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Abstract 

The Upper Blue Nile Basin (UBNB) in Ethiopia has a huge hydropower development potential 

and it covers a considerable amount of the present hydropower consumptions in the country. 

However, as hydropower is basically rainfall-dependent, its future sustainable utilization under 

climate change is highly uncertain. As a result, it is critical to identify the amount of wind energy 

that can be harnessed in the area since wind is a good substitute for hydropower. Nonetheless, 

wind energy suitability studies and potential estimations are rarely researched in the UBNB. The 

objective of this study is, therefore, to investigate wind farm suitability based on a multi-criteria 

decision method using Geographic Information System (GIS) and to determine the energy 

potentials of those suitable areas in UBNB. Wind speed, slope, land use/land cover, distance from 

grids, roads, urban areas, and protected areas were considered to identify suitable wind farm sites. 

The relative weights of these factors were calculated and overlaid by the principle of pairwise 

comparison in the context of the Analytic Hierarchy Process. From the total area it was found that 

1498.69 km2 was highly suitable. The suggested highly suitable areas for wind farm sites fall in 

the northeastern part of the study area. For wind power potential investigation, wind speed data of 

ten sites with 15 min intervals of four years (2017-2020) were accessed from National 

Meteorology Agency (NMA). And it was statistically analyzed using statistical methods and 

software like MS-Excel and MATLAB programs. The best Weibull parameters estimator was 

identified based on the statistical test results for each station. From the wind power density analysis 

using 15-minute interval wind speed, the highest wind power density was recorded in Wogeltena 

and Gatira with wind power density of 227.56 and 216.50 W/m2 at 50 m, respectively. Finally, the 

power density was higher during the dry and short rainy season and can be said that wind is a good 

complement to hydropower. In conclusion, most of the wind speed data in this study were not 

enough for wind energy potential estimations at large scales. This may be because the 

meteorological stations in the study area may not be located at ideal places for wind energy 

potential estimations. Thus, different wind speed measuring tools (i.e. taller wind mast) are 

suggested for additional wind energy potential investigations. Relatively, the northeastern parts of 

the study area are the most promising sites discovered in this study. Hence, these areas might be 

regarded as feasible for various wind energy applications (i.e. grid-connected and stand-alone). 

Key words: Wind Farm, GIS, Suitability Analysis, Weibull Parameters, Wind Power Potential 
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1. Introduction 

1.1. Background of the study 

Energy plays an important role to ensure the economic and social development of a country. 

Nowadays, the world generates its energy from different renewable and nonrenewable sources. 

But the majority of the world’s energy supply is generated from fossil fuels which have a high 

impact on the environment and human health due to greenhouse gas emissions (Uyan, 2013). 

Recently, a clean and environmentally sound source of energy is being highly promoted by 

international organizations and multilateral environmental agreements. Thus, global problems like 

climate change and the shortage of energy supply can be alleviated by developing renewable 

energy sources (Tekle, 2014). Renewable energy utilizes energy sources that are constantly 

replenished by nature that includes sun, wind, water, heat, and plants. Sources of renewable energy 

are not exhausted, spread over a large geographical region and are usable throughout the year 

(Alrikabi, 2014).  

Wind energy is an environmentally friendly source of renewable energy. It is available anywhere 

on the planet with significant variations. Wind harvesting for the generation of electricity is a 

simple and matured technology. It is the quickest expanding source of renewable energy, after 

hydropower. It has increased at an average compound annual growth rate of more than 21% since 

2000 and at the end of 2018, the global cumulative installed capacity of onshore wind power 

reached 542 GW (IRENA, 2019). Thus, special attention has been given to renewable energy 

resources from wind which are alternative substitutes for fossil fuels and hydroelectricity. 

In Africa, compared to hydro-power, wind power development has been very small, with 

approximately 5.5 GW installed capacity by 2018 (IEA, 2019). In the continent, there is 

improvement in access to electricity but many parts of the continent, particularly in rural areas, 

still use traditional methods of energy for lighting, cooking and heating purposes which impact the 

environment and human health (Mentis, 2013). 

Ethiopia has enormous renewable energy resources (biomass, solar, wind, geothermal and 

hydropower) but only small portions of these renewable energy sources have been exploited. The 

country’s electric power generation is mainly dependent on hydropower which accounts for 86 

percent of the power supply (Anteneh, 2019). In order to reduce reliance on hydropower, the 
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country plans to diversify the sources of energy and the development of wind energy is among the 

diversified energy sources. This is because hydro and wind powers are complementary and have a 

profitable combination. Ethiopia has planned to develop various wind power projects in different 

parts of the country. Short-term, medium-term, and long-term wind farm projects were proposed, 

with the goal of producing 970 MW, 1750 MW, and 4000 MW, respectively (Ma et al., 2012). 

However, only a total of 324 MW of wind power was installed in the country from three wind 

farms which are Adama I (51 MW), Ashegoda (120 MW) and Adama II (Natei & Ashenafi, 2017; 

Tadesse, 2014).  

Investment in wind energy helps to cover the energy demand of the community both in the rural 

and urban areas, reduce the depletion of forest resources, reduce the negative effect on the 

environment and human health and minimize the workload on women and children. The local 

energy production from wind will increase the economy of the country at large as it reduces the 

cost of importing fossil fuels from other countries. Although investment in wind farms has 

enormous benefits, site selection needs special attention. The site selection process must consider 

various factors and it can be done in a Geographic Information System (GIS) environment. The 

use of GIS-based multi-criteria decision-making analysis for wind farm planning gained popularity 

in the early 2000s and has been used in many countries (Baseer et al., 2017) as it helps to achieve 

the desired result in reduced time and cost and increased quality. It plays a very crucial role for 

countries to identify their comparative advantages over which energy use to access and carry out 

feasibility studies. Nevertheless, the practice of GIS for wind farm suitability analysis in 

developing countries including Ethiopia is not utilized as the developed ones. 

Based on multi-criteria decision making, few researchers reported GIS for suitability analysis for 

a wind farm in Adama (Belay, 2009), Debre Birhan (Dereje, 2016), Hitosa (Tesfaye, 2016) and 

Bahirdar (Endalkachew, 2018). However, wind farm suitability studies utilizing GIS were done 

only at Bahirdar and Debre Birhan which is in UBNB. Other studies tried to assess the wind power 

potential in some parts of Ethiopia using the Weibull distribution function based on meteorological 

data (Abdella, 2015; Kumar & Gaddada, 2015; Yissa, 2013). Similar to suitability studies, there 

were few and independent wind power potential studies in some sites of UBNB: Ambo, East 

Gojam, Wereilu, Debre Birhan and Nifas Mewucha by (Natei & Ashenafi, 2017), (Dagne & 



3 

 

Worku, 2019), (Woldegiyorgis & Terefe, 2019), (Woldegiyorgis & Terefe, 2020) and (Eshete & 

Abate, 2021), respectively. 

The studies mentioned above solely looked at the area's suitability utilizing GIS and the wind 

potential based on obtained meteorological data using the statistical tool known as the Weibull 

distribution function. So, they study the site suitability and wind energy potential estimation 

separately. Instead, for sustainable wind energy production and economic security, investigations 

should be conducted by first examining appropriateness based on the selected parameters and then 

investigating the site's wind energy potential. The research in Debre Birhan and Nifas Mewucha 

used daily wind speed data, but the ones in Wereilu used monthly wind speed data. When it comes 

to wind energy analysis, using daily and monthly wind speed data has drawbacks. Furthermore, 

research in Ambo and Nifas Mewucha used Weibull to assess wind distribution but did not use it 

for further analysis. Besides that, most of the former studies did not consider the elevation of 

stations for density calculation. Overall, adequate wind energy suitability estimations were not 

conducted in an integrated manner in the UBNB for the development of wind farms. Thus, the 

goal of this study is to analyze the suitability of wind farms using different datasets in the GIS 

environment and assessment of wind energy potential in the UBNB in a combined manner based 

on four years (2017-2020) wind speed data which is measured within a 15-minute interval.  

1.2. Statement of the problem 

Developing countries should secure uninterrupted availability of energy sources at affordable 

prices to their people so as to enhance their sustainable development pathways. Ethiopian is a 

developing county and has been trying its best to fulfill energy demands of its people. To achieve 

the expanding energy demand, Ethiopia's energy sector faces two challenges: limited access to 

modern energy and a high reliance on traditional biomass energy sources (Hailu & Kumsa, 2021). 

In 2017, the Ethiopian Ministry of Water, Irrigation, and Electricity reported that access to the 

electric grid is about 56%, and household connectivity is only about 25% (Mondal et al., 2018). 

By 2014, the country's expected electricity usage per capita was 70 kWh, rising to almost 100 kWh 

by 2017. Nevertheless, this statistic is much lower than the global average of per capita energy 

usage (Hailu & Kumsa, 2021). In spite of the fact that the country has had rapid economic progress 

in recent years, maintaining this growth in the future will necessitate a significant increase in 

energy supplies. However, Ethiopia's electricity is mainly dependent on hydropower reservoirs, 
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which are significantly affected during times of prolonged drought, resulting in potentially major 

variations in power availability since the country faces a lengthier dry season than the rainy season. 

The water flow of the UBNB is typified by seasonal variation, with 82 percent of the annual flow 

befalling from July to October (Mellander et al., 2013). Thus, hydropower energy due to rainfall 

variation can’t operate fully in all seasons since the amount of water is the main factor for the 

production of power. The problem of water level fluctuation will not be solved completely even 

with the construction of large-scale hydropower plants (Abdella, 2015).  

Different studies on energy potential have been carried out on the UBNB and sub-basin scale. A 

majority of the studies focus on the hydrological part and use hydro-meteorological datasets which 

are collected and documented by the National Meteorology Agency (NMA). Although some 

hydropower reservoirs were developed over the area for the generation of electricity, they cannot 

be considered as a reliable source of energy throughout the year. This can be attributed to an 

increase in demand as a result of population increase and decrease in hydropower generation 

capacity due to climate change as the amount of water fluctuates seasonally. Wind energy can 

secure the gap in energy generated by hydropower during the dry season. However, sufficient 

researches were not carried out to determine the feasibility of wind energy in the UBNB. To meet 

and balance the accessibility of energy in any seasonal period, feasibility studies for wind farms 

in areas that rely on hydropower should be assessed. Besides the assessment of wind energy 

potential, identifying an ideal location for a wind farm should be done for the long security of the 

energy production based on multi-criteria decisions using the GIS tool. Therefore, this paper aims 

to present site suitability and potential wind energy analysis by using GIS and meteorological data 

for four consecutive years (2017-2020) which was collected using automatic weather stations (the 

wind speed was measured within a 15-minute interval). 

1.3. Objective 

1.3.1. General objective 

The main purpose of this research is to analyze the suitability of the UBNB for wind farm 

development using the Geographic Information System (GIS) and wind energy potential 

assessment. 
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1.3.2. Specific objectives 

 To process raw data of selected factors/criteria which are considered for selection of wind 

farm sites and make ready for wind energy potential investigation 

 To determine the suitable sites for wind energy production in the UBNB 

 To assess and identify the best method to calculate the Weibull parameters for the selected 

stations 

 To investigate the wind power density of some selected stations of the UBNB 

 1.4. Significance of the Study 

Wind energy suitability analysis based on principles of GIS helps to determine appropriate areas 

for planning wind farm projects. This study, therefore, will give directions for future developments 

of wind farms in the study area. The final output of this study is expected to provide pertinent 

information to the concerned stakeholders on the current suitability analysis practices as well as 

the influencing factors affecting new wind farm project development in the selected areas. And it 

enables the policymakers, decision-makers, and other stakeholders to put basic criteria, guidelines, 

and standards that will be considered for siting wind farms. Moreover, the findings of this study 

will have a contribution to increase the general knowledge of the subject area and will act as 

reference material for future interested groups in related studies. 

1.5. Scope and limitation of the study 

The spatial scope of this study is limited to the Upper Blue Nile Basin. Suitability analysis for a 

wind farm was evaluated and determined using a Geographic Information System (GIS) based on 

selected criterions. To evaluate wind farm suitability in this study, wind speed, land use/land cover, 

slope, distance from existing roads, transmission lines, protected areas (national parks) and 

town/urban areas were identified and their suitability for wind farm development was analyzed 

using GIS. Finally, wind energy potentials of the selected automatic weather stations were 

calculated using Excel, and MATLAB based on wind speed collected and documented by the 

NMA of Ethiopia. In addition to the wind energy evaluation, the wind direction for the selected 

stations was determined. Furthermore, information from experts was taken into account. This study 

did not include factors like geological analysis, type and size of turbines and cost analysis due to 
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shortage of time and budget. And the wind energy investigation is done only based on four years’ 

data due to the shortage and quality of the wind data. 

1.6. Organization of the thesis 

This research paper is organized into five chapters. The first chapter, which is the introductory 

chapter, briefly reviews the concept of using GIS for suitability analysis application and evaluation 

of wind energy. And it includes the background of the study, statement of the problem, the 

objective of the study, scope and limitation of the study, the significance of the study, and 

organization of the paper. The second chapter contains a literature review and theoretical 

background of Ethiopian renewable energy resources mainly wind energy, suitability analysis for 

wind farms using GIS and investigation of wind energy potential. The third chapter covers research 

methodology: description of the study area, data types and source; and research methods. Results 

and discussion of the study are included in the fourth chapter. Finally, the fifth chapter comprises 

the conclusion and recommendations of the study. 
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2. Literature Review 

2.1. Renewable and non-renewable energy 

Energy demand has risen significantly and will grow steadily over time. To achieve social and 

economic growth and to improve human well-being, energy is very important for human beings. 

Energy can be obtained either from renewable or non-renewable sources. Non-renewable sources 

are very limited and cannot be replaced easily. Moreover, they have numerous environmental 

impacts including environmental pollution during extraction, greenhouse gas emissions, resource 

degradation, and effects on water, soil, and animals. Non-renewable energy sources are not 

sustainable because once the resource is used it cannot replicate itself (Nooten, 2007). On the other 

hand, renewable energy sources are naturally gained and can continuously be replenished. It 

includes sun, wind, water, ocean tides, biomass, and geothermal energy (Mohtasham, 2015).  

Renewable energy innovations have made substantial strides in decarbonizing the electricity 

sector. The three end uses of renewable energy are electricity, heat, and transport (IEA et al., 2019). 

Mainly its use grew rapidly in terms of electricity which is driven by the fastest expansion of 

alternative energy technology sources which are wind and solar. Recently many countries have 

been producing energy from wind and solar energy sources. However, the largest portion of 

renewable electricity is from hydropower next to bioenergy. Due to the weather variability and 

local conditions, the production of energy from hydropower is not the same throughout the year. 

Hence, energy production from other clean sources should complement it. 

Moreover, energy productions from fossil fuels alone have proved unsustainable since the mid-

1970s oil crisis. Subsequently, countries are looking for other alternative energy sources and 

minimizing their reliance on fossil fuels. The countries' primary concern in introducing new 

sources of energy such as wind power was to reduce their dependence on fossil fuels. Another 

significant advantage of wind energy is its benefit to CO2 emission reduction and environmental 

conservation (Caralis et al., 2008). Wind farms are becoming an ideal source of electricity as they 

do not emit any pollutants into the atmosphere. The rationale behind the ever increasing use of 

renewable energy sources is not only their environmental friendliness but also other factors. 

Access to modern energy sources facilitates both income-generating practices, improving 

livelihoods and promoting environmental sustainability (Mondal et al., 2018). 
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2.2. Wind energy 

Wind is a flow of air caused by atmospheric pressure gradient forces. Wind blows from higher-

pressure areas to lower-pressure areas (Belay, 2009; Mathew, 2006). The greater the air pressure 

gradient, the higher the wind speed and, as a result, more wind power that can be captured by wind 

energy-converting machinery. Wind generation and movement can be varied by solar heating 

(uneven heating of the atmosphere by the sun), Coriolis effect due to the earth’s self-rotation and 

local geographical conditions (irregularities of the earth's surface) (Bulut & Buyukalaca, 2007; 

Mathew, 2006; Tong, 2010). Likewise, terrain, bodies of water, and vegetation cover of the earth 

all influence wind flow patterns (Bulut & Buyukalaca, 2007).  

Both geographically and temporally, there are limitations in wind forecasting. Thus, for effective 

planning and installation of wind power generation units, a clear assessment of wind characteristics 

is usually required. Knowing wind characteristics can assist in the design of wind turbines, the 

development of wind measurement techniques, and the selection of wind farm sites (Mathew, 

2006). Wind conditions such as speed, probability of blowing, and directions are important when 

developing a wind farm and determining the degree of power production and its economic viability 

(Kumar et al., 2015). 

Wind speed and wind direction are the two crucial parameters for wind farm development and 

production of energy. To measure wind speed and wind direction anemometer and wind vanes are 

used, respectively. Most modern anemometers, on the other hand, can record both the direction 

and the velocity of the wind. However, the speed and the direction of the wind can be varied 

according to the characteristics of topography. Since wind speed is constantly changing, simple 

mathematical techniques such as probabilistic models and standard procedures can be used to 

analyze the wind speed of the site (Kumar et al., 2015). According to Jha (2019), the average wind 

speed might vary by up to 25% from year to year. In general, average wind speeds vary by season 

and month. And the direction of the wind influences the location of a wind energy conversion 

system. Therefore, for installations of wind turbines, wind direction is equally important to wind 

speed. 

2.3. Wind energy status in Ethiopia 

Most of the areas in Ethiopia are not connected to the electric grid and mainly rural areas are 

dependent on local sources of energy. Traditional biomass is the dominant source of energy in 
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Ethiopia and it accounts for more than 90 percent of total primary energy (Padam et al., 2018). In 

urban and rural areas, the population mainly uses crop residues and dung to meet their energy 

desires which lead to forest and cropland depletion. Consequently, the energy production utilizing 

biomass impacts the physical environment and leads to indoor air pollution which affects human 

health mainly women and children. Whereas demand for energy production in Ethiopia has 

increased speedily due to escalating population and industrialization. Hence, Ethiopia has been 

searching for cleaner energy sources to fulfill the demand for electricity. 

Nevertheless, Ethiopia is endowed with different renewable energy sources, like hydro-power, 

wind, solar, geothermal, and biomass (Eales, 2014; Khan & Singh, 2017). The country has a 

significant potential for hydropower development, with a producing capacity of roughly 45,000 

MW (Asress et al., 2013). Generally, about 86% of the electric power supply is obtained from 

hydropower while the remaining 14% of energy is from wind, solar and geothermal (Anteneh, 

2019). Hence, hydropower is the main energy source for the country. The following table shows 

the potential of renewable energy sources in the country. 

