad antogs 
till 1600€/kW för E-82 modellen sant 2000€/kW för den mindre E-53. Kostnaden för 
vindkraftparken blev då 215.85 respektive 107.93 miljoner Euro för E82 och E53 modellen. LCOE 
(Levelized Cost Of Energy = ett mått på kostnaden för elen) för E82-modellen blev 0.0307€/kWh 
respektive 0.5526 €/kWh för Assab och Dekemhare. Jämförelsevis så blir LCOE betydligt högre 
för Dekemhare än för Assab. 
 
 
Nyckelord: Vindkraftbedömning, Vindkraftverk, Årlig energiproduktion, Assab vindplats, 
Dekemahre vindplats, Eritrea, Weibullfördelning, Vindrosa, Vindkraftdensitet, Kapacitetsfaktor. 
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1. Introduction  

1.1 Global energy outlook 
Energy is a basic necessity of human life. Energy is important in every aspect of our daily life 
activities such as lighting and transportation which are basic human requirements. Access to 
energy is important as food and shelter. The main source of energy are fossil fuels, including oil, 
coal and natural gas. Fossil fuels are the primary source of energy since the industrial revolution 
and are the driving forces to all the economic growth that has achieved since then. These 
conventional resources are continued to become a dominant supply of global energy demand for 
many years. However, the reliance on this limited, exhaustible and environmental unfriendly 
resource raised many concerns in the environment which calls many energy conservation measures 
and utilization principles. Moreover, fossil fuels remain the main sources of air pollution, carbon 
dioxide emission, and global warming. The Global CO2 emission from fossil fuels remains 
relatively flat over the past three year, however early estimates from Global carbon dioxide 
emission (GCE) suggest that the global emission is likely to increase in 2017 [1]. According to 
global climate report, for March 2017 the combined global average temperature over the ocean 
and land surfaces was 1.05°C above the 20th century average of 12.7°C’ [2].  

Climate change is a timely concern from a global perspective, and alleviating problems associated 
with climate change is an essential part of securing national and social and economic development 
goals. For mitigating the potential harms associated with global warming and climate changes 
researchers are contributing a great role in improving energy efficiency and development of 
renewable energy resources [3]. Among these measures, development of renewable energy has a 
promising future to reduce greenhouse effect and gas emissions by substituting fossil fuel based 
energy.  

Renewable energy resources such as solar, wind, hydro, wave, geothermal and bioenergy are 
growing rapidly and can secure our future energy demand if their conversion technologies well 
developed. The global renewable energy investment rose sharply to $286 billion in 2015, which is 
four times higher than a decade ago [4]. Although the investment rate decreased in 2016 the total 
installed capacity increased from 127.5GW in 2015 to 138.5 GW in 2016. The renewable energy 
sources including small hydro accounted for 55.3% of all the gigawatts of new power generation 
added worldwide in 2016 [5].  

Although the cheapest Levelized cost of energy is recorded for hydropower, the rapidly falling 
costs of solar PV caught the global market attention. Nowadays the unsubsidized cost of solar 
energy become competitive with the fossil fuels. Concentrating solar thermal power plants and 
solar thermal heating and cooling systems increased the share of solar energy in the total global 
renewable energy installed capacity [6]. The recent global renewable energy report indicates that 
solar and wind energy are the most rapidly growing technologies in the energy market.  

The continuously updating technical developments in wind energy technology make wind energy 
the most abundant source of clean and cost-effective energy. The advanced technical development 
in turbine technology coupled with growing manufacturing sector makes it the most prominent 
source of renewable and clean energy. If renewable energy utilization technology continues as the 
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current trend, soon fossil fuels will be phased out and the world will be able to use renewable 
energy in order to satisfy its energy demand.   

1.2 Background  
To satisfy the rapidly increasing electrical power demand and protect the environment, there needs 
a better and advanced technology to harness the vast available renewable energy resources. With 
the increasing commercialization and rapid technological expansion in their utilization renewable 
energy resources have promising future to fulfill the global energy demand. In addition to their 
promising growth rate to substitute fossil fuels, renewable energy resources are clean and cost-
effective. A Paradigm shift from fossil fuels to renewable energy is highly expected as state-of-
the-art technologies are continuously updated in their utilization. Solar and wind power system are 
continuously improved their performance characteristics and dominated the global market. 
Particularly wind power is expected to be among the best alternative power source as it has high 
potential to fulfill the global energy demand [7]. 

With the rapid expansion of installed capacity, wind power seems a positive alternative to fossil 
fuels and the cheapest means of power supply in the near future [8]. Presently wind power costs 
competitive with the conventional energy resources like oil and coal-generated electricity. As from 
the report Global Wind Statics 2016, published by Global Wind Energy Council (GWEC) the 
cumulative global wind energy reaches 486.74 GW with new installed capacity by the end of 2016 
[9]. With that promising growth rate, many researches are still going on to utilize wind energy in 
a full-fledged manner. Even though wind energy is the most abundant power source, it is important 
to note that there are many technical challenges for its maximum utilization, as the wind is 
intermittent by nature [10]. Wind pattern is not constant and is varying from season to season and 
geographically, this variability is the main barrier for free expansion of wind energy technology.  

Therefore, proper site identification, prescreening and preliminarily wind potential assessment are 
very necessary for a feasible and reliable wind farm development. Wind potential assessment is 
the first step in utility-scale wind energy project. With the latest scientific advances, the wind 
industry has gained experience to assess, predict and model wind resource parameters accurately. 
With the current competitive market and challenging project locations, it is imperative to use the 
most sophisticated technology available for siting, financing and optimizing wind farms. In 
analyzing and identifying the potential site the measured data is considered ideal input otherwise 
satellite data may be used as an alternative for areas which have no year-long time series data [11].  

Many research have been done for assessing the wind potential at different locations. Many of the 
studies use Weibull and Rayleigh probability distribution function to determine the wind data 
parameters including the wind velocity distribution, wind energy distribution, optimum average 
wind velocity and power density. Other researchers use modeling and simulation software like 
Windpro, WAsPS, and CFD to model and predict the wind potential at a specific location. Lack 
of such advanced and well-structured wind resources assessment facilities pulls behind the poor 
countries from utilizing their available wind potential.  

1.3 Eritrean Energy sector  

Eritrea is young nation located in North east Africa, a region with abundant natural resources. The 
energy sector in eritrea is not well established; however, the  government is working hard on 
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satisfying the rapidly growing energy demand of the nation starting from the independence in 
1991. The government has taken many initiatives to boost the economic development of the nation 
and improve the social lifestyle by increasing the electricity generation capacity. For example, in 
2003 the government installed 88MW power plant which increases the electricity generation 
capacity from 30 MW at the time of independence to 130 MW in 2003 [12].The transmission and 
distribution lines have also increased significantly since then. However, this development is not 
sustainable as the system is totally dependent on imported oil. Most of the energy produced is 
utilized by the household sector, the remaining is shared by industry, transportation, and 
commercial sectors [13]. In order to secure a sustainable energy supply, Eritrea has to find 
alternative energy resources which are both environmentally friendly and cost-effective.  

1.3.1 Eritrean Climate 

The climate in Eritrea is greatly affected by the topography and the location with reference to the 
tropics. The topography and the landscape in highlands and lowlands raise a diverse of climate 
variation in Eritrea. The climate varies from temperate in the highlands to arid and semi-arid in 
the lowlands. The temperature also greatly affected by the seasons and altitude differences. There 
are three climate zones in Eritrea named temperate, subtropical and tropical climate zones. The 
highlands of Eritrea experience moderate climate with the highest temperature in May or June 
which reaches 27oc to 30oc, while the lowlands temperature is a bit hot and varies from 40oc to 
46oc in the hottest months from June to September. The average rainfall is 508mm and 205mm in 
highlands and eastern lowlands respectively.  

1.3.2 Potential Sources of Energy in Eritrea 

Eritrea is blessed with abundant of renewable energy resources. However, the energy sector in 
Eritrea is highly dependent in biomass and imported oil. The dependence in the imported oil 
hinders the nation from establishing reliable energy sector. Moreover, this influences the economy 
and the environment negatively. Therefore, in order to construct a sustainable energy generation 
system the country has to explore the vast available wind energy potential. For the reason wind 
energy is one of the most rapidly advancing and the most cost effective renewable energy 
generation technology, introducing it in the energy mix of the nation is the best option.  

The main energy resources in Eritrea include but are not limited to biomass, wind, solar, oil and 
natural gas. 

1.3.2.1 Biomass Energy 
Biomass energy contributes to about 80% of the nation’s total energy consumption and is the main 
source of energy for cooking and other basic household activities. Biomass is used in an inefficient 
way in traditional stoves, and is causing negative impact on the environment which leads to the 
greenhouse effect. Most of the population who lacks access to electricity use biomass as a source 
of energy. Biomass can be a secure and sustainable source energy if the rate of consumption is less 
than the rate of growth of the vegetation. Biomass produced from agroindustries, solid and liquid 
wastes, and energy crops can be a source of energy for local communities even it can contribute 
to the national grid. There is a high potential for biomass energy to become a modern source of 
energy in Eritrea [14].  
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1.3.2.3 Wind energy 

The existing historical and recent wind data show that Eritrea has high wind potential to exploit  
a significant amount of wind energy. Even though many parts Eritrea has good wind potential, 
studies show that southern coast of red including Assab and Gharo has proven to be among the 
best sites in Africa for utility-scale wind energy generation. According to the research conducted 
by Rosen et ad. [3], the mean wind speed at 10 meters height was recorded to be 9.5m/s at Assab 
airport. Dekemahre and Gizgiza which are located in the central highlands of Eritrea have also 
high mean wind speed that is suitable for electricity generation. Critical mean wind speeds about 
2.5m/s suitable for pumping is available throughout the country [14].  
Following the feasibility studies conducted by the  Global Environmental Facility (GEF) and [3, 
15, 16] 750kW grid-connected wind farm and many standalone wind generators have been 
installed in Assab and surrounding villages. According to the studies, wind-diesel and wind solar 
hybrid systems are applicable and feasible in many parts of Eritrea as most of the wind potential 
sites have good solar irradiance [14]. If sufficient technology is developed and the government 
encourages renewable energy investment, Eritrea has a good wind potential to gain a reasonable 
share of wind energy in its energy mix.  

1.3.2.4 Solar Energy 

Eritrea has a high solar energy potential with an annual average global irradiance of 5-6kWh/m2. 
There is no doubt this potential can be used in different solar energy applications systems such as 
solar water heaters for different public and commercial uses and solar PV which can be utilized in 
remote areas in hospitals and schools. Moreover, such a potential site can be used for electricity 
generation by means of concentrated solar thermal power plants [14]. 

Recently many international and local companies have undertaken solar energy project in different 
parts of Eritrea. For example, solarcentury has taken 5.7 million euro solar project to construct a 
mini-grid which can supply around 40,000 local people around Areza and Maidma. This shows 
that Eritrea has good solar potential even from global perespective. There are also many other solar 
projects by local companies which increase the share of solar energy in the energy mix of the 
nation.  

1.3.2.5 Geothermal energy 
Eritrea is located in the African rift system which has a high potential for geothermal energy 
production. The coasts on the south-eastern parts of Eritrea are also located in the tectonic areas. 
Places like Alid and Nabro-Dubbi are potential sites for geothermal energy production. The 
hydrothermal reservoir underlying in these volcanic mountains has a temperature 250oc- 350oc.  
Previous studies show that the water to rock ratio is sufficient enough for reliable geothermal 
energy production in the above-mentioned sites [14,17]. Modern geothermal power plants can be 
built on these sites to support to the national grid. Moreover, the existing transmission line from 
Massawa to Asmara is not far from these sites which makes interesting for geothermal power 
generation project development [17].  

1.3.2.6 Hydropower 

The annual average rainfall in most places of the country is around 450mm. Despite the good 
rainfall, Eritrea has a small amount of hydropower potential. The three main rivers Setit, Mereb-
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gash, and Barka have hydropower potential of 16890 GWh in total, about 33% of this can exploit 
for electricity generation.  

1.3.2.7 Oil and Natural Gas 

Eritrea has a long petroleum exploration history dating back to 1920 during the Italian 
colonization. However, only twelve wells were drilled for exploration in the red sea from the big 
sedimentary basin. Presence of oil and gas was proven in most of the explored sites. The studies 
show that a high accumulation of oil and gas reserves are available in the sedimentary basin of 
Eritrean red sea [18]. 

1.3.3 Renewable Energy Penetration in Eritrea 

The transition from the exhaustible and limited energy resource to nonlimited and sustainable 
energy is the main national and international development goals. However, for the previous thirty 
years, Eritrea depends on imported oils for satisfying the electricity demand of the nation. There 
is no doubt that sustainable energy plays a vital role in economic growth and in improving the 
living standard of the society. The sources of most of the modern energy in eritrea is conventional 
resources such as petroleum and oil.  

About 80% of the total energy consumption in Eritrea is obtained from biomass. Biomass is the 
only available energy for rural dwellers for cooking and basic living needs including heating and 
lighting. Moreover, biomass is burned in traditional stoves inefficiently. This is really 
unsustainable as it contributes to deforestation which leads to environmental degradation and 
global warming. For it to become a sustainable source energy supply it needs proper management 
practices and utilization principles [13].  

 

Figure 1. 1-Wind Park in Assab[13] 
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The share of wind energy in Eritrean energy sector is almost negligible comparing the wind 
potential in the southern coast of the red sea. Though a pilot wind farm project for 750kW and 
another stand-alone wind generators have been installed in the southern Red Sea near Assab, the 
potential wind energy is yet untapped as multi-megawatt range wind farm can be successfully 
implemented which can reasonably add the share of renewable energy in the energy mix of the 
nation.  

The potential of solar energy in Eritrea is reasonably high. Solar energy is widely used in rural 
areas of Eritrea mainly in remote hospitals and schools and the technical know-how is better in 
solar than in wind energy. 

