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Abstract: Site investigation is essential for developing and constructing a dependable and effective
wind engineering project. Also, the kinetic energy of moving air, used to drive a wind turbine,
produces electricity. Having seen the shortage of previous studies on wind energy sites’ suitability
across Africa and having read about the abundance of untapped wind energy resources in the
East African region, this paper used Geographical Information System (GIS), multi-criteria, and
Analytic Hierarchy techniques to provide a geospatial analysis of wind energy technology siting
suitability in Eastern African Community Countries. Different data were acquired and processed
from numerous open-access databases (Global Wind atlas, Regional Center for Mapping of Resources
for Development (RCMRD), African Geoportal, East African community website, and Energy data
Info.org). The results reveal Kenya has large parts of its land areas highly appropriate for wind
energy siting (15.26%) and 1.55% of its land classified as unsuitable for wind energy generation. The
rates of suitability and unsuitability were respectively 26.57% and 4.87% for Burundi, 20.6% and
10.21% for Rwanda, 20.39% and 10.44% for Tanzania, and 4.65% and 27.15% for South Sudan. The
findings also show that East Africa exhibits moderate levels of wind energy siting suitability, with an
estimated average of around 37.27% of its land area moderately suitable for wind energy technology
installation, covering thousands of square kilometers. The study is advantageous to academia and
industry-related personnel engaged in renewable energy-related activities in other African countries
with similar topographies.

Keywords: climate change; geographical information system; spatial analysis; East Africa; wind energy

1. Introduction

Regions throughout the world are impacted by climate change. There is a need for
quick policy analysis and studies that encourage the use of renewable energy sources,
such as wind energy, to enhance the production of green electricity. To achieve a shift
toward modern sustainable energy by 2030, 60% of power generation must come from
renewable sources (green/clean energy sources technologies should be the first priority
when implementing energy-related solutions) [1].
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The long-term warming of the Earth’s surface that has existed since the pre-industrial
era (between 1850 and 1900) is known as global warming. It is caused by human activities,
mainly the burning of fossil fuels, which raises atmospheric concentrations of heat-trapping
greenhouse gases. Climate change mitigation refers to activities that either minimize green-
house gas emissions or eliminate the atmospheric presence of such gases. Different research
works [2–21] have listed negative impacts of global warming, such as floods, droughts,
and temperature rise. Renewable energy usage is one way to mitigate global emissions,
and wind technology is among them. Wind energy is a plentiful, clean, renewable energy
source that needs little land surface, has no water requirements, and emits no greenhouse
gases. Both onshore and offshore wind farms benefit from the operation and development
of specialized applications. The design, location, and maintenance of a wind energy plant
depend on the capacity to measure and evaluate available wind resources.

Also, a wind energy project’s potential yield is ascertained by appraising and ana-
lyzing wind energy resources. While yield is decided by technical factors like the type of
wind turbine and the architecture of the wind farm, available potential depends on meteo-
rological elements. Wind turbine type, rotor diameter, hub height, local wind speeds, wind
direction, and wind shear all affect how well a project turns out. Deciding the locations
of wind resources, realizing their features, and establishing their quality characteristics
are indispensable. Low energy output could arise from improper risk evaluation of these
characteristics, which impedes smooth functioning. When a wind farm is installed, the
locations of the wind turbines are decided by the wind farm layout. Often, various site
analyses, constraint management, and wind speed data lead to an iterative procedure. To
mitigate investment risk, wind farm developers are expected to conduct a thorough site
analysis that evaluates all available climatic sources.

Often, site wind measurements are unavailable while a wind farm is initially devel-
oped. Consequently, to assess a project’s viability and determine the anticipated wind
speed, wind energy developers must rely on available climatic data. Climatic data also
offer information on the primary wind direction, which is crucial for minimizing wake
effects among wind turbines and has substantial power on layout design. The precision
of the data is enhanced when multiple climatic sources are combined. Before developing
a wind project, wind farm developers are encouraged to thoroughly consider additional
factors such as the site’s accessibility, any potential environmental constraints, proximity
to the power grid, or land agreements. The success of a wind energy project depends
on choosing a suitable wind farm location. When site measurements are unavailable,
climatic information on wind direction and wind speed is essential. However, these sources
frequently contain significant mistakes in wind speed data and neglect to account for
regional influences that could affect generated wind roses. If climatic data are not correctly
processed, unrealistic energy forecasts may result [1]. The choice of a location is decided by
numerous technical aspects, including adequate wind speed; sufficient area (larger blades
can reach quicker wind speeds at higher altitudes above the earth and cover a wider region);
appropriate ground conditions (topography’s roughness determined by the quantity and
size of barriers, as well as the ground’s composition); access to the electricity grid (connect-
ing wind turbines to the electrical grid may have an impact on power quality and supply
reliability.); suitable terrain and topography; and agreements with site landowners. Also,
wind monitoring is essential for locating optimal wind turbines for optimal performance.
The performance of wind turbines is substantially powered by wind direction and speed.
The power produced by the wind turbine rises with increasing wind speed. Additionally,
as turbines face the direction of the predominant wind, wind direction is also crucial in
determining the ideal locations [22].

Wind turbines are devices that transform wind energy from its kinetic to its electrical
form. In wind farms, hundreds of thousands of large turbines produced over 650 gigawatts
of electricity as of 2020, with an additional 60 GW installed per year [23]. In many nations,
wind turbines operate as a more cost-effective and less-reliant source of intermittent re-
newable energy to offset rising fossil fuel prices. Compared to solar, hydro, geothermal,



Sustainability 2024, 16, 1514 3 of 32

coal, and gas energy sources, one study stated that wind had the “lowest relative green-
house gas emissions, the least water consumption demands, and the most favorable social
impacts” as of 2009 [24]. Smaller wind turbines are deployed in remote equipment like
traffic warning signals and battery charging. Larger turbines can help with home energy
production while reselling excess energy to the utility company through the electrical
grid [25]. Horizontal or vertical axes can be found on wind turbines, though horizontal axes
are more frequently produced [26]. Different research has been carried out on wind energy,
where [27] focuses on the state of the world and China’s existing wind power capacity and
shows the consistency of the rising share of wind power in future energy. This research also
ascertains a thorough assessment method for choosing wind turbine generators and creates
a comprehensive evaluation model for wind turbines based on the BP neural network and
particle swarm optimization.

The research work [28] provided a summary of current studies and advancements in
electricity production with offshore wind turbines. Reference [29] explained the benefits of
both active and reactive power control for wind energy systems in order to raise the quality
of the energy generated for the grid. Two control approaches are presented for wind energy
conversion systems that have dual power supplies and an asynchronous generator; [30] fo-
cused on the improvement of a speed wind turbine through the development of an effective
and reliable control system for both active and reactive power using the PI regulators
control (FOC) power converters directly connected to the stator and rotor of a Doubly
Fed Induction Generator (DFIG) system integrated in a wind turbine, [31] focused on the
implementation of a new feature that tracks the maximum power point tracking (MPPT)
power for the sliding mode control (SMC) of permanent magnet synchronous generators
(PMSG) used in wind systems conversion, [32] carried out the research on wind energy
technology with a strong focus on how to maintain resonance and produce electricity, create
and simulate a control system, and rebuild the vortex wind turbine mast, [33] carried out
the research related to the wind generators’ effect on power system stability and discovered
that at varying generator capacities, power system stability is significantly impacted by
the generators’ dynamic model, [34] focused on the equivalent models for wind parks
utilizing system identification methods based on nonlinear model structures, [35] estab-
lished research on neural network-based intelligent diagnosis technology for wind turbine
drive systems, [36] focused on using a rectifier in a wind system with a nearly sinusoidal
input current.

The research work in this paper focused on the site suitability analysis of wind energy
technology for the East African Communities countries to find out the extent to which a
place satisfies the requirements for wind power generation in terms of technology and
environment structure (locating potential wind farm projects and choosing the best location
for them, taking into account all limitations and specifications). There are no previous
studies related to wind site suitability analysis across the East African region, and only
research work [37] focused on the Burundi case study. The research in this paper covered
six countries of the East African Community (Uganda, Rwanda, Burundi, South Sudan,
Kenya, and Tanzania).