  Table 1: Potential and exploited sources of energy in Ethiopia 

Source Unit Exploitable Reserves Exploitable Amount Exploited(%) 

Hydropower GW 45 3.18 ~17 

Solar/day kWh/m2 5.2 ---- <1 

Wind Power GW  1350 0.324 <1 

Speed m/s >6.5 

Geothermal GW 7 0.0073 <1 

Wood  Million Ton 1120 560 50 

Agricultural 

Waste 

Million Ton 15-20 ~ 6 30 

Biogas Household 1-3 million 17869 <1 

   Source: (Hailu & Kumsa, 2021) 

Even though Ethiopia has a large hydropower potential, climate change and variability are major 

problems for hydroelectric power generation and supply in the country. Additionally, due to high 

financial requirements, social and environmental impacts of hydro dam construction, it is difficult 

to expand the capacity in the conventional system (Belay, 2009). Dependence on energy 
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production from hydro can not only curb the shortage of energy in the country. Thus, in addition 

to power generation from hydropower, the government of Ethiopia is aiming at diversifying the 

production of energy from different renewable energy sources. When looking for substitute 

resources, it is solar and wind energy that are the first preferences on the list. These resources are 

locally accessible and they are free, in addition to being environmentally friendly. 

Wind power is becoming a major source of power generation in Ethiopia's electricity grid, next to 

hydropower. The country has good wind potential, with a velocity ranging from seven to nine 

meters per second and its wind energy capacity is predicted to be 10,000 Megawatt (MoEF, 2015). 

Moreover, the country has also a gross reserve of 3,030 Gigawatt for wind energy and a possible 

exploitable quantity of 1,350 Gigawatt (Hailu & Kumsa, 2021). However, the total wind power 

capacity is several hundred times the current demand for Ethiopian electricity, but less than one 

percent is utilized (EEP, 2019). With proper planning and design, wind is an important alternative 

to hydropower generation due to its natural characteristics. Because winds are especially high 

during the dry season when hydro dam energy output is low. During the rainy season, it is weaker, 

and hydropower output is high. Thus, wind is a good changeover to hydropower.  

Currently, in Ethiopia, there are wind power projects which are either operational, under 

construction and or planned (MoEF, 2015). There are three wind farms in the country that are 

connected to the energy grid for electricity generation. Adama I, with a potential of 51 MW and 

34 wind turbines of 1.5 MW each, was the first wind farm to be erected, while Ashegoda, with a 

capacity of 120 MW and 52 wind turbines of 1.670 MW each and 30 wind turbines of 1.0 MW 

each, was completed in 2013 near Mekele. The third one (i.e. Adama wind farm II) has a capacity 

of 153 MW making it the largest wind farm in sub-Saharan Africa to date (Natei & Ashenafi, 

2017). A wind potential assessment was included in the feasibility study, which used data from 

two on-site measurement stations: the first with anemometers at heights of 10 m above ground 

level, and the second with anemometers at heights of 10 m and 40 m above ground level (GTZ, 

2006; Tadesse, 2014). As well, in this report, it was described that transportation of large turbines 

takes much time (GTZ, 2006). An overall, 324 MW of wind power was installed in the country.  

On the other hand, the Ethiopian Electric Power Corporation (EEPCo) plans to build various wind 

power projects in Ethiopia, including the Messobo-Harena wind farm (51 MW), Assela wind farm 

(100 MW), Aysha wind farm (300 MW), Debre Birhan wind farm (100 MW), and Galema wind 
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farm (275 MW) (Mengesha, 2015; Natei & Ashenafi, 2017). The previous studies which were 

conducted in Adama II (Tadesse, 2014), Aysha (Mengesha, 2015), and Messobo-Harena (Abdella, 

2015) were based on one-year 10-minute interval wind speed data. These studies have concluded 

that the areas have adequate wind energy potential. For example, for Adama II at 70 m the mean 

wind speed was 8.66 m/s with a mean power density of 440 W/m2. While in Aysha and Messobo-

Harena at 10 m the mean wind speed was 8.56 m/s and 5.47 m/s whereas the mean power density 

was 571 W/m2 and 161 W/m2, respectively. Fortunately, the wind speed measurements for all three 

investigations were collected using two masts (i.e. at 10 and 40 m) that had previously been 

installed because three of the sites were already proposed by EEPCo. This will enhance data quality 

and reduce uncertainty brought by both man-made and natural factors. 

Despite all of its capacity, however, the development in the energy sector is still in its early stages, 

and the great majority of the country's people lack access to modern electricity. Hence, the situation 

clearly highlights the need to immediately and by all means possible use all of the country's 

potential energy resources in order to alleviate the difficulties and offer energy services to those in 

need. At the same time, the growth of the energy sector will aid in the evaluation and development 

of the industrial economy, which is the country's long-term goal. Generally, this preliminary study 

will show direction to investors to assess the wind energy feasibility in UBNB. 

2.4. Application of GIS for wind farm establishment  

Geographic information system is a computerized system that facilitates data entry, data 

processing and data presentation phases, in particular in cases where geo-referenced data is dealt 

with (Rolf, 2001). It consists of the required tools and services which allow it to collect, organize, 

manipulate, interpret and display geographic information. It has the ability to process and analyze 

large amounts of complex multidisciplinary data, create and run management scenarios for 

evaluating the impact of various planning policies, model the consequences of planned and 

functional areas and recommend changes to reduce them (Endalkachew, 2018). Besides that, by 

using GIS, the decision maker would be able to assign different levels of significance to each map 

(Baban & Parry, 2001). This versatility makes it useful as a planning tool because it allows users 

to make decisions based on their personal, local, national, regional, and international expertise. 

GIS can be used in various research areas. Such as it can be used to identify optimal distances to 

both man-made structures and natural ecosystems with endangered species in order to provide the 
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best possible trade-offs between ecological effect and energy generation output based on spatial 

models (Eichhorn & Drechsler, 2010). Other GIS-based studies are concentrated on locating 

visually suitable areas (Molina et al., 2011). Others are using a broader set of parameters that took 

into account technical, physical, anthropological, environmental, and economic conditions (Grassi 

et al., 2012). Thus, GIS has been identified as a powerful tool in land use planning and suitability 

mapping (Malczewski, 2004). However, this study mainly used GIS for suitability analysis using 

relevant data for wind farm developments. 

Suitability analysis refers to the mechanism and methods used to determine the appropriateness of 

the system according to the needs of the stakeholders (Parry et al., 2018). According to Jain and 

Subbaiah (2007) site suitability is the method of recognizing the condition of the existing site and 

the factors that will decide the location of a specific operation. Selection of suitable sites is 

dependent on a specific set of local criteria (Jain & Subbaiah, 2007). Whereas selection of 

suitability criteria is subjective and depends upon the purpose and the location of the study area 

(Belay, 2009). Therefore, the evaluated variables are varied for each development. For instance, 

the variables used for the selection of wind farm sites are not standardized worldwide since the 

parameters are spatially distributed unevenly.  

2.4.1. GIS and Multi-criteria decision-making 

Multi-criteria decision-making (MCDM) refers to the usage of different criteria to get a better 

result. It enables the evaluation of complicated, multi-dimensional trade-offs between different 

possibilities, such as locations or the suitability of a region (Grima et al., 2018; Malczewski, 2006; 

Meng et al., 2011). Hence, MCDM is a decision-making tool that uses various factors to solve 

problems based on the selected criteria. The MCDM method, in conjunction with a geographic 

information system (GIS), can enable categorizing, examining, and properly organizing the 

available information on spatial planning options (Meng et al., 2011). Finally, the MCDM results 

can be mapped to show the spatial extent of suitable areas or land suitability rankings. However, 

weights can be developed using a variety of methodologies, one of which is the Analytic Hierarchy 

Process (AHP).  

Analytic Hierarchy Process (AHP) is a technique that supports decisions presented with various 

conflicting and subjective parameters (Meng et al., 2011). It represents a problem using 

hierarchical structures and develops priorities for alternative solutions based on the user's judgment 
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(Saaty, 2008). Because it simplifies complicated decisions to a series of pairwise comparisons and 

then analyzes the results, AHP is an effective method of acquiring both subjective and objective 

elements of a decision. Furthermore, the AHP includes a useful method for verifying the constancy 

of the decision maker's evaluations, thus eliminating decision-making bias. Because the decision 

maker can assess the balance among goals by incorporating all applicable decision criteria and 

comparing them pairwise. Such multi-criteria decision issues are common in the selection of 

suitable sites for various developments. Hence, in a hierarchical framework, AHP helps decision-

makers to visualize the connection between the goal, aims, specifications, and alternatives.  

In this study, AHP and the Geographic Information System (GIS) are integrated techniques used 

to assess suitable sites for wind farm development in UBNB. On a scale of one to nine, each 

criterion was compared to the other criteria in terms of its importance in a pairwise comparison 

matrix (Saaty, 2008). For example, for factors that have equal importance a value of ‘1’ is given 

while a value of ‘9’ is given for those factors having extreme importance over another factor and 

so on. The importance of each assessment criterion in affecting the selection of possible wind farm 

locations is not equal. As a result, the AHP approach is utilized to give the criterion appropriate 

weights based on their relative importance. 

Numerous studies have been conducted using GIS around the world for site identification. Some 

of the GIS-based studies which were done at various places of the world by identifying the 

necessary requirements are for example Western Turkey (Aydin, 2009), Minnesota (Yang, 2013), 

Poland (Szurek et al., 2014), Saudi Arabia (Baseer et al., 2017), China (Sun et al., 2017), Canada 

(Senteles, 2018), and Thailand (Ali et al., 2019). Whereas in Africa, GIS-based suitability analysis 

has been carried out in Egypt (Effat, 2014), Nigeria (Ayodele et al., 2018; Okechukwu et al., 2019) 

and for the Africa continent (Mentis, 2013). Likewise, some studies were conducted in specific 

parts of Ethiopia such as in Adama (Belay, 2009), Debre Birhan (Dereje, 2016), Hitosa (Tesfaye, 

2016) and Bahirdar (Endalkachew, 2018). The studies conducted in Adama, Bahirdar and Hitosa 

used factors such as wind speed, LULC, road, grid, geology, town and slope for wind farm 

suitability analysis. The tools like inverse weighted distance (IDW) for wind speed interpolation 

were used. IDW uses a linear weighted combination of a set of data points to estimate cell values, 

with the weight being a function of inverse distance. Additionally, a cross-validation tool supplied 
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by ArcGIS Geo-Statistical Analyst can be used to validate the model's interpolation accurateness 

(Mentis, 2013).  

In addition, for Adama and Bahirdar supervised classification for LULC, DEM to generate slope 

and Euclidean distance for road, town and grid analysis were utilized. Then, for each of the 

reclassified factors weight was assigned based on Multi-Criteria Decision Analysis (MCDA) and 

Analytical Hierarchy Process (AHP). Finally, it was concluded that Adama, Hitosa, Debre Birhan 

and Bahirdar (northwestern and southern part) have sufficient area for wind farm establishment. 

However, the satellite images they used were different for LULC. That means for Adama, Debre 

Birhan and Histosa Landsat 2005 TM, image taken from National Geomatics Center, and Landsat 

8 Operational Land Imager (OLI) was used with 30 m resolution for each, respectively. While for 

Bahirdar sentinel satellite image of 2018 with 10 m resolution was utilized. However, the sentinel 

satellite becomes an incredibly helpful monitoring device for studies such as LULC changes and 

environmental consequences due to its extensive coverage and minimum five-day global revisit 

period (with twin satellites in orbit) (Isbaex & Coelho, 2021; Mandanici & Bitelli, 2016).  

2.4.2. Criteria used for wind farm site selection 

Selecting appropriate locations for wind farm development is the greatest issue for wind planners 

in designing and developing a wind farm. In this regard, Mohammed (2017) has concluded that 

the proposed wind energy sites should not only meet the needs of wind energy but also address a 

number of environmental and socioeconomic criteria. As a result, successfully locating wind farms 

would necessitate a scientific approach that considers all applicable factors. However, 

insufficiency of information in the region could be a serious difficulty in developing a scientific 

methodology for locating wind farms in the region (Baban et al., 2004). 

Many technical variables, including wind speed, wind potential, land topography and geology, 

grid structure, existing infrastructures, and distance and turbine size, influence the decision-

making on site selection for wind farm development (Belay, 2009; Conover, 2001; Mentis, 2013; 

Talinli et al., 2011). Hence, prior to securing land for new wind development, it is important to 

research the local infrastructure including current transmission system operation, long-range plans, 

and proposed system upgrades for the selected area. Furthermore, the exclusion of restricted areas 

such as national parks and visual impacts on areas of outstanding beauty are factors that need to 
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be taken into account (Conover, 2001). Different criteria were used by different researchers and 

the most common factors for suitability analysis are listed below.  

2.4.2.1 Wind speed 

Wind speed is a good indication of the wind's ability to generate electricity. In general, the higher 

the wind speed, the more power can be generated at the chosen location. However, the wind speed 

varies according to the geographical structure of the area like mountains, valleys and plain areas. 

In addition, wind turbine economic efficiency of a specific location is mainly determined by the 

average wind speed at that location. Because of this, wind speed is a crucial parameter and areas 

with higher wind speeds are more appropriate for wind energy productivity than areas with lower 

wind speeds (Gorsevski et al., 2013).  

2.4.2.2 Slope 

Slope is generated from the digital elevation model (DEM) which is the digital representation of 

the elevation of the earth’s surface relative to any reference datum (Balasubramanian, 2017). 

Various studies indicate that areas with higher slopes are not ideal for building wind turbines. 

Steep slope is difficult for construction since it increases the time and cost needed for the project. 

While extremely steep will prevent the blades of the windmill from rotating as required. Moreover, 

steep slopes interrupt the wind field, resulting in inconsistent winds (Kabu, 2016). And cranes and 

trucks may find it difficult to access a surface with steep slopes as well as escalating construction 

costs (Hofer et al., 2016). Therefore, a site with a gentle slope is very suitable for wind farm 

establishment which enhances wind speed, increases road accessibility and speeds up the 

construction process. As the slope rate increases the cost for turbine construction will be higher 

hence it is recommended if the slope is at level (Chamanehpour, 2017). As Chaudhry (2008) 

suggested, slope angles below 30° are extremely suitable. And the maximum slope ranges from 

10% to 30% (Baban & Parry, 2001; Tegou et al., 2010). Moreover, Mentis (2013) & Haaren and 

Fthenakis (2011) also recommend that the maximum slope for the construction of turbines should 

not be greater than 10o. 

2.4.2.3 Land use/Land cover 

The feasibility of a site for wind turbine installation is also influenced by the type of land cover 

available. Some land cover types may be assumed to be more favorable than others from the 
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perspective of social acceptance. Hence, the existing land use/land cover of an area with adequate 

wind resources also plays an important role in selecting a suitable wind farm site. Mostly bare land 

is more preferable for wind farm development. It is widely recognized in the literature that short 

vegetation is preferable to taller species since such vegetation covers have less surface roughness 

property (Endalkachew, 2018). Agricultural, grass and shrub lands are also more suitable next to 

bare land than other land use land cover types for wind farm development (Gorsevski et al., 2013). 

Additionally, agricultural producers can also earn extra money by generating wind energy on their 

properties (Rodman & Meentemeyer, 2006). In contrast, forests, wetlands, archaeological sites, 

aviation, protected areas and military zones are areas that are not suitable for wind farm 

establishment (Nasehi et al., 2016; Talinli et al., 2011). These areas should be excluded from the 

site selection process. Hence, land use of the study area should be ranked according to their cost 

and turbulence effect for the wind farm development (Chamanehpour, 2017). 

2.4.2.4 Distance from major roads 

The proximity to a major transportation network is an important factor that should be considered 

when deciding where to build a wind farm (Gorsevski et al., 2013). Locating a wind farm near to 

the road helps to minimize the economic costs of the installation process (Fang, 2015). The cost 

of building new roads increased substantially while existing roads make access to the site much 

easier. As a result, to save money from the new road constructions and prevent soil sealing, wind 

turbines should be placed as close to the existing road network as possible (Gorsevski et al., 2013). 

In this regard, Haaren and Fthenakis (2011) have recommended roads must have at least four-

meter width and solid pavement since roads with small width may not be capable of supporting 

the size and weight of wind turbine parts and turning space may be insufficient for transporting 

construction components to the selected site. There should be available roads with a given distance 

that are used for the transportation of turbine components, construction materials and other 

necessary equipment. In general, the areas farther away from roads are regarded as less suitable in 

most wind farm siting evaluations than those nearer to the roads (Baseer et al., 2017; Hofer et al., 

2016). Thus, the site must be within a reasonable distance of the national road network in order 

for construction equipment to reach the site, supplies to be delivered, and general construction and 

maintenance access to be possible. 

2.4.2.5 Distance from existing power lines 
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The distance of wind farms from transmission lines is a significant aspect for wind farm site 

selection. Wind farms at short distances from the transmission lines can reduce the costs of 

delivering electricity to the consumer (Hofer et al., 2016). As Conover (2001) mentioned, 

proximity to electric grids helps to minimize costs associated with cabling and electricity losses 

over long transmission distances. Installing a wind farm in an area where transmission lines are 

unavailable would necessitate the installation of new transmission lines, raising the costs 

associated with wind farm construction (Gorsevski et al., 2013). Therefore, areas that are near to 

the transmission line are classified as highly suitable and which are far from the transmission line 

are classified as unsuitable. 

2.4.2.6 Distance from protected areas 

Protected areas mainly include national parks, nature reserves, wilderness areas, wildlife 

management areas and landscape protected areas and it can also include community conserved 

areas like burial, religious, historical, or archeological sites (Dudley, 2008). Protected areas are 

geographically defined areas that are protected, governed, and maintained in order to meet specific 

conservation goals. Thus, protected areas have biological, ecological, aesthetic, cultural and 

spiritual importance (Howard et al., 2000). Since wind power plants have a detrimental effect on 

the intrinsic property due to changes in natural ecosystems and noise emissions, protected areas 

are categorized as restrictions that must be removed in many wind site selection studies. In order 

to safeguard these kinds of areas for current and future generations, any development should have 

to be considered as one of the requirements for suitability analysis. In a previous study, a distance 

greater than 10 km was classified as highly suitable while a distance less than 500 m was unsuitable 

for wind farm development (Abdelrazek, 2017). Besides, in other studies distance greater than 

1000 m was considered appropriate for wind farm establishment (Baban & Parry, 2001; Effat, 

2014). As a result, wind turbines should be placed at an appropriate distance from protected areas 

for better and sustainable wind farm establishment. 