Though not clearly reported, many international and local companies are investing in solar power 
generation projects in different parts the country. For example, recently about 2MW solar farm 
project was installed in Adi-halo and the capacity is expected to expand to 4MW in the near future. 
4MW and 8MW solar farms are also in plan to be implemented in Gergera and Kerkebet in the 
near future according to the report from the ministry of information [19].  

 

Figure 1. 2 - Solar farm in Adi-halo[19] 

1.4 Objective 
Introducing renewable energy technology in the nation is the main driving idea for this thesis. 
Despite the vast potentials of renewable energy resources, the country is suffering from acute 
energy crisis. Its total reliance on conventional energy supply hinders the innovation and adoption 
of new technologies in introducing renewable energy technologies in its energy mix. Therefore, 
incorporating renewable energy into the national grid is a timely concern for satisfying the rapidly 
growing energy demand and improving the social lifestyle. Previous studies show that Eritrea has 
high solar and wind potential in the coastal areas and central highlands. Moreover, it is believed 
that wind energy has a promising future in providing a significant contribution to the energy mix 
of the nation. The purpose of this thesis is, therefore, to further investigate the potential of wind 
energy in Eritrea to underline the advanatge of renewable energy technology in the energy mix of 
the nation. Moreover, this thesis work will become the base for further research in the nationwide 
wind resources assessment initiative.  
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The specific objective of the thesis is to 

• Assess and investigate the wind potential in the two candidate sites using suitable statistical 
and simulation tools. 

• Model the wind farm layout and calculate the AEP using appropriate software tools like 
WindPro and MATLAB  

• Analyze, compare and comment on the AEP of the two sites for profitable wind farm 
investment.  

1.5 Scope and Limitations 
The main objective of the thesis is to assess and rate the wind potential of the sites so as to model 
and optimize the wind farm. To achieve this goal the satellite web-based wind and climate data 
was taken from Vortex Company. The data has some limitation to describe accurate wind 
characteristics of the sites. And some slight differences were observed from previously conducted 
researches based on data from ground masts. The overall analysis is done based on the one year 
satellite data. However, reliable and safe results of wind resource assessment analysis requires 
long term wind measurement records. In addition, in wind farm modeling a frequent site visit and 
Extensive practical observation and consideration of the wind farm properties such as roughness 
and elevation properties is required which are not practically performed in this thesis work.  

Moreover, the modeling and simulation software is not complete and some results which are 
expected to be well simulated are not performed as expected.  

1.6 Thesis Outline 
The overall work of this thesis is divided in six chapters.  

The first chapter generally deals with general introduction of the global energy trend and climate. 
The background information of Renewable energy resources and Eritrean energy sector were 
presented in subsequent topics. The chapter further presents the main objective, the scope and 
limitation of the thesis work. 

The second chapter deals with literature review and theoretical background of the thesis work. In 
this chapter many previous works in wind resource assessment is presented extensively to lie a 
solid foundation for the current proposed work. Many of the theories and formulas that support the 
thesis work are clarified in this chapter.  

In chapter three, the methodologies and software used ere explained. The site description and 
identification are thoroughly discussed.  

In chapter four the main results of the thesis work were presented. The measured data from Vortex 
Company were analyzed using appropriate software. The comparison of the measured data with 
Weibull distributed wind speed was performed. The wind speed and direction distribution 
characteristics are simulated.  

The fifth chapter deals with annual energy production and wind farm modeling. Here in this 
chapter the power density of the two candidate sites were clearly simulated and identified. The 
wind farm modeling and optimization procedures was explained. Turbine selection according to 
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the standard and power curve analysis was presented. And finally annual energy production and 
simplified energy cost analysis is performed. 

Finally, in chapter six a summarized conclusion and recommendation of the thesis work is 
presented. 

 

2. Review of Relevant Literature and Theoretical Background 

2.1. Wind Resource 
 Wind is one form of solar energy. The pressure difference due to uneven heating of the earth’s 
surface caused movement of air. The movement of atmospheric air is called Wind. It has crucial 
importance to study the characteristics and nature of wind globally and locally to estimate the 
potential of the site for possible wind energy production.  

2.1.1. Characteristics of Wind 
Wind is created by pressure difference caused by uneven heating of the earth’s surface. Due to the 
difference in magnitude of the incoming solar radiation on the earth’s surface air rises in the 
equator and descends at the poles. Thus the high irradiation on the equator is the source 
compensating air streams between equator and poles. The air movement is also affected by the 
spherical shape of the earth, the earth’s rotation and seasonal and regional variation of solar 
radiation. The air masses diverted to the right in Northern hemisphere and to the left in Southern 
hemisphere due to rotation of the earth. A large amount of energy is contained in the oceans, 
therefore the circulation of the oceans greatly affects the movement of air. All these effects cause 
pressure difference that affects the global winds and other persistent regional winds like these 
appear in monsoon winds [20].  In addition, local heating or cooling also creates local winds to 
vary on seasonal or daily basis, including sea breezes and mountains winds [21].  

In addition to temperature and pressure differences, the topography and land surface condition 
strongly affects the wind speed. Winds accelerate when driven over a rise in the terrain especially 
over a ridge which are perpendicular to the flow. Many of the best wind sites in the world are on 
elevated hilltops and ridges. When the air near the surface tends to be cooler as such the see breeze 
there is a tendency to pass low around the ground rather than above it, in such conditions that the 
mountain passes are the best wind resource than the mountain tops [22]. 

2.1.2. Variation of Wind Speed 
Atmospheric winds vary both in time and space. Wind variation is dependent on height above the 
ground and local and global topographical conditions. Variation of wind speed may be the annual, 
diurnal or short term. Inter-annual variations are variations of wind speed over one-year timescale. 
This variation may have a large effect on long-term wind energy production. Generally, short-term 
data recorded for at least one year is generally sufficient to forecast or predict long-term seasonal 
average wind speed within an accuracy of 10% with a confidence level 90% [22]. Seasonal and 
monthly variation of wind speed is also common in most of the world. However, it is worthy to 
note that the seasonal and monthly variations of wind speed cannot be defined by data for a single 
year. The differential heating of the earth’s surface rise to daily wind speed variation. It is common 
practice to have high wind speed during the day and low during the night. The largest daily changes 
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in wind speed occur in spring and summer. The daily variation may also vary with location and 
altitude above sea level. Short term wind speed variations are variations which occur over time 
intervals ranging from seconds to minutes. These short duration variations in the wind speed 
account for fluctuation occurred in wind speed which results in turbulence and gusts in the mean 
wind speed.  

Local winds are affected by local geometrical features. Near the surface, vegetation and obstacles 
have a similar level of impact on wind speed with small and medium hills [23]. During micro-
siting, various micro-scale topographical features have to be carefully taken into consideration 
[24].  

2.2. Wind Prediction and Forecasting 

For the intermittent nature of wind, it is valuable to forecast and predict the wind speed for some 
time in advance. Depending on the type of application wind speed prediction may be of different 
scales i.e. from seconds to days or even months. Power utilities require both short-term and long-
term prediction of wind speed or wind power to compensate the power fluctuations with another 
reliable power source [25]. For example, power utilities need the very short duration of turbulence 
variations from a control point of view. On the other hand, accurate prediction of wind speed 
enables power operator to determine how much wind power can be integrated into to the grid in a given 
time [20]. Therefore, power production prediction is necessary from seconds to days from both 
production and control standpoint. Moreover, wind power forecasting reduces the challenge of 
balancing the demand and supply in power utility services.  

Wind power production forecasting models can be divided into two main groups, the first group 
is an analysis of historical time series wind data and the second is to use forecasted values from 
numerical weather prediction (NWP) model [26]. These forecasting models can also further 
grouped into NWP model output, a numerical forecasting model, and input of observations [20]. 
However, these methods can be best described by physical methods, statistical methods and 
artificial intelligence method. The hybrid method is also used as a combination of all the above 
methods. In historical time series analysis model, we use statistical method to forecast the wind 
speed or to directly forecast wind power production. But, in numerical weather prediction method 
we use mean wind speed and direction from metrological wind dynamics model to predict the 
power production some steps ahead. The first method gives good results for long-term wind speed 
estimation. On the other hand, the second method is more appropriate for short-term wind speed 
forecasts i.e. for daily and hourly wind speed forecasts [26].  

For performing appropriate forecasting models, a set of input data are required. The set of basic 
inputs in the physical model include the layout of the wind farm and power curves of the wind 
turbine. The physical information about the terrain like height variation and roughness information 
is also required in microscale and mesoscale models [20].  

Due to complex dynamic nature of wind speed, the design of an effective wind speed forecast 
model has attracted considerable research attention [25].  
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2.3. Wind Resource Assessment (WRA) 
Wind resource assessment is the process of estimating how much energy can be extracted from a 
given wind power plant over the estimated life of the wind turbine. The first step in wind resources 
assessment is identifying one or more candidate sites for assessment. This may include surveying 
a large land or a selected region for particular wind power project. Thus, wind resource assessment 
is the most important step to predict the annual energy production and to determine the feasibility 
and profitability of a given wind power project in a particular site. For a wind power project to be 
successful accurate wind resource assessment has crucial importance. However, accurate estimate 
of annual energy production in more than estimating the wind speed at a given time and space in 
a particular site. Characterizing the atmospheric condition at the wind project site for both spatial 
and temporal scales is necessary [22]. Wind potential assessment activities include site 
identification and screening, preliminary assessment and energy yield estimation of wind power 
system[27]. Accurate wind speed estimation is the most important step in wind resource 
assessment as any slight error culminated with highest risks in the business case for wind energy 
project developers. Therefore, for a successful wind power project, a comprehensive pre-screening 
assessment is required. Statistical analysis is the best method to determine mean wind speed and 
annual energy production in regions where sufficient wind data is not available. The type of wind 
speed distribution function greatly influences the outcome of the available wind energy and wind 
turbine performance at a particular site. We can use the various method to determine wind speed 
distribution probability function such as Weibull and Rayleigh distribution, Gamma function and 
Beta function [28]. The two-parameter Weibull distribution is the most common mathematical 
model to estimate the mean wind speed and annual energy production in a chosen site.  

 

Figure 2. 1 - The variation of mean wind speed at 10 meter above ground due to geographical 

effects of the land cover [23]. 

Two-parameter Weibull distribution do not properly fit in regions with considerable frequency of 
low wind speed, instead, a modified three-parameter Weibull distribution is used to address the 
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low or calm wind speeds. The modified three-parameter Weibull distribution gives more reliable 
results than other distribution methods [15].  

For the reason that wind resource assessment is the most important factor in establishing a 
profitable wind energy project, many countries have a well-structured meteorological station for 
identifying the potential sites. Nowadays, there are also many satellite-based data from different 
organizations for places which have no sufficient measured data. Many studies have been done in 
wind resource assessment in different parts of the world to estimate the wind energy potential. 
Mulugeta and Danke [15] conducted a preliminary wind resource assessment in Eritrea and 
Ethiopia using wind data from 21 meteorological stations with 3-hourly measured data and data 
from neighboring countries. They used two-parameters and three-parameters Weibull distribution 
to estimate the availability of wind energy across these countries and found the southern coast of 
Red Sea including Massawa and Assab were the potential sites for utility-scale wind energy 
production. In their study, they found that the three-parameter Weibull distribution is best suited 
for sites with low (calm) wind speeds. Tiaon Aukitino et ad. [29] studied the wind potential in 
Tarawa and Abaiang, Kiribati using seven different approaches of Weibull distribution and the 
moment method was found the best fit for both the sites. They found the mean wind speed to be 
5.355 m/s and 5.4575 m/s at 34 meters height above ground level in Tarawa and Abaiang 
respectively. Izelu et ad. [30] conducted wind resource assessment for wind energy utilization in 
Port Harcourt, Nigeria. They used the Rayleigh probability distribution function in conjunction 
with the logarithmic profile equation to determine wind speed distribution and energy production 
at the desired hub height. Piotr Wais. [28] conducted a comprehensive literature review on the 
application of two and three-parameter Weibull distribution in wind energy analysis and he 
compared the results from different probability density functions used in cited papers with low 
wind speed 0-2m/s. And finally, he proposed, for more null wind speeds the three-parameter 
Weibull distribution is more appropriate in fitting the measured data and is a good alternative for 
wind energy estimation in wind energy sector.  

K.Rosen et ad. [16] Conducted wind resource assessments in nine sites in central highlands and 
southern coastal red sea of Eritrea. They found that the average wind speed for eight sites in the 
central highlands was not adequate for utility-scale wind energy generation. Although, they 
mentioned in their research wind speed in some parts of the central highlands can be enhanced 
while channeling through the mountains and valleys. The analysis further investigated the wind 
data obtained for Red Sea coast including Assab has a more promising result for utility-scale wind 
energy production. They found the mean wind speed in Assab is 9.5m/s at 10 meters height, this 
wind speed is sufficient enough to produce much power than Assab can absorb. Moreover, when 
extrapolated using the power law, the wind speed at hub height will be much better than the one 
reported in that research. If wind technology is sufficiently introduced in this region, Assab can 
get much cheaper electricity than it has from the current diesel power plant. The analysis also 
investigated that such a high wind speed potential extends 200km north of Assab in the red sea 
coast. 

Recently many software and application tools have developed which can help to estimate and 
predict the wind speed, annual energy production, and power density of a particular site. 
WindPRO, WAsP and GIS analysis has become the most important wind atlas methodologies for 
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mesoscale modeling and satellite data analysis for regions where sufficient high-quality and long-
term measurement data does not exist. There were several studies on wind resource assessment 
using these applications. Archer CL et ad. [31] studied global wind power potential assessment at 
80m. They quantified maps of wind power potential based on the obtained wind speed data. 
Dimitrios Mentis et ad. [32] conducted a comprehensive GIS-based analysis on screening the 
localization of wind farms and related socio-economic and geographic constraints in Africa. The 
research investigated countries such as South-Africa, Sudan, and Egypt have high wind energy 
potential while Benin, Liberia, and Togo was identified to have low wind energy potential. 

