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 Finding a wind potential site that is ideal for energy production and planning for 
sustainable land use, environmental management, and protection all depend on the 
analysis of suitability for wind farms. This study's objective was to locate potential 
sites for wind farms using a Geographic Information System (GIS) and the Best-Worst 
Method (BWM). In order to determine the weights of the eight criteria, BWM was 
utilized. The most crucial factor in choosing where to put wind farms was determined 
to be wind speed, which was then followed by slope, power grid lines, land cover, 
aspect, airports, major roads, and protected regions. Weighted Overlay analysis in a 
GIS environment was used to illustrate the wind farm's suitability map. According to 
the study, the Amhara region's eastern and western regions have good potential for 
producing wind-based renewable energy. The suitability of the area for wind farms 
is indicated on a scale of 0 to 5 as unsuitable, very low, low, moderate, high, and very 
high potential. 

 
 
 
 
 
 

1. Introduction  
 

Energy is a crucial component of developing countries' plans for economic development since it contributes 
significantly to national advancement, increased competitiveness, and societal welfare [1]. The energy supply 
policies of several nations throughout the world have undergone fundamental changes as a result of the demand 
for adequate, secure, continuous, and clean energy. The development of renewable energy in the world is 
increasing as a result of population growth and industrialization [2, 3]. 

Ethiopia is one of the fastest-growing countries in the eastern part of Africa, and its’ energy demand is 
increasing at an alarming rate due to the fast-growing economy and flourishing infrastructures. Even though 
Ethiopia has a vast amount of renewable energy sources, including solar, hydro, wind, and geothermal, only a small 
amount of its potential hydropower is now used. Because of this, traditional fuels including charcoal, fuel wood, 
dung cakes, and agricultural waste are the majority of the energy used in Ethiopia's rural areas, which provides 
significant health and environmental risks [4]. Up to 45,000 MW of hydropower, 10,000 MW of wind, 5000 MW of 
geothermal, and an average of 5.26 kWh per square meter per day of solar energy that hasn't yet been fully utilized 
make up its renewable energy potential [5]. 

Exploiting renewable energy alternatives boosts energy supply by shifting away from the usage of fossil fuels 
to fill the gap in electricity consumption in rural and urban areas. Renewable energy sources such as wind and 
solar produce little to no global warming emissions, reducing the use of fossil fuels and their adverse 
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environmental effects. Wind turbines create energy without emitting any pollutants, in contrast to conventional 
energy sources (i.e., coal, gas, and petroleum-based fuel). As a result, emissions especially those of carbon dioxide, 
nitrogen oxide, and sulfur dioxide can be reduce. Wind turbines have a variety of environmental and societal 
impacts such as sound noise to the vicinity, wildlife mortality from collision of wind turbines, habitat disruption 
and displacement that must be properly investigated and evaluated [6, 7]. 

Since wind energy is clean, renewable, and has no influence on people or the environment, it is one of the 
newest and fastest-developing renewable energy sources [7, 8]. Additionally, wind turbines are simple to build 
and have low operating and maintenance expenses. There are a variety of aspects that must be taken into account 
while developing wind energy projects [9]. Finding a good investment location for a wind power plant (WPP) is 
important, taking into account the preliminary evaluation for economic, technical, environmental, and land-use 
implementation circumstances [10]. 

The best locations for wind can be identified using a combination of a GIS and multi-criteria decision-making 
(MCDM). In order to manage the decision-making process in accordance with criteria, MCDM techniques focus on 
an analysis process that enhances the decision benefit of the decision maker by choosing the most important 
criteria among competing alternatives [11]. MCDM can be implemented using a variety of techniques, some of 
which can be combined with the GIS environment, including the rating method, weighted sum method (WSM), 
ranking method, analytical hierarchy process (AHP), weighted linear combination (WLC), Boolean overlay 
operation, analytic network process (ANP), trade-off analysis method, trade-off analysis method, Order Weighted 
Average (OWA), and Technique for Order Preference by Similar to Ideal Solution (TOPSIS), Best-Worst Method 
(BWM) [12]. BWM approaches attempt to evaluate several criteria simultaneously and provide an optimal solution 
[13, 14]. Different real-world problem-solving researches in different research themes have been used BWM for 
criteria weight evaluation such as Land valuation, transportation, communication and tourism [15-17]. 