2.4.2.7 Distance from Urban Areas/ Towns 

Building a wind turbine around towns causes pollution (Sadeghi & Karimi, 2017). A wind farm 

should be built far from the urban areas or towns to reduce visual and noise impacts (Mohammed, 

2017). Aside from the noise and vibration caused by wind turbines, inhabitants may experience 

sleep disruption, headaches, and slight blurring (Horner et al., 2011). These types of complaints 
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can be avoided if the wind turbines are sited at considerable distances from the residential area 

(Talinli et al., 2011). However, in previous studies distance greater than 2000 m was highly 

suitable (Alyahyai et al., 2012; Baban & Parry, 2001; Belay, 2009). While many scholars 

recommended distance less than 2500 m was considered unsuitable (Baseer et al., 2017; Bennui 

et al., 2007; Endalkachew, 2018; Hofer et al., 2016; Moradi et al., 2020; Okechukwu et al., 2019). 

Hence, a good wind site should have sufficient distance from urban areas. 

2.5. Wind energy potential investigation  

Proper measuring, analyzing and interpreting wind data at a given site has always been the first 

step in wind project deployment. Preliminary investigation can be made using long-term wind data 

from meteorological stations close to the candidate site (Mathew, 2006). This data, which may be 

available for long periods of time, should be extrapolated properly to reflect the wind profile at the 

potential site and then field measurements are generally made at the prospective location for 

shorter periods. In this regard, Mathew (2006) also admitted one-year wind data recorded at the 

site is sufficient to represent the long-term variations in the wind profile within an accuracy level 

of 10 percent. Modern wind measurement techniques provide the average wind speed at a certain 

location over a specified time period. To make accurate estimates on the energy available in the 

wind, the wind data is further grouped and analyzed with the help of models and software. The 

data is organized into time periods that we are interested in. Hence, the required factors to 

investigate the wind energy of the site are wind direction, wind speed distribution, wind speed at 

extrapolated height and wind power density. These factors are briefed further as follows. 

2.5.1. Wind direction 

Wind direction is one of the wind properties that is taken into account when planning a wind farm. 

To represent the wind direction of a specific site over a particular time period, a wind rose diagram 

is a commonly used tool (Lam, 2013; Tong, 2010). On the wind rose diagram, there is one 

prevailing wind direction with a little spread, although different shapes may arise based on the 

topography and meteorology. The length of each line is proportional to the frequency of wind 

direction (Tong, 2010). Additionally, the wind rose plot shows the range of wind speed in the area. 

Close to the surface of the earth, due to heat variation, the sea breeze and mountain breeze affect 

the flow pattern of wind (Wagner, 2009). Any wind that blows from a big body of water toward 

or onto a landmass is known as the sea breeze and it is caused as a result of variations in air pressure 
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produced by the differing heat capacities of water and dry land. During the day, sea breeze takes 

place while land breeze at night. Moreover, there is often a time of calm when land and water 

temperatures are equal at nightfall (Wagner, 2009). Oppositely, many intriguing weather patterns 

can be seen in mountainous areas. When the slopes and surrounding air are heated during the day, 

the density of the airdrops and the air rises to the top, following the slope's surface. At night, 

however, the wind direction reverses and becomes a down-slope breeze. This is called mountain 

breeze. Generally, a valley breeze and a mountain breeze are two linked, local winds that take 

place on a diurnal cycle one after the other. After sunset, when the mountain cools down and the 

valley zone is comparably warmer, mountain breezes blow from the mountain to the valley and 

vice versa. Though, winds that blow down the leeward faces of mountains can be very strong 

(Wagner, 2009). Furthermore, detecting exact wind directions also aids in the installation of wind 

turbines and windmills in the wind's direction. This minimizes the time it takes for a yaw system 

to fail, improves wind power capture performance, ensures wind turbine operation security, and 

extends the life of the turbine (Dar et al., 2016; Shen et al., 2018). 

2.5.2. Wind speed distribution 

Various probability functions were fitted to the field data in order to find statistical distributions 

that would be appropriate for representing wind regimes. Weibull and Rayleigh’s distributions are 

found to be capable of accurately describing wind variations in a regime and are extensively used 

for wind energy analysis (Mathew, 2006; Mengesha, 2015). These models are used to calculate 

the probability density and cumulative distribution functions of wind speed as well as plotting their 

corresponding graphs. Though, the two distributions differ from one another in terms of the 

parameters that they use. The Rayleigh distribution only has one parameter: the average wind 

speed, while the Weibull distribution has two parameters and can thus better represent a broader 

range of wind regimes, and is thus commonly used to describe a site. Weibull distribution is mostly 

used to understand the lifetime properties of an object for use in reliability, and it displays the 

frequency of each mean wind speed during the wind turbine's design lifetime (McCool, 2012). 

Weibull distribution is found to fit a wide collection of recorded and documented wind data and 

used to characterize wind variation at a typical location (Wagner, 2009). It seemed to better show 

the actual data than the Rayleigh distribution (Mathew, 2006). The probability density function, 

(f(v)) shows the fraction of time (or probability) for which the wind is at a given speed v is 

expressed as follows. 
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Where, f(v) is the probability of observing wind speed v, k is the shape parameter which describes 

how peaked the wind distribution is and c is a scale parameter that designates how windy a wind 

location is.  

There are two parameters in the Weibull function called shape parameter (k) and scale parameter 

(c). The scale parameter is directly proportional to the wind speed which means high windy sites 

have high scale factors while low wind sites have low scale factors. Whereas the shape factor k is 

a significant determinant of wind uniformity under the Weibull distribution, and uniformity of 

wind at a site increases with the shape factor k (Mathew, 2006). That is the higher the value of k, 

the more the spread of wind speed of the site over a wide range of wind speeds and the lower the 

value, the lesser the spread of wind speed at the location. Thus, a higher shape parameter is 

preferable, as it denotes stronger and more consistent winds. Furthermore, the higher value of 

shape parameter between two and three means the wind speed distribution is more skewed towards 

higher wind velocities while the shape parameter between one and two shows a higher probability 

of lower wind speed. It means the distribution is skewed towards the lower velocities (Wagner, 

2009). 

In all cases, for analyzing a wind system, the Weibull parameters (k and c) can be calculated using 

various methods whereas only the following four common methods were considered in this study 

(Abdella, 2015; Sedghi et al., 2015; Yissa, 2013). These are empirical methods, methods of 

moments, maximum likelihood method and energy pattern factor method. The fundamental 

difference among these methods is the way of calculating the k and c values as elaborated below.  

2.5.2.1. Empirical Method (EM): The Weibull parameters can be determined on the basis of 

average wind speed and standard deviation. The following formula is used to determine the 

Weibull parameters (Kumar & Gaddada, 2015; Natei & Ashenafi, 2017).  

 𝑘 = (
𝑆𝐷

𝑣𝑚
)

−1.086

                                                                                     (2) 

𝑐 =
𝑣𝑚

𝛤(1+
1

𝑘
)
                                                                                                 ( 3) 

Where Γ is a gamma function and is given by (Kumar & Gaddada, 2015; Mentis, 2013). 
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𝛤 = ∫ 𝑒−𝑡∞

0
∗ 𝑡𝑥−1𝑑𝑡                                                                     (4) 

2.5.2.2. Energy pattern factor method (EPFM): often known as the power density method, is 

straightforward and simple to use. It employs an average of wind speed cubes as well as an average 

wind speed cube. The shape factor is determined directly from the energy pattern factor (Kumar 

& Gaddada, 2015; Natei & Ashenafi, 2017). Hence, the energy pattern factor equation is expressed 

as: 

Epf =  
𝟏

𝒏
∑ 𝒗𝒊𝟑𝒏

𝒊=𝟏

[∑ 𝒗𝒊]𝟑𝒏
𝒊=𝟏

                                                                                        (5) 

Following the calculation of the energy pattern factor, the shape and scale factors will be 

determined using the formula below.  

k= 1 +
3.69

𝐸𝑝𝑓2                                                                                              (6) 

𝑐 =
𝑣𝑚

𝛤(1+
1

𝑘
)
                                                                                                  (7) 

2.5.2.3. Methods of Moments (MoM): In the field of Weibull parameter estimation, the method 

of moments is one of the most frequent techniques. The formula is expressed as (Kumar & 

Gaddada, 2015; Natei & Ashenafi, 2017; Woldegiyorgis & Terefe, 2019). 

𝑘 = (
0.9874

𝑆𝐷

𝑣𝑚

)

1.0983

                                                                                (8) 

𝑐 =
𝑣𝑚

𝛤(1+
1

𝑘
)
                                                                                                  (9) 

2.5.2.4. Maximum likelihood method (MLM): It adopts an iterative procedure for the 

determination of parameters, k and c. The formula below can be used to find these parameters 

(Kumar & Gaddada, 2015; Natei & Ashenafi, 2017; Woldegiyorgis & Terefe, 2019). 

𝑘 = [
∑ 𝑣𝑖𝑘∗𝑙𝑛 ( 𝑣𝑖)𝑛

𝑖

∑ 𝑣𝑖𝑘𝑛
𝑖

−
∑ 𝑙𝑛( 𝑣𝑖)𝑛

𝑖

𝑛
]

−1

                                                (10) 

c = 
∑ 𝑣𝑖𝑘𝑛

𝑖

𝑛
                                                                                                    (11) 

Since the shape parameter equation contains logarithm and logarithm of zero makes the calculation 

indeterminate, particular care is required for wind data that includes zero wind speed and to start 

the iteration an initial value of k = 2 is taken (Natei & Ashenafi, 2017).  
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2.5.3. Statistical test 

To assess the effectiveness of the methods that are used to calculate the Weibull parameters, the 

four accuracy assessment methods called the Mean Bias Error (MBE), Root Mean Square Error 

(RMSE), Mean Percentage Error (MPE) and coefficient of correlation (r) were utilized (Kumar & 

Gaddada, 2015; Natei & Ashenafi, 2017; Woldegiyorgis & Terefe, 2019). The best result is when 

these statistics are closer to zero, but the coefficient of correlation, r, should approach to 1 as 

closely as possible for better modeling but if it is closer to zero it shows weak or even no 

relationship.  

       Table 2: A summary of statistical parameters for the evaluation of the model performance 

Statistical tools 
Mathematical expression in terms of 

measured and calculated results 

 

Preferable Value 

Root mean square 

error (RMSE)  RMSE = (
1

n
∑[yi − xi]

2

n

1

)

1/2

 

close to zero 

Mean bias error 

(MBE) 
MBE =

1

n
∑[xi − yi]

n

1

 
 close to zero 

Mean percentage error 

(MPE) 
MPE(%) =

1

n
∑ (

[xi − yi]

yi
) ∗ 100

n

1

 
Between−10% 

and +10% 

. 

Correlation coefficient 

(r) 
r =  

∑ [xi − x̅i] ∗n
1 [yi − y̅i]

√(∑ [xi − x̅i]
n
1 )2 ∗ (∑ [yi − y̅i]

n
1 )2

 
High r (r →1) 

Where, n is the number of wind speed observations, yi measured value and xi is estimated value 

by Weibull distribution 

2.5.4. Wind speed extrapolation 

Wind flowing across the earth's surface confronts friction created by turbulent flows over and 

around forests, mountains, hills, trees, buildings, and other objects in its path (Jha, 2019). As a 

result, the wind machine's power production is reduced by the turbulence, which can also cause 

undesirable vibrations (Yissa, 2013).. Whereas the friction around taller buildings and trees is 

higher than smooth surfaces like lakes or coastal regions. Hence, it is preferred that the hub height 

be increased to reduce the obstacles that affect wind speed. As a result, taller towers provide higher 
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wind speeds and allow for the implementation of larger turbine blades, resulting in considerable 

performance in terms of annual output power.  

Due to height variation, the speed of wind varies from place to place. Mainly the wind speed data 

is collected at a 10-meter height. Hence, it is vital to evaluate the wind speed at respective possible 

turbine hub heights based on the measured wind speed. However, logarithm law and power law 

are the commonly used methods to calculate the wind speed at the desired heights. But, because 

of its ease of analysis, many researchers used a power law method for wind speed extrapolation 

(Abdella, 2015; Gaddada & Kodicherla, 2016; Mengesha, 2015; Natei & Ashenafi, 2017; 

Woldegiyorgis & Terefe, 2019). Hence, in this study, the power law will be used and can be 

obtained based on the following formula. 

𝑣

𝑣𝑜
 = [

𝐻

 𝐻𝑜
]

𝛼

                                                                                                (12) 

Where, v is the wind speed at the required height H, vo is wind speed at the reference height Ho, 

and α is ground surface friction coefficient which lies in the range 0.05-0.5 (Natei & Ashenafi, 

2017). The table below shows the friction coefficient (α) values for various terrain classes. 

                  Table 3: Friction coefficient of various terrains 

Terrain Type Friction Coefficient (α) 

Lake, ocean and smooth hard ground 0.10 

Foot tall grass on level ground 0.15 

Tall crops, hedges, and shrubs 0.20 

Wooded country with many trees 0.25 

Town with some trees and shrubs 0.30 

City area with tall buildings 0.40 

                 Source: Wind and solar power systems (Patel, 2006) 

2.5.5. Wind power calculation 

Wind power is described as the conversion of wind energy into usable forms of energy, such as 

the usage of wind turbines to generate electrical power, windmills to provide mechanical power, 

and wind pumps to pump or drain water (Mathew, 2006). The theoretical power that is available 

can be obtained based on the following formula (Mathew, 2006; Mentis, 2013). 
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𝑃 =  
1

2
𝜌𝐴𝑣3

                                                                                             (13) 

Where P is theoretical power (Watts), 𝜌 is air density (1.225 kg/m3), v is wind speed (m/s) and A 

is cross sectional area (m2). 

Wind power is proportional to the third power of wind speed, according to Equation (13). This 

demonstrates that even a little change in average annual wind speed can result in a significant 

increase or decrease in wind power (Jha, 2019). Therefore, wind turbine development sites with 

higher average annual wind speeds must be prioritized due to the year-round availability of greater 

wind power levels. The best way for determining the feasibility of a wind energy resource at any 

location is to compute the wind power density using meteorological station data. The mean wind 

power density is the total available power per unit area and is calculated by the following formula 

(Gaddada & Kodicherla, 2016; Mentis, 2013) 

𝑃

𝐴
=

1

2
𝜌

1

𝑛
∑ 𝑣𝑖3

𝑛
𝑖=1                                                                                   (14) 

Where  
P

A
  is the power in W/m2 swept area, n is the number of wind speed readings and, 𝜌 is air 

density and vi is wind speed.  

However, the wind power density is proportional to air density as the density decreases with height 

the wind power density decreases proportionally (Mathew, 2006). And air density is inversely 

related to elevation and decreases with increasing elevation. The air density can be calculated using 

the formula below, which takes into consideration the elevation above sea level of the place in 

meters (Mentis, 2013).   

𝜌 = 1.225𝑒
−𝑧

𝐻𝑝                                                                   (15) 

Where z is the elevation above sea level in meters and Hp is scale height which is equal to 8.5 km. 

2.6. Wind energy assessments 

Studies on wind energy potential investigation and wind farm site selections were conducted in 

different parts of the world using various approaches Wind energy potential investigations were 

mainly based on the wind speed data in a given period of time. Many researchers in various parts 

of the world were utilizing the Weibull distribution function to investigate wind energy based on 

the specified time. For example, the study which was conducted in Iran (Mostafaeipour et al., 



25 

 

2011), Jordan (Alghriybah et al., 2019), and some parts of African countries like Tunisia 

(Dahmouni et al., 2011), Nigeria (Fagbenle et al., 2011; Odo et al., 2012) Kenya (Mukulo et al., 

2014), Republic of Djibouti (Dabar et al., 2019) were used Weibull distribution function. The two 

Weibull parameters, shape (k) and scale parameter (c), were determined using the appropriate 

procedures in all of the research attempts mentioned above. In the above case, the height at which 

the wind speed was measured and the time interval, on the other hand, was not the same.  

The length of wind speed time series data considered for estimation of wind energy varies from 

researcher to researcher. In some studies, wind energy was investigated based on very long wind 

speed data like for twenty-one years (Fagbenle et al., 2011), 13 years (Odo et al., 2012), nine years 

(Mostafaeipour et al., 2011), eight years (Mohammed et al., 2019), seven years (Alghriybah et al., 

2019) and five years (Idriss et al., 2020). While in some parts of the world, one-year wind speed 

data was used to investigate wind energy of the site (Dabar et al., 2019; Janajreh et al., 2013; 

Mukulo et al., 2014; Watts et al., 2016). For example, a 30 MW wind park was constructed in 

Nouakchott, Mauritania's capital and largest city, based on one-year wind speed data, and it has 

performed admirably in operational conditions (Bilal et al., 2021). So this means, one-year wind 

speed data can be used for wind potential estimation and economic analysis if the data is collected 

and documented properly. 

2.6.1. Wind energy assessment in Ethiopia 

Studies on wind energy were conducted in some places of Ethiopia using different techniques. For 

example, Bekele and Palm (2009) have used the average monthly wind speed data and determined 

wind energy potential in Addis Ababa, Mekele, Nazret and Debrezeit at 10 meters height. While 

the capacity for independent wind energy conversion systems may be minimal, it is assumed that 

wind energy may be incorporated into other energy conversion systems such as solar panels, diesel 

generators, and batteries. However, the wind potential was investigated based on the wind speed 

and further analysis was not performed. Another study conducted a wind energy potential 

assessment at the Myderhu site in the Tigray regional state (Yissa, 2013). In this study, the mean 

wind speed and average wind power density at extrapolating heights of 30, 50, 80, and 100 m was 

6.48 m/s (246 W/m2), 6.94 m/s (287 W/m2), 7.56 m/s (360 W/m2) and 7.84 m/s (397 W/m2), 

respectively. And the wind power class was categorized as class three (i.e. ‘Fair’) based on the 

average wind speed but based on the wind power density at 50 m it must be categorized under 
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class two (i.e. ‘Marginal’). Though, for the wind energy assessment, the mast equipped at 50 m 

was used. 

On the other hand, Kumar et al. (2015) have analyzed wind speed data for energy production at 

Adama based on the four years mean wind speed data which was captured at the height of 2 m and 

by a cup anemometer. In this study, since the wind speed was captured at less than the standard 

height for wind speed measurement, it was extrapolated to 10 m to obtain the required wind energy 

potential. The monthly wind speed varies between 1.68 m/s in September to 3.88 m/s in July and 

the monthly mean power density varies between 3.35 W/m2 in September to 36.04 W/m2 in July. 

Kumar et al. (2015) has concluded that installing a wind turbine for small-scale wind energy 

generation units is best done during the months of high wind speed, which are February and March. 

Dulla et al. (2016) had attempted to investigate wind energy potentials at six sites (Hawassa, Dilla, 

Wolayita Soddo, Hossana, Wolkite and Butjira) in southern Ethiopia using five years long daily 

average wind speed series (January 2009 to December 2013). The weather stations’ data were 

collected at 9.2 m height and the data were analyzed using the Weibull distribution function. 