2. Related Work

There are plenty of chances for wind energy growth worldwide. There is growing
demand for renewable energy [38–40], energy protection [41], energy sector reforms [42,43],
and environmental quality [38,41], as cross-cutting opportunities. The primary obstacles to
wind energy development are related to site suitability and technical constraints [44]. In
contrast to Asia, Europe, and North America, wind power growth has not been particularly
noteworthy in Africa. This is partially so because, compared to most other countries in
these regions, most African countries have very little wind resources, and there has not
been much research on site suitability and the capacity to utilize existing wind resources.
Notwithstanding these challenges, from approximately 133 MW in 2000 to nearly 5770 MW
in 2019, the cumulative installed capacity in this region has expanded. By the end of 2019,



Sustainability 2024, 16, 1514 4 of 32

the African region accounted for 0.93% of the global cumulative installed wind power
capacity, according to the study by [45].

The EAC region is rich in wind energy among others [46]. The emphasis on renewable
energies has led to a surge in interest in wind energy. Understanding the potential of
wind energy in detail at a particular place is necessary for its proper utilization [47].
EAC countries are trying to increase their wind capacity, and Kenya plans to add over
400 MW of wind capacity by 2030 [46]. The authors of [48] discussed the technological
potential of wind energy in the African nation and also accounted for grid restrictions (as
shown in Table 1). From their results, they show that Kenya is the leading country among
the East African Community countries, with a high wind energy potential of 0.17% between
20,000–25,000 MWh/km2 and 0.01% of wind potential between 25,000–30,000 MWh/km2.
The study shows that most countries in the East African Community have wind power
potential that lies between 0 and 5000 MWh/km2.

Table 1. Annual wind energy potential (technical potential, MWh per annum and km2) for the East
African countries (grid restriction included).

Country 0 0–5000 5000–10,000 10,000–15,000 15,000–20,000 20,000–25,000 25,000–30,000

Burundi 63.09% 36.91% 0.00% 0.00% 0.00% 0.00% 0.00%

Rwanda 62.97% 37.03% 0.00% 0.00% 0.00% 0.00% 0.00%

Kenya 81.90% 4.97% 6.54% 5.04% 1.38% 0.17% 0.01%

Tanzania 81.89% 7.11% 8.26% 2.54% 0.21% 0.00% 0.00%

Uganda 93.96% 4.37% 1.51% 0.16% 0.00% 0.00% 0.00%

South Sudan 80.66% 0.82% 8.34% 8.64% 1.55% 0.00% 0.00%

Democratic Republic
of the Congo 94.74% 5.69% 0.66% 0.00% 0.00% 0.00% 0.00%

In the study of [49], it was observed that the nations of the East African Community
have substantial wind energy potential. Technical potential outpaces electricity usage in
most regions. Burundi has the least potential for wind power, while South Sudan has the
best promise for wind power [50] (details are provided in Table 2).

Table 2. Country-based suitability parameters.

Distance to the Grid Extremely Rural Areas Protected Areas Slope Elevation

Country Percentage of
Area Availability

Percentage of
Area Availability

Percentage of
Area Availability

Percentage of
Area Availability

Percentage of
Area Availability

Burundi 88.86% 100.00% 96.39% 91.74% 92.78%

Rwanda 100.00% 100.00% 90.04% 95.33% 81.66%

Kenya 98.66% 99.48% 73.23% 99.86% 99.91%

Tanzania 78.32% 99.31% 67.79% 93.44% 98.54%

Uganda 99.27% 98.37% 85.12% 86.31% 98.33%

South Sudan 39.16% 67.02% 98.25% 99.39% 99.95%

Democratic Republic
of the Congo 43.52% 78.54% 89.62% 98.60% 99.42%

The study of [48,49] (as summarized in Table 3) describes the areas that are suitable
for wind farms in the Eastern African Community, using the geographical information
system, and shows that Rwanda, Burundi, Kenya, Uganda, and Tanzania indicate high
area availability percentages with 100%, 88.86%, 98.66%, 99.27%, and 78.32%, respectively,
for distance to the grid; these countries have 100%, 100%, 99.48%, 98.37%, and 99.31%,
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respectively, for very rural areas, while South Sudan and the Democratic Republic of Congo
point toward lower area availability.

Table 3. Geographical wind power potential.

Grid Restriction No Grid Restriction

Country Total Available Area
for Wind Farms (km2)

Percentage of Area
Availability

Total Available Area
for Wind Farms (km2)

Percentage of Area
Availability

Burundi 10,047 36.89% 11,941 43.84%

Rwanda 9405 37.03% 9405 37.03%

Kenya 106,230 18.10% 149,855 25.54%

Tanzania 174,057 18.11% 220,352 22.93%

Uganda 14,686 6.04% 14,686 6.04%

South Sudan 520,733 19.34% 1,028,530 38.19%

Democratic Republic
of the Congo 149,941 6.34% 193,925 8.21%

Over the past century, the wind potential in the East African Community has not been
fully exploited for power generation, despite the potential wind power that EAC has in
some areas that could provide possible solutions such as being used in water pumping
systems, windmills, economic activities, and electricity generation. A study on wind speed
distribution was conducted. In the study of [51], the results found for the average wind
potential in the seven countries of the East African Community are presented in Table 3.

Although there has been relatively little research on wind energy resources, Rwanda’s
potential for producing electricity from wind has not yet been fully realized. However,
the potential wind power Rwanda possesses in some areas may present opportunities
for solutions involving the production of electricity, water pumping, and windmills [47].
Therefore, the research conducted by [52] on the utilization of wind in Rwanda shows that
the annual wind power densities for Kanombe, Gisenyi, Butare, Kamembe, and Kaniga
have been estimated on average as 22.42 W/m2, 13.68 W/m2, 13.17 W/m2, 17.36 W/m2,
and 20.75 W/m2, respectively, from the yearly mean wind speeds of 5.1 m/s, 4.1 m/s,
4.0 m/s, 4.3 m/s, and 4.1 m/s. From the results [51] of the five sites examined, Kanombe
exhibits the possibility and probability of having the best wind power potential. As a
result, it is a good location for installing technological wind instruments for moderate-scale
power generation. Mean wind speeds above 7.0 m/s are necessary for large-scale wind
power generation to produce at least 200.00 W/m2. According to the results of [47], since a
majority of the sites’ mean velocities are below the 4.4 m/s criterion, their potentials should
be utilized to generate electricity, because they are categorized as wind power class 1.

Although wind energy estimates are inadequate, current wind observations indicate
that Uganda has “low” possibilities for producing a considerable amount of electricity
from wind energy resources. Nevertheless, initial research suggests that potential exists
in North-Eastern Uganda and along the Lake Victoria shoreline. In Uganda, wind speeds
typically range from 3.7 m/s to 6.0 m/s in places surrounding Lake Victoria, the Karamoja
region, and steep terrain [53]. Therefore, the application of wind technology in the na-
tion can be sustained by this wind pattern. Furthermore, wind energy assessment and
development purposes, rather than weather prediction, were the reasons for taking these
wind speeds at places less than 10.0 m/s. Nevertheless, practical data suggest that certain
wind speed ranges could be appropriate for specific wind power uses, such as distant
water pumping [54]. Research has indicated that wind energy can play a significant role in
promoting economic expansion and advancement [44,55,56].

There is currently not much research on wind resource assessment conducted in Bu-
rundi, the Democratic Republic of Congo, or South Sudan. Furthermore, the categorization
and choice of appropriate wind farm locations have not been the subject of any research.
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To gain a basic understanding of wind resource potential and its distribution across Bu-
rundi, the Democratic Republic of Congo, and South Sudan, more research is necessary.
Decision-makers will benefit from knowing what kind of wind farms work best in these
nations and what size they can add to upcoming projects.

Installing wind farms in windy regions produces wind energy at a specific scale. When
building a sustainable wind farm, choosing a turbine type that meets the topographical,
climatic, temporal fluctuations, and other features of the wind farm location is crucial [57].
When there are conflicting decision criteria, various factors frequently influence the decision-
making process. Given that choosing turbines involves several factors, there are some
tactics used to address these problems [58]. The field of multicriteria decision-making
(MCDM) encompasses them. An operating sub-discipline called MCDM evaluates multiple
conflicting elements when making decisions. Problems involving numerous aspects of
the decision-making process are solved using MCDM techniques. These standards are
mutually incompatible and contradict one another. Furthermore, incommensurability
indicates a situation where the choice criteria have distinct units and magnitudes [59].
Several MCDMs have been described by researchers, and each has advantages, as well
as disadvantages. Consequently, the choice of which one to use is an important decision.
Some commonly used techniques are the weighted sum method, PROMETHEE, TOPSIS,
VIKOR, ELECTRE, goal programming, AHP, Grey relation analysis, minimum Manhattan
distance (MMD) approach, and Fuzzy logic, among others [60].