2.3.1 Average wind speed and standard deviation.  
 Average wind speed is the simplest and most widely used method for rough estimation of annual 
energy production of a given site. This is simple statistical tool which determines the central 
tendency of a given time series data. This can be computed by dividing the sum of the time series 
data to the number of observations.  

𝑣𝑣 = 1
𝑛𝑛
∑ 𝑣𝑣𝑣𝑣𝑛𝑛
𝑖𝑖                                                                                  (2.1) 

Where: 

 n is total number of observation and vi is the wind speed and 

v is the average wind speed.  

However, estimating the annual energy production using average mean wind speed is misleading 
as the wind power is proportional to the cube of the mean wind speed. Thus as suggested by 
Sathyajith, the wind speed should be averaged for its power content in order to calculate the 
available power of the wind [25].  

𝑣𝑣 = �1
𝑛𝑛

(∑ 𝑣𝑣𝑖𝑖3𝑛𝑛
𝑖𝑖=1 )3                                                                         (2.2)                                                                                                                                              

Although, the mean wind speed is the easiest and understandable statistical method which indicates 
the potential of a wind site, the standard deviation gives a clear indication about the dispersion of 
the wind data. It gives a clear picture how the wind speed is distributed over the time period and 
how far the individual wind speeds are from the mean wind speed. So determining the standard 
deviation has a crucial importance in wind resource assessment.  

For the same mean wind speed wind turbines can produce different power depending on the 
distribution and dispersion of the wind speed. So, determining the standard deviation of the wind 
data is very important for estimating the annual energy production of a given site. 

                              𝜎𝜎𝑣𝑣 = �1
𝑛𝑛
∑ (𝑣𝑣𝑖𝑖2 − 𝑣𝑣2)𝑛𝑛
𝑖𝑖=1                                                                                 (2.3) 

Where: 𝜎𝜎𝑣𝑣 is standard deviation and v and vi are mean wind speed and wind speed respectively 

2.3.2. Frequency Distribution of Wind Speed 
Frequency distribution tells the number of times an observed wind speed falls within a particular 
interval or bins over the total period of record. The speed interval or bins may be 0.5 to 1 m/s over 
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a range of wind turbine power curve speeds which may cover from 0 to 25m/s or above. In a wind 
speed frequency distribution graph the horizontal axis shows the wind speed while the vertical axis 
indicates the frequency of that particular interval. These graphs may be prepared by bar chars or 
histograms. The frequency distribution curve is very important information for accurate estimation 
of annual energy production of a given wind turbine located in a particular site [27].  

For developing frequency distribution curve the wind speed is divided in to a number of equal 
intervals and the ratio of the total time occurred for that particular wind speed is calculated. 

Similar for the above relation for mean wind speed and standard deviation with time series data, 
the bins method is also useful tool for estimating the mean wind speed and standard deviation and 
to estimate the overall energy production of a wind turbine generator. The data is separated in to 
number of intervals or bins in which they appear [21]. For example the data is separated in to Nb 
number of bins of width wi and with mid points mi and a frequency of occurrence fi in each bin, 
then; 

 

Figure 2.2 - A typical histogram for frequency distribution curve [27] 

The total number of observations N 

       𝑁𝑁 = ∑ 𝑓𝑓𝑖𝑖
𝑁𝑁𝑏𝑏
𝑖𝑖=1                                                                                      (2.4)                                                                         

The mean wind speed v is then calculated  

𝑣𝑣 = 1
𝑁𝑁
∑ 𝑚𝑚𝑖𝑖𝑓𝑓𝑖𝑖
𝑁𝑁𝑏𝑏
𝑖𝑖=1                                                                           (2.5) 

The standard deviation then becomes  

𝜎𝜎𝑣𝑣 = 1
𝑁𝑁
�∑ (𝑚𝑚𝑖𝑖

2 ∗ 𝑓𝑓𝑖𝑖) − 𝑁𝑁(𝑣𝑣2)𝑁𝑁𝑏𝑏
𝑖𝑖                                                              (2.6) 
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2.3.2. Statistical Analysis of Wind Data 
The wind potential and the annual energy production of a candidate site can be determined using 
statistical methods and probability distribution. The need for statistical analysis have less 
importance if observed time series data is available at the desired site and height. The above 
explained methods the mean wind speed and standard deviation method and, the frequency 
distribution method are sufficient enough to determine the energy production of the given site if 
measured time series data is available. The advantage of statistical analysis and probability 
distribution is more meaningful when extrapolation and projection of observed data from one site 
to another is required or if only summary of a data is only available [27].  

The probability density function (PDF) 𝑝𝑝(𝑢𝑢) may be used to determine the number of occurrences 
of a specific wind speeds. The probability of wind speed between 𝑢𝑢𝑎𝑎 and 𝑢𝑢𝑏𝑏  as explained by [27] 
is computed as 

 𝑝𝑝(𝑢𝑢) = 𝑝𝑝(𝑢𝑢𝑎𝑎  ≤ 𝑢𝑢 ≤ 𝑢𝑢𝑏𝑏 ) = ∫ 𝑝𝑝(𝑢𝑢)𝑑𝑑𝑢𝑢𝑢𝑢𝑏𝑏 
𝑢𝑢𝑎𝑎                                                                 (2.7) 

The total area under the probability density curve is unity 

∫ 𝑝𝑝(𝑢𝑢)𝑑𝑑𝑢𝑢∞
0 = 1                                                                                        (2.8)  

 The average wind speed (v) can be easily determined if p(u) is known  

𝑣𝑣 = ∫ 𝑢𝑢 ∗ 𝑝𝑝(𝑢𝑢)𝑑𝑑𝑢𝑢∞
0                                                                       (2.9)    

Similarly the standard deviation (𝜎𝜎𝑢𝑢) can be computed as 

  𝜎𝜎𝑢𝑢 = �∫ (𝑢𝑢 − 𝑣𝑣)2𝑝𝑝(𝑢𝑢)𝑑𝑑𝑢𝑢∞
0                                                                                         (2.10) 

The mean available power density (𝑃𝑃
𝐴𝐴
) is  

𝑃𝑃
𝐴𝐴

= 1
2
𝜌𝜌 ∫ 𝑢𝑢3 𝑝𝑝(𝑢𝑢)𝑑𝑑𝑢𝑢∞

0                                                                             (2.11) 

𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒:  𝑝𝑝(𝑢𝑢) 𝑣𝑣𝑖𝑖 𝑡𝑡ℎ𝑒𝑒 𝑝𝑝𝑒𝑒𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑣𝑣𝑡𝑡𝑝𝑝 𝑑𝑑𝑒𝑒𝑑𝑑𝑖𝑖𝑣𝑣𝑡𝑡𝑝𝑝 𝑓𝑓𝑢𝑢𝑑𝑑𝑓𝑓𝑡𝑡𝑣𝑣𝑝𝑝𝑑𝑑 

The cumulative distribution function F(u) is given by  

𝐹𝐹(𝑢𝑢) = ∫ 𝑝𝑝(𝑢𝑢′)𝑢𝑢
0 𝑑𝑑𝑢𝑢′                                                                                (2.12) 

Where F(u) is the probability that 𝑢𝑢′ ≤ 𝑢𝑢 ( i.e the probability that a wind speed is less than or equal 
to a given wind speed), and u is any dummy variable and 𝒖𝒖′ is wind speed. 

The derivative of cumulative distribution function is equal to probability distribution function. 

                                   𝑝𝑝(𝑢𝑢) = 𝑑𝑑𝑑𝑑(𝑢𝑢)
𝑑𝑑𝑢𝑢

                                                                                           (2.13) 

2.3.3. Weibull and Rayleigh distribution curves 
The Weibull and Rayleigh distribution functions are the most widely used statistical methods for 
wind data analysis. The Rayleigh distribution function is the simplest method as it requires only 
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average wind speed for calculating the probability density function and cumulative distribution 
function. The Rayleigh method for above two functions is given by 

                          𝑝𝑝(𝑢𝑢) = 𝜋𝜋
2
� 𝑢𝑢
𝑣𝑣2
� exp �− 𝜋𝜋

4
�𝑢𝑢
𝑣𝑣
�
2
�                                                                         (2.14) 

The cumulative distribution function is  

                          𝐹𝐹(𝑢𝑢) = 1 − exp �− 𝜋𝜋
4
�𝑢𝑢
𝑣𝑣
�
2
�                                                                           (2.15) 

 

Figure 2.3 - Rayleigh distribution for different mean wind speed [20] 

The two parameter, Weibull distribution function requires two parameters the shape parameter k 
and scale parameter c, then PDF becomes 

𝑝𝑝(𝑢𝑢) = �𝑘𝑘
𝑐𝑐
� �𝑢𝑢

𝑐𝑐
�
𝑘𝑘−1

𝑒𝑒𝑒𝑒𝑝𝑝 �−�𝑢𝑢
𝑐𝑐
�
𝑘𝑘
�                                                               (2.16) 

The cumulative probability function then becomes 

                                   𝐹𝐹(𝑢𝑢) = 1 −  𝑒𝑒𝑒𝑒𝑝𝑝 �− �𝑢𝑢
𝑐𝑐
�
𝑘𝑘
�                                                                    (2.17) 



16 
 

 

Figure 2.4 - A typical Weibull probability function for v=6m/s for different shape parameter (k) 

values [27] 

There is a number of methods to determine the value of a and k. we will discuss about these 
methods later while looking the suitable methods which fits our sites.  

2.3.4. Estimating Weibull parameters 
The Weibull method is the most widely adopted probability distribution function to characterize 
the wind speed and to estimate the power density. Weibull wind speed distribution is two parameter 
function defined by scale parameter (c) in units of speed and dimensionless shape parameter (k) 
[33]. The Rayleigh distribution curve is special form of Weibull distribution for k=2. It is the value 
of k that relates the Weibull distribution with other statistical distribution curves. The 
dimensionless shape factor (k) determines the shape of the frequency distribution. For higher 
values of k, the wind speed is concentrated around a value which is narrowly distributed while a 
low value of k implies the wind is widely distributed. For sites with a constant or low variation of 
wind speed the value of the shape parameter (k) is large [33]. The scale factor c determines the 
quality of Wind. Its value is directly proportional to wind speed. High windy sites have high scale 
factor while low wind sites have low scale factor [34]. 

There are various methods for estimating the value of c and k depending on the format of the 
available data. The mostly used methods are:   

1) Graphical method 
2) Maximum likelihood method 
3) The empirical method of Justus 
4) The empirical method of Lysen 
5) Energy pattern factor method 
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6) Method of Mabchour 
7) Method of moments 

 

2.3.4.1 Maximum likelihood method:  
This method is based on numerical iterations.  The shape parameter and the scale parameter 
can be determined as follows 

                       𝑘𝑘 = �∑ 𝑣𝑣𝑖𝑖𝑘𝑘ln (𝑣𝑣𝑖𝑖)𝑁𝑁
𝑖𝑖
∑ 𝑣𝑣𝑖𝑖𝑘𝑘𝑁𝑁
𝑖𝑖

− ∑ ln (𝑣𝑣𝑖𝑖)𝑁𝑁
𝑖𝑖
𝑛𝑛

�                                                                             (2.18)           

                                            𝑓𝑓 = �∑ 𝑉𝑉𝑖𝑖𝑘𝑘𝑁𝑁
𝑖𝑖 �

1
𝑘𝑘                                                                                 (2.19) 

The mean wind speed vm is computed from the Weibull paramters. 

                                           𝑣𝑣𝑚𝑚 = 𝑓𝑓𝑐𝑐 �1 + 1 
𝑘𝑘
�                                                                                             (2.20)   

2.3.4.2 Empirical method  
       In this method the mean wind speed and standard deviation are needed [33].     

                                             𝑘𝑘 = �𝜎𝜎
𝑣𝑣
�
−1.086

                                                                                 (2.21)    

                                             𝑓𝑓 = 𝑣𝑣�

𝛤𝛤�1+1𝑘𝑘�
                                                                                       (2.22) 

Where gamma function is given by         

                                         𝑐𝑐(𝑒𝑒) = ∫ exp (−𝑡𝑡)𝑡𝑡𝑥𝑥−1∞
0 𝑑𝑑𝑡𝑡                                                            (2.23) 

2.3.4.2 Energy pattern factor method 
This method is based on the mean wind speed. After determining the energy pattern factor 
from equation 2.24, the shape parameter k and scale parameter c can be computed from 
equations 2.25 and 2.26 

                                        𝐸𝐸𝑝𝑝𝑝𝑝 =  𝑣𝑣
3  �����

𝑣𝑣�3
                                                                          (2.24) 

   Where 𝑣𝑣3  ����is the mean of the wind speed cubes:  

                                                           𝑘𝑘 = 1 + 3.69
𝐸𝐸𝑝𝑝𝑝𝑝2

                                                                   (2.25) 

                                                           𝑓𝑓 = 𝑣𝑣�

𝛤𝛤�1+1𝑘𝑘�
                                                                       (2.26) 

The most frequent (𝑣𝑣𝑝𝑝) and most energetic (𝑣𝑣𝑒𝑒) wind speeds can also be computed from equations 
2.27 & 2.28 respectively 

                                                             𝑣𝑣𝑝𝑝 = 𝑓𝑓 ∗ �1 + 1
𝑘𝑘
�
1
𝑘𝑘                                                       (2.27) 
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                                                             𝑣𝑣𝑒𝑒 = 𝑓𝑓 ∗ �1 + 2
𝑘𝑘
�
1
𝑘𝑘                                                       (2.28)             

Here in this paper, the maximum likelihood method is adopted for estimating the Weibull 
parameters. The maximum likelihood method is chosen as the scale and shape parameters are 
computed with the help of computational application using MATLAB script. A series of iterations 
is required to determine the Weibull parameters k and c. The shape parameter k and the scale 
parameter c can be computed as in equations 2.18 and 2.19. Here the initial value of k is set to 2 
for iteration.  

2.4. The Influence of Roughness and Height on Wind Speed 
Most of the wind measuring devices (wind masts) are installed at height of 10 meters. So any 
increase in elevation influences the wind speed to certain height level. Mountaintops and hills 
affect the wind speed significantly. The wind speed decreases significantly on the lee side while it 
almost doubles in the top or luff side of a mountain which is perpendicular to the wind flow [20].  