Consequently, all of the six sites are more than 50% likely to have wind speeds greater than 4 m/s 

and are thus ideal for stand-alone electrical and mechanical purposes, such as charging batteries 

and water pumping systems. In general, only the daily mean wind speed was obtained in this study 

to analyze the wind potential of the sites, but the mean wind power density was not computed. 

Gaddada and Kodicherla (2016) had estimated wind energy potential in different parts of the 

Tigray region (Adigrat, Adwa, Atsbi, Chercher, Maychew, Mekele, Senkata and Shire) based on 

a 12-year monthly wind speed data. Wind speed data were captured at 10 m height and extrapolated 

to different heights. It was found that the annual wind speed ranges between 1.04 m/s (Shire) and 

3.49 m/s (Mekele) and the maximum power density and energy density was 35.13 W/m2 and 

306.06 kWh/m2 and the minimum was 0.86 W/m2 and 7.44 kWh/m2 in Mekele and Shire, 

respectively. Finally, locations such as Atsbi, Chercher, Mekele, and Senkata were discovered to 

be more effective for electrical and mechanical applications like water pumping and battery 

charging. 

2.6.2. Wind energy assessment in Upper Blue Nile Basin 

The UBNB is the biggest river in terms of discharge volume and the second largest in terms of 

watershed area in Ethiopia (Mengistu et al., 2014). The river has quite substantial potential for 
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hydropower with a total capacity of around 13,000 MW (Mulat et al., 2018). Exploiting this huge 

energy potential is given primary concern by the government of Ethiopia. As rainfall throughout 

the year is highly variable in most parts of the UBNB, energy production from hydropower alone 

cannot be sustainable. Hence, other kinds of renewable energy sources such as wind should 

complement the negative fallouts of hydropower energy production in the basin. Despite this, 

evaluations of alternative energy sources other than hydropower in the basin, particularly wind 

energy, is not being carried out as it should be. There are few available studies that were conducted 

in UBNB. For instance, Natei and Ashenafi (2017) have assessed and statistically analyzed wind 

energy potential in the southeastern part of the UBNB at Ambo. These authors have used wind 

speed collected every 3 hours at a 10 m height for 6 years. The results of the study have revealed 

that Ambo had an average wind speed of 3.2, 5.0 and 6.2 m/s at a height of 10, 30 and 50 m, 

respectively. With an average wind power density of 179.2 W/m2 at 50 m height, the Ambo area 

falls into ‘Class 2’, which is ‘Marginal’ for most of the year. It was concluded that the Ambo site 

is not appropriate for electric wind application on a large scale since the average wind speed is 

below the minimum wind speed threshold (5 - 6 m/s) at 10 m height. Yet, the location may be ideal 

for non-grid electrical and mechanical functions such as wind generators, battery charging and 

pumping systems, as well as agricultural applications. On the other hand, Dagne and Worku (2019) 

have also assessed wind energy potentials in the East Gojjam zone of UBNB based on a 15 minutes 

interval wind speed and direction data recorded for two years at Debre Markos and Motta met 

stations. The average wind speed of the stations was then calculated into hourly, daily and monthly 

values. However, the majority of the zone is occupied by ‘Class 1’ sites with a power density of 

fewer than 200 W/m2, while there are some possible sites in the zones with power densities of up 

to 400 W/m2. Aside from that, GIS was only used to combine the individual site maps to produce 

the final wind speed and power density maps. 

Woldegiyorgis and Terefe (2019) have investigated wind energy potentials in eastern UBNB at 

Wereilu, based on the 10-year monthly mean wind speed measured at a height of 2.5 m. The 

average wind speed was extrapolated to the standard height of 10 m for wind characteristics 

analysis. The result of this study has shown the average power density of the site was 

approximately 10.45 W/m2. Moreover, the authors have concluded that the wind power density 

output during their study period was considered fair for Wereilu. Correspondingly, Woldegiyorgis 

and Terefe (2020) have also estimated the monthly average wind energy potential of Debre Birhan 
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based on five years of daily wind speed data. Wind speed measurements for this study were taken 

at 2.5 m height and extrapolated to 10 m and 50 m using power law. The monthly mean power 

density varies between (3.77 W/m2 and 26.68 W/m2) and (39.33 W/m2 and 111.60 W/m2) at 10 

and 50 m, respectively. The findings of this study revealed that the location belongs to ‘Class 1’ 

wind power, which is not suitable for grid-connected wind power production but can be used to 

power small stand-alone wind turbines. Similarly, a recent study was conducted in Nifas Mewucha 

using four years of daily wind speed data (Eshete & Abate, 2021). It was found that the annual 

mean wind speed ranges from 6.23 to 6.65 m/s while the highest mean power density with the 

value of 152.921 W/m2 is observed at 10 m. And it was concluded that Nifas Mewucha is a fairly 

good location in terms of wind generation potential. Despite this, GIS was simply utilized to 

analyze wind speed and no other factors were taken into account. 

In all cases above, the Weibull distribution function was mainly used and the parameters k and c 

were determined based on the appropriate method. Moreover, power law was used to analyze the 

wind speed at extrapolated heights like 10, 30, 50, 80 and 100 m to get the maximum wind potential 

of the site. However, most of the case studies conducted in UBNB were mainly based on daily and 

monthly wind speed data. As the daily mean values of wind speed tend to smooth some of the 

peaks that occur during the day (Veronesi & Grassi, 2015), this can significantly affect estimates 

of electricity generation. This is because a slight variation in wind speed produces a considerable 

change in the power output of large wind turbines. Similarly, there are serious drawbacks to energy 

generation while monthly wind speed data are used. These are the loss of extremely high or low 

wind speeds during the month, as well as the failure to observe diurnal fluctuations in wind speed 

(Kumar & Gaddada, 2015). Nevertheless, studies done using the monthly average wind speed can 

be used to characterize seasonal changes in wind speed and enhance the analysis of wind data. 

Generally, wind energy estimations in the UBNB were done using point data of met stations alone. 

Sufficient studies for wind farm establishment and energy potential assessment were not conducted 

in the basin. As a result of these limitations, the goal of this paper is to identify both the suitability 

of sites for wind farms and energy potential at the chosen sites in UBNB based on selected 

parameters and accurate wind speed data collected within a 15-minute interval.  
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3. Materials and Methods 

3.1. Description of the study area 

3.1.1. Location 

UBNB which is also known as the Abay River basin is located in the northwestern part of Ethiopia. 

It meanders in the Ethiopian highlands from West Gojjam and flows northward into Lake Tana. It 

is characterized by a complex topography ranging in altitude from 4236 m in the northeastern part 

of the basin to 464 m in the western part of the basin near the border between Ethiopia and Sudan. 

Geographically UBNB is situated between 34o 33’–39o 45’ E longitude and 7o 49’–12o 42’ N 

latitude (Figure 1).  

 

Figure 1: Location map of the study area that shows the elevation (m) and selected automatic 

weather stations (AWS). 

3.1.2. Climate 

The climate in the UBNB varies from humid to semi-arid. The major rainy season is from July to 

September and is known as the long rains season (“Kirmet”). The dry season which is called 

(“Bega”) extends from October to January and is followed by a small rainy season from February 

to May and is called short rains season (“Belg”). Nonetheless, the northward migration of the Inter 

Tropical Convergence Zone (ITCZ) influences the spatiotemporal patterns of rainfall over UBNB 
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(Mellander et al., 2013). The average annual total precipitation is nearly 1270 mm, year-to-year 

variability is notable, with a coefficient of variation of approximately 12% (Zhang et al., 2016). In 

addition, short rains from the Indian Ocean are brought in by south-east winds, whereas large rains 

from the Atlantic Ocean are brought in by south-west winds during the wet season (Gebrekristos, 

2015). When it comes to seasonal variations, the highland plateau zone has two peak seasons, 

March to May and September to November (Eales, 2014). As described by Yilma and Awulachew 

(2009), the Ethiopian highlands range in elevation from 1500 to 4260 meters above sea level and 

Ethiopian lowlands flatten from 1000 to 500 meters above sea level. In this study, the elevation 

variation for the selected met stations is 1673 to 2956 m, indicating that the majority of the stations 

are installed in the mountainous area.  

Here, regarding the data analysis of this study based on the selected stations, the four-year mean 

wind speed (15-minute interval) at the site at a measurement height of 10 m ranges from 1.65 to 

4.19 m/s. However, the wind speed extracted from the global wind atlas map with a high spatial 

resolution (mesoscale wind modeling) shows that the wind speed over the UBNB ranges from 0.04 

to 13. 81 m/s at 10 m (GWA, 2021). In addition, as displayed in Figure 2, the wind speed ranges 

from 4.41 to 13.81 m/s mostly around the northeastern part of the UBNB. That means the area has 

very promising wind speed and energy potentials. 

 

               Figure 2: UBNB wind speed at 10 m extracted from global wind atlas map. 
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3.2. Data types and sources 

The availability of accurate data is important in order to attain the expected objectives. Various 

spatial and non-spatial datasets were collected from different organizations. The data types and 

sources used in this study are summarized in Table 4. 

     Table 4: Data types and sources 

Data Data type Purpose Data source 

Boundary Shape 

file/polygon 

To demarcate area of 

interest 

Ethiopian Central Statistics 

Agency (CSA) 

Wind 

Speed 

Statistical 

data 

To calculate wind energy 

potential 

National Meteorology 

Agency (NMA) 

Slope  Raster To check feasibility for wind 

power development 

(construction and 

maintenance) 

United States Geological 

Survey (USGS) 

Road 

Network  

Shape 

file/polyline 

To locate the wind farm near 

to road  

Ethiopian Roads Authority 

(ERA) 

Power 

Network  

Shape 

file/polyline 

To decreases in the cost of 

energy transfer to the grid 

Ethiopian Electric Power 

(EEP) 

Protected 

areas  

Shape 

file/polygon 

Safeguarding 

environmentally sensitive 

areas 

Commission of 

Environment, Forest and 

Climate Change  

LULC Raster 

Image 

To reduce the environmental 

impact of the development 

European Space Agency 

(ESA) 

Towns Shape 

file/polygon 

To reduce the noise 

pollution and visual impact 

Central Statistical Agency 

(CSA) 

3.3. Software  

On the basis of their capability to achieve the expected objectives, several software packages were 

utilized in this study. ArcMap 10.5 was used for suitability analysis and map preparation. This 

software was used due to its capability to store, manipulate and analyze the specified input data. 

Moreover, it contains a set of tools that facilitate the process. Whereas to calculate wind energy 
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potential statistically MATLAB 2018a was used. Microsoft Excel was used to organize and 

analyze the input data (numerical data). In addition, ENVI 5.2 and WRPLOT 8.0.2 were used for 

preprocessing of the satellite images and to plot the wind direction of each station, respectively.  

3.4. Research Methodology 

3.4.1. Suitability analysis 

The aim of this study is to find a suitable location for a wind farm and to investigate the wind 

energy potential in the UBNB. To select an ideal location for wind farms, a variety of parameters 

must be considered. Different studies have used various factors by considering their socio-

economic, geographical and meteorological parameters for such purposes. The selection criteria 

used in this analysis were based on the standards applied by different scholars (Belay, 2009; Effat, 

2014; Endalkachew, 2018; Mentis, 2013; Okechukwu et al., 2019). Therefore, the parameters 

chosen for identifying the ideal location for a wind farm were wind speed, slope, LULC, distance 

to existing roads, transmission lines, urban areas and protected areas (national parks).  

After analyzing different variables, the specification was set and used for suitability analysis of 

wind farms in the UBNB. Thus, a wind speed greater than 3.5 meters per second over a specific 

area (Okechukwu et al., 2019) and a slope less than ten degrees (Belay, 2009; Haaren & Fthenakis, 

2011; Mentis, 2013) was considered as an ideal one. Furthermore, LULC was rated as highly 

suitable for bare land (open areas) (Mentis, 2013; Okechukwu et al., 2019). Likewise, sites with a 

distance of fewer than five kilometers from existing roads and transmission lines were considered 

extremely acceptable (Belay, 2009; Mentis, 2013; Okechukwu et al., 2019). Urban/town areas, on 

the other hand, were deemed extremely acceptable for distances not less than two point five 

kilometers from the new wind farm location (Baseer et al., 2017; Bennui et al., 2007; 

Endalkachew, 2018; Hofer et al., 2016; Moradi et al., 2020; Okechukwu et al., 2019). Finally, the 

proposed location must be more than one kilometers away from a protected area (national park) in 

order to be considered extremely acceptable (Baban & Parry, 2001; Effat, 2014). Generally, the 

following flow chart summarizes the overall methods, techniques, and approaches that were used 

to carry out the suitability analysis of a wind farm in UBNB. 
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Figure 3: Conceptual model for wind farm site suitability assessment. 

3.4.2. Wind energy potential investigation 

Before investigating the wind energy potential, the quality of the wind speed data was checked. 

Missing wind data were replaced by averaging wind data with equal date and time, which can 

significantly reduce the uncertainty in observed speeds (Mengesha, 2015; Tong, 2010). Wind 

energy potential was calculated statistically based on the four years (2017-2020) available wind 

speed data obtained from the Ethiopian National Meteorology Agency (NMA). The data were 

recorded by Automatic Weather Stations (AWS) with a temporal interval of 15 minutes and 

transmitted directly from the stations to the NMA server by a telemetry system. For suitable sites 

identified based on the suitability analysis (section 3.4.1), wind energy potentials were statistically 

analyzed using Excel and MATLAB software. Average wind speed at anemometric height and 

other extrapolated most common standard turbine heights were determined. Finally, the average 

wind power density was evaluated for the suitable stations. Moreover, to understand the prevailing 

direction of the wind, the wind direction was also determined using the Wind Rose (WRPLOT) 

software. Additionally, the temporal resolution of the wind speed at different time scales was 

evaluated. The overall activities of investigating wind energy potential in the study area were done 

using the following procedures.  

Wind speed data was collected from selected automatic weather stations which provide timely and 

continuous meteorological information. From 29 automatic weather stations which are found in 
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UBNB as shown in Figure 4 (a) only 10 stations were selected based on data quality and some 

other suitability factors, and they are shown in Figure 4 (b).  

           Table 5: Meteorological stations that were used for wind energy potentials analysis 

Sr. No. Stations Latitude 

(degree) 

Longitude 

(degree) 

Elevation        

(m) 

1 Bedele 8.27 36.2 1943 

2 Bullen 10.6 36.08 1673 

3 Dangila 11.25 36.85 2122 

4 Fiche 9.76 38.73 2819 

5 Gatira 7.98 36.2 2230 

6 Mekaneselam 10.74 38.76 2559 

7 Mota 11.07 37.87 2431 

8 Shahura 11.93 36.87 2219 

9 Smada 11.40 38.23 2584 

10 Wogeltena 11.59 39.22 2956 

 

 

Figure 4: a) Geographic distribution of the AWS over UBNB and b) locations of the ten selected 

AWS for the wind energy potential analysis. 

From the selected ten stations, three of them (Bedele, Bullen and Smada) were measured at 10 m 

and the other seven were taken at 2 m. Since wind speed at a height of 10 m above ground is 

considered to be the standard instrumental height for wind potential estimation, all of the 2 m 
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height wind speeds were extrapolated to 10 m height. Finally, the wind speeds of all stations were 

made uniform in heights by extrapolating to more applicable heights (i.e. 50 m, 80 m, and 100 m) 

using the power law formula. The hub heights were selected by reviewing previous studies and 

based on the guidelines which were set for wind power classification (Tong, 2010). 

𝑣

𝑣𝑜
 = [

𝐻

𝐻𝑜
]

𝛼

                                                                        (16) 

Where v is the wind speed at the required height H, Vo is the wind speed at the reference height 

Ho, and α is the ground surface friction coefficient which lies in the range 0.05-0.5. Since all of 

the stations were located in or near to towns where some trees and shrubs can possibly be found 

in the surrounding areas, the friction coefficient (α) was taken 0.3 (Patel, 2006). 

The wind data can be analyzed using a variety of distribution functions, but the two-parameter 

Weibull distribution proved to be the most efficient. Hence, for this study, the Weibull distribution 

function was used since it is very flexible and indicates the wind distribution using two parameters 

(k and c). Moreover, it is widely used and recommended for the analysis of wind speed distribution. 

In general, k indicates the steepness of the curve's peak, whereas c represents a value close to the 

mean wind speed. The performance of four methods: Empirical Method, Energy Pattern Method, 

Maximum Likelihood method, and Moment Method were used to estimate Weibull shape 

parameters (k) and scale parameter (c) for the entire years within a 15-minute wind speed interval. 

RMSE, MPE, and MBE were used to test the effectiveness of the selected methods. Based on the 

statistical test results, one method from the four was used to fit the wind speed distribution for the 

selected stations.  

The following formulas were used to compute the average wind speed and standard deviation of 

each station. According to Mathew (2006), the standard deviation is one way to assess the 

variability of velocities in a set of wind speed data and describes how far individual velocities 

deviate from the mean value. Thus, lower values of standard deviations show the uniformity of the 

data set. 

𝑣𝑚 =  
1

𝑛
[∑ 𝑣𝑖

𝑁
𝑖=1 ]                                                              (17) 

𝑆𝐷 = [
1

𝑁−1
∑ (𝑣𝑖 − 𝑣𝑚)2𝑁

𝑖=1
]

1
2⁄

                                      (18) 
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Where vm (m/s) is average wind speed, vi (m/s) is monthly wind speed, SD is standard deviation 

and N is the number of measured wind speed data. 

The quantity of kinetic energy contained in the wind can be represented in terms of the mass of 

the air and its speed. The kinetic potential (also known as wind power density) of wind energy is 

a good method to assess the wind resource available at a possible site. Hence, at first, the theoretical 

potential needs to be calculated and is expressed as (Mentis, 2013) 

𝑃

𝐴
=

1

2
𝜌𝑣3                                                                           (19) 

Where P is theoretical power, 𝜌 is air density of each station, v is wind speed (m/s), A is cross-

sectional area of wind turbine. 

Whereas the density was calculated based on the following formula which considers the elevation 

of each station. 

𝜌 = 1.225𝑒
−𝑧

𝐻𝑝                                                                                         (20) 

Where z is the elevation of the stations above sea level in meters and Hp is the scale height which 

is equal to 8550 m. Thus, the wind power density was calculated based on the density of each 

station as shown in Table 6.  