The Analytical Hierarchy Process (AHP) was defined using paired comparisons for
discrete and continuous data. AHP is a measurement theory that creates ratio scales that
represent the relative strength of preferences and feelings [61]. In [62], Kenya has identified
regions that are appropriate for the building of wind farms. These areas make up about 18,103
square miles or 8% of the country’s total size. With an area of 6456 square miles, Marsabit
County in northern Kenya had the highest proportion of places for building wind farms.

According to [63], the study of GIS-based land-use suitability analysis found that AHP
is used in the aggregation of priorities for the hierarchy structure by applying the principles
of decomposition, comparative judgments, and synthesis of priorities. Measurement for
this theory is conducted through pairwise comparisons and relies on the judgments of
experts to derive priority scales. According to [61], the scale of absolute judgments shows
how much more one element dominates another about a particular attribute to make
these comparisons. Over time, GIS systems have developed into helpful resources for
choosing sites under different circumstances and competing goals [64]. ArcGIS Pro 2.4.0
was utilized for this study to manage, edit, and overlay the various dataset layers. The
appropriateness of a location for the development of wind farms is obtained by a broad
range of intricate considerations [64]. Reference [65] determined two categories of criteria
to aid in decision-making: constraint criteria and factor criteria. These standards delineate
a level of suitability for every field of study. For their project, wind speed, slope, distance
from gridlines, and distance from roadways were allowed. The most crucial consideration
when choosing a location for a wind farm is wind speed [66]. A viable wind power project
requires regular and sufficient wind speed. As referenced in [67,68], citing the National
Renewable Energy Laboratory’s (NREL) classification, locations suitable for wind farm
sites are those with wind speeds above 4.4 m per second at a height of 10 m above the
anemometer, whereas locations below are not. Some sites should be reachable by road to
facilitate equipment transfer. Reference [66] states that wind farm locations are determined
by evaluating states that are easily accessible or near the current road network. The
recommended safe distance to the road network is 500 m, and locations over 10,000 m
from roadways are deemed inappropriate [67]. Since project costs are often a significant
consideration when establishing wind farms, placing them adjacent to gridlines can lower
their initial construction costs. Nonetheless, a gap of 250 m is noted between the wind farm
and the gridline [67]. This lessens the difficulties brought on by large transmission routes of
power. When selecting an appropriate site for the building of a wind farm, accessibility is
an aspect to take into account. For this reason, low-slope locations are ideal for wind farms
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due to their low turbulence and accessibility [67]. Reference [65] additionally examined
other factors about the limitations limiting the options under consideration. These depend
on a Boolean criterion wherein things worthy of examination are assigned a code of 1,
and those not worthy of consideration are coded 0. Forests and woodlands, lakes and
their surroundings within 500 m, areas within 200 m from streams and rivers, areas within
5000 m from airports, and protected areas like historical sites, tourist destinations, and
wildlife sanctuaries, are examples of the areas excluded from this study. Wet locations
are not ideal for electric connections, so they should not be used for installing wind
farms. Woodlands and forest areas are also deemed unsuitable for wind farms due to
their obstructive nature [67]. According to [66], locations for wind farms are preferably
isolated, desolate areas with little land use. 500 m is kept as a buffer between the wind
farm and lakes to protect their shoreline, and according to [64], a safety zone within 200 m
from rivers is maintained [67]. River areas are not appropriate for wind farm settings
since wind farms have the potential to obstruct waterways. In addition, studies on the
suitability of wind farms do not cover places like wildlife, tourist destinations, historic sites,
archaeological sites, or locations with cultural significance [67]. Table 4 contains wind site
suitability-related works.

Table 4. Wind site suitability-related works.

Reference Study Area
Location

Type of Site
Selection Applied Method Evaluation Criteria

[69] Kenya Wind firm
Analytic Hierarchy Process

(AHP), Multi-Criteria Decision
making (MCDM)

Factor Criterion, Constraint Criteria, Slope,
Euclidian Distance, Criteria Weights,

Weighted Overlay, Wind, Roads

[70] Burundi wind farm
Fuzzy Analytic Hierarchy

Process (FAHP), Multi-Criteria
Decision making (MCDM)

Topographical factors (slope, elevation, and
aspect), Locational factors (distance to

airports/seaports, proximity to main roads,
proximity to electricity grids, distance to

cities, distance to communication stations)

[48] Africa Wind GIS-based
Wind speed, elevation map, wind power

density, Weibull distribution, slope impact,
and spacing factor

[71] Sudan Wind firm

Multi-Criteria Decision-making
Analysis (MCDM), Fuzzy

Analytic Hierarchy Process
(AHP)

Wind speed, Slope, Distance from urban
areas, elevation, and distance from

transmission lines and power grid, distance
from airports, distance from major roads and

railways, lighting strike flash rate

[72] China

Geographic Information System
(GIS), fuzzy Analytic Hierarchy

Process (FAHP), and fuzzy
VIšekriterijumsko Kompromisno

Rangiranje (VIKOR)

Slope (geographical factors), wind speed,
distance from the main road, and distance

from the transmission line (economic factors),
building area (social factors), and ecological

environment factors

[51] Rwanda Wind Descriptive Geographic Diversity, Size,
and Distance from Road

[73] Ghana Wind firm SMCA, Analytic Hierarchy
Process (AHP)

Power grid lines, road networks, slope,
and elevation

[74] South
Khorasan Wind firm Fuzzy- fuzzy Analytic Hierarchy

Process (AHP)

Wind speed, temperature, altitude, slope,
main and secondary roads, airports, protected

areas, land use, rivers, wells, springs,
earthquake acceleration, and faults
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Table 4. Cont.

Reference Study Area
Location

Type of Site
Selection Applied Method Evaluation Criteria

[75] Afghanistan Wind firm

Multi-Criteria Decision-making
Analysis (MCDA), fuzzy

Analytic Hierarchy Process
(AHP)

Annual average wind speed, slope, distance
from residential areas, distance from power

transmission lines, distance to roads, and land
cover/land use

[76] Poland Wind firm
Analytic Hierarchy Process
(AHP) and Weighted Linear

Combination (WLC)
Technical, spatial, social, and environmental

[77] Mauritius Wind farm Analytic Hierarchy Process
(AHP)

Wind speed, distance from the electricity grid,
distance from roads, slope, elevation,

and aspects

[78] Iran Wind farm Analytic Hierarchy Process
(AHP)

Wind speed, distance from electricity grid,
distance from roads, distance from substations,

distance from settlements and slope

[79] Vietnam Offshore wind
farm SF-AHP, WASPAS

Wind speed, effective wind hours, nautical
life coordination, nautical environmental

influence, water depth, undersea geological
conditions, marine conditions, employment,

policy planning, electrical transmission,
distance from the power load center, traffic
condition, cost-to-benefit ratio, construction

and maintenance costs

The research [37] focused on optimal wind farm site selection using Geographical Infor-
mation System-Based Mathematical Modeling and Fuzzy Logic Tools. A case study of Bu-
rundi’s findings revealed that the best place to build a wind farm in Burundi is in its western
region, with Lake Tanganyika housing a majority of these farms. Reference [80] conducted
an empirical study in China using geospatial modeling and decision optimization to deter-
mine the layout suitability and priority for a wind-photovoltaic-hydrogen-ammonia project.
Reference [81] focused on multi-criteria solar power decision-making (a GIS-intuitionistic
fuzzy-based technique for wind power plant site selection in the Netherlands). Also, Refer-
ence [82] focused on a multi-criteria decision analysis for spatial planning in Norwegian
offshore wind generation. Reference [83] conducted research on Polish Offshore Wind
Farm Potential and Location, using a multi-criteria analysis using Geographic Information
Systems, while [84] studied how Turkey’s railway energy needs may be sustainably met by
strategically placing offshore wind farms.

3. Methodology

The research in this paper aims to develop a novel methodology for classifying land
into distinct suitability levels for wind farm construction. The categorization is based on
various factors specific to the case study and considers the technical challenges. As a result,
we must determine which aspects of land suitability for wind farm development hold the
utmost significance. Subsequently, specific weights are assigned to each of these factors,
culminating in an index designed to evaluate land suitability. The Analytic Hierarchy
Process (AHP) plays a pivotal role in deriving these final weights. Ultimately, this research
leverages Geographic Information Systems (GIS) to generate a suitability map, enabling
spatial analysis, and amalgamating multiple factors within the resultant index. The main
objective of this research is to identify and delineate areas suitable for wind energy farm
projects to facilitate informed decision-making within the wind energy sector. Figure 1
illustrates the location of the research object in this paper, and Figure 2 describes the frame-
work diagram for finding suitable sites for wind energy in East Africa. The Geographic
Information System (GIS) was preferred over other methods due to its ability to swiftly and
precisely collect data over wider areas and its capability of covering large areas with the
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additional advantage of repetition. Both multi-criteria and analytic hierarchy techniques
were selected because they permit ranking or shortlisting potential options or determining
a single favorite option. They allow choices to be made as hierarchies, and each criterion
may be assigned a preference scale that is specified by the decision makers. They also offer
a systematic way to assist difficult decisions by preset standards and goals.
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3.1. Criteria Selection and Relevance

Wind speed, slope, elevation, land use land cover, distance from power lines, and
distance from major roads are among the factors that underwent assessment with the help
of GIS Software (ArcGIS Pro 3.1) to conduct a geographic study and choose each East
African country’s optimal wind farm sites, as detailed in Table 5.