Wind speed significantly slowed down by the irregular structure of the terrain, obstacles, and hills 
surrounding a wind generator. Thus wind speed is increased with height as the speed is reduced 
by the roughness of the terrain. With this regard knowing the ground condition is necessary for 
wind data analysis. As explained in reference [20] the wind speed at some other height can be 
calculated.  

𝑣𝑣(ℎ2) = 𝑣𝑣(ℎ1) ∗
𝑙𝑙𝑛𝑛�ℎ2−𝑑𝑑𝑧𝑧𝑜𝑜

�

𝑙𝑙𝑛𝑛�ℎ1−𝑑𝑑𝑧𝑧𝑜𝑜
�
                                                    (2.29) 

Where: 𝑣𝑣(ℎ1) 𝑝𝑝𝑑𝑑𝑑𝑑 𝑣𝑣(ℎ2) are wind speeds at  ℎ1 and ℎ2  

             d is obstacle displacement of the boundary layer and 𝑧𝑧𝑜𝑜  is length of roughness or 
roughness factor  

d is considered as 70% of obstacle height if it is significant otherwise we consider it 0 if the obstacle 
is widely scattered.  

If the boundary displacement of a boundary layer (d) is zero equation (2.17) can be further 
simplified as  

𝑣𝑣(ℎ2)
 𝑣𝑣(ℎ1)

= �ℎ2
ℎ1
�
𝛼𝛼

                                                                                                    (2.30) 

The value of 𝛼𝛼 is assumed to be 1/7 with certain assumptions. However, the value 𝛼𝛼 varies with 
elevation, time of the day, season, terrain, wind speed, temperature and other thermal and 
mechanical parameters.  As given by Manwell the power law exponent as a function of reference 
velocity and height is given by [21]. 

                                                         𝛼𝛼 = 0.37−0.088ln (𝑈𝑈𝑟𝑟𝑟𝑟𝑝𝑝)

1−0.088ln�
𝑧𝑧𝑟𝑟𝑟𝑟𝑝𝑝
10 � 

                                                         (2.31)                                      

Where U is given in m/s and zref in meter 
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The power law exponent can also be defined in terms of the surface roughness  

 

                                                       𝛼𝛼 = 0.096 ∗ 𝑙𝑙𝑝𝑝𝑙𝑙10𝑧𝑧0 + 0.016(𝑙𝑙𝑝𝑝𝑙𝑙10𝑧𝑧0)2 + 0.24               (2.32) 

For 0.001< 𝑧𝑧0<10 meter; 𝑧𝑧0 represents the surface roughness in meter.  

Table 2. 1- Roughness lengths z0 for Different Ground Classes [20] 

S.No Ground class Roughness length zo Description 

1 Sea  0.0002 Open sea 

     2 Smooth  0.005 Mud flats 

3 Open  0.03 Open flat terrain, pasture 

    4 Open-to rough  0.1 Agricultural land with a low population 

5 Rough  0.25 Agricultural land with a high population 

     6  Very rough  0.5 Park landscape with bushes and trees 

7  Closed  1 Regular obstacles (woods, villages, suburbs) 

8 Inner city   2 Centers of big cities with low and high buildings 
 
2.5. Wind Power 
Wind energy is the process by which kinetic energy of wind is used to produce mechanical motion 
so as to generate electricity. Wind turbines are used to convert wind kinetic energy into mechanical 
power. It is this mechanical power that can be used for driving mechanical components to generate 
electricity. The power density of a wind determines the amount of power that can be produced by 
a specific wind turbine. Wind power depends on wind speed, the density of air and size of the 
turbine. The greater the power the higher is the wind speed or air density. Wind power is 
proportional to the cube of wind speed. 10% increase in wind speed increases the wind power by 
33%. Thus determining the wind speed to a high degree of accuracy is one of the key factors for a 
successful wind energy project.  

The total power available in the wind without considering the losses associated with the turbine is  

𝑃𝑃𝑜𝑜 = 1
2
𝜌𝜌𝜌𝜌𝑣𝑣3                                                                                     (2.33) 

Where  𝜌𝜌 𝑣𝑣𝑖𝑖 𝑑𝑑𝑒𝑒𝑑𝑑𝑖𝑖𝑣𝑣𝑡𝑡𝑝𝑝 𝑝𝑝𝑓𝑓 𝑝𝑝𝑣𝑣𝑒𝑒 𝑝𝑝𝑑𝑑𝑑𝑑 𝜌𝜌 𝑣𝑣𝑖𝑖 𝑝𝑝𝑒𝑒𝑒𝑒𝑝𝑝 𝑝𝑝𝑓𝑓 𝑒𝑒𝑝𝑝𝑡𝑡𝑝𝑝𝑒𝑒 𝑝𝑝𝑑𝑑𝑑𝑑 𝑣𝑣 𝑣𝑣𝑖𝑖 𝑤𝑤𝑣𝑣𝑑𝑑𝑑𝑑 𝑣𝑣𝑒𝑒𝑙𝑙𝑝𝑝𝑓𝑓𝑣𝑣𝑡𝑡𝑝𝑝         

The ratio of the actual power extracted by the turbine to the total power in the wind is called power 
coefficient (Cp ) 
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                          𝐶𝐶𝑝𝑝 = 𝑃𝑃𝑇𝑇
𝑃𝑃𝑜𝑜

                                                                    (2.34) 

The wind turbine power then becomes 

                                                 𝑃𝑃𝑇𝑇 = 1
2
𝐶𝐶𝑝𝑝𝜌𝜌𝜌𝜌𝑣𝑣3                                                                      (2.35) 

The maximum possible power coefficient (𝐶𝐶𝑝𝑝.𝑏𝑏𝑒𝑒𝑏𝑏𝑏𝑏) is calculated by Betz and is equal to 0.59. This 
power coefficient is ideal coefficient; however, the latest modern wind turbines can reach 𝐶𝐶𝑝𝑝 
values ranging from 0.4 to 0.5 [20].  

The efficiency of a wind turbine is therefore computed as the ratio of the actual turbine power 
output to the maximum possible power that can be extracted from the turbine.  

ῃ = 𝑃𝑃𝑇𝑇
𝑃𝑃𝑜𝑜𝐶𝐶𝑝𝑝.𝑏𝑏𝑟𝑟𝑏𝑏𝑧𝑧

= 𝐶𝐶𝑝𝑝
𝐶𝐶𝑝𝑝.𝑏𝑏𝑟𝑟𝑏𝑏𝑧𝑧

                                                   (2.36)     

 

Figure 2.5 - The typical power curve of wind turbine [26] 

2.6 Wind Power Density 
Wind power density is one of the many parameters that determine the wind class of a wind farm. 
Other parameters which are crucial in comparison of a candidate site for their potential include but 
are not limited to mean annual wind speed, annual energy production, wind direction, wake lose 
and wind farm layout. Together with annual energy production and mean wind speed the power 
density gives a good prospect of the wind farm capacity. To quantify how much power we can 
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extract from a wind we have to calculate the wind’s power density in watt per square meter (W/m2). 
Power density is the amount of energy extracted from a wind per unit area and per unit time. 

                                           𝑃𝑃𝑤𝑤 = 0.5𝜌𝜌𝑈𝑈3                                                                              (2.37) 

Where: Pw - Power density, 𝜌𝜌 - Density of air and U is wind Speed 

The power density which determines the amount of energy that can be extracted from a wind 
influences by two factors the wind speed and air density. The wind power density is proportional 
to air density as the density decreases with height the wind power density decreases proportionally 
if we ignore the increment of wind speed with height. To make comparison easily wind power 
densities have been standardized in to wind power classes. These divisions or classes are based on 
wind speeds taken at a specific height and air density at sea level. As the wind speed is affected by 
surface roughness and other factors near the ground the wind power density is defined in more 
than one height. The table below describes the wind class level with their power densities.  

Table 2. 2 - Wind power class [21]  

S.No Ground class Roughness length zo Description 
1 Sea 0.0002 Open sea 
2 Smooth 0.005 Mud flats 
3 Open 0.03 Open flat terrain, pasture 

4 Open-to 
rough 0.1 Agricultural land with a low population 

5 Rough 0.25 Agricultural land with a high population 
6 Very rough 0.5 Park landscape with bushes and trees 
7 Closed 1 Regular obstacles (woods, villages, suburbs) 

8 Inner city 2 Centers of big cities with low and high 
buildings 

 

2.7 Goodness of fit     

There are several approaches which can help to determine the suitability of a theoretical probability 
density function with the measured data. The following methods are the most commonly used 
indicators for the goodness of fit.  

i) The relative error between mean wind speed from probability density function 𝑣𝑣𝑚𝑚′ and 
mean wind speed 𝑣𝑣𝑚𝑚 from measured data. 

                                   𝑒𝑒𝑒𝑒𝑒𝑒𝑝𝑝𝑒𝑒 =  (𝑣𝑣𝑚𝑚
′−𝑣𝑣𝑚𝑚
𝑣𝑣𝑚𝑚

)                                                                        (2.38) 

ii) The relative available power density error  

                                        𝑒𝑒𝑒𝑒𝑒𝑒𝑝𝑝𝑒𝑒 = (𝐸𝐸𝑤𝑤
′−𝐸𝐸𝑤𝑤
𝐸𝐸𝑤𝑤

                                                                             (2.39) 
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   Where: 𝐸𝐸𝑤𝑤′  is obtained from the PDF where and 𝐸𝐸𝑤𝑤  is the power density from mean the 
measured value 

2.8 Wind Direction 
For a successful wind farm development, state-of-the-art wind speed and direction measuring 
system is necessary to identify the suitable candidate site. In addition to mean wind speed wind 
direction estimation also has crucial importance. The direction, the vane is pointed wind stream 
indicates the direction of the wind. Knowing the wind direction is necessary from both wind 
assessment and wind turbine control point of view. Wind direction estimation is crucial in wind 
potential assessment from control and structural point of view. If the wind is blowing from the 
same direction frequently the nacelle rotation to face wind by means of yaw mechanism (motor) 
is reduced which ultimately reduces the wear and tear of the components. 

The frequency distribution wind direction can be displayed in a polar form known as a wind rose. 
The wind rose plots divide each segment of the polar plot in colors to display the percentage of 
time the wind is blowing in certain speed range. Energy rose is also similar to wind rose which 
shows the percentage of total energy coming from every direction. These plots can be plotted by 
dividing the wind sample data into a suitable number of divisions, like 12 or 16 and computing the 
statistical share of each sector. 

                          𝑓𝑓𝑒𝑒𝑒𝑒𝑓𝑓𝑢𝑢𝑒𝑒𝑑𝑑𝑓𝑓𝑝𝑝 𝑝𝑝𝑓𝑓 𝑝𝑝𝑓𝑓𝑓𝑓𝑢𝑢𝑒𝑒𝑝𝑝𝑑𝑑𝑓𝑓𝑒𝑒 (%),𝑓𝑓𝑣𝑣 = 𝑛𝑛𝑖𝑖
𝑁𝑁
∗ 100                                                           (2.40)     

                       𝑝𝑝𝑒𝑒𝑒𝑒𝑒𝑒𝑓𝑓𝑒𝑒𝑑𝑑𝑡𝑡𝑝𝑝𝑙𝑙𝑒𝑒 𝑝𝑝𝑓𝑓 𝑡𝑡𝑝𝑝𝑡𝑡𝑝𝑝𝑙𝑙 𝑒𝑒𝑑𝑑𝑒𝑒𝑒𝑒𝑙𝑙𝑝𝑝 (%),𝐸𝐸 = 100 ∗ 𝑛𝑛𝑖𝑖∗𝑊𝑊𝑃𝑃𝑊𝑊𝑖𝑖
𝑁𝑁∗𝑊𝑊𝑃𝑃𝑊𝑊

                                       (2.41) 

Where:   N is the total number of records (or data) 

              ni and WPDi   represents  the number of records and average wind power density in  

                the direction sector i respectively and 

   WPD is the wind power density for all  

               the records 

2.9 Turbulence Intensity 
Studying the fundamentals of the turbulence intensity of a given site is important for different 
reasons. The knowledge of turbulence intensity of a site helps to estimate the maximum load of 
the different components and accessories of the wind machine, structural excitation, fatigue issues, 
wind turbine control mechanism and the quality turbine power output. The turbulence intensity of 
a site depends on mean wind speed, surface roughness and conditions, and topographic 
characteristics of the site. Moreover, knowledge of the turbulence intensity of a chosen site can 
help us to know the power production stability and life cycle of system accessories [21].  

The turbulence intensity (IT) is defined as the ratio of the standard deviation of the wind speed to 
ten minutes (10m) average wind speed.  

                                                         𝐼𝐼𝑇𝑇 = 𝜎𝜎𝑢𝑢
𝑣𝑣10𝑚𝑚

                                                                            (2.42)   
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Where  𝜎𝜎𝑢𝑢 is the standard deviation and  𝑣𝑣10𝑚𝑚 is ten minutes mean wind speed.      

Wind turbines are categorized based on their ability to withstand the extreme gust (extreme high 
wind speed) at 50m hub height, in addition, to mean wind speed and turbulence intensity according 
to IEC 61400-1 standard.  

The 50-year wind gust can be computed using the following formula [35]. 

                                          𝑉𝑉𝐺𝐺50 = 1.4𝑉𝑉𝑒𝑒 𝑟𝑟𝑒𝑒𝑝𝑝 �
ℎ

ℎℎ𝑢𝑢𝑏𝑏
�
0.11

                                                              (2.43) 

The annual wind gust can also be computed as  

                                         𝑉𝑉𝐺𝐺1 = 0.75𝑉𝑉𝐺𝐺50                                                                                (2.44) 

Where: 1.4𝑉𝑉𝑒𝑒 𝑟𝑟𝑒𝑒𝑝𝑝 is the maximum or extreme expected reference wind speed over 10min. mean 
wind speed value. 