The objective of the study is to identify a suitable site selection for the wind farms using GIS with BWM in the 
Amhara region of Ethiopia. 
 

2. Material and Method 
 

In this study, the data such as wind speed, DEM, Land cover, administrative boundary, power grid line and 
protected areas were downloaded from different sources as indicated in Table 1.  
 

Table 1. Data and sources 
Data Sources 
Wind speed https://globalwindatlas) 
Digital Elevation Model (DEM) https://earthexplorer.usgs.gov/ 

Land cover https://livingatlas.arcgis.com/landcover/ 

Administrative boundaries https://ethiopia.africageoportal.com/ 

Power grid lines https://energydata.info/ 
Protected Areas https://data.apps.fao.org/ 

 
The database was constructed to organize and manage the data downloaded from multiple sources in the GIS 

environment. Extraction of all the parametrical data within the intended area of interest, buffering, resampling, 
rasterization, surface analysis, reclassification at a given scale, weight of each criterion was determined by using 
multicriteria decision making method (Best-Worst Method) and weighted overlay analysis were done to identify 
suitable wind farm’s location. In this study, the general workflow is illustrated in Figure 1. 
 
2.1. Study area 
 

The study was conducted in the Amhara region in the northern part of Ethiopia, shown in Figure 2. The region 
is dominated by a chain of mountains, hills, and valleys ranging in elevation from 505 to 4529 meters above MSL 
[18] and has more than 6.8 m/s wind speed; Such geographical characteristics are suitable places for energy 
development from the wind.  
 
2.2. Determination of the criteria for suitable site selection 
 

The low production, operation, and maintenance costs of wind energy, as well as its relatively low 
environmental impact, make it one of the most alluring sustainable energy sources. Finding the ideal locations to 
build wind power plants is a challenging process that requires careful consideration of a number of criteria. 

The criteria for wind farm suitability analysis were determined based on recent literature [6, 12, 13, 19-22] 
and considering opinions of experts who dealt with similar problems. Based on literature and experts’ opinions 
eight criteria were selected and categorized as unsuitable, very low, low, moderate, high and very high as described 
in Table 2 and Table 3. 

https://globalwindatlas/
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Vector and raster datasets were clipped and masked with the area of interest respectively. Multi-buffer and 
Euclidean distance were used for proximity analysis. Based on the scale mentioned for each criterion in Table 2, 
the criteria were reclassified and criteria reclassified maps were produced. The reclassified maps of the criteria 
are shown in Figure 3. 

 

 
Figure 1. The flow chart of the proposed method 

 
 

 

 
Figure 2. Study area 
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Table 2. Selected criteria and description 
Criterion Description 

Wind speed One of the most important criteria for wind farming. The higher the wind speed the higher the wind power.  

Slope Wind farm construction, maintenance and installation are affected by the high slope. The higher the slope the 
higher cost of construction, and maintenance of wind farms.  

Aspect Slope orientation relative to the direction of the wind is an important criterion when it comes to making full 
use of the wind potential.  

Landcover Land cover is one of the critical factors for wind farm suitability analysis.  

Power grid 
lines 

Wind farms closed to power grid lines reduce the construction of new power grid lines. However, it has a 
negative effect on human health due to the electromagnetic field generated by power transmission lines.  

Airports Wind farm closed to airports affects aviation routes, communication system and navigations, which leads to 
collisions.  

Protected 
areas 

Wind turbine noise and rotating blades influence animals’ and birds’ habitats. Wind turbine collisions with 
birds and bats frequently result in serious injuries and deaths. Additionally, wind farms have a detrimental 
effect on wildlife because spinning turbines alter air pressure. By creating buffer zones and choosing better 
wind turbine locations in regions with lower wildlife populations, the effect of wind turbines on wildlife could 
be reduced. 