Table 5. Factors for the wind site suitability assessment.

Criteria Description

Wind Speed Wind speed is a critical determinant for wind farm site selection, as it directly impacts
electricity generation [85,86]. Various threshold values for wind speed indicate suitability.

Slope The slope of the land affects accessibility and installation costs. Flat and low-slope areas are
preferable for wind farm construction [87].

Elevation Elevation influences wind direction and speed. Wind turbines are often set on elevated
terrain, but higher elevations entail increased costs [88].

Distance from Transmission Lines
Proximity to transmission lines and the power system is vital for electricity integration into the
grid [89,90]. A minimum distance of 0.5 km ensures safe power transmission. With the help of
GIS, transmission lines over 0.5 km were selected and exported based on studying proximity.

Distance from Major Roads Locating wind farms near major roads reduces transportation costs and minimizes disruptions,
such as noise pollution, to road mobility. A minimum distance of 0.5 km is maintained [86].

3.2. Constraint Defining and Mapping

In this research, lakes and other sensitive ecosystems such as wetlands have been
meticulously defined and mapped for each East African country. Water bodies have been
excluded from deployable areas, and others, such as wetlands and national parks, have
been assigned a uniform and distinct value of 1, signifying their unsuitability for wind farm
development. The mapping aims to identify and categorize regions where wind energy
projects should be avoided due to the ecological importance and preservation of these
specific areas. This constraint mapping ensures that wind farm site selection considers the
critical need to protect and conserve environmentally sensitive regions. Table 6 provides
details of the data sources used in this paper.

Table 6. Data sources.

Criteria Criteria Category Data Data Sources

Wind speed Climatic Annual wind speed data. 10 m tiff, m/s. Global Wind atlas.

Slope Geomorphological
Extracted from a base data set, Digital
elevation model (DEM) Shuttle Radar

Topography Mission (SRTM).

Regional Center for Mapping Resources for
Development (RCMRD).

Elevation Geomorphological Digital elevation model (DEM). Shuttle
Radar Topography Mission (SRTM).

Regional Center for Mapping Resources for
Development (RCMRD).

Land use Land cover Locational Country-based Land uses land cover data set. African Geoportal, RCMRD Open data site.

Distance from roads Locational Country-level Major roads data set. African Geoportal, RCMRD Open data site,
and East African Community website.

Distance from Power lines Locational Country-level Transmission network data. Energy data Info.org.

3.3. Data Preprocessing

In the data preprocessing phase, several crucial steps were taken to ensure data
uniformity and compatibility. Initially, a careful data projection check was performed to
confirm that all datasets shared the same geographic reference system. Subsequently, data
resolution was standardized, where all datasets were reassembled to achieve a consistent
resolution of 30 × 30 m. Additionally, a uniform projection of WCS WGS 1984 North
or South was applied, aligning with the specific geographic zone of each East African
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country. These preprocessing steps guarantee that all datasets are harmonized by projection,
resolution, and geographic reference, enabling accurate and seamless integration for the
subsequent geospatial analysis.

3.4. Analytical Hierarchy Process (AHP) Method

The Analytic Hierarchy Process (AHP) has gained considerable recognition due to its
precise mathematical foundation and widespread applicability across diverse fields [91,92].
Its capacity to address complex decision-making involving multiple criteria has made it a
valuable tool for researchers from various disciplines [93]. A fundamental feature of the
AHP is its ability to enable users to assign specific weights to criteria, facilitating the pursuit
of optimal solutions [94]. The AHP method follows a hierarchical model, comprising
goals, criteria, sub-criteria, and alternative solutions. Once the problem is structured, the
hierarchy is established. Pairwise comparisons use a preference scale, and criteria from one
level are contrasted with those from the next level [95]. This matrix requires n (n − 1)/2
comparisons when dealing with n criteria [96].

The assessment of the relative importance of each criterion to each other is shown in
Table 7. This is usually performed by experts using a scale from 1 to 5, according to the
fundamental scale for pairwise comparison [97].

Table 7. The assessment of the relative importance of each criterion to each other.

Intensity of Relevance Definition Explanation

1 Equal Importance Indicates that two activities or criteria contribute equally to the decision.

2 Weak Importance of
One Over Another

Suggests a slight preference for one activity over another based on experience
and judgment.

3 Essential or Strong Signifies a strong favoritism toward one activity over another,
reflecting a clear preference.

4 Strong or Extreme Demonstrates that one activity significantly dominates the other in practice,
indicating a strong preference.

5 Absolute Importance Implies that one activity’s superiority over the other is of the highest possible
order of affirmation, based on strong and unequivocal evidence.

Reciprocals If activity i is assigned a value compared to activity j, then activity j has the
reciprocal value compared with activity i.

The weights of the criteria are applicable to the problem-solving process in the AHP
technique based on pairwise comparisons. The pairwise comparison matrix is first nor-
malized before the weights are applied. In the Analytic Hierarchy Process (AHP), the
components of the pairwise comparison matrix involves systematic comparisons between
criteria using a preference scale. The matrix, denoted as A in Equation (1), is formed by
expert judgments based on pairwise comparisons. The parameters a, b, c, x, and y represent
the intensity of relevance between criteria.

A = | 1 a b c x y |
| 1/a 1 d e z w |
| 1/b 1/d 1 f u v |
| 1/c 1/e 1/f 1 t s |
| 1/x 1/z 1/u 1/t 1 r |
| 1/y 1/w 1/v 1/s 1/r 1 |

(1)

This normalization requires the creation of a “normalized pairwise comparison matrix”
before computation. The elements of each matrix column are divided by the sum of the
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columns to generate this matrix. The entire value of the row elements in the final matrix
must be divided by the total number of row elements.

aij =
aij

∑n
k=1 akj

Further normalization is performed by dividing each element in each row by the sum
of its row. However, the notation used in the formula is inconsistent, and it should be:

aij =
aij

∑n
j=1 aij

priority or weight vector results. The weights have a sum of 1 for the entire matrix, ranging
from 0 to 1, indicating the relative importance of criteria in the decision-making process.

ωi =
n

∑
j=1

aij

The variables have the following meanings:
a: Represents the pairwise comparison matrix.
i: Denotes the row index in the matrix.
j: Denotes the column index in the matrix.
k: Represents the index used in summation within the normalization process.
n: Represents the number of criteria or alternatives being compared.
ωi: Denotes the weight vector, representing the relative importance of each criterion. Each
ωi corresponds to the weight assigned to the ith criterion after normalization.
So, in the given context:
aij: Represents the element in the ith row and j-th column of the pairwise comparison matrix a.
∑n

k=1 akj: Denotes the sum of elements in the j-th column of the matrix a.
∑n

j=1 aij: Denotes the sum of elements in the i-th row of the matrix a.

3.5. Pairwise Comparison Matrix

In the Analytic Hierarchy Process (AHP), it is crucial to assess and ensure the con-
sistency of the pairwise comparisons made by decision-makers. Dr. Thomas Saaty, the
developer of AHP, introduced a metric known as the Consistency Ratio (CR) to quantify the
level of consistency within comparisons [97]. The CR determines whether the evaluations
made through pairwise comparisons align well with each other. When the number of
inconsistencies in the comparisons falls below a predetermined threshold (commonly set at
CR = 0.1), the matrix is consistent. If the CR exceeds this threshold, the decision-makers’
judgments need to be evaluated differently. The formula to calculate the CR involves the
Consistency Index (CI), the primary eigenvalue of the comparison matrix (m), and the
Random Index (RI), which is set by the matrix size (n). In the calculation of the Consistency
Ratio (CR) introduced by Thomas Saaty, Equation (1) is utilized. The Consistency Index
(CI) formula is: λ ∗ m − n / (n − 1), where λ is the primary eigenvalue of the comparison
matrix, m is the matrix size, and n is the number of criteria. The Consistency Ratio (CR) is:
CR = CI/RI, where RI is the random index.