 𝑉𝑉𝐺𝐺50 the expected (gust) extreme wind speed within 50 years and 

    𝑉𝑉𝐺𝐺1 is the expected extreme wind Speed (gust) within a year  

Table 2. 3 - IEC type wind class [35] 

IEC wind class I II III IV 
50 years extremum, m/s 50 42.5 37.5 30 
Average wind velocity, m/s 10 8.5 7.5 6 

 
2.10 Wind Turbine Technology 
Wind turbines are machines which convert the kinetic energy of winds into electricity. Wind 
turbines are classified according to the orientation of their axis, the interaction of the blade with 
the wind, number of blades and according to their rotational speed. According to the working 
principle, wind turbine blades can be grouped as lift and drag or both. Wind turbines are also 
divided according to their application. Turbines that is used for mechanical motion may work with 
high torque and those used for electricity generation work with high rotational speed but less 
torque. With the continuous technological advancement in performance characteristics, wind 
turbines are proven to become a secure and sustainable energy supply. In high wind potential sites 
wind turbines can produce electric power as cheap as conventional power sources like coal and 
crude oil.  

Wind turbines are broadly divided into two groups according to the alignment of their rotating 
axis, horizontal axis wind turbine (HAWT) and Vertical Axis Wind Turbine (VAWT).  

2.10.1 Horizontal Axis Wind Turbine (HAWT) 

HAWT are turbines in which the alignment their axis is parallel to the wind flow and the ground. 
In HAWT both the rotor and the generator are at the top of the tower and can be directed towards 
the wind or away from the wind. The nacelle which is located at the top of the tower contains 
gearbox, generator, brakes, actuator and driving shaft. Most modern wind turbines in the 
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commercial market today are of this type. The blades of a modern wind turbine are made up of 
fiberglass or wood epoxy with length varying from 5 to 100 meters. For the purpose of strength, 
wind turbine blades are made up of a single solid structure without sectionalization. However, 
recent researches show that sectionalizing the blades is possible, this further ease the transportation 
and installation of big wind turbines on land [36]. The control mechanism in HAWT differs from 
simple Vane in small wind turbines to a sophisticated servo motor driven in modern utility-scale 
wind turbines.  The yaw mechanism rotates the nacelle to face the wind so as to expose the blades 
to the wind direction. The yaw mechanism may be classified as passive yawing or active yawing. 
The rotor aligns itself downwind in passive yaw mechanism while in active yaw mechanism the 
turbine is controlled by computerized system to align it always towards the wind. The turbine in 
passive yawing in called downwind and in active is called as upwind. There are also many other 
control units which help the blade from severe weather conditions and regulate the power to 
integrate into the grid. Figure 2 shows the major components of the horizontal axis wind turbine. 

 

 Figure 2.6 - Main components of HAWT [36] 

2.10.2 Vertical Axis Wind Turbine (VAWT) 
In vertical axis wind turbines, the orientation of the rotor axis is perpendicular (transverse) to 
the wind stream or wind flow. VAWT has the advantage eliminating the need for yaw control 
as the turbines can accept wind from any direction. However, VAWT needs start-up 
mechanism (induction motor/ generator) as the blades are not reliable to start and spin faster 
than wind speed themselves to produce positive power. The main components including the 
generator and gearbox are placed at the base of the tower this simplifies installation, 
maintenance, and repair. However, these machines suffer from cyclic variation of power at 
every revolution. Moreover, as the rotor is close to the ground it suffers from turbulence effects 
[37]. Recently more research has been taken in performance improvement of vertical axis wind 
turbines. Large scale offshore vertical axis wind turbines have been recently installed in some 
countries and have a promising future.   
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2.11 Annual Energy Production (AEP) 
In wind farm development wind resource assessment is the most preliminary task to be 
accomplished in order to determine the available power or energy density of the site. Wind energy 
density is the energy available in the given site per area and per unit time. AEP helps wind farm 
owners to quantify the total annual energy that can be extracted from the given project. The AEP 
is a crucial factor in estimating the overall internal rate return. A small error in AEP estimation 
lands to large changes in the wind farm project return values.  

The AEP is the total amount of electrical energy produced over the length of one year of a specific 
wind turbine and is measured in Kilowatt hour (kWh) and Megawatt hour (MWh). This can be 
calculated by multiplying the power of each wind speed from the given power curve with the 
frequency distribution of wind speed for that particular wind turbine. The total AEP of the wind 
project then calculated by adding the Annual energy production of each wind turbine. 

The rated power is the maximum power the generator can produce. The rated speed is the 
maximum speed at which the rated power is reached. The rated power and rated speed can be 
clearly seen on the power curve of the specific wind turbine. Adding the nameplate capacities of 
all installed wind turbines gives the total installed capacity of a wind farm.  

The theoretical Annual Energy production of a wind turbine is usually greater than that of the 
actual Annual Energy Production for different reasons like downtime for repair, curtailment for 
grid protection, drive train and rotor inefficiencies and wake effects.  

The availability of a wind turbine is necessary as it expresses the amount of time or (the ratio of 
the year) the wind turbine is operating.  

The mean wind power density can be computed by 

                                                𝑃𝑃
𝐴𝐴

= 1
2
𝜌𝜌 ∗ 1

𝑁𝑁
∗ ∑ 𝑣𝑣𝑖𝑖3𝑁𝑁

𝑖𝑖=1                                                                 (2.45)      

The average wind energy density for time period N∆t is given by   

                                                𝐸𝐸
𝐴𝐴

= 1
2
𝜌𝜌 ∗ 1

𝑁𝑁
∗ ∑ 𝑣𝑣𝑖𝑖3𝑁𝑁

𝑖𝑖=1 (N∆t )                                                     (2.46) 

Using the ideal gas equation the density of the air in relation to the environment is given by 

                                           𝜌𝜌 = 𝑃𝑃
𝑅𝑅∗𝑇𝑇

                                                                                          (2.47) 

Where:  P is pressure in Pascal (Pa) 

            R is specific gas constant and  

            T is the temperature in K     

2.11.1 Capacity Factor      
Capacity factor is an important factor to estimate the performance of a wind farm. It is the ratio of 
the actual energy output to the maximum possible energy output (rated energy) over a specific 
period of time. The capacity factor would be 100% if the turbine works at its rated power 
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throughout the year. However, this is not possible due to different reasons such as variation in 
wind speed (from cut-in to cut-out), downtime and other loses.   

The capacity factor (𝐶𝐶𝑝𝑝) of a given wind farm is given by 

                                                     𝐶𝐶𝑝𝑝 = 𝐸𝐸𝑇𝑇
𝑃𝑃𝑟𝑟∗𝑇𝑇

                                                                            (2.48)     

Where:    𝐸𝐸𝑇𝑇 is the actual energy produced 

                𝑃𝑃𝑟𝑟  is the rated power and 

                T is the time duration       

2.12 Wind Farm Layout 
A wind farm is a locally grouped wind turbines which are electrically connected together. As high 
windy sites are limited to specific geographical area installing multiple turbines in the form of a 
wind park in such windy sites has crucial importance. The installation of a such number of turbines 
in a windy areas increases the total energy yield of the site. Moreover, it is important from the 
economic point of view as maintenance and repair personnel can be assigned to these grouped 
turbines in that specific site [21].  

Wind farm layout design deals with locating turbines in the best possible positions that maximize 
the energy yield. While looking the best possible position you need to consider a lot of factors 
including but not limited to wind speed and direction, the spacing between turbines, grid and wake 
interference.  

The location and spacing of a wind turbine is an important parameter in wind farm design. The 
wind speed varies between turbines in wind farm as the speed decreases when it collides the blades 
of the upfront turbines. With this regard, the extraction of energy from the downwind turbines 
decreases substantially if not located systematically. Moreover, the upfront turbines create 
turbulence which leads to fatigue loads on the downwind turbine blades.  

 

 

Figure 2.7- Wind farm array schematic [21] 
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2.13 Wind park efficiency  
The wake created by a wind turbine reduces the wind speed and increase the turbulence relative 
to the undisturbed wind speed. The wind turbines which are arranged in a certain orientation in 
an array of turbines, work in the wakes of their neighbor turbines depending on their position in 
the farm. It is obvious these influences have an effect on the total energy yield of the farm. 
However, the effect mainly depends on the number of turbines, their orientation in the wind park 
and the spacing of the wind turbines in the prevailing wind direction. The efficiency of a wind 
park can be defined as the ratio of the actual energy extracted from the farm to the total energy 
output when the turbines are not affected by neighboring turbine’s wake interference [38]. 

2.13.1 Wake effect 
A wind turbine slows down the wind in the downwind direction. As the flow continues down the 
turbine, a wake is created and this wake is recovered to free flow velocity after some limited 
distance. The wake effect caused by the turbine interaction among each other is one of the main 
factors which influences the energy production of a wind farm.  

The wake effect associated with turbine placement is the major factor in for decreasing the energy 
production and increasing wake based fatigue loads in downwind turbines. Therefore turbines 
should be placed in such a way that reduces the wake effect. Wake effect is also the major cause 
for fluctuation of power output from the wind farm. This fluctuation wind farm output power, in 
turn, affects the local electrical grid.  

To illustrate the wake effect, consider a single wind turbine which is placed perpendicular to the 
wind direction, this turbine harvests the maximum possible kinetic energy from the wind. We can 
say it can harvest 100% of the wind of the kinetic energy taking in to account the limits of the 
power transfer coefficients. Such a turbine has no velocity deficit. Consider a second turbine placed 
behind the first turbine, it is obviously known that the second turbine will suffer velocity deficit 
from first turbine. Thus the second turbine cannot harvest the same amount of energy as the first 
turbine. The wake that a turbine generated is a diverging cone shaped with gradually decreasing 
velocity deficit. The apex of the cone represents the position of the turbine and the rate of velocity 
deficit reduces depending on the wind direction, the angle between rotor and diameter of rotor 
blades.  If a turbine is affected by two turbines the wake effect aggregates. The total power output 
of a wind farm depends on the expected velocity deficit of each turbine [39]. 

For sites with predominant wind rose from one or two directions (unidirectional or bidirectional) 
greater distance between prevailing wind direction and tighter spacing normal or perpendicular to 
the wind direction is recommended.  

As a general rule, turbines in wind farms are usually spaced up to eight rotor diameters apart in 
the principal wind direction and less than that in the in the direction perpendicular to the prevailing 
winds[39]. Thus the placement of turbines in the wind park affects the total energy production of 
the wind farm. It is this variation which needs the optimization technique to find the best 
configuration that maximizes the total energy output. 
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Figure 2.8 - The effect of wind direction in wake effect [39]. 

To find the most optimal position of a wind turbine several models are developed based on 
different factors. Some of the most common wake models include but are not limited to Jensen, 
Larsen, Dynamic Wake Meandering, Fuga and others.  

In single wake model, the wake is expanded linearly. The velocity deficit depends on the distance 
behind the turbine. The velocity deficit can be calculated from the conservation of momentum.  

As seen in figure 5.11 turbines may suffer velocity deficit from more than one turbines. Multiple 
wake model is the method that is used to estimate the wake effect in the energy production of a 
wind farm. The overall energy deficit is calculated with every individual wakes. As seen in figure 
5.12 turbine j is not only affected by turbine i but also by turbines 2 and 3 [40].  

 

Figure 2.9 - Multiple wake model [40] 

2.14 Noise effect of a wind farm  
Wind turbines are complained for their negative effects in noise pollution and visual impact. The 
mechanical noise and aerodynamic noise are the two most common types of noise from a wind 
turbine. The mechanical noise resulted from the mechanical components like gearbox, and 
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generators. Aerodynamics noise, on the other hand, is the noise resulted from the flow of the air 
around the turbine blades. Manufacturers are working to reduce the mechanical noise below the 
aerodynamic noise. Mechanical noise is independent of the size of the machine. But the 
aerodynamic noise increases with the size of the blade diameter and it increases with the tip speed 
ratio. The aerodynamic noise is inevitable as it directly linked to the production of power, however, 
it can be reduced by the special design of rotor blades [41].  

At low wind speeds, the impact of wind turbine noise is greater as the difference between turbine 
noise and the background (surrounding) noise is significant.  

2.16 Shadow and flicker effect  
When rotating wind turbine blades cast a shadow in residential building through the constrained 
opening like windows or doors it causes shadow or flickering effect. This mostly happens when 
the sun is low in the sky and casts a shadow in the residential building shining from behind of the 
rotor blades. If the shadow is frequent in the local residents it causes annoyance and health 
problems. In order to eliminate such a problem wind farms should be checked with standards of 
flicker and shadow effect. 

2.17 Cost Estimation 
When planning a renewable energy the economic efficiency is the major thing to be considered. The 
project with the best economic return, and with less environmental and ecological impacts are the most 
successful investments. The main purpose of the economic analysis is to find out the system from many 
other options which have the lowest cost or the one which offers the maximum return value [20]. The 
economic calculation is targeted to find the unit energy cost of the project such as the cost per kilowatt 
hour of electricity.  

It is important to consider the inflation rate when comparing costs from different years. So it is 
necessary to indicate the year of the cost and price estimation.  

In calculating the unit cost we should have to take many assumptions and real data from the investors. 
The total cost consists of the initial investment, operating costs including costs for repair and 
maintenance, insurance costs, transportation and mains connections costs. The levelized cost of energy 
is then as a function of the interest rate. 

The estimation of the per unit cost of electricity or energy considering the interest rate is all costs over 
the whole lifetime with their interest rate ( compound interest) divided by the operating period, this is 
the average annual cost. The average annual cost divided by the annual energy production is then the 
per unit cost of the system. This is called the levelized cost of energy or electricity (LEOC). 