                      Table 6: Density value based on the elevation of selected 10 stations 

Stations Elevation (m) Density (kg/m3) 

Bedele 1943 0.976 

Bullen 1673 1.001 

Dangila 2122 0.956 

Fiche 2819 0.881 

Gatira 2230 0.944 

M/selam 2559 0.908 

Mota 2431 0.922 

Shahura 2219 0.945 

Smada 2584 0.905 

Wogeltena 2956 0.867 
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When the frequency distribution of wind speed, air density, and the cube of wind velocity are 

considered, the wind power density is thought to be a good predictor of wind resource (Ayodele 

et al., 2016; Woldegiyorgis & Terefe, 2020). In this paper, the actual wind power density was 

compared to the Weibull and Rayleigh wind power density. To check how accurately a theoretical 

probability density function fits with actual wind power density RMSE, MPE, and MBE were 

considered to choose the suitable density function. The Weibull and Rayleigh density functions 

were given by the following equations (Ayodele et al., 2016; Woldegiyorgis & Terefe, 2019, 

2020). 

𝑊𝑃𝐷 =
1

2
𝜌𝑐3𝛤 (1 +

3

𝑘
)                                                    (21) 

𝑅𝑃𝐷 =
3

𝜋
𝜌𝑐3 (

𝜋

4
)

3/2

                                                         (22) 

Where WPD is Weibull Power Density function and RPD is Rayleigh Power Density function. 

However, for the calculation of Rayleigh power density, the shape factor was taken as the default 

value which is 2 (Mathew, 2006). 

Meanwhile, using the measured wind speed, the overall monthly mean wind power density for the 

selected stations were estimated to identify the month with highest wind power density.  

𝑃

𝐴
=  

1

2
𝜌

1

𝑛
∑ 𝑣𝑖3                                                                  (23) 

Where P is theoretical power, 𝜌 is air density of each station, v is wind speed, A is cross-sectional 

area and n is a number of days in month. 

Prior to computing the average wind power density, vi3 of each day was calculated and the values 

were summed (∑ 𝑣𝑖3) and then divided by the number of days in a month (
1

𝑛
∑ 𝑣𝑖3). And at each 

hub height, the wind power density was estimated. Additionally, for each station, the wind class 

was given based on the standard wind density and wind speed classification set for 10 m and 50 m 

hub height as shown in Table 7.  

 

 

 



38 

 

        Table 7: Wind power classes at 10 m and 50 m height  

    10 m height 50 m height 

Class Resource 

potential 

Wind power 

density (W/m2) 

Wind speed 

(m/s) 

Wind power 

density (W/m2) 

Wind speed 

(m/s) 

1 Poor <100 <4.4 <200 <5.6 

2 Marginal 100-150 4.4-5.1 200-300 5.6-6.4 

3 Moderate 150-200 5.1-5.6 300-400 6.4-7.0 

4 Good 200-250 5.6-6.0 400-500 7.0-7.5 

5 Excellent 250-300 6.0-6.4 500-600 7.5-8.0 

6 Excellent 300-350 6.4-7.0 600-800 8.0-8.8 

7 Excellent 400-1000 7.0-9.4 >800 >8.8 

        Source: (Tong, 2010) 

Generally, the overall method which was used for suitability analysis and wind energy 

investigation was summarized by the following flow chart. 

 

Figure 5: Overall methodology used for suitability analysis and wind energy investigation for 

UBNB 
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4. Results and Discussion 

4.1. Site suitability criteria for wind farm establishment 

4.1.1. Wind speed 

In this study, a 15-minute interval wind speed data of AWS, gathered by the NMA over the study 

area was used as a main input dataset. Where directly observed data is not available, a spatial 

interpolation method was used to predict wind speed between meteorological stations. Hence, the 

IDW approach was utilized to change the point data into a surface raster data format. Here, the 

IDW method was selected because it was found to be more accurate than other geospatial 

interpolation techniques and witnessed from its lower RMSE (i.e. RMSE=0.062). Finally, the wind 

speed of the study area was reclassified into five categories based on their speed values (see Table 

8).  

Wind speed greater than 3.5 m/s was considered as highly suitable (Belay, 2009; Okechukwu et 

al., 2019) while wind speed less than 2.16 m/s was considered as unsuitable as shown in Table 8. 

Wind speeds between 2.16 to 2.23 m/s, 2.23 to 2.66 m/s, 2.66 to 3.17 m/s and greater than 3.5 m/s 

are classified as less suitable, moderately suitable, suitable, and highly suitable, respectively. From 

the total area, only 15.09% of the total study area is highly suitable for wind farm development as 

shown in Table 8. Overall, from the total area more than 60 % is moderately suitable for wind 

farms.  

   Table 8: Wind speed suitability classes and area coverage at 10 m 

No. Wind speed 

class (m/s) 

Suitability 

class 

Suitability level Area (km2) Area coverage 

(%) 

1 < 2.16 1 Unsuitable 7,502.31 3.76 

2 2.16 to 2.66 2 Less Suitable 66,285.50 33.25 

3 2.66 to 3.17 3 Moderately Suitable 53,717.30 26.95 

4 3.17 to 3.5 4 Suitable 41,767.59 20.95 

5 > 3.5 5 Highly Suitable 30,081.00 15.09 

Total 
   

199,353.70 100.00 

 

As a result, areas with higher wind speeds are highly suitable than areas with lower wind speeds, 

and the spatial coverages of wind speed suitability are shown in Figure 6. Spatially, the 
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northeastern, southeastern, and southern tip regions have better suitability for wind farms than 

other areas in the study area.  

 

Figure 6: Wind farm suitability in terms of wind speed at 10 m height in UBNB. 

4.1.2. Distance from urban areas/town 

Since wind turbines are big machines, they have the potential to disturb visual scenes and cause 

noise pollution. Therefore, wind farms should be built at a certain distance away from urban areas 

to reduce visual and sound pollution (Belay, 2009; Endalkachew, 2018; Mohammed, 2017; Talinli 

et al., 2011; Tesfaye, 2016). In this analysis, based on the data found from the central statistics 

agency (CSA), regional capitals (i.e. Asosa and Bahirdar), zonal capitals, and capital of woreda 

were considered and reclassified into five classes as shown in the Figure 7 and Table 9.  

Thus, a distance less than 2.5 km was considered as unsuitable (Baseer et al., 2017; Bennui et al., 

2007; Endalkachew, 2018; Hofer et al., 2016; Moradi et al., 2020; Okechukwu et al., 2019) while 

distance greater than 10 km was considered highly suitable as shown in Table 9. In addition, based 

on Table 9, distances between 2.5-5, 5-7.5, and 7.5-10 km were classified as less suitable, 

moderately suitable, and suitable, respectively. In general, more than half of the study area falls in 
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the distance category greater than 10 km, which is highly suitable for wind farming (Table 9). This 

may be related to the absence of more urbanized settlements in the study area. 

 

Figure 7: Wind farm suitability in terms of urban areas/towns in UBNB. 

    Table 9: Urban areas/towns suitability classes and area coverage 

No. Distance from the 

nearby town (km) 

Suitability 

class 

Suitability level Area (km2) Area 

coverage (%) 

1 < 2.5 1 Unsuitable 11,484.12 5.76 

2 2.5 to 5 2 Less Suitable 19,704.88 9.88 

3 5 to 7.5 3 Moderately 

Suitable 

16,563.69 8.31 

4 7.5 to 10 4 Suitable 30,563.67 15.33 

5 > 10 5 Highly Suitable 121,037.34 60.71 

Total 
   

199,353.70 100.00 
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4.1.3. Distance to existing roads 

The availability of a road network is required in wind farm modeling for both technical and 

commercial reasons since building new roads takes time and is expensive. The road types in UBNB 

are mainly asphalt concrete and gravel roads based on the data obtained from the Ethiopian Road 

Authority (ERA). Regarding Haaren and Fthenakis (2011), for transportation of the wind turbine, 

the road should be solid pavement. In this analysis, the Euclidean distance method in the spatial 

analyst tools was used to reclassify distances from roads into five groups depending on the 

specified distance. As seen in Figure 8, most parts of the UBNB are unsuitable for wind energy 

farm establishment and this may be attributed to the poor road density in the study area. 

 

Figure 8: Wind farm suitability in terms of available roads in UBNB. 

As indicated in Table 10, distances of 1.25 km from any road were categorized as highly suitable 

whereas all distances greater than 5 km were classified as unsuitable (Belay, 2009). This is because 

the greater the distance from the roads, the higher cost of new road building and wind turbine 

transport (Fang, 2015; Gorsevski et al., 2013) though existing roads make it simple to get to the 

site (Haaren & Fthenakis, 2011). From the total study area, 8.44% was highly suitable for wind 



43 

 

farms from a road proximity point of view and 71.07 % was unsuitable as they are far from roads 

as shown in Table 10. Additionally, 6.42%, 7.37%, and 6.70% of the study area were suitable, 

moderately suitable, and less suitable, respectively. 

      Table 10: Road suitability classes and area coverage 

No. Distance to 

nearby road (km) 

Suitability 

class 

Suitability level Area (km2) Area 

coverage (%) 

1 < 1.25 5 Highly Suitable 16,823.39 8.44 

2 1.25 to 2.5 4 Suitable 12,792.03 6.42 

3 2.5 to 3.75 3 Moderately 

Suitable 

14,700.50 7.37 

4 3.75 to 5 2 Less Suitable 13,355.00 6.70 

5 > 5 1 Unsuitable 141,682.79 71.07 

Total 
   

199,353.70 100.00 

 

4.1.4. Distance to transmission lines/grids 

Gridlines are critical considerations when choosing a wind farm location because they have a direct 

effect on production costs. Building a wind farm as close to an existing grid line as possible lowers 

the cost of construction and transmission over long distances. Therefore, areas that are near to the 

transmission line are classified as highly suitable and which are far from the transmission line are 

classified as unsuitable (Endalkachew, 2018). Hence, in this study, highly suitable areas are 

defined as a distance of less than 1.25 km from gridlines as displayed in Table 11. Distances of 

more than 5 km were graded as unsuitable as recommended by (Belay, 2009). And distances of 

1.25 to 2.5 km, 2.5 to 3.75 km, and 3.75 to 5 km from grid lines were suitable, moderately suitable, 

and less suitable, respectively. As stated in Table 11, approximately 3.71% of the total area was 

highly suitable while 86.81% was unsuitable for wind farms. 
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Figure 9: Wind farm suitability in terms of available transmission lines/grids. 

      Table 11: Transmission lines/grids suitability classes and area coverage 

No. Distance to 

nearby grid (km) 

Suitability 

class 

Suitability level Area (km2) Area 

coverage (%) 

1 < 1.25 5 Highly Suitable 7,403.21 3.71 

2 1.25 to 2.5 4 Suitable 57,58.72 2.89 

3 2.5 to 3.75 3 Moderately 

Suitable 

69,29.94 3.48 

4 3.75 to 5 2 Less Suitable 6,194.40 3.11 

5 > 5 1 Unsuitable 173,067.42 86.81 

Total 
   

199,353.70 100.0 

 

4.1.5. Slope 

The slope is a crucial aspect in the suitable site selection process since the approachability for the 

installation and maintenance of wind turbines is heavily influenced by the slope of the terrain. The 
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steeper the slope of the study area, the higher the construction cost because the steep slope of 

terrain makes it more difficult to build and maintain wind turbines than on a gentle slope 

(Endalkachew, 2018; Hofer et al., 2016; Kabu, 2016). Additionally, in areas with steep slopes, it 

is difficult to transport turbines and cranes to the site. In this study, a steep slope was deemed 

unsuitable, while a gentle slope was considered as highly suitable (Belay, 2009; Endalkachew, 

2018). In general, a slope map was generated from the digital elevation model of SRTM with a 

resolution of 30 meters in the GIS environment. Then the slope raster was reclassified into five 

classes of slope degrees. 

 

Figure 10: Wind farm suitability in terms of reclassified slope. 

Here, a slope between 0-2.50 was considered as highly suitable while a slope greater than 100 was 

considered as unsuitable (Haaren & Fthenakis, 2011; Mentis, 2013). Table 12 shows that slopes 

between 2.5-50, 5-7.50, and 7.5-100 were classified as suitable, moderately suitable, and less 

suitable, respectively. As presented in Table 12 and Figure 10, the topography of the region was 

dominated with a slope of 0-2.50, which accounts for 54.94% of the total area while 8.54% of the 

study area was with a slope greater than 100. 
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       Table 12: Slope suitability classes and area coverage 

No. Slope class 

(degree) 

Suitability 

class 

Suitability level Area (km2) Area coverage 

(%) 

1 < 2.5 5 Highly Suitable 109,522.83 54.94 

2 2.5 to 5 4 Suitable 39,555.35 19.84 

3 5 to 7.5 3 Moderately Suitable 20,285.28 10.18 

4 7.5 to 10 2 Less Suitable 12,957.72 6.50 

5 >10 1 Unsuitable 17,032.53 8.54 

Total 
   

199353.70 100.00 

 

4.1.6. Land Use Land Cover (LULC) 

Since the ability to develop a wind farm project is contingent on the availability of appropriate 

land on which to build turbines or not, land use land cover type must be considered for wind farm 

establishment. Here, the sentinel image was chosen for LULC because of its higher spatial 

resolution (Isbaex & Coelho, 2021; Mandanici & Bitelli, 2016). The 2020 sentinel image has been 

preprocessed on ENVI 5.2 and exported to ArcMap for further analysis. A supervised classification 

(maximum likelihood classification) has been performed to examine and validate the current 

situations of LULC of the study area. In this study, wetlands, water sources, and settlements were 

excluded because they are unsuitable for wind farm development (Nasehi et al., 2016; Talinli et 

al., 2011; Tegou et al., 2010). Bare land and croplands were considered as highly suitable and 

suitable land classes, respectively (Belay, 2009; Endalkachew, 2018). As shown in Table 13, 

grassland, forest and wetland/settlement/waterbody were considered as moderately suitable, less 

suitable and unsuitable, respectively. Besides that, about 2.09% of the total area was bare land and 

46.71% was cropland. While others, 26.34%, 22.25%, and 2.62% accounts for grassland, forest, 

and wetland/settlement/waterbody of the total area, respectively as presented in Table 13. 
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Figure 11: Wind farm suitability in terms of reclassified LULC. 

    Table 13: LULC suitability classes and area coverage 

No. LULC 

class 

Suitability 

class 

Suitability 

level 

Area 

(km2) 

Area 

coverage (%) 

1 Bare land 5 Highly Suitable 4,163.14 2.09 

2 Cropland 4 Suitable 93,110.90 46.71 

3 Grassland 3 Moderately 

Suitable 

52,514.55 26.34 

4 Forest 2 Less Suitable 44,351.80 22.25 

5 Wetland/Settlement/ 

Waterbody 

1 Unsuitable 52,13.31 2.62 

Total 
   

199,353.70 100.00 
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4.1.7. Distance from protected area (national parks) 

Protected areas are geographically defined areas that are safeguarded, managed, and maintained 

in order to achieve certain conservation objectives. Hence, to safeguard and keep these areas for 

current and future generations, any development should consider and set the required distance. For 

this study, national parks which are found in the UBNB was considered and classified into five 

classes and given suitability score based on their feasibility for wind farm development.  

 

Figure 12: Wind farm suitability in terms of reclassified protected area (national parks). 

A distance greater than 10 km was considered as highly suitable (Abdelrazek, 2017) while a 

distance less than 1 km was considered as unsuitable (Effat, 2014). Likewise, as shown in Table 

14, distances between 1-4, 4-8, and 8-10 km are classified as less suitable, moderately suitable, 

and suitable, respectively. In general, more than half of the study area falls in the distance category 

greater than 10 km, which is highly suitable for wind farming and has less impact on the protected 

area (national parks) due to the development. 
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Table 14: Protected area (national parks) suitability classes and area coverage 

No. Distance from the nearby 

national parks (km) 

Suitability 

class 

Suitability  

level 

Area  

(km2) 

Area  

coverage (%) 

1 < 1 1 Unsuitable 8,060.16 4.04 

2 1 to 4 2 Less Suitable 3,921.15 1.97 

3 4 to 8 3 Moderately 

Suitable 

5,675.00 2.85 

4 8 to 10 4 Suitable 3,085.67 1.55 

5 > 10 5 Highly Suitable 178,611.72 89.60 

Total 
   

199,353.70 100.00 

 

4.1.8. Determining factors weight and suitability analysis 

To determine the overall weights of wind energy suitability factors, AHP was used in the ArcMap 

software. This was done by adding the AHP extension tools for calculating the weights of each 

factor. As a result, all factors were evaluated in a pair-wise comparison matrix, which is a metric 

for expressing relative preference among factors. Each factor was weighted, showing a preference 

or assessment of the relative value of one factor over another. However, some criteria pairs may 

not be totally consistent during comparison. As a result, the consistency ratio (CR) is used to see 

if the criteria comparison is accurate. If CR is less than 0.1 the ratio shows a reasonable level of 

consistency in the pairwise comparisons (Okechukwu et al., 2019). While if the CR is far higher 

than 0.1, the decisions are unreliable because they are too close to randomness, and the exercise is 

either useless or must be repeated. It's easy to make a small number of assumptions and then 

measure the rest to ensure an unrealistically flawless accuracy. Generally, Saaty (2000) argues that 

a CR ≤ 0.1 is acceptable. In this analysis, the CR was calculated using the AHP extension on 

ArcGIS and found to be 0.07, which is acceptable. The following table summarizes the AHP 

weight result for each factor. As displayed in Table 15, from the seven factors, wind speed which 

accounts for 37.23% has a high effect and this agrees with the previous studies conducted in 

Adama (Belay, 2009) and Bahirdar (Endalkachew, 2018) while the protected area with 2.85% 

weight has less impact on the wind farm development. 
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Table 15: Weight of criterions based on Analytic Hierarchy Process (AHP) 

Criteria AHP weight (%) 

Reclassified wind speed 37.227 

Reclassified town 24.403 

Reclassified road 17.679 

Reclassified grid/transmission line 7.147 

Reclassified LULC 3.396 

Reclassified slope 6.271 

Reclassified protected area (national parks)  2.877 

Total 100 

 

Finally, a weighted overlay on ArcMap was used to produce the final suitability map for wind farm 

development in UBNB, which was based on the weights for each factor as stated in Table 15.  

 

Figure 13: Final site suitability map for wind energy development in UBNB. 

In the final suitability map, there are five classes. As shown in Table 16, around 0.75% of the total 

area (1498.69 km2) is rated as highly suitable for wind farm production. A total of 22.05% of the 
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land is suitable with an area of 43965.85 km2. About 66.46% (132496.99 km2) of the land is 

classified as moderately suitable. From the total area, 10.58% (21097.37 km2) is less suitable for 

wind turbines, with the remaining 0.15% (294.80 km2) listed as unsuitable. Table 16 and Figure 

13 implies that the largest area of UBNB that is 66.46% of the area is moderately suitable. 