Thomas Saaty’s recommendation of an upper limit of 0.10 for the Consistency Ratio (CR)
serves as a crucial guideline in the Analytic Hierarchy Process (AHP) [97]. When the CR of the
judgments is less than 0.10, it signifies that the judgments are reasonably consistent, and the
evaluation process can proceed with confidence. However, if the CR exceeds 0.10, it implies
that the judgments are inconsistent. In such cases, it is essential to enhance the quality of the
decision-making process. The inconsistency in judgments is addressed by scrutinizing and
revisiting the pairwise comparisons made by the decision-makers. This iterative process
helps improve the overall quality and reliability of the decisions generated through AHP,
aligning with the principle of maintaining consistency in the decision-making framework.
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3.6. Criteria Standardization

The criteria in this study were standardized on a scale ranging from 1 to 5 to harmonize
and put all in the same standard. A value of 1 was allocated to the least suitable range of
values, while 5 was assigned the highest range. The suitability levels used in this research
were categorized as follows: a rating of 1 indicated the lowest suitability, 2 denoted low
suitability, 3 signified average suitability, 4 represented high suitability, and 5 indicated the
highest level of suitability. The classification of suitability levels for criteria with continuous
values was determined using the concept of natural breaks.

3.7. Weighted Overlay (Criteria Combination)

The assignment of weights (Xi) to these criteria is a critical step in the research. These
weights are determined based on their relative importance in decision-making [98]. For
instance, wind speed is assigned a higher weight because it is crucial for wind farm
success. These weights reflect the significance of each criterion and are determined using
the Analytic Hierarchy Process (AHP) methods as discussed above, ensuring a systematic
and data-driven approach to assessing site suitability.

The six criteria (C0) are integrated into the research’s GIS platform as raster layers, and
each criterion becomes a distinct thematic layer. These thematic layers contain geospatial
data corresponding to the characteristic criteria. For instance, the wind speed layer includes
data on wind speed values across the study area, while the land use layer categorizes land
into different classes, such as cropland, tree cover, or urban areas.

The weighted overlay method, as outlined above, is then employed to combine these
criteria and create a final suitability map. This method involves multiplying each criterion’s
thematic layer by its respective normalized weight (Wj) for each class within the thematic
layer. This multiplication generates weighted layers for each criterion. The values within
these weighted layers represent the contribution of each class to the overall suitability.
The culmination of this process is the making of a suitability map that reflects the overall
suitability of each location for wind farm installation. The suitability index (SI) is calculated
for every point on the map, integrating all criteria and their respective weights. This
spatially explicit map serves as a valuable decision-making tool, allowing stakeholders to
objectively assess and prioritize potential sites for wind energy projects.

The suitability index (SI) is calculated using Equation (2) [99]:

SI = ∑m
i=1 ∑n

j=1

(
Xi · Wij

)
(2)

where:
SI is the suitability index for wind farm sites.
Xi is the normalized weight of the ith feature (criterion). Xi pertains to the overall

importance assigned to each criterion in the analysis. It is a single weight representing the
significance of the entire criterion, considering all its classes.

Wij is the normalized weight of the jth class of the thematic layer. Wj focuses on the
importance of a specific class within a thematic layer. It provides a finer-grained perspective
by considering the relative significance of different classes within a given criterion.

m represents the total number of themes (criteria).
n is the total number of classes in a theme (thematic layer).
For each criterion i (from 1 to m), and for each class within that criterion j (from 1 to n), the

normalized weight of the i-th criterion (Xi) is multiplied by the normalized weight of the j-th
class within that criterion (Wij). The product of each multiplication (Xi · Wij) is then summed
across all criteria ∑m

i=1 and all classes within each criterion ∑n
j=1 . The final result (SI) represents

the overall suitability index, indicating the combined contribution of all criteria and classes
to assess the suitability of each location for wind farm installation.
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4. Results and Discussion
4.1. Analytical Hierarchy Process (AHP) Method Results

The AHP-based Multiple Criteria Decision-Making (MCDM) process was employed
to establish the optimal weights for eight influencing criteria (C1: wind speed, C2: slope,
C3: elevation, C4: distance from power lines, C5: land use land cover, and C6: distance
from roads), as shown in Table 8. The analysis revealed that C1, related to wind speed,
held the highest priority weight (40%) in the selection of suitable areas for wind farm
construction in the study area. The priority weights for the remaining criteria, C2 through
C6, decreased in importance. Notably, the study’s results indicated a consistency ratio (CR)
of 0.068, which falls below the threshold of 0.10, signifying a high degree of consistency in
the decision-making process.

Table 8. Generated weights and normalized weights.

Criteria SN C1 C2 C3 C4 C5 C6 Weighted Average

C1 1 1 3 5 7 3 9 0.35
C2 2 1/3 1 3 5 3 7 0.19
C3 3 1/5 1/3 1 3 1/3 5 0.08
C4 4 1/7 1/5 1/3 1 1/3 3 0.06
C5 5 1/3 1/3 3 3 1 7 0.22
C6 6 1/9 1/7 1/5 1/3 1/7 1 0.10

4.2. Criteria and Factors Affecting Wind Site Suitability
4.2.1. Case 1: Rwanda

The results (detailed in Figure 3 and Table 9) reveal varying suitability levels for wind
farm development in Rwanda based on several criteria, including land use and land cover
(LULC), wind speed, slope, distance from roads and power lines, and elevation, all presented
in both square kilometers and percentages. The lowest suitability category, comprising 6.77%
(approximately 1718.87 sq km) of the land area, predominantly represents regions with
unfavorable conditions for wind farms. Notably, 60.04% (approximately 15,247.4 sq km) of
Rwanda experiences low wind speeds, while 44.49% (around 11,298.80 sq km) showcases
the highest suitability, primarily in elevated areas. The data further indicates that proximity
to infrastructure, such as roads and power lines, varies across the country, with 15.73%
(approximately 3990.23 sq km) of land having low distances from roads.

Table 9. Details of factor levels for the wind energy suitability in Rwanda.

LULC Wind Speed Slope

Suitability Km sq % Km sq % Km sq %

1 Lowest 1718.873 6.769 5446.76 21.4810 1809.69 7.134

2 Low 15,247.400 60.040 10,146.00 40.0130 3990.23 15.729

3 Average 5339.380 21.030 6469.90 25.5160 5409.00 21.322

4 High 43.695 0.172 2622.66 10.3430 7159.55 28.223

5 Highest 3044.916 11.990 708.86 2.7956 6999.37 27.591

5 Total 25,394.260 100.000 25,356.50 100.0000 25,367.80 100.000
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Table 9. Cont.

Distance from Road Distance from Power Lines Elevation

Suitability Km sq % Km sq % Km sq %

1 Lowest 56.417 0.222 2666.36 10.50 128.59 0.51

2 Low 932.169 3.670 6892.53 27.15 2520.16 9.92

3 Average 1552.118 6.111 6710.46 26.43 4224.49 16.64

4 High 6200.780 24.416 5066.02 19.95 7222.19 28.44

5 Highest 16,655.300 65.580 4053.72 15.97 11,298.80 44.49

6 Total 25,396.785 100.000 25,389.09 100.00 25,394.23 100.00
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power lines, and elevation) for the wind energy suitability in Rwanda.

4.2.2. Case 2: Burundi

In terms of wind speed, Burundi exhibits a challenging landscape with approximately
55.310% of its total land area (about 13,974.590 sq km) experiencing low wind speeds, which
could pose limitations for wind energy generation (details shown in Figure 4 and Table 10).
When it comes to the slope criteria, over 36.000% of the country has relatively steep terrain,
while around 26.500% (approximately 6703.720 sq km) features gentler slopes, potentially
favoring wind farm development. The proximity to existing infrastructure, specifically
roads and power lines, varies significantly, with 2.872% (around 726.389 sq km) of land
having favorable road proximity but less than 1% (approximately 0.995% or 251.625 sq km)
having optimal power line proximity. Moreover, elevation plays a pivotal role, as the highest
suitability level, covering approximately 51.653% of the land (around 13,062.120 sq km),
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is concentrated in elevated areas, offering the potential for strong and consistent winds—
making these regions attractive for wind farm development.
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Table 10. Details of factor levels for the wind energy suitability in Burundi.