Starting paying 𝜌𝜌𝑜𝑜 at the initial year and later 𝜌𝜌 in the subsequent years as operating cost or other 
payments such as replacement, with interest rate i (compound interest; q=1+i), the total cost after n 
years  ( 𝑓𝑓𝑛𝑛) can be computed as   

                                      𝑓𝑓𝑛𝑛 = 𝑓𝑓𝑜𝑜 ∗ 𝑓𝑓𝑛𝑛                                                                                                           (2.49)        

Where                    

                                             𝑓𝑓𝑜𝑜 = 𝜌𝜌𝑜𝑜 + 𝜌𝜌 ∗ 𝑞𝑞𝑛𝑛−1
(𝑞𝑞−1)∗𝑞𝑞𝑛𝑛

                                                                           (2.50) 
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And the income 𝐵𝐵 at the end of each year is  

                                     𝐵𝐵 = 𝑓𝑓𝑜𝑜 ∗ 𝑝𝑝                                                                                       (2.51) 

Where 𝑝𝑝 is the annuity factor and is given by 

                                      𝑝𝑝 = 𝑞𝑞−1
1−𝑞𝑞−𝑛𝑛

                                                                                           (2.52) 

With the annuity factor 𝑝𝑝 and the annual generated electricity𝐸𝐸𝑎𝑎, the per unit cost of energy becomes. 

                                         𝑝𝑝 = 𝐵𝐵
𝐸𝐸𝑎𝑎

 = 𝑐𝑐𝑜𝑜∗𝑎𝑎
𝐸𝐸𝑎𝑎

                                                                                                  (2.53) 

 

 

3. Methodology and Site Analysis 

3.1 Methodology  
Different kinds of literature are cited in order to get acquainted with previously published relevant 
works in the area of wind energy. Several kinds of literature in wind energy assessment from 
different countries are reviewed and other reputed wind energy sites and journals are consulted.  A 
high-resolution wind data from Vortex Company that represent the site wind information is used 
for analyzing and assessing the potential of the candidate sites.  

After clearing all the irregularities of the data, the analysis is conducted based on the conventional 
procedures of wind resource assessment methods (Weibull Distribution) to quantify and calculate 
wind parameters such as average wind speed, annual average wind power production, and wind 
power density. 

The two-parameter Weibull distribution is used to model and characterize the annual distribution 
of the wind speed.  Wake effect and park efficiency associated with wind farm are estimated from 
WindPRO software.  

Wind resource assessment is a complex task it requires accurate and precise instruments and a more 
sophisticated wind flow modeling tools and software applications. In this thesis work, it is adopted 
to use a series statistical methods, computational techniques, and software tools like WindPRO, and 
MATLAB and spread sheet to analyze the different parameters in wind potential assessment and 
wind farm modeling. 

3.1.1 MATLAB     
MATLAB is used for rapid prototyping as it is a weakly typed language. It has the ability to write 
functions and classes with different types of data. It recent years MATLAB along with SIMULINK 
and other add on tool boxes has become standard in engineering applications such as simulation 
and numerical calculation.  

For complex systems such as wind turbine MATLAB has the ability to simulate the physical 
systems such as the mechanical, electrical and hydraulic system to optimize the system without 
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depending on physical or hardware prototypes. MATLAB also plays a crucial role in control 
mechanism of a wind turbine components. 

MATLAB performs accurate wind resource assessment using data analysis and modeling. 
MATLAB can perform efficiently the following important functions in wind resource assessment 
and wind farm modeling.  

• Import measured data from different sources. 
• Perform data quality assurance 
• Calculate wind frequency and turbulence intensity and reproduce wind rose plots 
• Analyze historical wind velocity data using statistical methods 
• Optimize wind farm by analyzing and predicting wind conditions 
• Formulate accurate models for estimating AEP of a wind turbine and a wind farm.  

3.1.2 WindPRO    
WindPRO is a software used for project design and planning for a single wind turbine and a big 
wind farm. WindPRO is a world leading software of its kind for planning and optimizing wind 
farms. It has many modules each with specific functions. The PARK module calculates the AEP 
of a wind farm based on METEO or model. The loss and uncertainty module is also another module 
which deals with wind farm loses and uncertainty.  

WindPRO have modules that deal in reducing and minimizing the wind farm impact in the 
environment. The noise effect is calculated and simulated by the DECIBEL module, the shadow 
module deals with analysis and simulation of the shadow and flicker on the surrounding.  

WindPRO offers number of options for annual energy production calculation. It deals with 
optimum placement of turbines that is micro-siting. Moreover, it optimizes the wind farm layout 
with the objective maximizing the AEP. That optimization or wind park performance improvement 
is done by placing turbines in such a way that reduces the wake effect.  

The software also have a module named RESOURCE which gives the information for selecting 
suitable sites for wind farm. The module has the capacity to calculate large area in one process.  

3.1.3 Microsoft Excel   
 Microsoft excel has high flexibility to effectively utilize in wide range of Engineering 
applications. It has a number of built in functions and solvers to solve and analyze processes and 
systems. In this thesis Microsoft excel is used for formulating and plotting the frequency 
distribution of the wind speed. The built in function for Weibull function is also used for 
calculating the Weibull distribution of the wind speed. It also used for generation and reproducing 
many of the histograms. The excel software together with MATLAB has been used for simulation 
and analysis of the wind data.  

3.2  Site Identification 
In wind project design selecting the proper site has a crucial importance for successful project 
development. For selecting the potential site the most important parameter is wind resource, which 
can be estimated using wind maps or available measured wind data. In addition to wind resource, 

https://se.mathworks.com/products/statistics.html
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load location, and transmission access, public support and market conditions are important 
parameters to consider before commissioning the wind project.  

Based on the available data the southern coastal red sea and some sites in the central highlands are 
considered as candidate sites for wind energy project development in Eritrea. The two sites that 
are to be assessed in this thesis are:  

Table 3. 1 - Geographical coordinates of study sites 

Site  Geographical coordinates 

Assab 13.0139° N 42.7369° E 

Dekemahre 15.0713° N 39.0450° E 

  

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figue 3.1 - The two candidate wind sites  

3.2.1 Assab wind site      
Assab is a port city located at the tip of the southern coastline of the  Red Sea with summer average 
temperature between 35-45oc. Located at the gate of Babi El Mendeb. Assab is an ideal site to 
exploit the maximum possible wind power. The wind pattern in Red Sea region is dominated by 
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the two distinct monsoon winds which are separated by 30 to 45 days each. The Northeast 
Monsoon winds which stretch from November to March are a combination of African equatorial 
low pressure and Siberian high-pressure systems. These winds blow through the Bab el Mendeb 
which is located at the southern tip of Red Sea passing Assab towards Massawa which further 
slowed down by the ever-existing winds from the northwest direction. Most of the air mass in that 
season blow southwest through the Eritrean highlands towards southern Sudan [16]. 
 

 

Figure 3.2 - Wind pattern in Eritrean Red Sea: source[42]  

The southern monsoon winds which stretch from May to September caused by Azores High 
pressure and Pakistani low pressure create surface winds along the entire length of the Red Sea 
and flow towards the Gulf of Aden through Bab El Mendeb [16].  

Egypt has already utilized similar channeled northern Red Sea winds for utility-scale electricity 
generation. There is no doubt Eritrea can develop a successful wind farm project having more 
consistent and stronger Southern Red Sea winds [43].   
3.2.2 Dekemhare Wind Site  
The second site, Dekemhare, is located in the central highlands about 40km south of the capital, 
Asmara. Dekemhare is situated at a plateau which divides the western lowlands from eastern 
lowlands at around 2000m above sea level. The pressure gradients and the complex topography 
between the eastern escarpments and central highlands creates a good wind resource in that site. 
When the cold air blows through topographic barrier towards the warm air basin it accelerates. 
Furthermore, the the flow is accelerated by the steep slopes on the lee side of the passes. When the 
wind is driven over the hills in the terrain, specificaly over the edge that lies perpendicular to the 
flow, the flow further accelerates as the air is squeezed through a more constrained area.  



34 
 

 
Figure 3.3 - Dekemhare wind site 

The available wind potential and proximity to the load center makes Dekemhare an atractive site 
for wind power generation. Although a significant seasonal variation in wind speed occurs in 
Dekemahre a careful wind pattern assessment may help in exploiting the available potential from 
that site.  

4. Analysis of Measured Time Series Wind Data 
The first step in wind resource assessment is to collect sufficient wind data for estimating the mean 
wind speed and annual energy production. For evaluating the potential of a candidate site a wind 
data for at least one year is required. For that reason, we request the required data from Vortex.  
The company provided with one-year hourly weather data including wind speed and wind 
direction. The data includes a high resolution 3 km x 3 km hourly average wind speed and wind 
direction. At first phase, the raw data from vortex company is presented in terms of graphical 
interpretation and then the measured and Weibull distribution of the time series data is processed 
in order to estimate the annual energy production and power density using statistical and 
computational tools like MATLAB and Microsoft Excel.  

4.1. Sattelite Wind Data From Vortex Company 
Vortex is a private consulting company which provides cost-effective web-based service for wind 
and solar data. The provided data was of high quality which is recorded at 80m height. The one 
year long weather data of the two sites, each having 8760 hourly data includes wind speed, wind 
direction, air density and temperature. The wind speed, wind direction, temperature and air desity 
was measured for one year at hourly average. Vertical extrapolation of the wind speed is not 
required as the data was measured at the desired hub height.  
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Figure 4.1- Annual wind speed distribution for Dekemhare.  

                                                            

Figure 4.2 - Annual wind direction (wind rose) in Dekemhare 

 

Figure 4.3 - Annual wind speed distribution for Assab.  
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Figure 4.4 - Annual wind direction (wind rose) for Assab 

Although there occurs a sudden change, the hourly wind speed distribution in Dekemahre as shown 
in figure 4.1 shows a bit fair distribution throughout the year. Even though the wind speed is 
relatively low, the uniform distribution of wind speed in Dekemhare assures uniform energy 
production throughout the year. Moreover, for most of the year the winds are blowing from NNE 
and NE directions which is important from control point of view. Figure 4.3. Shows the hourly 
average wind speed in Assab, the speed distribution indicates a great fluctuation in day and night 
as well as a significant seasonal (summer and winter) variation. The maximum average monthly 
wind speed occurred between February and April in winter and from November to December in 
Autumn. The wind direction is mostly dominated from the SE and SES directions.  

4.2. Comparison of Measured Data with Weibull Distributed Wind Speed.  
The actual measured satellite based wind data is presented in the above graphs. However, simply 
averaging the sample data to estimate the annual energy production is misleading as the 
distribution and frequency of occurrence of particular wind speed is obviously varying. Long calm 
winds with short duration high wind speeds may provide a reasonable average wind speed, 
however, the wind generator is in stand mill for a considerable amount of time during the calm 
wind hours which significantly affects the energy production rate. In order to eliminate these 
discrepancies it is necessary to calculate the frequency occurrence of a particular wind speed so as 
to estimate the possible energy extraction from the given site as discussed in the above equations.  

The following figures depict the annual hourly average wind speed for the two candidate sites. The 
histogram in figure 4.8 shows the average annual wind speed in Assab and Dekemhare. The wind 
speed in Assab is much higher than that of the Dekemahre. As shown from the histogram the wind 
speed in Dekemhare is concentrated around the mean which means frequency of the wind speed 
around the mean is high. This is advantageous for uniform energy production throughout the year.   
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Figure 4.5 - Annual wind speed comparsion in Assab and Dekemhare. 

 

Figure 4.6 -Daily average wind speed distribution comparison in Assab and Dekemhare site 
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Figure 4.7 - Annual hourly wind speed distribution in Assab and Dekemhare.  

4.2.1 Estimating the Weibull parameters  
The standard deviation of the two sites can be computed from equations 2.6 and 2.10. The shape 
parameter (k), scale parameter (c) and the mean wind speed can be computed using equations 
(2.10) to (2.20). The two parameters are determined using the maximum likelihood method. As 
shown from Figure. 4.7 the shape of the probability density function graph for Dekemahre is 
narrow this shows Dekemahre has more uniform and lower wind speed than Assab. The Shape of 
the probability function for Assab is distributed along the horizontal axis which shows a high wind 
speed but with significant variation. The shape parameter for Dekemahre is higher than that of 
Assab which indicates the wind speed in Dekemhare is more uniform than that of Assab. We can 
also note from the graph that the high wind speed for Assab which corresponds to high value of 
scale parameter c. It can be noted that the two sites have their own advantage and disadvantage 
one over the other for the proposed wind farm development.  

Table 4. 1- Weibull parameters 

Site Shape 
parameter (k) 

Scale 
parameter (c) 

Standard 
deviation Mean wind speed 

Assab 2.3919 8.47679 3.3403 7.5469 

Dekemhare 2.98691 6.10084 1.9939 5.4981 
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Figure 4.8- Comparison of probability density function for Assab and Dekemhare sites  

 

Figure 4.9 - Probability density function for Dekemhare site 
 

0 2 4 6 8 10 12 14 16

wind speed(m/s)

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

P
ro

ba
bi

lit
y 

de
ns

ity
 fu

nc
tio

n

Assab

Dekemhare

0 2 4 6 8 10 12

wind speed (m/s)

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

P
D

F



40 
 

 
 

Figure 4.10 - Probability density function for Assab site 

 

Figure 4.11 - Cumulative distribution function for Assab and Dekemhare sites 

The cumulative distribution function shows the probability that a wind speed is less than or equal 
to a given wind speed. From figure 4.11 we can note that the wind speed for Assab site is higher 
than that of Dekemhare site. The maximum wind speed in Dekemahre reaches about 12m/s while 
the highest wind speed recorded in Assab is around 16m/s. 

0 2 4 6 8 10 12 14 16

wind speed (m/s)

0

0.02

0.04

0.06

0.08

0.1

0.12

P
D

F



41 
 

About 90% of the wind speed in Dekemhare is less than 8m/s and 60 % of the wind speed is less 
than 6m/s. Only about 20% of the wind speed is less than 4m/s. So it gives a clue that in Dekemhare 
a wind turbine with low cut-in wind speed are more appropriate for maximum power extraction 
from the low wind speed. The wind speed in Assab is higher than that of Dekemahre, as shown in 
Figure 4.11 about 90% of the wind speed is less than 12m/s and 60% of the wind speed is less than 
8m/s. 