         Table 16: Final wind farm suitability value and area coverage of UBNB 

Suitability level Suitability class Area (km2) Area coverage (%) 

Unsuitable 1 294.80 0.15 

Less Suitable 2 21,097.37 10.58 

Moderately Suitable 3 132,496.99 66.46 

Suitable 4 43,965.85 22.05 

Highly Suitable 5 1,498.69 0.75 

Total 
 

199,353.70 100 

 

Generally, because of the uneven distribution of wind resources in the area, only a few sites are 

ideal for wind farms. Yet, as can be seen from the suitability map of UBNB, wind energy potential 

can be generated in some sites of the study area. And the highly suitable location was found in the 

northeastern part which is characterized by elevated and flat areas (Figure 13). 

4.2. Wind energy estimation 

4.2.1. Wind direction 

Wind direction is one of the wind characteristics and its value over a long period of time is very 

important in wind farm site selection as well as the layout of wind turbines in the wind farm (Tong, 

2010). Moreover, identifying proper wind directions reduces yaw system malfunction times, 

increases wind power harvesting efficiency, assures wind turbine functioning security, and extends 

the turbine's life (Dar et al., 2016; Shen et al., 2018). Hence, it is critical to figure out which 

directions have the best winds for a wind energy conversion system to be installed. If a particular 

direction provides the majority of the energy available in the wind, the turbine should be exposed 

in that direction, and obstructions to the wind flow must be avoided from that direction. Therefore, 

the wind direction of each selected automatic weather station was analyzed using Wind rose 

(WRPLOT) software. Generally, the wind rose graphs below were created for each group to 

demonstrate the wind direction for the years 2017 to 2020. However, the wind at any given location 
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is greatly impacted by local terrain as well as other variables such as man-made constructions. 

Although winds in the study area are generally seasonal and they are either northeast or southwest 

trade winds, there is a considerable difference in the directions of the prevailing wind in the study 

area. These significant differences in wind direction could be attributed to the mesoscale 

phenomena (ex. mountain valley breezes) that are arising from the rugged topography in the area. 

It may also be influenced by man-made structures, as most of the weather stations were located in 

or near towns. Therefore, the nature of winds at the met stations in UBNB could be affected by 

both natural topography and artificial factors. For systematic explanation, the stations were 

clustered based on their temperature and humidity into four groups: Bedele and Gatira were 

grouped in one, while Bullen, Dangila, and Shahura were given group two. Likewise, group three 

was given to Fiche, Mekaneselam, Mota, and Smada. And finally, Wogeltena was in group four. 

4.2.1.1 Group one stations 

Bedele and Gatira are clustered as group one based on their humidity and temperature as 

highlighted in section 4.2.1 above. However, analyses of wind directions have shown that 

dominant wind directions are different between the two stations. About 6% of the wind in Gatira 

is primarily blowing from southeast to northwest while at Bedele 7% of the wind blowing is from 

West to East, as shown in Figure 14. Generally, in these stations, the wind is distributed in all 

directions with significant variation and there is one dominant direction.  
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Figure 14: Wind rose diagram and surrounding topography of Bedele and Gatira 

4.2.1.2 Group two stations 

This group consists of Bullen, Dangila, and Shahura stations. They have more or less the same 

weather characteristics. Besides that, 13% and 8% of the wind is blowing from northwest to 

southeast for Bullen and Dangila stations. While 14% of the wind in Shahura blows from 

southwest to northeast as displayed Figure 15. Since Shahura and Dangila are close to Lake Tana, 

the land-lake interactions might influence the wind around these areas.  
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Figure 15: Wind rose diagram and surrounding topography of Bullen, Dangila and Shahura 

4.2.1.3 Group three stations 

This group encompasses Fiche, Mekaneselam, Mota, and Smada stations. These stations are found 

in most central highlands of Ethiopia and they have almost the same weather characteristics. 

However, there are significant variations of downwind directions among the stations. As shown in 

Figure 16, 6% of the wind in Fiche blows from southwest to northeast. But 7% of wind in 

Mekaneselam and 10% in Mota is primarily blowing from southeast to northwest While 16% of 

wind is blowing from northwest to southeast for Smada as shown in Figure 16. These variations 

may be attributed to the rugged nature of the terrain which again led to mountain-valley breezes at 

different times of the day and the manmade structures. 
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Figure 16: Wind rose diagram and surrounding topography of Fiche, Mekaneselam, Mota, and 

Smada. 
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4.2.1.4 Group four station 

As shown in Figure 17, the area is highly elevated and has an elevation of 2956 meters above sea 

level. In Wogletena, 10% of the wind blows from northeast to southwest as presented in Figure 

17. These changes might be due to the highland lowland topography of the area that was caused 

due to the differences in the heating and cooling of the air over the mountains and valleys. Besides 

that, man-made objects such as buildings may have an impact on the local wind.   

  

 

Figure 17: Wind rose diagram and surrounding area of Wogeltena 

In general, the winds around the sites where the AWS selected for this study were erected blows 

in all directions. However, there is one dominant wind direction for each station as shown in the 

wind rose maps of the stations. Therefore, wind direction should be addressed when installing 

wind turbines at the selected sites. 

4.2.2. Wind speed frequency distribution 

It is critical to comprehend the variation of wind speeds over the measured time periods since it 

has a substantial impact on energy output. The Weibull distribution is commonly used to fit the 

wind speed frequency distribution over the time of measurements and this is usually done by 

estimating two factors named Weibull parameters. In this research, four numerical methods, 

namely Empirical Method (EM), Energy Pattern Factor method (EPFM), Maximum Likelihood 

Method (MLM), and Methods of Moment (MOM) were examined to estimate the Weibull 

parameters. To evaluate the effectiveness of the methods, statistical tests were implemented using 

RMSE, MPE, and MBE. Based on the statistical test results, rank was given as one to four for the 
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above four methods. And the first preferable method for k and c estimation was used for the 

stations to fit the wind speed distribution and it is summarized in Table 17 below.  

Table 17: Summary of the values of Weibull parameters (k & c) for the entire years for each 

station 
 

EM EPFM MLM MOM 

Stations vm (m/s) SD k c k c k c k c 

Bedele 1.65 0.92 1.89 1.86 2.00 1.86 1.84 3.37 1.88 1.86 

Bullen 1.99 1.04 2.02 2.25 2.09 2.25 1.87 5.02 2.01 2.25 

Dangila 2.83 1.98 1.47 3.13 1.50 3.14 1.67 5.25 1.46 3.12 

Fiche 3.90 2.18 1.88 4.39 1.89 4.39 1.99 6.61 1.87 4.39 

Gatira 4.19 1.57 2.90 4.70 2.77 4.71 4.56 8.02 2.89 4.70 

M/selam 3.29 1.58 2.23 3.73 2.18 3.71 3.31 5.12 2.20 3.71 

Mota 3.69 2.08 1.87 4.17 1.89 4.16 3.15 6.39 1.85 4.15 

Shahura 2.48 1.29 2.04 2.80 1.84 2.79 2.99 3.98 2.03 2.80 

Smada 3.27 1.81 1.90 3.69 1.83 3.56 3.95 8.07 1.89 3.68 

Wogeltena 3.86 2.37 1.70 4.33 1.78 4.34 2.69 9.25 1.68 4.32 

 

As evidenced from the values of the shape and scale parameters, there is a significant difference 

in the nature of wind speed distribution among the stations. These variations in the wind speed 

distribution can be attributed to local environmental factors since the same types of synoptic or 

planetary winds prevail in the study area. Stations such as Bedele (k=2.00), Bullen (k=2.09), Gatira 

(k=2.89), Mekaneselam (k=2.23), and Shahura (k=2.04) have higher value shape parameters 

between two and three. Thus, the wind speed distributions in these stations are more skewed to the 

higher wind speeds which are agreed with (Wagner, 2009). Additionally, a greater k value 

indicates that the wind speed in the area is uniform, and the wind speed spread is vast (Mathew, 

2006). Since Gatira has the highest k value among the stations, the distribution is scattered, and 

high frequency is not noticed at low wind speeds and this agrees with the previous study conducted 

in Ambo (Natei & Ashenafi, 2017). Thus, it can be concluded that the wind speed in the Gatira 

area is consistent and powerful. On the other hand, the shape parameter was between one and two 

for stations Dangila, Fiche, Mota, Smada, and Wogeltena with shape parameter values 1.50, 1.89, 

1.87, 1.90, and 1.68, respectively. This shows that the wind speed distribution is skewed to the 
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lower speeds. Hence, in these stations, there is a higher probability of lower speed (Wagner, 2009). 

For instance, Dangila has the lowest k value compared to the other stations and this shows the area 

has the minimum wind speed with an average wind speed of 2.83 m/s. In addition, the average 

wind speed in Smada station is 3.27 m/s but it has k=1.90. This shows that even if the average 

wind speed is the highest, the distribution is skewed to the minimum speeds due to the shape 

parameter.  

Generally, the energy pattern factor method was used for Bedele, Bullen, Dangila, and Fiche to fit 

the distribution and calculate the Weibull shape and scale parameters.  

 

Figure 18: Wind speed distribution and the value of k & c of 2017 to 2020 years for a) Bedele, b) 

Bullen, c) Dangila, and d) Fiche stations based on Energy pattern factor method. 

While for Mekaneselam, Mota, Shahura, and Smada, the best method to calculate the Weibull 

parameters was the Empirical Method.  
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Figure 19: Wind speed distribution and the value of k & c of 2017 to 2020 years for a) 

Mekaneselam, b) Mota, c) Shahura, and d) Smada stations based on Empirical method. 

Whereas for Gatira and Wogeltena stations, Methods of Moment were used to estimate the Weibull 

shape and scale parameters and to fit wind speed distribution. 

 

Figure 20: Wind speed distribution and the value of k & c of 2017 to 2020 years for a) Gatira and 

b) Wogeltena station based on Methods of moment. 
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4.2.3. Temporal resolution of wind speed data 

Wind speed and direction change rapidly with time. Hence, using wind speed data in daily and 

monthly time scales has its own drawbacks on the wind power analysis. The daily wind speed data 

mainly tends to smooth the peaks which occur during the day while using monthly wind speed it 

is difficult to observe diurnal fluctuations and extremely high or low winds will be lost. The images 

that show the wind speed at different temporal resolutions for each station other than Bedele were 

attached in Appendix I. From the analysis, it was observed that the wind speed within a 15-minute 

interval, hourly, daily, and monthly wind speed all vary significantly. The difference in maximum 

wind speed is low when the wind speed was adjusted from 15-minute to hourly. For example, as 

displayed in Figure 21, Bedele station ranges up to 8 m/s at 15-minute intervals, while the range 

drops to 6 m/s at hourly intervals. When the wind speed is adjusted to daily, the wind speed is 

getting lower (3 m/s) compared to the 15-minute and hourly wind speed. Moreover, on a monthly 

basis, the wind is minimized and the maximum wind speed is 2 m/s. Thus, this shows that the 

temporal resolution has a high effect on the analysis of wind power. This is true for the other 

stations. Therefore, to estimate the wind power potential in a given area, it is better to use the 15 

min or hourly average wind speed data to get the maximum and minimum wind speed of the area 

accurately. 

 

Figure 21: Bedele wind speed at different temporal scales. 
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4.2.4. Wind speed extrapolation 

Because of their low wind speeds, wind speeds of 2 and 10 meters are not usually suitable for wind 

turbine construction. As the height increases the wind speed is getting higher. As a result, using 

power law Equation (16), the 2 and 10 m average daily wind speed measurements were 

extrapolated to 50, 80, and 100 m for the selected stations. Since all of the stations in this study 

are near or in towns with some trees and shrubs, the friction coefficient was set at 0.3 for each 

station. The average 15-minute wind speed at the required hub heights for the selected stations 

over the study period is shown in Table 18. 

     Table 18: Average 15-minute wind speed at different hub heights for the entire years 

 

 

As presented in Table 18, the lowest 15 min average wind speed was recorded at Bedele and Bullen 

stations with wind speeds of 1.65 m/s and 1.99 m/s, respectively. Nonetheless, at 10 m height,  

Gatira has the highest average 15 min wind speed compared to all of the stations. However, Mota 

(3.69 m/s), Mekaneselam (3.29 m/s), and Smada (3.27 m/s) have a fair wind speed at 10 m. At 50 

m Gatira, Wogeltena, Fiche, and Mota have an average 15 min wind speed greater than 6 m/s. And 

at maximum extrapolated height (100 m) Gatira with 8.36 m/s and Wogeltena with 7.97 m/s have 

the highest average 15 min wind speed whereas Bedele (3.28 m/s) and Bullen (3.95 m/s) have the 

lowest respective values. Thus, extrapolation values have shown that the wind speed increases as 

the height increases. 

 

Station name 

Average wind speed (m/s) 

10 m 50 m 80 m 100 m 

Bedele 1.65 2.67 3.07 3.28 

Bullen 1.99 3.22 3.71 3.95 

Dangila 2.83 4.58 5.28 5.65 

Fiche 3.90 6.32 7.28 7.79 

Gatira 4.19 6.78 7.82 8.36 

M/selam 3.29 5.36 6.18 6.61 

Mota 3.69 6.20 7.14 7.64 

Shahura 2.48 4.02 4.64 4.96 

Smada 3.27 5.31 6.11 6.52 

Wogeltena 3.99 6.46 7.45 7.97 
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4.2.5. Monthly average wind speed  

The analysis of the time series has been performed by converting the wind speed data measured 

within the 15 min interval into hourly, daily and monthly data at each station. In this study, monthly 

average wind speed data was used to identify the windiest months in the study area. The average 

wind speed and standard deviation were calculated using Equations (17) and (18), respectively. 

Table 19 shows the four years’ monthly average wind speed of the selected stations whereas the 

average wind speed of each year for the stations is attached in Appendix II. 

 Table 19: Monthly average wind speed and standard deviation of the stations for four years at 

10m 

 
Bede

le 

Bull

en 

Dan

gla 

Fich

e 

Gatir

a 

M/sel

am 

Mot

a 

Shahur

a 

Sma

da 

Wogel

tena 

Jan 1.49 2.32 2.91 4.26 4.34 3.33 3.94 2.73 3.37 4.02 

Feb 1.71 2.36 2.81 4.27 4.30 3.65 4.01 2.61 3.39 4.29 

Mar 1.86 2.38 3.04 4.16 4.50 3.79 4.15 2.65 3.60 4.04 

Apr 1.91 2.34 3.13 4.10 4.56 3.74 4.34 2.65 3.65 4.07 

May 1.82 2.02 3.07 3.87 4.28 3.51 4.13 2.56 3.60 4.66 

Jun 1.71 1.83 3.09 3.47 4.02 3.20 3.82 2.50 3.47 4.13 

Jul 1.67 1.70 2.61 3.57 3.91 2.96 3.60 2.41 3.04 2.97 

Aug 1.62 1.63 2.47 3.41 4.03 2.88 3.38 2.38 2.83 2.72 

Sep 1.55 1.69 2.72 3.49 4.01 3.05 3.43 2.24 2.85 3.64 

Oct 1.66 1.62 2.43 4.31 4.27 3.22 3.64 2.33 3.40 4.19 

Nov 1.40 1.84 2.91 4.16 3.97 3.09 3.85 2.30 3.07 4.11 

Dec 1.29 2.14 2.51 3.96 4.04 3.13 3.71 2.48 3.24 3.77 

Avg. 1.64 1.99 2.81 3.92 4.19 3.30 3.83 2.49 3.29 3.88 

SD 0.18 0.31 0.26 0.35 0.22 0.31 0.30 0.16 0.29 0.55 

 

The monthly average wind speed ranges from a low of 1.64 m/s in Bedele to a high of 4.19 m/s in 

Gatira. As displayed in Table 19, there is a clear variation in the time of occurrence of the windiest 

months. With the exception of the Fiche and Shahura areas, all the stations have the windiest 

conditions in the ‘Belg’ seasons (March, April and May) when water in hydropower dams is 
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decreasing and sometimes insufficient for hydropower generation. For instance, April is the 

windiest month for Bedele, Dangila, Gatira, Mota, and Smada with an average wind speeds of 

1.91, 3.13, 4.56, 4.34, and 3.65 m/s, respectively. May was the windiest month for Wogeltena 

station with an average wind speed of 4.66 m/s. In addition, March was the windiest month for 

Bullen and Mekaneselam with average wind speed of 2.38 and 3.79 m/s, respectively.  

Generally, the highest average monthly wind speeds of most of the sites were observed in the 

months of January to June and October to November which is consistent with seasonal variations 

of the climate in the highland plateau zone (Eales, 2014). Such variations were also investigated 

in previous studies conducted in some sites of UBNB (Eshete & Abate, 2021; Natei & Ashenafi, 

2017; Woldegiyorgis & Terefe, 2019, 2020). Nonetheless, the months with the least wind speeds 

were July to September which is known as ‘Kiremt’ season (Mellander et al., 2013) as shown in 

Table 19. As it is rainy and cold throughout these months, hydropower reservoirs will quickly fill 

up easily. In contrast, the water level in hydroelectric reservoirs would be low with the rest of the 

months. For this reason, wind power can play an important complementary role to hydropower in 

the UBNB. This can again make the power grid more reliable even during dry seasons. 

4.2.6. Wind power density analysis 

A small change in wind speed can result in a significant difference in the power output of large 

wind turbines. Here, the wind power density was estimated for four years (2017-2020) wind speed 

within a 15-minute interval, hourly and daily using Equation (19) and the air density was taken 

from Table 6. The following table summarizes the wind power density calculated at various 

temporal scales. 
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Table 20: Wind power density based on a 15-minute interval, hourly and daily wind speeds of 

stations at 10, 50, 80, and 100 m hub height for the years of 2017 to 2020 

 
Bede

le 

Bull

en 

Dangil

a 

Fich

e 

Gatir

a 

M/sel

am 

Mot

a 

Shahur

a 

Sma

da 

Wogel

tena 

Height 15-minute interval wind power density (W/m2) 

10 m 4.22 7.31 29.46 49.8

7 

53.0

7 

28.48 47.1

4 

15.02 31.1 53.79 

50 m 17.9

6 

30.1

5 

124.63 204.

3 

216.

5 

117.5

9 

199.

4 

61.59 129.

2 

227.56 

80 m 27.4

4 

46.0

8 

190.88 312.

88 

331.

6 

180.0

8 

305.

4 

94.33 202.

1 

348.51 

100 m 33.2

9 

55.8

9 

233.53 382.

79 

405.

7 

220.3

2 

373.

6 

115.41 245.