Main roads  Wind farms distance from the main roads has a positive and negative effect.  Wind farms closed to the main 
roads reduce transportation cost during construction, and reduce the cost of construction and maintenance 
of new roads. Whereas the wind farm is closed to the main roads, the roads negatively affect road 
transportation because of loud noises. 

 

Table 3. Suitability categories of criteria 
Criteria  Suitability class  Range  Score/scale 
Wind speed Unsuitable  

Very low 
Low 
Moderate 
High 
Very high 

<3m/s 
3-4m/s 
4-5m/s 
5-6m/s 
6-7m/s 
>7m/s 

0 
1 
2 
3 
4 
5 

Slope Unsuitable  
Very low 
Low 
Moderate 
High 
Very high 

>15% 
12-15% 
9-12% 
6-9% 
3-6% 
0-3% 

0 
1 
2 
3 
4 
5 

Aspect Low  
Moderate 
 Very high 

E, SE  
N, NE, S, SW  
W, NW, FlAT 

2 
3 
5 

Landcover  
 
Unsuitable 
 
Moderate 
High 
Very high 

(Water, crops, built-up area, cloud cover, and Trees as) 
(Flooded and vegetation) 
Rangeland  
Bare ground 

 
 
0 
 
3 
4 
5 

Power grid lines Unsuitable  
Very low 
Low 
Moderate 
High 
Very high 

<0.5km 
60-90km 
30-60km 
10-30km 
5-10km 
0.5-5km 

0 
1 
2 
3 
4 
5 

Airports Unsuitable  
Very low 
Low 
Moderate 
High 
Very high 

<3km 
50–100km 
20–50km 
10–20km 
5–10km 
3–5km 

0 
1 
2 
3 
4 
5 

Protected areas Unsuitable  
Very suitable 

<2000 
>2000 

0 
5 

Main roads  Unsuitable  
Very low 
Low 
Moderate 
High 
Very high 

<3km 
50–100km 
20–50km 
10–20km 
5–10km 
3–5km 

0 
1 
2 
3 
4 
5 
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2.3. Determination of criteria weights 
 

Many criteria affect the location of a suitable   wind farms. However, each has a different weight that has 
significant to determine a suitable location for the wind farm. In this study, BWM was used to determine the 
weights of criteria. In MCDM problems, BWM is one of the most successful approaches for determining the weights 
of criteria [23]. The expert first determines the best (e.g., most desirable, most important) and worst (e.g., least 
desirable, least important) criteria, then compares the best criterion to the other criteria, and the other criteria to 
the worst criterion. The weights of the criteria can be computed using Equation (1). 
 
Min 𝜉𝐿 such that 
 

|𝑊𝐵 − 𝑎𝐵𝑗𝑊𝑗| ≤ 𝜉𝐿 , 𝑓𝑜𝑟 𝑎𝑙𝑙 𝑗 

|𝑊𝑗 − 𝑎𝑗𝑊𝑊𝑊| ≤ 𝜉𝐿 , 𝑓𝑜𝑟 𝑎𝑙𝑙 𝑗 

∑ 𝑊𝑗

𝑗

= 1 

𝑊𝑗   0, 𝑓𝑜𝑟 𝑎𝑙𝑙 𝑗 

(1) 

 
 
Where,  
ξL ; Consistency ratio 
WB: weight of best criteria  
WW: weight of worst criteria  
Wj: weight of criterion 
 
A Bj: preference for the best criterion over criterion j 
a_jW: preference for criterion j over the worst criterion 
 

The weights and consistency of the criteria were computed using the BWM-Solver tool of Excel following the 
general steps; (1) Select required decision criteria, (2) Determine the best (most significant) and the worst (least 
significant) criteria by expert’s form identified criteria, (3) Pairwise Comparison best to others and others to worst 
by assigning preference value between 1 and 9 and (4) Computing the optimal weights of selected criteria.  
 