4.3 Goodness of fit Estimation 
The theoretical PDF value must be checked for its suitability with the measured value from 
equations 2.40 and 2.41. The relative mean wind speed error and relative power density error is 
calculated with above relations and are given in the following table.  

Table 4. 2 - Relative error between the theoretical (PDF) and the measured value 

  Mean wind speed (m/s) 
Most frequent 
wind speed (m/s) 

Most 
energetic 
wind speed 
(m/s) 

Absolute 
relative 
mean wind 
speed error 
(%) 

Hub 
Height in 
m 

Site Measured value Weibull 
value 

Assab 7.5469 7.5141 9.8097 10.9286 0.5981 80 

Dekemhare 5.498 5.4859 6.7433 7.253 0.21 80 

4.3. Windrose 
Windrose is the most frequently used technique to represent the wind direction and wind speed of 
prevailing winds of a given site. It helps to identify the dominant wind direction on the site so as 
to install the turbines to reduce the wake effect by nearby turbines and other obstacles. 
Wind turbines should be installed in a way that can access as much as possible the maximum 
prevailing winds. Moreover, wind turbines should be placed much further apart along the main 
wind direction in order to reduce the wake effect interference between them. Therefore, studying 
the wind direction in wind potential assessment remains crucial for the above factors. As shown 
in figure 4.12 the wind direction in Assab is dominated from SE and SES (150o to 200o). In spring 
and summer that is from mid-April to the end of August, the wind direction is varying from NNE 
to NNW directions. In Dekemhare as shown in figure 4.13, about 90% of the wind is blown from 
NNE to NE (25-50o). 
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Figure 4.12- Comparison of wind direction and wind speed for both sites 

We can notice from the above graph that wind rose is an illustration for both wind direction as 
well as wind speed at it shows both the direction and the magnitude of the particular wind speed. 
The speed ranges are indicated by color code as it seen in the legend section of the graph. The 
direction of the wind coming from a particular direction is indicated by sectors that represent that 
particular direction and their corresponding values are taken from the circular rings which are 
drawn for each number outside the circle.  

 

Figure 4.13 - Wind direction distribution in Asssab 
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Figure 4.14 - Wind direction distribution for Dekemhare site 

 

5. Annual Energy Production and Wind Farm Modeling 
Wind resources assessment is the most important factor in estimating the available or extractable 
power from a given wind site. In chapter four a comprehensive wind data analysis has already 
done using appropriate statistical methods. Now, based on these results we can estimate the 
available power density of the two sites using the Weibull distribution. The next lessons will 
discuss wind turbine selection according to the site requirement and IES standards. Then the annual 
energy production of the two sites is going to be determined after selecting the suitable turbine for 
each site. Wind farm modeling and lose estimation will be finally addressed.  

5.1. Power Density Potential Estimation of the Sites 
Wind power density, defined in watts per meter square indicates that how much energy is available 
in a given site that can be converted by a wind turbine.   

Here the wind power density of the two sites (Dekemhare and Assab) has been statistically 
estimated using the measured wind speed data at 80m height. The power density of the hourly 
mean wind speed for the whole year is calculated using equation 2.35 and their respective Weibull 
and cumulative distribution curves are reproduced using MATLAB and excel software.  

Based on [35] figure 5.1and 5.2 indicates the maximum ideal power that can be extracted, the 
Betz's limit wind power potential (for Cp.betz=0.593) and the actual power that can be extracted 
from the wind turbine assuming the overall efficiency of the turbine to be 0.4.  
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Figure 5.1 - Weibull power distribution density for Assab site 

 

Figure 5.2 - Weibull power distribution density for Dekemhares site 
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Figure 5.3 - Power density comparison between the two sites from Weibull distribution 

From the above figure, we can notice that the speed that constitutes maximum power density in 
Dekemahre wind site corresponds to 6m/s. This implies the frequency of the speed around 6m/s is 
high. Comparatively, if we look at the graph for Assab site the speed that gives the highest power 
density is around 12m/s.  

From the Weibull power density distribution analysis, the power density for Dekemhare site is 
141W/m2. This shows that Dekemahare is categorized as wind power class-I, while Assab with 
power density 423W/m2 is classified as wind power class-III.  

   

Figure 5.4 - Cumulative power density for Dekemahre site 

0 5 10 15 20 25

wind speed bins

0

5

10

15

20

25

30

35

P
ow

er
 d

en
si

ty
(W

/m
2

)

Assab

Dekemhare



46 
 

 

Figure 5.5 - Cumulative power density for Assab 

The above cumulative distribution curves show the power density that is equal to or less than that 
of particular power density value. For Dekemhare site as shown in figure 5.4, we can notice from 
the actual power density curve (red line); 50% of the power density is less than or equal to 40W/m2. 
But from ideal power curve (black line) about 50% of the power density is less than or equal to 
80W/m2. On the other hand, if we look at figure 5.5 for Assab site the power density value is 
significantly higher than that of Dekemhare. For example, about 50% of the power density is below 
100W/m2 and about 90% of the power density of the site is below 500W/m2.  

As shown in the above figures, from power density standpoint Assab site is much better than the 
Dekemahare site. Other factors that affect the power production rate will be addressed in 
subsequent topics. 

Table 5. 1 - Power density comparison  

Site 
Mean power density( W/m2) 

Absolute-Relative 
power density error (%) Hub Height in m 

Measured value Weibull value 

Assab 402.57   423.71 5.25 80 

Dekemhare 141.45 141.057 0.27 80 
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5.2 Wind turbine selection as per the IEC standard 
Selection of the appropriate wind turbine is the most important step for a successful wind farm 
project. In selecting the proper wind turbine for a specific site both the site requirement and the 
wind turbine specification should have to be matched in order to increase the energy yield and 
maximize the profit. One of the greatest interest in a wind turbine is how light the turbine is and 
its ability to survive for the intended period of time [21]. As wind speed varies from zero to its 
highest value such as stormwind, machines should have to be designed in such way to withstand 
the load from that big variety of wind speeds.  

In selecting the right turbine the site wind resources data analyses parameters such as annual mean 
wind speed, annual gust wind speed, maximum frequently accrued wind speed, and turbulence 
intensity of the site need to be carefully considered. On the other hand, parameters related to wind 
turbine specification like cut-in and cut-out wind speed, size, reliability, warranty, availability, 
spare parts availability, and proximity of maintenance and operation personnel are important on 
deciding to purchase a wind turbine. The overall aim of considering all these factors in selecting 
and purchasing a wind turbine is to maximize the best possible return from the project.  

In selecting a wind turbine the decision is generally taken based upon the economic return of the 
investment that is the turbine that yield the highest power is chosen, however, there are some 
factors which can restrict this decision: 

- limited availability of land or wind  potential 
- availability (transport to complex terrain, or may not available at the specific time) 
- capacity (for technical or market reasons) 

Wind machines are designed to meet the specific requirements of wind resources and 
environmental criteria. According to International Electrochemical Commission (IEC) wind 
turbines are designed for four classes. Class I refers to highest wind speed and turbulence intensity 
whereas class IV describes the lowest wind speed and turbulence intensity. Wind turbines designed 
for low wind regions have generally larger rotor diameters in order to capture high energy. 
Similarly, turbines designed for windy sites have high nameplate rating generators and smaller 
rotor diameters.  

The 50 year and annual gust (extreme wind speed) data are also important to select the right turbine 
which can withstand the variable load for the specific site. It is important to have a good track 
record about the performance characteristics of turbines which works in the same condition as of 
your site.  

The wind class can be classified based on the mean wind speed and power density of the site. 
Based on Table 2.2 the wind turbine for Dekemhare site is more related to class-I. Whereas the 
wind turbine for Assab is recommended to class-III. Based on these assumptions two Enercon type 
wind turbines are selected. In addition, Enercon turbines have implemented and installed in a 
similar environment and have a good track record for it. The selected turbines are; Enercon E-82 
of 2000kW and Enercon E-53 with a rated power of 800kW. The first turbine is more suitable for 
Assab wind site whereas the second turbine is recommended for Dekemhare wind site. But for the 
reason of comparison, the two sites are checked for the available power using the two turbines. 
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5.2.1 Technical Characteristics of Wind Turbine Generators  
The turbines are selected based on their performance and the sites wind characteristics. The 
technical specification and power curve taken from the company website is given below  

 

Figure 5.6- Power curve and power coefficient for E-53 [45] 
Table 5. 2 - Power and power coefficient of Enercon E-82 and E-53 [45] 

E-82 E-53 

Wind speed (m/s) Power (kW) 
Power-
coefficient 
(Cp) 

Wind-
speed 
(m/s) 

Power 
(kW) 

Power-
coefficient 
(Cp) 

1 0 0 1 0 0 
2 3 0.12 2 2 0.19 
3 25 0.29 3 14 0.39 
4 82 0.4 4 38 0.44 
5 174 0.43 5 77 0.46 
6 321 0.46 6 141 0.48 
7 532 0.48 7 228 0.49 
8 815 0.49 8 336 0.49 
9 1180 0.5 9 480 0.49 
10 1580 0.49 10 645 0.48 
11 1810 0.42 11 744 0.42 
12 1980 0.35 12 780 0.34 
13 2050 0.29 13 810 0.27 
14 2050 0.23 14 810 0.22 
15 2050 0.19 15 810 0.18 
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16 2050 0.15 16 810 0.15 
17 2050 0.13 17 810 0.12 
18 2050 0.11 18 810 0.1 
19 2050 0.09 19 810 0.09 
20 2050 0.08 20 810 0.08 
21 2050 0.07 21 810 0.06 
22 2050 0.06 22 810 0.06 
23 2050 0.05 23 810 0.05 
24 2050 0.05 24 810 0.04 
25 2050 0.04 25 810 0.04 

 

 

Figure 5.7 - Power curve and power coefficient for E-82[45] 
Table 5. 3 - Detailed technical specification of selected turbines[45] 

Parameter  
                                                                        
E-82 E-53 

Rated power     2000kW 800kW 
Rotor diameter  82m 53m 
Cut-in speed 2m/s 2m/s 
Cut-out speed 25m/s 25m/s 

Hub height in m 78/84/85/98/108/13
8 50/60/73 

Wind zone Wz III WZ III exp 

Wind class (IEC) IEC/EN IIA IEC/NVN class S 
(Vav=7.5m/s, Vex=57m/s) 

WEC concept Gearless, variable 
speed Gearless, variable speed 
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Rotor type Upwind rotor with 
active pitch control 

Upwind rotor with active pitch 
control 

Number of blades  3 3 
Swept area  5281m2 2198m2 
Rotational speed variable 11-29.5 rpm variable 11-29.5 rpm 

Based on the above power curves and specifications the annual energy production of each site for 
each turbine is calculated in MATLAB software at 80m hub height. The result is given below in 
tabulated format.  

Table 5. 4 - Annual energy production of each site per turbine 

  Annual energy production (GWh) 

Site E-82 E-53 

Assab 9.39 3.91 

Dekemhare 2.49 1.07 
 

5.3 Energy rose  
As shown from the graph the strong winds and consequently the energy come from a particular 
direction in both sites. The wind/energy rose is important to illustrate the information about the 
distribution of the wind speed and wind energy and their relative frequency. The range of wind 
energy produced and their relative frequency are given in the above figures for each site. The 
values given in color code in the legend section of each figure is the energy value of that particular 
color in each sector. 

 

 

 

 

 

 

 

 

 

 

Figure 5.8 - Assab site energy rose for E-53 and E-82 turbines 
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Figure 5.9 - Dekemhare site Energy rose for E-53 and E-82 turbine 

The frequency of wind energy harvested from each direction is indicated by the circular rings with 
their corresponding percentage. 

Wind or energy rose information is necessary for optimum turbine placement so as to maximize 
energy capture by decreasing wake loses. So installing the wind turbines after having the 
information of the prevailing wind direction (energy rose) can maximize the annual energy 
production 

5.4 Wind Farm Layout 
Considering the local topographical features and electrical grid which can absorb the generated 
electricity the number of turbines which can be installed in the two sites is limited to 50 pieces of 
Enercon type E-53, and E-82. But for comparison purposes, the performance of the two turbines 
is validated for both sites. The total Energy produced from each turbine is computed from the 
manufacturer power curve and annual hourly mean wind speed using MATLAB software taking 
into account the different loses.  
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Figure 5.10- Assab wind farm layout 

 

 

Figure 5.11 - Dekemhare wind farm layout 

5.5 Wind Park Efficiency  
The annual energy production and wind park efficiency of the wind farm were calculated for 50 
Enercon (E-82 & E-53) turbines. WindPRO software was used to estimate the park efficiency and 
was approximately found to be 95%, taking similar wind pattern from other wind sites. The annual 
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energy production was calculated using MATLAB software from the hourly mean wind data and 
power curve of each turbine. In Assab wind site the gross annual energy production of the 50 
Enercon E-82 turbines is 469.5GWh before loses is considered. However, when we consider the 
park efficiency to be 95% (wake loses) the net output energy becomes 446.025GWh. Similar 
turbine in Dekemahre site has a gross output power of 124.5GWh, after considering the park 
efficiency the net energy output becomes 118.275GWh. The gross and net output power of turbine 
E-53 is calculated and is given in the table below.  

Table 5. 5 - Total Annual energy production 

Site  Turbine Gross AEP (GWh) Net AEP (GWh) 

Assab 
E-82 469.5 446.025 
E-53 195.5 185.75 

Dekemhare 
E-82 124.5 118.275 

E-53 53.5 50.825 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12 - Efficient turbine placement Dekemahre site wind farm 3D-model arrangement  
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Figure 5.13 - Efficient turbine placement in Assab wind farm 3D-model arrangement  

5.6 Capacity factor  
Capacity factor is the actual annual energy production divided by the nameplate generated energy 
(rated power). The typical capacity factor of wind farms ranges from 25% to 40%. However, latest 
tall tower turbines have a high capacity factor that reaches 55-65%.  

The capacity factor of the wind farm of the two sites is computed based on formula 2.39. The 
results are given below in tabulated format.  