1 

426.38 

 
Hourly wind power density (W/m2) 

10 m 3.87 6.86 27.92 46.8

1 

49.7

3 

26.62 45 13.99 28.9

9 

53.52 

50 m 16.4

7 

29.1

5 

118.11 198.

02 

210.

4 

112.5

9 

190.

4 

59.17 123.

2 

226.4 

80 m 25.1

7 

44.5

5 

180.89 303.

27 

322.

2 

172.4

4 

291.

6 

90.61 188.

3 

346.73 

100 m 30.5

3 

54.0

3 

221.31 371.

04 

394.

2 

210.9

7 

356.

7 

110.86 228.

4 

424.2 

 
Daily wind power density (W/m2) 

10 m 2.49 4.68 12.41 29.4

1 

36.5

3 

18.33 29.4

5 

7.95 18.2

9 

36.96 

50 m 10.5

9 

19.8

8 

52.49 124.

42 

154.

5 

77.48 124.

6 

33.61 77.7

9 

156.35 

80 m 16.1

9 

30.3

8 

80.39 190.

55 

236.

7 

118.6

3 

190.

8 

51.48 118.

9 

239.44 

100 m 19.6

4 

36.8

5 

98.35 233.

13 

289.

6 

145.1

4 

233.

4 

62.98 144.

2 

292.95 

 

The wind power density was highest at 15-minute intervals when compared to hourly and daily 

wind power density values as shown in Table 20. For a 15-minute interval and hourly analysis at 

50 m, Gatira and Wogeltena were classed as ‘Class 2’, however, the power density was decreased 

when the wind speeds adjusted on a daily basis. Due to this, Gatira and Wogeltena were classified 

as ‘Class 1’ which is ‘Poor’ for daily based wind power density. Furthermore, the wind power 

density was ‘Class 2’ (i.e. ‘Marginal’) for 15-minute based wind power density at 50 m for Fiche, 

whereas it was ‘Class 1’ (i.e. ‘Poor’) for wind power density analysis based on hourly and daily 

wind speed. Generally, the majority of the stations were classified as class one (i.e. ‘Poor’) at 10 



65 

 

m, yet the wind power density assessed by wind speed with a 15-minute interval was better for 

each station than hourly and daily basis estimations. Evidently, it can be said that a slight variation 

of wind speed increases or decreases the production of wind power output (Kumar & Gaddada, 

2015; Veronesi & Grassi, 2015). 

Moreover, the wind power density which was found using Equation (19) was compared to the 

Weibull and Rayleigh power density function using Equations (21) and (22), respectively. And the 

best power density function was identified on the basis of the statistical error indicators such as 

RMSE, MPE, and MBE. In general, Table 21 summarizes the result of the actual power density 

(APD), Weibull power density (WPD), and Rayleigh power density (RPD) at 10 and 50 m. 

    Table 21: Summary of actual, Weibull and Rayleigh wind power density at 10 and 50 m 

Height Parameters Fiche Gatira M/selam Mota Smada Wogeltena 

10 m vm (m/s) 3.90 4.19 3.30 3.70 3.27 3.86 

SD 2.81 1.57 1.58 2.08 1.81 2.37 

k 1.89 2.89 2.23 1.87 1.90 1.68 

c 4.39 4.70 3.73 4.17 3.69 4.32 

APD (W/m2) 49.87 53.07 28.48 47.14 31.1 53.19 

WPD (W/m2) 52.72 49.61 28.01 47.84 32.17 57.43 

RPD (W/m2) 49.49 64.87 31.05 44.34 30.39 46.09 

50 m vm (m/s) 6.32 6.78 5.36 6.20 5.31 6.46 

SD 3.51 2.53 2.56 3.22 2.82 3.71 

k 1.97 2.91 2.23 2.04 1.99 1.81 

c 7.13 7.29 6.05 7.00 5.99 7.27 

APD (W/m2) 204.3 216.52 117.59 199.4 129.24 227.56 

WPD (W/m2) 215.47 184.54 119.53 205.49 130.69 246.81 

RPD (W/m2) 212.02 242.07 132.48 209.76 130.00 219.65 

 

Based on the statistical results for Fiche, Mota, Smada, and Wogeltena, the wind power density 

predicted by Weibull power density was closer to each other than the Rayleigh wind power density. 

Whereas for Gatira and Mekaneselam, the Rayleigh wind power density was more suitable than 

the Weibull power density. As presented in Table 21, based on the wind power classification (i.e. 
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Table 7) at 50 m Fiche, Gatira, Mota, and Wogeltena were classified under wind ‘Class 2’ (i.e. 

‘Marginal’) with an average wind power density of 215.47, 242.07, 205.49, and 246.81 W/m2, 

respectively. Generally, based on the findings, it can be proved that the wind power density is a 

better indicator as it considers the frequency distribution function and this agrees with the results 

of the studies which were conducted in Wereilu and Debre Birhan (Woldegiyorgis & Terefe, 2019, 

2020). 

4.2.7. Monthly average wind power density 

The monthly average wind power per unit cross-sectional area of a turbine was determined using 

Equation (23) to characterize seasonal changes in each station. Thereby, this entity was estimated 

for wind power extracted at different heights: 10, 50, 80, and 100 m. Additionally, the wind power 

classification was set based on the wind class and category in Table 7 for hub heights of 10 and 50 

m. For each station, the monthly average wind power density of the four consecutive years (2017-

2020) was attached in Appendix III. However, the wind power density calculated based on the air 

density equal to 1.223 kg/m3 was attached in Appendix IV for comparison purposes. In general, 

the wind power density of each station was calculated for four consecutive years (2017-2020) and 

the nature of temporal variabilities of the power density was discussed in the following 

subsections. 

4.2.7.1 Bedele Station 

Bedele station has the highest wind power density during the months of March, April, May, and 

June, as seen in Figure 22. At 100 m hub height, April has the highest wind power density of 28.57 

W/m2. The lowest wind power density of 9.37 W/m2 at 100 m was reported in December. At 10, 

50, 80, and 100 m heights, the monthly average wind power density were 2.56, 10.89, 16.63, and 

20.18 W/m2, respectively. As compared to other stations, Bedele has the lowest wind power 

density. According to wind power classification at 10 and 50 m hub height, this station is 

categorized under wind ‘Class 1’. Hence, wind power potential is ‘Poor’. Bedele has the lowest 

average wind power density when compared to prior research (Gaddada & Kodicherla, 2016; 

Woldegiyorgis & Terefe, 2019). Even at the maximum height of 100 meters, the average wind 

power density at Bedele was lower than the wind power density in Mekele and Wereilu at standard 

height. This is due to the fact that Mekele and Wereilu have better wind speeds than Bedele, which 

is directly related to wind power density (Jha, 2019; Mathew, 2006). 
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Figure 22: Average monthly wind power density for Bedele station. 

4.2.7.2 Bullen station 

Bullen has an average monthly wind power density of 4.85, 18.55, 31.48, and 38.19 W/m2 at 

heights of 10, 50, 80, and 100 m, respectively, as displayed in Figure 23. The highest wind power 

density was recorded in March, while the lowest wind power density was recorded in October. 

During the month of March, wind power at an extrapolated height of 100 meters was 64.22 

watts/m2. From July to October, however, the power was reduced. Bullen is classified as ‘Poor’ 

wind ‘Class 1’ based on average monthly wind power density at 10 and 50 m hub heights, and its 

power density is lower than the Mekele site. However, Bullen station has a higher wind power 

density than the other seven sites studied in the Tigray region (Gaddada & Kodicherla, 2016). 

 

Figure 23: Average monthly wind power density for Bullen station. 
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4.2.7.3 Dangila station 

The wind power density in Dangila station has also shown clear variability on a monthly basis.  

The highest wind power density at this station was 140.37 W/m2 in April, while the lowest wind 

power density at an extrapolated height of 100 m was 52.19 W/m2 in November (see Figure 24). 

At 10, 50, 80, and 100 m, Dangila has monthly average wind power densities of 12.09, 51.15, 

78.34, and 95.84 W/m2, respectively. During October, November, and December, the power was 

reduced. April has the highest wind power density, followed by March, May, and June. The station 

was rated as wind ‘Class 1’ (i.e. ‘Poor’) by the wind power classification. The wind potential, on 

the other hand, is good for the site and has a higher wind power potential than Bedele and Bullen.  

 

Figure 24: Average monthly wind power density for Dangila station. 

4.2.7.4 Fiche station 

Fiche is found in the middle of the Shewan plateau, it has the maximum wind power density of 

324.52 W/m2 in October and a minimum of 152.65 W/m2 during August at 100 m (Figure 25). The 

power was decreased during the main rainy season in the months of June to September. At 10, 50, 

80, and 100 m, the monthly average wind power was 30.12, 127.39, 195.10, and 238.70 W/m2, 

respectively. In reference to the Debre Birhan site which is again found in the Shewan plateau, 

Fiche has a higher wind power density at 10 and 50 meters (Woldegiyorgis & Terefe, 2020), which 

could be attributed to Fiche's higher wind speed. Whereas, based on the density value given in 

Table 6 the average power density of Fiche was lower than the Ambo site at 50 m but had 

comparable power density when the air density was taken (i.e. 1.225 kg/m3) (Natei & Ashenafi, 
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2017). Furthermore, at 50 m height, the station has a wind power density greater than 100 W/m2 

for the months of January, February, October, and November with average wind speeds of 6.88, 

6.60, 7.26, and 6.73 m/s, respectively. Yet, based on the average wind speed as shown in Table 7, 

the area is designated as ‘Class 3’ (i.e. ‘Moderate’) for these months.  

 

Figure 25: Average monthly wind power density for Fiche station. 

4.2.7.5 Gatira station 

As indicated in Figure 26, the power density at Gatira station was lowest during the wet season in 

July, August, and September. Meanwhile, the maximum wind power density was measured during 

the windiest months of the highland plateau zone, which are March, April, and May (Eales, 2014). 

At an extrapolated 100 m height, the wind power density of 369.79 W/m2 was recorded as the 

highest in April. Overall, the monthly average wind power density at 10, 50, 80, and 100 m was 

37.60, 159.04, 243.56, and 297.99 W/m2, respectively. On the other hand, the wind power density 

at 80 and 100 m heights in Gatira is comparable with the power density at the Myderhu area in the 

Tigray regions when the air density (i.e. 1.225 kg/m3) was considered (Yissa, 2013). Moreover, 

with the exceptions of July, August, September, November, and December, the station has a wind 

power density greater than 150 W/m2 with an average wind speed of 6.99 m/s at 50 m. Thus, based 

on the average wind speed the area can be categorized as ‘Class 3’ (i.e. ‘Moderate’). 



70 

 

 

Figure 26: Average monthly wind power density for Gatira station. 

4.2.7.6 Mekaneselam station 

In comparison to other months, the lowest power density at Mekaneselam was recorded in July, 

August, and November, while the highest was recorded from February to May (Figure 27). The 

wind power density at the maximum extrapolated height (i.e. 100 m) was 210.19 W/m2 in March, 

while the minimum was 106.24 W/m2 in September. The average monthly wind power density 

was 18.80, 79.54, 121.82, and 149.04 W/m2 at 10, 50, 80, and 100 m, respectively. In contrast to 

previous investigations conducted in Debre Birhan and Wereilu (Woldegiyorgis & Terefe, 2019, 

2020), Mekaneselam has more wind potential at 10 and 50 meters. When related to the Ambo site 

(Natei & Ashenafi, 2017), the wind power density at 50 m ranges from 56.70 to 112.18 W/m2 with 

an average wind speed of 5.36 m/s, which is relatively low. According to the wind power 

classification, Mekaneselam is classified as a wind ‘Class 1’. Meanwhile, based on the findings, 

the wind power seems to be adequate for the area. 
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Figure 27: Average monthly wind power density for Mekaneselam station. 

4.2.7.7 Mota station 

As shown in Figure 28, in August the lowest wind power was measured, while the highest was 

measured in April in Mota station. The monthly average wind power density at 10, 50, 80, and 100 

m were 30.30, 128.16, 196.27, and 240.13 W/m2, respectively. When compared to the Debre 

Birhan and Wereilu, Mota has a better wind power density at 10 m and 50 m (Woldegiyorgis & 

Terefe, 2019, 2020). Additionally, with the same average wind speed of 6.2 m/s, Mota and Ambo 

have comparable wind potential at 50 m (Natei & Ashenafi, 2017). Besides that, it has a wind 

power density of more than 150 W/m2 during the months of March to June at 50 m, with average 

wind speeds of 6.75 m/s. Therefore, based on the average wind speed the station was classified as 

‘Class 3’ which is ‘Moderate’ for these months. In general, when the height increased to 100 

meters, the wind power density became more ideal for wind farm buildings in this area. 
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Figure 28: Average monthly wind power density for Mota station. 

4.2.7.8 Shahura station 

The wind power density at Shahura station is minimum during the months of July to November 

and it has increased from January to June as shown in Figure 29. The highest measured wind power 

density was 80.84 W/m2 at an extrapolated height of 100 m, and the minimum recorded wind 

power density was 45.55 W/m2. The monthly average wind power density at Shahura station was 

8.13, 34.37, 52.64, and 64.40 W/m2 for the extrapolated heights of 10, 50, 80, and 100 m, 

respectively. Compared to the Diber Birehan and Werilu the sites have fair wind power density at 

10 m (Woldegiyorgis & Terefe, 2019, 2020). However, the site is classified as ‘Class 1’ that is 

‘Poor’. Overall, Shahura wind power density output is considered fair for the site. 

 

Figure 29: Average monthly wind power density for Shahura station. 
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4.2.7.9 Smada station 

As presented in Figure 30, the power density at Smada station was maximum from March to June 

and decreased in July, August, September, and December. The highest power density observed at 

100 m was 221.80 W/m2, while the lowest was 93.41 W/m2. At 10, 50, 80, and 100 m, the monthly 

average wind power density was 18.87, 80.24,122.62, and 148.72 W/m2, respectively. Smada has 

a higher wind power density than Deber Birhan (Woldegiyorgis & Terefe, 2020) at 10 and 50 m, 

with ranges of 11.91 to 25.06 W/m2 and 50.64 to 119.66 W/m2, respectively. In the months of 

January to June and October when the air density was considered (i.e. ρ=1.225 kg/m3) Smada site 

has wind power density greater than 100 W/m2 as shown in Appendix IV. Therefore, the site has 

fair wind power during dry months. Generally, the wind power density is fair for the site and 

classified as ‘Class 1’. 

 

Figure 30: Average monthly wind power density for Smada station. 

4.2.7.10 Wogeltena station 

Similar to other stations, the wind power density in Wogeltena is also very seasonal. As shown in 

Figure 31, this station has the highest wind power density from March to June and in October as 

well. On the other hand, minimum wind power density was estimated in the months from July to 

September. The highest wind power density at 100 m was 515.13 W/m2 in May and 78.41 W/m2 

was the lowest in August. The average monthly wind power density at 10, 50, 80, and 100 meters 

was 37.81, 159.96, 244.98, and 299.73 W/m2, respectively. During the months of April, May, June, 

and October, the site has a wind power density greater than 200 W/m2 with an average wind speed 
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of 7.79 m/s. Thus, based on the wind power density and average wind speed, the station was 

assigned to wind ‘Class 2’ (i.e. ‘Marginal’) and ‘Class 4’ (i.e. ‘Good’) for these months, 

respectively. At a maximum height of 100 m, the average wind speed at Wogeltena was better than 

at Myderhu (Yissa, 2013). Conversely, it is lower than the Adama II (Tadesse, 2014) and Ayesha 

(Mengesha, 2015) site at 100 m and this may be due to the quality of the wind measurement 

instrument used for investigation. In general, this area looks strong and ideal for wind farm 

production as compared to the other nine met stations investigated in this study. 

 

Figure 31: Average monthly wind power density for Wogeltena station. 
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5. Conclusion and Recommendations 

5.1. Conclusion 

The goal of this study was to analyze the suitability for wind farm development and investigate 

potential wind power in UBNB, Ethiopia. For these purposes, wind speed data of 10 automatic 

weather stations (15 min interval) with a duration of four consecutive years (2017-2020) were 

statically analyzed using MATLAB and Microsoft Excel.  

From suitability analysis, it was determined that wind speed is the most vital element influencing 

wind farm development. In general, an area of 1498.69 km2 in the northeastern section of the study 

area was very suitable for wind farm development. Whereas, 66.46% of the area in UBNB was 

moderately suitable. On the other hand, from the wind power investigation, it was concluded that 

the wind power density calculated using a 15-minute interval wind speed was higher than the 

hourly and daily basis. This shows that slight variation of wind speeds can increase or decrease 

the wind power output. Meanwhile, when the frequency distribution was evaluated at 10 and 50 

m, it was observed that wind power density was significantly enhanced. And the wind has a 

seasonal pattern in the research area, with relatively high wind power density reported in January, 

March, April, May, and October for the selected stations. During these months the water level in 

Ethiopia's hydropower reservoirs will be low. As a result, due to its natural characteristics wind 

energy is an excellent complement to hydropower. 

Generally, the suitability analysis and wind potential investigation have shown that there are 

promising sites for wind farm establishment in UBNB. Thus, the identified regions may be utilized 

for grid or non-grid connected applications, and the selected suitable sites should be extensively 

examined to determine the wind power potential of the area. 

5.2. Recommendations 

Based on the results of the present study, the following recommendations were made for making 

the suggested system workable and improving the research gap in the field. 

 Based on the findings utilizing GIS and relevant techniques, UBNB is suitable and has a 

considerable wind energy resource. Therefore, the Ethiopian government should pay close 

attention to leveraging wind energy potential in order to reduce the UBNB reliance on 

hydroelectricity and secure energy production during the dry season. Because, according to 
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the findings, the wind was stronger during the dry and short rainy season at most places, 

indicating that wind can complement hydropower. 

 To meet the demand for cleaner energy, stakeholders must engage in and increase the 

expansion of wind farms in UBNB.  

 The types of equipment used in this study to detect wind speed were particularly susceptible 

to natural and man-made influences, resulting in incorrect estimates. As a result, it is advised 

that higher-quality wind data assessment equipment should be deployed in order to establish 

an accurate wind potential for the location.  

 Moreover, based on the results obtained when the frequency distribution was addressed for 

the selected stations, the power density was heightened. Thus, it is recommended that the 

frequency distribution be considered when evaluating the wind power potential of a given 

site. 

 For wind turbine construction design, power production stability as well as the lifetime of 

system accessories, wind speed turbulence intensity is critical. Therefore, a thorough study 

should be carried out regarding the turbulence intensity of the area for better results since 

turbulence is the rapid change in speed and/or direction of wind blowing around structures or 

over particularly rough surfaces. 

 In the future, because the location is a mountainous area, it is advised to investigate the site 

in detail, as this will provide more accurate data for wind power analysis.  