 
 

  
(a) (b) 
Figure 3. Criteria reclassified map; (a) wind speed (b) slope 
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(c) (d) 
Figure 4. Criteria reclassified map; (c) Aspect (d) land cover 

 
 

  
(e) (f) 

Figure 5. Criteria reclassified map; (e) power grid lines (f) airport 
 

The consistency ratio of decision-making ranges between 0 and 1; completely consistent and completely 
inconsistent respectively. In this study, the value for high consistency is expected to be less than or equal to 0.41. 
As indicated in Table 6 the consistency ratio of four experts while computing the weights of criteria was 0.047, 
0.081, 0.146, and 0.066; which indicate the consistency ratio within the prescribed acceptance limit. During the 
implementation of BWM, the best criterion was wind for all experts as shown in Table 4. However, the worst 
criterion was different; expert 1 selects the main roads, expert 2 and 3 select the protected areas, and expert 4 
selects the airports as worst criteria as shown in Table 5. Based on the average weight of the criteria wind speed 
and protected areas were the best and the worst criteria respectively. Calculated weights of criteria by four experts 
as shown in Table 6. 
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(g) (h) 

Figure 5. Criteria reclassified map; (g) protected area and (h) main roads 
 
 

Table 4. Pairwise comparison for assessment criteria (Best to others) 
Expert Best to 

others 
Wind 
speed  

Slope  Aspect Land 
cover 

Power 
transmission 
line 

Main 
roads 

Protected 
areas 

Airports 

1 Wind speed  1 2 3 4 5 6 7 8 
2 Wind speed 1 2 3 3 4 8 7 4 
3 Wind speed 1 3 4 4 4 7 7 4 
4 Wind speed 1 6 9 5 3 9 9 5 

 
Table 5. Pairwise comparison for assessment criteria (others to worst) 

Expert  1 2 3 4 
Others to the Worst Airports Main roads  Protected areas Protected areas 
Wind speed  8 8 7 9 
Slope  7 6 6 1 
Aspect 6 5 4 1 
Land cover 5 4 4 3 
Power grid lines 4 3 4 8 
Main roads 3 2 3 1 
Protected areas 2 1 1 1 
Airports 1 3 3 1 

 
Table 6. Determined weight of criteria 

Criteria  Experts  Average  
1 2 3 4  

Wind speed  0.314 0.340 0.389 0.332 0.344 
Slope  0.180 0.141 0.041 0.199 0.140 
Aspect 0.120 0.105 0.059 0.133 0.104 
Land cover 0.120 0.105 0.107 0.100 0.108 
Power grid lines 0.090 0.105 0.178 0.080 0.113 

Main roads 0.033 0.060 0.059 0.066 0.055 
Protected areas 0.052 0.037 0.059 0.057 0.051 
Airports 0.090 0.105 0.107 0.033 0.084 
𝜉𝐿 0.066 0.047 0.081 0.146  

 
 

3. Results and Discussion 
 

In this study, the wind speed was identified as the most important criteria for locating wind farms followed by 
slope, power grid lines, land cover, aspect, airports, main roads, and protected areas. The wind farm suitability 
map was produced based on eight criteria using a weight overlay analysis. Figure 4 shows the wind farm suitability 
map produced using GIS with BWM. 
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Figure 4. Wind farm suitability map 

 
The generated wind farm suitability map using weighted overlay analysis is represented in the same value 

range (0 to 5) as the input reclassified criteria maps. The larger the values the more suitable the area for the 
location of the wind farm. The value for the criteria attributes which was considered as a constraint was 0. 

In the result, the most suitable locations have been identified and presented on a suitability map.   Areas that 
have pixel value equal to 5 (very high), 4 (high), 3 (moderate), 2 (low), 1 (very low), and 0 (unsuitable). The 
suitable area for the wind farms is located in the eastern and western parts of the Amhara region. 

 
 

4. Conclusion  
 

The GIS-based wind farm suitability analysis model with BWM was developed and used to analyze the 
suitability of wind farm locations in the Amhara region by taking into account multiple criteria. The suitability 
analysis was based on eight criteria; wind speed, proximity to power grid lines, slope, aspect, land cover, protected 
areas, airports, and proximity to main roads. Experts’ opinions were used to determine the weight of the criteria. 
The study shows that BWM can be used in combination with GIS to determine the best location for wind farm 
development. In addition, the result of wind farm suitability analysis can be helpful for decision-makers during 
sustainable land use planning, environmental management and protection. 
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