Table 5. 6 - Capacity factor of the wind farm 

   Site Turbine 
Enercon Hub height(m) Capacity factor (%) 

Assab 
          E-82 80 53.59 
E-53 80 55.79 

Dekemhare 
E-82 80 14.2 
E-53 80 15.26 

 

From the above results we can say that Assab wind site is an ideal site for profitable wind farm 
investment. However, Dekemahre wind site with its low capacity factor is not recommended or 
economical for utility scale wind farm investment.  
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5.7 Noise Effect of a Wind Farm  
There are many ways the noise effect of a wind farm can be analyzed. EMD has well-structured 
software for computing the noise and environmental impact of a wind turbine. WindPro is a 
professional software used in noise impact assessment using the DECIBEL module. Here, in this 
thesis, WindPro is used to assess the impact of noise on the surrounding inhabitants.  

 

Figure 5.14 - Assab site wind farm noise effect  
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Figure 5.15 - Dekemhare site wind farm noise effect 
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5.8 Shadow and Flicker Effect  
In this thesis work WindPro is used to analyze the shadow interference in the local inhabitants. 
WindPro is well-known software to analyze the showdow and flicker effect of a wind farm. Here 
the WindPro generated shadow and flicker models are given below. 

 

Figure 5.16 - Assab wind farm Shadow effect in surrounding inhabitants   

 

Figure 5.17 - Dekemhare wind farm Shadow effect in surrounding inhabitants   

5.8 Per unit Energy cost analysis 
The basic cost estimation for this paper is taken from a project in nearby country which is believed 
to have similar environmental and weather characteristics. The following assumptions were taken 
as a basis for the per unit cost estimation.  

- Plant lifetime 15 years 
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- Interest rate 4% 
- Annual operating cost 3% of the total investment cost.  
- The exchange of Euro to Nakfa Eritrea is 18. 

Again referring to that project in the neighbor country. The cost of wind turbine is around 2000 
Euro per kilowatt [44]. But the cost is decreased by 20% for bigger turbines. In our case, the cost 
per kilowatt for turbine E-82 is expected to be decreased by 20% but the cost for E-53 is more or 
less the same around 2000 Euro/kW. 

The per unit energy cost is then calculated using equations 2.43 -2.45 

Table 5. 7 - Levelized cost of energy of selected turbines 

 

Site Turbine 
Net 
AEP 
(GWh) 

Rated 
power 
(kW) 

Rated 
AEP 
(GWh) 

No. 
Turbines 

Estimated 
investment 
in-Euro 
(Million) 

Estimated 
investment-
in Eri. 
Nakfa 
(billinon) 

Cost-of 
energy 
Euro/kWh 

Cost-of 
energy 
Nkf/kWh 

Assab 
E-82 9.38 2000 17.5 50 215.85 3.8853 0.0307 0.5526 
E-53 3.91 800 7.008 50 107.93 1.9427 0.0368 0.6624 

Dekemhare 
E-82 2.49 2000 17.5 50 215.85 3.8853 0.1152 2.0736 
E-53 1.07 800 7.008 50 107.93 1.9427 0.1345 2.421 

 

From the above reuslts, we can notice that the bigger turbine is more economical from the cost of 
energy point of view. However, there are many factors to be considered for bigger rotor turbines 
from transportation, installation and maintenance aspects. For countries like Eritrea which need to 
import turbines from Europe smaller turbines are preferable even though the cost of energy is a bit 
higher. The land transportation from the port to the site and the availability of big cranes which 
are used for installation are some of the reasons which limit the installation of bigger turbines.   
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6. Conclusion and Recommendation. 
Wind energy with its wide diversity and rapidly advancing technology is dominating the global 
renewable energy market in the last decade. Recently, it becomes cost competitive with the 
conventional energy sources like coal and fossil fuels.   

The web based wind data that is used in this thesis work is obtained from Vortex Company. The 
two candidate sites wind data were comprehensively analyzed using appropriate software tools 
like MATLAB, WindPro and excel. Wind farm layout and AEP calculations were performed using 
different software.  

Having the available web based wind data, the wind potential assessment was performed using 
statistical methods. The average wind speed and power density obtained from Weibull distribution 
function for both sites was compared with the actual measured data and the absolute error was 
found to be within accepted tolerance level. The average wind speed and power density of Assab 
site was found to be 7.56m/s and 423W/m2 respectively and similarly for Dekemhare site it was 
5.6m/s and 123W/m2. Based on the simulated results the mean wind speed and power density of 
Assab wind site belongs to wind class four while Dekemhare wind site is more likely to be wind 
class one.  

The AEP of the two sites was calculated using MATLAB and MS excel for two model turbines 
form ENERCON Company. Though accurate AEP estimation requires detailed environmental and 
topographical information the following conclusions were made from the available data at hand. 

 The gross AEP in Assab wind farm for 50 pcs of E-82 model turbines yields 469.5GWh 
with a capacity factor of 53.59%, considering the park efficiency as 95% the net AEP is 
446.025GWh. That the wake effect accounts for about 5% of the total AEP.  

 The same number of E-82 model turbines in Dekemhare wind farm yields a net AEP 
118.275GWh with capacity factor 14.2% considering 5% wake lose.  

 The AEP of both wind farms for 50 pcs E-53 turbine was estimated with the same park 
efficiency i.e 95%. The net AEP in Assab site is 185.750GWh with capacity factor 55% 
and in Dekemhare is 50.825GWh with a capacity factor of 15.26%.  

 The capacity factor of both sites are expected to vary considerably if detailed site 
information is considered.  
It is finalized that Assab wind site with its high capacity factor is attractive for wind farm 
investment, whereas Dekemhare wind site for its low capacity factor and AEP is not 
advisable for utility scale energy production investment as far as the satellite data is 
concerned.  

Finally a simplified economic analysis was undertaken. The analysis reveals the following 
valuable information.  

 The per unit cost of energy in Assab wind farm with E-82 model turbine is 
0.0307Euro/KWh (0.5526Nakfa/kWh) , whereas in the same site with turbine E-53 the per 
unit cost of energy is 0.0368Euro/KWh (0.6624Nakfa/kWh). The results clearly showed 
that the bigger turbines have low cost of energy and have a good return value.  
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 However, with the limitation of transportation for system accessories and technical 
problems associated with installation, it is better to invest in smaller turbines with a bit 
higher per unit energy cost and extended payback time.  

 
The diesel generated energy cost in Assab according to [30] is 0.0737Euro/kWh (1.22 
Nakfa/kWh), this is very impressing that Assab wind farm can reduce the cost of energy by 50%.  

The other dimension which needs thorough investigation is the proximity to the grid and the end-
user customer which in this report not considered. Assab wind site is about 500km from the highly 
populated central highlands which has high electricity demand. This is obviously clear the 
construction cost of the long transmission line will increase the cost of energy. But Dekemhare 
which has a lower AEP and higher per unit energy cost is located in the central highland around 
the load center, so the cost for the transmission line is not an issue.  

The determination of wind farm capital needs more than the turbine and operation costs. A detailed 
wind farm capital cost analysis should include  

 the cost of wind resource assessment 
 service road construction 
 wind turbine and tower delivery 
 Construction of power collection systems and many others.  

If such detailed analysis is conducted it is obviously clear that the cost of energy in the two sites 
would be increased.  

This preliminary wind resource assessment analysis has some basic limitations which need to be 
considered for further comprehensive research analysis.  

 The first limitation is the data that is used in this analysis is obtained from Satellite, web-
based service. But for more accurate and reliable results a historical wind data from nearby 
masts is recommended. 

  In addition, a frequent site visit is required to check the possible turbine installation and 
road construction.  

If such a thorough investigation is conducted it is believed that the case with Dekemhare site 
may be changed and the capacity factor may increase significantly with the advantage of its 
proximity to the load centers.  
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8. Appendix 
Table 8. 1 - Relative frequency distribution of wind speed of Dekemahre site 

Bin Frequency Relative frequrncy Median vel.*Rel.freq 

0 0 0 0 

1 101 0.01152968 0.007234874 

2 348 0.039726027 0.079452055 

3 624 0.071232877 0.21369863 

4 695 0.0793379 0.317351598 

5 1215 0.13869863 0.693493151 

6 1163 0.132762557 0.796575342 

7 1351 0.154223744 1.07956621 

8 1816 0.207305936 1.658447489 

9 1194 0.13630137 1.226712329 

10 344 0.039269406 0.392694064 

11 6 0.000684932 0.007534247 

12 4 0.000456621 0.005479452 

13 0 0 0 

14 0 0 0 

15 0 0 0 

16 0 0 0 

17 0 0 0 

18 0 0 0 

19 0 0 0 

20 0 0 0 

21 0 0 0 

22 0 0 0 

23 0 0 0 

24 0 0 0 

25 0 0 0 

Total 8760 1 6.49 
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Table 8. 2 - Relative frequency distribution of wind speed of Assab site 

Bin Frequency Relative frequency Power  density (W/m2) 

0 0 0 0 

1 175 0.019977 0.025101 

2 359 0.040982 0.254509 

3 455 0.051941 1.111939 

4 589 0.067237 2.792329 

5 624 0.071233 5.890768 

6 674 0.076941 11.82545 

7 783 0.089384 24.98986 

8 1042 0.11895 35.58429 

9 994 0.11347 44.29445 

10 869 0.099201 54.39783 

11 778 0.088813 58.53703 

12 629 0.071804 52.19507 

13 432 0.049315 38.25 

14 249 0.028425 19.18607 

15 100 0.011416 1.887842 

16 8 0.000913 0 

17 0 0 0 

18 0 0 0 

19 0 0 0 

20 0 0 0 

21 0 0 0 

22 0 0 0 

23 0 0 0 

24 0 0 0 

25 0 0 0 

Total 8760 1 351.2225 
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Figure 8.1- Histogram representation of Dekemahre wind site 

  

 

 

Figure 8.2 - Histogram representation of Assab wind site 
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Table 8. 3 - Comparison of measured wind speed and Weibull distributed wind speed of   

                    Dekemhare wind site 

Bin Frequency 
Relative 
frequency 

Power 
density(W/m2) Weibull 

Power 
density(W/m2) Weibull parameters 

0 2 0.000228311 0 0 0 k 3.037 

1 101 0.01152968 0.007234874 0.012218646 0.007483921 c 6.14 

2 341 0.038926941 0.195413242 0.048705289 0.238655918   
3 628 0.071689498 1.214599315 0.102645714 1.697503497   
4 1017 0.11609589 4.662410959 0.157393108 6.169809835   
5 1460 0.166666667 13.07291667 0.190471405 14.58296697   
6 1613 0.18413242 24.95730822 0.185762476 24.57637556   
7 1588 0.181278539 39.01703311 0.14573928 30.61800105   
8 1169 0.133447489 42.87400913 0.090845999 28.48930542   
9 588 0.067123288 30.70538014 0.044190597 19.73165387   
10 186 0.021232877 13.32363014 0.016421383 10.05809735   
11 53 0.006050228 5.053165811 0.004554202 3.712756608   
12 14 0.001598174 1.732931507 0.000919623 0.973329335   
13 0 0 0 0.000131783 0.177336004   
14 0 0 0 1.30534E-05 0.021938797   
15 0 0 0 8.70019E-07 0.001798492   
16 0 0 0 3.79698E-08 9.52586E-05   
17 0 0 0 1.05554E-09 3.17634E-06   
18 0 0 0 1.81781E-11 6.49339E-08   
19 0 0 0 1.88573E-13 7.9222E-10   
20 0 0 0 1.14554E-15 5.61316E-12   
21 0 0 0 3.96116E-18 2.24691E-14   
22 0 0 0 7.57762E-21 4.94205E-17   
23 0 0 0 7.79316E-24 5.80768E-20   
24 0 0 0 4.18689E-27 3.54513E-23   
25  0 0 1.14171E-30 1.09265E-26   
Total 8760  176.8160331 1.000013471 141.0571111   
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Table 8. 4 - Comparison of measured wind speed and Weibull distributed wind speed for 

                     Assab wind site 

Bin Frequency 
 Relative 
frequency 

Power  density 
(W/m2) Weibull 

Power density 
(W/m2) 

  
 Weibull 
parameters  

0 0 0 0 0 0 c 8.47679 

1 175 0.019977 0.025101 0.014318 0.00877 k 2.39191 

2 359 0.040982 0.254509 0.036625 0.179463     

3 455 0.051941 1.111939 0.061151 1.011285     

4 589 0.067237 2.792329 0.084036 3.294215     

5 624 0.071233 5.890768 0.101986 7.808326     

6 674 0.076941 11.82545 0.112614 14.89883     

7 783 0.089384 24.98986 0.114829 24.12404    
8 1042 0.11895 35.58429 0.108989 34.17894     

9 994 0.11347 44.29445 0.096723 43.18812     

10 869 0.099201 54.39783 0.080459 49.2811    

11 778 0.088813 58.53703 0.062817 51.21088     

12 629 0.071804 52.19507 0.046056 48.74533     

13 432 0.049315 38.25 0.031712 42.67331    

14 249 0.028425 19.18607 0.020501 34.45633     

15 100 0.011416 1.887842 0.012438 25.71183     

16 8 0.000913 0 0.007077 17.75567     

17 0 0 0 0.003774 11.35708     

18 0 0 0 0.001885 6.732181     

19 0 0 0 0.000881 3.699306     

20 0 0 0 0.000385 1.884457     

21 0 0 0 0.000157 0.889835     

22 0 0 0 5.97E-05 0.389395     

23 0 0 0 2.12E-05 0.157865     

24 0 0 0 7E-06 0.059268     

25 0 0 0 2.15E-06 0.020596     

  0             

Total 8760 1 351.2225 0.999502 423.7164     
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Table 8. 5 - WindPRO generated Noise sensitivity results for Assab wind site 
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Table 8. 6 - WindPRO generated Noise sensitivity results for Dekemhare wind site 
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Table 8. 7 - Assab Noise demand evaluation table  

 

 

 

Table 8.8 - Dekemhare Noise demand evaluation table  
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