LULC Wind Speed Slope

Suitability Km sq % Km sq % Km sq %

1 Lowest 142.477 0.564 330.98 1.31 1274.62 5.048

2 Low 13,974.590 55.310 2883.19 11.40 3243.70 12.846

3 Average 9166.749 36.280 6703.72 26.50 5423.68 21.480

4 High 1.052 0.004 6241.16 24.67 7842.61 31.060

5 Highest 1982.956 7.848 9139.95 36.13 7465.19 29.565

6 Total 25,267.820 100.000 25,299.00 100.00 25,249.80 100.000

Distance from Road Distance from Power lines Elevation

Suitability Km sq % Km sq % Km sq %

1 Lowest 251.625 0.995 5871.50 23.21 1890.06 7.47

2 Low 726.389 2.872 9405.44 37.18 5270.72 20.84

3 Average 2040.808 8.070 6371.88 25.19 9748.32 38.54

4 High 9207.035 36.409 2832.06 11.20 6422.04 25.39

5 Highest 13,062.120 51.653 816.53 3.23 1963.36 7.76

6 Total 25,287.977 100.000 25,297.42 100.00 25,294.49 100.00
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4.2.3. Case 3: Tanzania

As shown in Figure 5 and Table 11, Tanzania presents a landscape characterized by
considerable diversity. Over half of the land (53.310% or approximately 510,861.00 sq km)
experiences low wind speeds, indicating potential limitations for wind energy projects.
However, the remaining regions offer a range of wind speed conditions, creating opportu-
nities for targeted development in areas with more favorable wind resources.
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Figure 5. Overview plot of factor levels (LULC, wind speed, slope, distance from road, distance from
power lines, and elevation) for the wind energy suitability in Tanzania.

When considering the slope criteria, around 43.900% of the land (approximately
420,602.83 sq km) falls within the average suitability level. This signifies that many areas
exhibit moderate slopes, which can facilitate wind farm development. Moreover, it suggests
that the terrain in Tanzania offers a blend of both challenging and promising conditions,
emphasizing the importance of careful site selection.

Proximity to infrastructure is another critical factor. While substantial areas have
favorable distances from roads, the limited coverage of low distances from power lines
(only 7.800% or approximately 37.73 sq km) highlights the need for further investment in
electrical infrastructure to harness the full potential of wind energy resources.

Elevation plays a pivotal role, with approximately 63.841% of the land (around
611,240.00 sq km) falling into the highest suitability category, primarily located in ele-
vated regions. These areas benefit from consistent, strong winds, making them prime
candidates for wind farm development. Leveraging these elevated zones can substantially
contribute to the country’s renewable energy capacity.
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Table 11. Details of factor levels for the wind energy suitability in Tanzania.

LULC Wind speed Slope

Suitability Km sq % Km sq % Km sq %

1 Lowest 61,338.810 6.402 510,861.0 53.31 13,367.7 1.396

2 Low 511,957.100 53.440 174,741.0 18.23 38,234.3 3.993

3 Average 241,133.500 25.170 115,865.0 12.09 72,210.1 7.542

4 High 558.392 0.058 70,834.7 7.39 222,391.0 23.228

5 Highest 143,109.600 14.940 85,990.6 8.97 611,240.0 63.841

6 Total 958,097.400 100.000 958,292.3 100.00 957,443.1 100.000

Distance from Road Distance from Power lines Elevation

Suitability Km sq % Km sq % Km sq %

1 Lowest 45,904.583 4.790 1044.36 30.000 39,078.80 4.08

2 Low 154,939.467 16.168 1150.93 35.000 163,753.95 17.09

3 Average 215,470.961 22.485 896.72 12.500 420,602.83 43.90

4 High 208,732.462 21.782 299.34 11.500 159,657.42 16.66

5 Highest 333,245.194 34.775 37.73 7.800 174,957.86 18.26

6 Total 958,292.667 100.000 3429.08 100.000 958,050.85 100.00

4.2.4. Case 4: Uganda

Notably, the lowest suitability level, covering around 15.56% of Uganda’s total land
area (approximately 37,559.030 sq km), predominantly represents regions with unfavorable
conditions for wind farm development, often attributed to existing land use or land cover
(details shown in Figure 6 and Table 12). Wind speed, a critical factor in wind energy gener-
ation, varies significantly, with approximately 58.97% of the land (about 142,361.900 sq km)
experiencing low wind speeds, presenting a notable limitation for wind farm development.
Conversely, areas with gentler slopes, representing around 13.95% of the land (approxi-
mately 33,745.600 sq km), have a more favorable suitability level for wind energy projects.
While infrastructure support from roads is observed in approximately 5.92% of Uganda
(around 14,295.242 sq km), the percentage of land with low distances from power lines is
relatively low at 0.59% (around 1432.662 sq km), which may impact the cost-effectiveness of
wind energy projects in these areas. Elevation, a crucial factor for wind energy generation,
plays a significant role, with approximately 67.37% of the land (around 162,501.000 sq km)
showing the highest suitability level in elevated areas, likely to have strong, consistent
winds, making them ideal for wind farm development.

Table 12. Details of factor levels for the wind energy suitability in Uganda.

LULC Wind Speed Slope

Suitability Km sq % Km sq % Km sq %

1 Lowest 37,559.030 15.560 39,556.8 16.353 2951.5 1.22

2 Low 142,361.900 58.970 33,745.6 13.951 7286.1 3.02

3 Average 48,270.680 20.000 55,397.4 22.902 15,784.4 6.54

4 High 7.131 0.003 70,444.5 29.123 52,687.4 21.84

5 Highest 13,200.090 5.468 42,742.8 17.671 162,501.0 67.37

6 Total 241,398.900 100.000 241,887.1 100.000 241,210.4 100.00
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Table 12. Cont.

Distance from Road Distance from Power lines Elevation

Suitability Km sq % Km sq % Km sq %

1 Lowest 14,295.242 5.915 60,858.5530 25.048040330 1432.662 0.592029

2 Low 13,096.017 5.418 111,064.7900 45.711821410 8322.060 3.438986

3 Average 32,933.947 13.626 48,233.3590 19.851788430 51,884.730 21.440710

4 High 50,725.438 20.987 21,703.8790 8.932838661 155,784.200 64.375850

5 Highest 130,643.956 54.053 1106.7433 0.455511162 24,568.010 10.152420

6 Total 241,694.601 100.000 242,967.3200 100.000000000 241,991.700 100.000000
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power lines, and elevation) for the wind energy suitability in Uganda.

4.2.5. Case 5: South Sudan

The suitability for wind farm development in South Sudan, considering the criteria,
presents an intricate landscape (Figure 7 and Table 13). When examining wind speed, it is
evident that most of the country (around 53.83% or approximately 348,981.00 sq km) falls
within the highest suitability category. These regions boast strong and consistent winds,
making them prime candidates for wind energy projects. In contrast, approximately 6.59%
of the land (about 42,712.00 sq km) experiences low wind speeds, suggesting that careful
site selection is necessary in some areas.



Sustainability 2024, 16, 1514 20 of 32

Sustainability 2024, 16, x FOR PEER REVIEW 21 of 32 
 

 

 
Figure 7. Overview plot of factor levels (LULC, wind speed, slope, distance from road, distance from 
power lines, and elevation) for the wind energy suitability in South Sudan. 

4.2.6. Case 6: Kenya 
Kenya’s wind energy potential varies significantly across its diverse landscape (Fig-

ure 8 and Table 14). Wind speed plays a critical role, with approximately 63.34% of the 
land (around 374,444.50 sq km) offering the highest suitability for wind farm develop-
ment, indicating regions with robust and consistent winds, ideal for wind energy projects. 
Conversely, about 0.36% (approximately 2136.74 sq km) experiences low wind speeds, 
highlighting the need for more deliberate development efforts and precise site selection. 
Examining the slope criterion reveals a mixed topography; nearly half of Kenya’s land 
area (around 46.11% or approximately 277,561.36 sq km) boasts the highest suitability 
level, characterized by gentle slopes, which is advantageous for cost-effective wind farm 
construction.  

Furthermore, around 3.75% (about 22,571.13 sq km) represents the lowest suitability 
due to steeper terrain, requiring careful planning. Infrastructure proximity is crucial; 
Kenya has an extensive road network covering extensive land, but power line accessibility 
is limited in the northern part of the country, with more than 7866.32 sq km of the land 
having low distances. This underscores the necessity of investing in electrical infrastruc-
ture to fully unlock the wind energy potential in all the country’s parts. Elevation, a vital 
factor in wind energy generation, plays a significant role, with approximately 34.20% 
(around 205,799.90 sq km) of the land falling into the highest suitability category. 

Figure 7. Overview plot of factor levels (LULC, wind speed, slope, distance from road, distance from
power lines, and elevation) for the wind energy suitability in South Sudan.

Table 13. Details of factor levels for the wind energy suitability in South Sudan.