 On the other hand, due to a lack of organized data, the population number for urban 

areas/towns was not considered in studying the suitability; therefore, it is advised that the 

population number be examined in future analyses. 

 Eventually, the current work is only initial, with the goal of analyzing suitability using GIS 

and theoretically examining wind energy potential for the selected stations in UBNB. 

Therefore, site-specific in-depth studies are highly recommended for a better understanding. 
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Appendices 

Appendix I: Wind speeds for each stations at different temporal scales 

a) Bullen Station 

 

b) Dangila Station 
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c) Fiche Station 

 

d) Gatira Station 
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e) Mekaneselam Station 

 

f) Mota Station 
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g) Shahura Station 

 

h) Smada Station 
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i) Wogeltena Station 
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Appendix II: Average wind speed and standard deviation of the stations for each year 

 Monthly average wind speed for year 2017 at 10 m 
 

Bedele Bullen Dangila Fiche Gatira M/selam Mota Shahura Smada Wogletena 

Jan 1.42 2.06 3.14 4.58 4.51 3.48 3.99 2.81 3.18 4.14 

Feb 1.77 2.33 2.80 4.28 4.36 3.55 4.25 2.53 3.40 4.52 

Mar 1.95 2.43 3.10 4.43 4.49 3.88 4.25 2.52 3.49 4.29 

Apr 2.05 2.16 3.08 4.18 4.49 3.83 4.42 2.69 3.84 4.08 

May 1.86 1.74 2.96 3.82 4.16 3.33 3.89 2.39 3.19 4.59 

Jun 1.80 1.67 3.24 3.62 4.04 3.61 3.91 2.38 3.71 4.40 

Jul 1.86 1.62 2.50 3.80 4.11 2.99 3.66 2.37 3.22 3.36 

Aug 1.87 1.48 2.80 3.48 3.97 2.95 3.45 2.32 2.77 2.87 

Sep 1.73 1.51 3.12 3.34 4.06 2.86 3.23 2.14 2.79 3.84 

Oct 1.82 1.24 2.57 4.03 4.24 3.04 3.42 2.06 3.47 4.05 

Nov 1.57 1.59 2.93 4.06 4.01 3.04 4.36 2.13 3.18 4.07 

Dec 1.37 1.84 2.55 4.00 3.95 3.23 3.92 2.29 2.98 3.69 

Avg. 1.76 1.81 2.88 3.97 4.20 3.32 3.90 2.38 3.27 3.99 

SD 0.19 0.23 0.25 0.38 0.21 0.37 0.39 0.23 0.28 0.50 

 

 Monthly average wind speed for year 2018 at 10 m 
 

Bedele Bullen Dangila Fiche Gatira M/selam Mota Shahura Smada Wogletena 

Jan 1.42 2.48 2.89 3.85 4.19 3.03 3.87 2.37 3.41 4.28 

Feb 1.71 2.13 2.76 4.28 4.42 3.55 3.89 2.45 3.37 4.37 

Mar 1.80 2.04 3.07 3.96 4.45 3.78 4.27 2.67 3.97 4.69 

Apr 1.81 2.47 3.33 4.08 4.41 3.68 4.21 2.82 3.82 4.30 

May 1.84 2.10 3.65 4.06 4.40 3.68 4.43 2.99 4.55 4.83 

Jun 1.58 1.81 3.20 3.51 3.79 3.25 3.88 2.66 3.34 3.87 

Jul 1.70 1.55 2.52 3.52 3.57 2.95 3.48 2.52 2.96 2.88 

Aug 1.65 1.67 2.42 3.32 3.97 2.92 3.41 2.50 2.83 2.85 

Sep 1.62 1.74 2.90 3.99 4.23 3.35 3.51 2.57 3.33 4.15 

Oct 1.65 1.68 2.18 4.20 4.30 3.29 3.78 2.44 3.40 4.37 

Nov 1.50 1.84 2.93 4.37 4.01 3.26 4.00 2.34 3.14 4.23 

Dec 1.36 2.31 2.53 3.72 4.09 2.87 3.79 2.76 3.97 3.92 

Avg. 1.64 1.99 2.86 3.91 4.15 3.30 3.88 2.59 3.51 4.06 

SD 0.14 0.26 0.43 0.33 0.28 0.32 0.32 0.20 0.42 0.62 
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Monthly average wind speed for year 2019 at 10 m  
 

Bedele Bullen Dangila Fiche Gatira M/selam Mota Shahura Smada Wogletena 

Jan 1.55 2.28 2.78 4.73 4.27 3.56 4.15 2.96 3.28 4.23 

Feb 1.74 2.36 2.76 4.28 4.34 3.87 4.25 2.72 3.25 4.10 

Mar 1.91 2.47 2.97 4.22 4.57 4.00 4.14 2.61 3.25 3.50 

Apr 1.93 2.31 3.13 4.05 4.71 3.75 4.41 2.55 3.19 3.81 

May 1.87 2.15 2.98 3.83 4.50 3.76 4.19 2.58 3.60 4.87 

Jun 1.74 1.91 3.07 3.47 3.96 3.20 3.78 2.57 3.30 4.40 

Jul 1.48 1.77 2.55 3.59 4.12 2.90 3.64 2.37 2.91 2.92 

Aug 1.67 1.66 2.48 3.33 4.06 2.75 3.44 2.33 2.67 2.70 

Sep 1.70 1.67 2.55 3.35 3.94 2.72 3.43 2.20 2.57 3.20 

Oct 1.79 1.83 2.52 4.92 4.48 3.45 3.83 2.59 3.93 4.20 

Nov 1.54 1.83 3.05 3.85 4.00 2.85 3.43 2.35 2.99 4.07 

Dec 1.41 2.22 2.53 3.90 4.20 3.21 3.57 2.45 3.25 3.80 

Avg. 1.69 2.04 2.78 3.96 4.26 3.33 3.85 2.52 3.18 3.82 

SD 0.16 0.22 0.26 0.51 0.26 0.46 0.36 0.20 0.37 0.64 

 

Monthly average wind speed for year 2020 at 10 m 
 

Bedele Bullen Dangila Fiche Gatira M/selam Mota Shahura Smada Wogeltena 

Jan 1.57 2.46 2.82 3.86 4.39 3.28 3.76 2.66 3.62 3.42 

Feb 1.60 2.60 2.91 4.22 4.08 3.61 3.65 2.73 3.51 4.15 

Mar 1.79 2.56 3.01 4.03 4.50 3.48 3.95 2.78 3.67 3.68 

Apr 1.83 2.41 2.96 4.10 4.65 3.68 4.31 2.53 3.74 4.08 

May 1.68 2.08 2.72 3.75 4.05 3.28 4.02 2.40 3.05 4.35 

Jun 1.72 1.94 2.84 3.30 4.30 2.75 3.71 2.39 3.52 3.84 

Jul 1.62 1.84 2.88 3.39 3.85 2.99 3.63 2.37 3.08 2.73 

Aug 1.29 1.71 2.19 3.51 4.12 2.90 3.22 2.36 3.14 2.45 

Sep 1.15 1.85 2.29 3.27 3.80 3.28 3.56 2.05 2.64 3.37 

Oct 1.38 1.71 2.44 4.09 4.06 3.08 3.53 2.22 2.81 4.14 

Nov 0.99 2.10 2.74 4.37 3.85 3.22 3.60 2.38 2.98 4.08 

Dec 1.02 2.19 2.42 4.21 3.93 3.20 3.55 2.41 2.77 3.68 

Avg. 1.47 2.12 2.67 3.84 4.13 3.23 3.71 2.44 3.21 3.66 

SD 0.27 0.20 0.29 0.39 0.27 0.28 0.28 0.21 0.28 0.59 
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Appendix III: Monthly average wind power density of the stations for the four years (2017-2020) 

in W/m2 based on density of the stations given on Table 6. 

 

Stations Heights Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Avg.

10m 1.72 2.60 3.37 3.62 3.27 3.33 2.87 2.62 2.12 2.45 1.56 1.19 2.56

50m 7.32 11.06 14.32 15.41 13.92 14.15 12.21 11.14 9.01 10.41 6.62 5.05 10.89

80m 11.18 16.91 21.88 23.55 21.27 21.62 18.65 17.02 13.77 15.91 10.12 7.73 16.63

100m 13.56 20.51 26.54 28.57 25.80 26.22 22.63 20.64 16.70 19.30 12.28 9.37 20.18

10m 6.77 7.31 8.15 6.97 5.17 4.74 2.78 2.53 2.71 2.35 3.47 5.20 4.85

50m 23.54 23.40 25.76 24.88 22.34 21.58 12.58 11.48 9.29 10.73 16.83 20.21 18.55

80m 44.00 47.47 52.95 45.28 33.57 30.79 18.07 16.46 17.58 15.28 22.55 33.80 31.48

100m 53.37 57.57 64.22 54.93 40.72 37.35 21.92 19.97 21.32 18.54 27.35 41.00 38.19

10m 12.91 13.99 15.05 17.71 16.35 14.74 12.31 9.57 10.56 7.86 6.58 7.46 12.09

50m 54.62 59.16 63.65 74.92 69.18 62.37 52.09 40.49 44.68 33.24 27.85 31.56 51.15

80m 83.65 90.61 97.48 114.74 105.95 95.52 79.78 62.01 68.43 50.91 42.66 48.33 78.34

100m 102.35 110.86 119.26 140.37 129.63 116.86 97.61 75.87 83.72 62.28 52.19 59.13 95.84

10m 37.82 35.32 33.69 32.47 29.49 25.54 21.23 19.26 21.61 40.94 35.49 28.52 30.12

50m 159.98 149.43 142.51 137.37 124.73 108.06 89.80 81.47 91.43 173.19 150.13 120.63 127.39

80m 245.00 228.85 218.26 210.39 191.03 165.49 137.53 124.77 140.03 265.25 229.93 184.74 195.10

100m 299.75 279.99 267.03 257.40 233.71 202.47 168.26 152.65 171.32 324.52 281.31 226.02 238.70

10m 40.69 39.16 44.74 46.65 42.68 40.46 30.45 33.08 32.11 38.06 30.83 32.24 37.60

50m 172.12 165.67 189.26 197.36 180.55 171.13 128.80 139.95 135.83 161.00 130.40 136.37 159.04

80m 263.60 253.72 289.85 302.25 276.51 262.09 197.26 214.34 208.02 246.58 199.70 208.85 243.56

100m 322.50 310.41 354.62 369.79 338.30 320.66 241.34 262.23 254.50 301.67 244.33 255.52 297.99

10m 18.90 23.45 26.52 25.05 22.90 22.62 14.13 13.71 13.40 16.89 14.22 13.85 18.80

50m 79.95 99.20 112.18 105.95 96.86 95.70 59.76 58.01 56.70 71.44 60.16 58.59 79.54

80m 122.45 151.92 171.80 162.26 148.35 146.56 91.52 88.85 86.84 109.41 92.13 89.73 121.82

100m 149.81 185.87 210.19 198.52 181.50 179.31 111.97 108.70 106.24 133.86 112.72 109.78 149.04

10m 31.34 31.15 38.99 42.86 36.62 35.81 23.42 21.68 23.91 24.73 27.30 25.73 30.30

50m 132.56 131.77 164.92 181.32 154.93 151.49 99.07 91.73 101.14 104.61 115.50 108.86 128.16

80m 203.02 201.81 252.57 277.70 237.27 232.00 151.73 140.48 154.90 160.21 176.90 166.71 196.27

100m 248.39 246.90 309.00 339.75 290.29 283.84 185.63 171.88 189.51 196.00 216.42 203.96 240.13

10m 10.20 10.01 9.26 9.36 9.28 9.63 7.00 7.00 5.75 6.38 6.11 7.53 8.13

50m 43.15 42.33 39.16 39.59 39.26 40.75 29.63 29.60 24.31 27.00 25.84 31.84 34.37

80m 66.08 64.83 59.97 60.63 60.12 62.41 45.38 45.33 37.23 41.35 39.57 48.77 52.64

100m 80.84 79.32 73.37 74.18 73.56 76.36 55.52 55.46 45.55 50.59 48.41 59.67 64.40

10m 18.92 18.50 23.99 28.15 25.42 25.06 13.85 11.91 12.23 21.12 15.05 12.26 18.87

50m 80.43 78.67 101.99 119.66 108.09 106.56 58.87 50.64 52.01 89.78 63.99 52.13 80.24

80m 122.92 120.23 155.87 182.87 165.19 162.84 89.97 77.39 79.49 137.21 97.80 79.66 122.62

100m 149.08 145.82 189.05 221.80 200.36 197.51 109.13 93.87 96.41 166.42 118.62 96.62 148.72

10m 30.60 33.58 38.18 55.25 64.99 50.93 13.17 9.89 27.34 63.98 39.83 26.05 37.81

50m 129.45 142.03 161.49 233.74 274.92 215.43 55.70 41.85 115.64 270.63 168.50 110.18 159.96

80m 198.26 217.53 247.33 357.97 421.04 329.92 85.30 64.09 177.10 414.47 258.06 168.74 244.98

100m 242.56 266.13 302.59 437.96 515.13 403.65 104.36 78.41 216.68 507.09 315.72 206.45 299.73
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Appendix IV: Monthly average wind power density of the stations for the four years (2017-2020) 

in W/m2 based on air density equal to 1.225 kg/m3. 

 

Stations Heights Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Avg.

10m 3.91 5.37 5.99 5.75 4.64 3.69 3.79 3.65 3.40 3.42 3.23 2.08 4.08

50m 12.34 18.66 24.15 24.43 19.72 15.70 16.11 15.52 14.46 14.52 11.17 7.14 16.16

80m 16.61 22.81 27.35 29.44 26.58 22.27 22.32 21.28 19.21 19.89 13.72 9.66 20.93

100m 18.54 25.63 33.18 35.71 32.24 27.78 25.78 23.31 20.88 23.62 15.35 11.71 24.48

10m 8.21 8.86 9.88 8.45 6.27 5.75 3.37 3.07 3.28 2.85 4.21 6.31 5.88

50m 34.92 37.67 42.02 35.94 26.64 24.44 14.34 13.07 13.95 12.13 17.89 26.83 24.99

80m 53.37 57.57 64.22 54.92 40.71 37.35 21.92 19.97 21.32 18.54 27.35 41.00 38.19

100m 64.73 69.83 77.89 66.62 49.38 45.30 26.58 24.22 25.86 22.48 33.17 49.73 46.32

10m 12.21 15.71 19.20 22.60 20.87 18.81 16.48 13.48 17.85 10.03 8.40 9.52 15.43

50m 51.67 66.47 81.22 95.60 88.28 79.59 69.70 57.01 75.50 42.42 35.54 40.27 65.27

80m 79.13 101.80 124.39 146.41 135.20 121.89 106.74 87.32 115.62 64.96 54.43 61.67 99.96

100m 96.81 124.55 152.19 179.12 165.41 149.12 130.60 106.83 141.46 79.48 66.60 75.45 122.30

10m 52.64 49.17 46.90 45.21 41.05 35.56 29.55 26.81 30.09 56.99 49.40 39.70 41.92

50m 222.69 208.01 198.38 191.23 173.63 150.42 125.00 113.41 127.28 241.09 208.99 167.92 177.34

80m 341.06 318.57 303.82 292.87 265.92 230.37 191.44 173.68 194.93 369.24 320.07 257.17 271.60

100m 417.27 389.75 371.71 358.31 325.34 281.85 234.22 212.49 238.49 451.74 391.59 314.64 332.28

10m 53.02 51.04 58.30 60.80 55.62 52.72 39.68 43.12 41.84 49.60 40.17 42.01 48.99

50m 224.30 215.90 246.64 257.19 235.29 223.02 167.85 182.39 177.01 209.82 169.93 177.71 207.25

80m 343.52 330.64 377.73 393.89 360.35 341.56 257.07 279.33 271.09 321.34 260.25 272.17 317.41

100m 420.28 404.53 462.13 481.90 440.87 417.88 314.51 341.74 331.67 393.14 318.41 332.99 388.34

10m 25.73 31.92 36.10 34.09 31.17 30.79 19.23 18.67 18.24 22.99 19.36 18.85 25.59

50m 108.83 135.02 152.69 144.21 131.84 130.25 81.34 78.96 77.18 97.24 81.88 79.75 108.27

80m 166.67 206.78 233.84 220.85 201.92 199.48 124.57 120.93 118.19 148.92 125.40 122.13 165.81

100m 240.63 308.98 323.13 309.82 308.33 249.39 166.57 169.94 174.64 234.38 199.41 201.77 240.58

10m 41.73 41.48 51.91 57.07 48.77 47.68 34.26 32.93 28.87 31.84 36.36 31.18 40.34

50m 176.51 175.46 219.59 241.44 206.29 201.71 144.94 139.29 122.14 134.67 153.80 131.91 170.65

80m 270.33 268.71 336.30 369.76 315.93 308.92 221.98 213.32 187.06 206.25 235.54 202.03 261.34

100m 330.73 328.76 411.45 452.38 386.53 377.94 271.58 260.98 228.86 252.34 288.17 247.17 319.74

10m 13.29 13.04 12.06 12.20 12.09 12.55 9.13 9.12 7.49 8.32 7.96 9.81 10.59

50m 56.23 55.17 51.03 51.59 51.16 53.11 38.62 38.57 31.68 35.18 33.67 41.50 44.79

80m 86.11 84.49 78.15 79.01 78.35 81.34 59.14 59.07 48.52 53.88 51.57 63.56 68.60

100m 105.35 103.37 95.61 96.67 95.86 99.51 72.36 72.27 59.36 65.92 63.09 77.76 83.93

10m 25.75 25.19 32.65 38.31 34.60 34.11 18.85 16.21 16.65 28.74 20.49 16.69 25.69

50m 109.47 107.08 138.82 162.87 147.12 145.04 80.13 68.93 70.80 122.21 87.10 70.95 109.21

80m 167.30 163.64 212.15 248.91 224.84 221.65 122.46 105.34 108.19 186.76 133.12 108.43 166.90

100m 202.92 198.48 257.32 301.90 272.71 268.84 148.53 127.76 131.23 226.52 161.46 131.51 202.43

10m 43.59 47.83 54.38 78.71 92.57 72.54 18.75 14.09 38.94 91.13 56.74 37.10 53.86

50m 184.40 202.32 196.21 332.94 386.56 306.86 79.33 59.61 147.06 385.17 240.02 156.94 223.12

80m 282.40 309.85 352.30 509.90 599.74 469.95 121.50 91.29 252.27 590.38 367.59 240.36 348.96

100m 345.50 379.08 431.02 623.83 733.76 574.96 148.65 111.69 308.64 722.30 449.72 294.07 426.94
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