LULC Wind Speed Slope

Suitability Km sq % Km sq % Km sq %

1 Lowest 5168.511 0.801 42,712.0 6.5881 2151.18 0.332

2 Low 307,246.400 47.620 40,181.5 6.1978 4570.22 0.705

3 Average 207,854.500 32.220 77,924.5 12.0190 8907.36 1.374

4 High 247.791 0.038 138,519.0 21.3660 182,096.00 28.084

5 Highest 124,685.800 19.330 348,981.0 53.8290 450,666.00 69.505

6 Total 645,202.900 100.000 648,318.0 100.0000 648,390.76 100.000

Distance from Road Distance from Power lines Elevation

Suitability Km sq % Km sq % Km sq %

1 Lowest 78,657.446 12.134 234,675.1100 36.216638210 2406.579 0.370842

2 Low 140,902.360 21.736 223,091.0900 34.428914120 27,187.310 4.189432

3 Average 151,670.209 23.397 132,272.5900 20.413193510 85,241.090 13.135240

4 High 117,372.617 18.107 55,933.8220 8.632082698 156,192.700 24.068530

5 Highest 159,631.054 24.626 2003.3568 0.309171463 377,922.100 58.235960

6 Total 648,233.686 100.000 647,975.9700 100.000000000 648,949.700 100.000000

The slope criterion reveals a varied topography, with a significant portion of the country
(around 34.43% or approximately 223,091.09 sq km) showcasing a low suitability level, which
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is primarily characterized by gentle slopes. This provides favorable conditions for wind farm
development, as they facilitate easier construction and maintenance of wind turbines.

Proximity to infrastructure is a noteworthy factor. While South Sudan has extensive
land coverage with low distances from roads, the accessibility to power lines is limited,
with only around 0.31% (approximately 2003.36 sq km) of the land having low distances.
This underscores the potential need for investment in power infrastructure to fully harness
wind energy resources.

Elevation, with approximately 58.24% of the land (around 377,922.10 sq km), falls into
the highest suitability category, mainly in elevated regions. These areas offer ideal condi-
tions for wind farm development due to their high elevation, which promotes consistent
and strong winds.

4.2.6. Case 6: Kenya

Kenya’s wind energy potential varies significantly across its diverse landscape (Figure 8 and
Table 14). Wind speed plays a critical role, with approximately 63.34% of the land (around
374,444.50 sq km) offering the highest suitability for wind farm development, indicating
regions with robust and consistent winds, ideal for wind energy projects. Conversely, about
0.36% (approximately 2136.74 sq km) experiences low wind speeds, highlighting the need
for more deliberate development efforts and precise site selection. Examining the slope
criterion reveals a mixed topography; nearly half of Kenya’s land area (around 46.11% or
approximately 277,561.36 sq km) boasts the highest suitability level, characterized by gentle
slopes, which is advantageous for cost-effective wind farm construction.
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Table 14. Details of factor levels for the wind energy suitability in Kenya.

LULC Wind Speed Slope

Suitability Km sq % Km sq % Km sq %

1 Lowest 2136.74 0.36 293,588.0 48.8110 2136.74 0.36

2 Low 12,316.91 2.08 43,910.7 7.3005 12,316.90 2.08

3 Average 33,733.83 5.71 71,766.5 11.9320 33,733.80 5.71

4 High 168,580.60 28.51 118,509.0 19.7030 168,581.00 28.51

5 Highest 374,444.50 63.34 73,701.3 12.2530 374,445.00 63.34

5 Total 591,212.60 100.00 601,475.5 100.0000 591,213.44 100.00

Distance from Road Distance from Power lines Elevation

Suitability Km sq % Km sq % Km sq %

1 Lowest 9710.06 1.64 150,077.2700 24.931738100 22,571.13 3.750379

2 Low 76,706.88 12.97 277,561.3600 46.110159900 72,981.68 12.126510

3 Average 127,153.05 21.51 133,844.0400 22.234975790 96,737.28 16.073690

4 High 130,765.50 22.12 32,603.7160 5.416325146 203,746.00 33.854080

5 Highest 246,914.68 41.76 7866.3244 1.306801064 205,799.90 34.195350

6 Total 591,250.16 100.00 601,952.7100 100.000000000 601,835.99 100.000000

Furthermore, around 3.75% (about 22,571.13 sq km) represents the lowest suitability
due to steeper terrain, requiring careful planning. Infrastructure proximity is crucial; Kenya
has an extensive road network covering extensive land, but power line accessibility is
limited in the northern part of the country, with more than 7866.32 sq km of the land having
low distances. This underscores the necessity of investing in electrical infrastructure to
fully unlock the wind energy potential in all the country’s parts. Elevation, a vital factor
in wind energy generation, plays a significant role, with approximately 34.20% (around
205,799.90 sq km) of the land falling into the highest suitability category.

4.3. Suitability Level Maps

The suitability level maps for every studied country in this paper are represented in
Figure 9 and Table 15. Figure 10 represents the suitability map for the global region covered
in this paper.

Table 15. Wind energy suitability levels for Burundi, Rwanda, South Sudan, Tanzania, Uganda,
and Kenya.

Wind Site Siting Suitability Level

Suitable Level
Burundi Rwanda South Sudan

Sq. Km % Sq. Km % Sq. Km %

Un Suitable 1219.47 4.87 2568.27 10.21 173,262.97 27.15

Marginal Suitable 5149.87 20.56 6777.78 26.95 157,358.42 24.65

Moderate Suitability 10,316.02 41.19 8963.95 35.64 178,983.70 28.04

Suitable 6653.53 26.57 5180.78 20.60 99,000.84 15.51

Highly Suitable 1803.74 6.80 1659.18 6.60 29,661.91 4.65

Total 25,267.82 100.00 25,149.96 100.00 638,267.84 100.00
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Table 15. Cont.

Wind Site Siting Suitability Level

Suitable Level
Tanzania Uganda Kenya

Sq. Km % Sq. Km % Sq. Km %

Un Suitable 99,333.65 10.44 12,451.71 5.19 9289.589 1.548

Marginal Suitable 276,358.67 29.05 81,231.46 33.87 74,175.76 12.36

Moderate Suitability 324,220.05 34.08 108,581.08 45.27 236,621.8 39.44

Suitable 193,975.45 20.39 33,471.06 13.96 188,316 31.39

Highly Suitable 57,521.06 6.05 4098.86 1.71 91,524.87 15.26

Total 951,408.88 100.00 239,834.18 100.00 599,928.04 100.00
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4.3.1. Burundi

Burundi exhibits a relatively balanced distribution across suitability levels, with Mod-
erate Suitability being the most dominant, covering 41.19% (approximately 10,316.02 sq km)
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of the land. This is followed by Marginal Suitable (20.56%), Suitable (26.57%), Highly Suit-
able (6.80%), and Unsuitable (4.87%). As indicated on the map, the eastern part of the
country prominently features highly suitable areas, offering prime conditions for wind
energy projects. Additionally, the northern region showcases a significant number of highly
suitable areas alongside a considerable proportion of suitable areas, collectively providing
an excellent foundation for wind farm development. The rest of the country predominantly
falls within the moderate suitability category, suggesting that strategic planning and site
selection are vital to optimize wind energy potential. However, the western part of Burundi
represents unsuitable areas, which may pose challenges for wind farm development, unless
approached with meticulous planning and significant government investment.

4.3.2. Rwanda

In Rwanda, the distribution of wind farm suitability levels closely mirrors that of
Burundi, emphasizing the similarity in wind energy potential between these neighbor-
ing countries. Moderate Suitability takes up the largest share at 41.19% (approximately
10,316.02 sq km), followed by Marginally Suitable (20.56%), Suitable (26.57%), Highly Suit-
able (6.80%), and Unsuitable (4.87%).

Rwanda’s eastern province stands out as a region with substantial opportunities for
wind farm development. This area features highly suitable locations, benefiting from
optimal wind speed and low slopes, making it particularly favorable for wind energy
projects. Additionally, in the western part of the country, especially along the Congo Nile
crest and in the Rusizi district, there are significant wind energy prospects, although some
regions may present challenges due to moderate wind speed, high elevation, and slope.

In the northern province, the wind energy potential is lower, primarily due to moderate
wind speed and challenging topography. However, it is worth noting that there are smaller
areas with a high suitability level, indicating that careful consideration of site selection can
unlock wind farm development opportunities.

4.3.3. South Sudan

South Sudan’s suitability for wind farm development presents a unique pattern com-
pared to other countries. Moderate Suitability covers a significant portion of the land at
28.04% (approximately 178,983.70 sq km), indicating the presence of regions with favor-
able wind energy potential. However, both Marginal Suitable and Unsuitable categories
also encompass substantial areas, suggesting the need for more in-depth assessments and
meticulous planning to effectively harness the wind energy potential across the country.

The topography of South Sudan is favorable in determining suitability levels. The
only highly suitable areas are predominantly concentrated in the northeastern part of the
country, with a smaller region in the southeast. These areas benefit from the combination of
optimal wind speed and low slope, making them attractive for wind farm development. In
contrast, substantial portions of the southern and western parts of the country fall within
the Unsuitable category, which may pose significant challenges for wind energy projects.
The central regions represent a mix of moderate and marginal suitability, indicating the
potential for wind development with careful site selection and planning.

In fact, areas with low suitability levels may require more extensive analysis or considera-
tion for alternative energy sources, as they may not be suitable for wind energy development.

4.3.4. Uganda

Uganda’s suitability levels for wind farm development demonstrate a distribution that
leans towards Moderate Suitability, covering a substantial portion at 45.27% (approximately
108,581.08 sq km). In addition to this, there are areas falling within the Marginally Suitable,
Suitable, and Unsuitable categories, with a smaller proportion of Highly Suitable terrain.
This diverse distribution highlights the need for well-planned wind energy projects to
optimize resource utilization effectively.



Sustainability 2024, 16, 1514 26 of 32

As clearly visible on the map, Uganda’s wind energy potential is primarily concen-
trated in the far eastern parts of the country, where highly suitable areas offer promising
conditions for wind farm development, marked by optimal wind speed and slope. The
majority of the nation, however, falls within moderately suitable category, presenting a sub-
stantial opportunity for wind energy development when accompanied by careful planning
and site selection.

The regional distribution underscores Uganda’s potential in the wind energy sector,
particularly in the moderately suitable areas, and emphasizes the importance of strategic
decision-making to fully harness the country’s renewable energy resources. With meticu-
lous planning, Uganda can capitalize on its wind energy potential to contribute to energy
sustainability and economic growth.

4.3.5. Tanzania

Tanzania’s suitability distribution for wind farm development showcases a significant
proportion of Moderate Suitability, covering approximately 34.08% (about 324,220.05 sq km)
of the land. The Marginally Suitable category also encompasses a substantial area, while
Suitable, Highly Suitable, and Unsuitable levels present diverse opportunities for wind
energy projects. This varied landscape underscores the potential for strategic site selection
to maximize the utilization of Tanzania’s wind resources effectively.

As revealed on the map, Tanzania boasts a wealth of wind resources, primarily con-
centrated in the central part of the country, featuring highly suitable areas with optimal
wind speed and slope conditions. Additionally, Tanzania presents considerable opportu-
nities for wind development in other regions, particularly in the southeast and along the
Atlantic Ocean. While the western and southern parts of the country may initially appear
unsuitable for wind energy, careful consideration can identify pockets of highly suitable
areas, highlighting the importance of detailed site assessments.

This regional assessment underscores Tanzania’s extensive wind energy potential
and the significance of meticulous planning and strategic decision-making to harness
these resources efficiently. With the right approach, Tanzania can leverage its wind energy
capacity to promote sustainability and economic development.

4.3.6. Kenya

Kenya’s suitability levels for wind farm development notably feature mostly Moderate
Suitability, covering approximately 39.44% (around 236,621.84 sq km) of the country’s land.
This significant portion emphasizes the substantial potential for wind farm development. The
Marginally Suitable and Suitable categories also offer considerable opportunities for harnessing
wind energy resources, while the Unsuitable and Highly Suitable levels represent smaller
proportions. Kenya’s diverse suitability levels underline its remarkable wind energy potential
and the paramount importance of strategic planning for sustainable development.

Kenya indeed stands out among the countries in the study, offering extensive areas
for wind farm development. Particularly remarkable is the large highly suitable area in
the northern part of the country, notably around Lake Turkana, which presents exceptional
conditions for wind energy projects. The entire eastern region of Kenya is characterized by
very suitable areas for wind energy development, encompassing significant portions falling
within the Moderate, Suitable, and Highly Suitable categories. Furthermore, some areas in the
far south, along the border with Tanzania, also offer favorable conditions. The only region that
predominantly showcases unsuitable areas is the western part, although this is not significant
in comparison to the extensive wind resource-rich areas found elsewhere in the country.

5. Conclusions

The assessment of wind farm suitability across the East African countries of Burundi,
Rwanda, South Sudan, Uganda, Tanzania, and Kenya reveals a diverse landscape of wind
energy potential. The results reveal that Kenya has huge parts of its areas highly suitable
for wind energy siting, with 15.26% and 1.55% of its land classified as highly suitable and
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unsuitable, respectively. The rate of suitability and unsuitability were 26.57% and 4.87% for
Burundi; 20.6% and 10.21% for Rwanda; 20.39% and 10.44% for Tanzania; and 4.65% and
27.15% for South Sudan. The findings also show that, on average, East Africa exhibits a
moderate level of wind suitability, with an estimated average of around 37.27% of its land
area moderately suitable for wind energy technology installation, covering thousands of
square kilometers. The findings in this paper can serve as a helpful tool for both academia
and industry-related personnel engaged in renewable energy-related activities for the
East African Countries. The outputs of this research will familiarize the audience with
the features and attributes that can be used to locate a new site for the development of
high-efficiency wind farm projects in East Africa.

While each nation exhibits its unique pattern, certain common themes emerge. Mod-
erate Suitability dominates the suitability levels in most of these countries, signifying
significant potential for wind farm development. Marginal Suitable, Suitable, and Highly
Suitable categories offer further opportunities, albeit with variations in their proportions.
Unsuitable areas are present but tend to be less extensive, with the exception of South
Sudan, which displays a more challenging landscape for wind energy.

In Burundi and Rwanda, the distribution of suitability levels aligns closely, empha-
sizing comparable wind energy potential in these neighboring countries. The eastern and
northern regions of these nations exhibit highly suitable and suitable areas, forming strong
foundations for wind farm development. The rest of the countries predominantly fall into
the moderate suitability category, underlining the importance of strategic planning and
precise site selection.

South Sudan, on the other hand, stands out with a distinct pattern. Moderate Suit-
ability encompasses a significant portion of the land, primarily in the northeastern and
southeastern parts, showcasing the unique influence of topography on suitability lev-
els. The western and southern regions pose challenges for wind energy development,
underscoring the need for meticulous planning and government investment.

Uganda’s landscape offers substantial opportunities, with highly suitable areas con-
centrated in the far eastern regions. Most of the nation falls within the moderate suitability
category, highlighting the potential for wind farm development with careful planning.
Tanzania boasts a rich wind energy resource, primarily concentrated in the central part of
the country. The distribution spans highly suitable areas in the central and southeastern re-
gions, as well as pockets of high suitability in the western and southern parts, emphasizing
the importance of detailed site assessments. Kenya emerges as a standout in the region,
with an extensive area of highly suitable land in the northern part, especially around Lake
Turkana. The eastern region also offers vast opportunities for wind energy development.
Although the western part showcases some unsuitable areas, the overall landscape is rich
in wind potential.

The observed differences in the suitability of the area along the border line between
Uganda, Kenya, and Tanzania, as depicted in Figure 10, can be attributed to key fac-
tors, specifically wind speed variations and power line limitations. These factors play a
significant role in determining the suitability of a location for wind energy projects.

Firstly, the variation in wind speed is a crucial aspect, given its substantial weight of
approximately 38% in the criteria weighting. In Kenya, the northern part exhibits higher
wind speeds, ranging from 7.55 to 26.2 m per second (m/s). Similarly, Tanzania experiences
elevated wind speeds, ranging from 5 to 22.7 m/s in the central East and south. In contrast,
Uganda predominantly features high wind speeds in the East, ranging from 4 to 13 m/s.
This disparity in wind speed distribution contributes to the differences in the identified
suitable areas along the border line.

Secondly, the availability and distribution of power lines also play a role in shaping
the suitability map. In Kenya, the limited coverage of power lines in the Northwest reduces
the chances of identifying highly suitable areas in that region. This limitation contrasts
with Uganda, where the presence of power lines in other areas influences the identification
of suitable locations.
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Therefore, the combination of these factors results in the observed pattern, where
Uganda has a highly suitable area along its Northeastern border with Kenya and Tanzania,
while Kenya and Tanzania exhibit suitability in other areas.

In East Africa, the potential for wind farm development is evident, with variations
in suitability levels across the different countries. The similarities and differences in
the distribution of suitability underscore the importance of tailored planning and site
selection to harness this renewable energy source effectively. With strategic decision-
making, these nations can unlock their wind energy potential, contributing to sustainable
energy production and economic growth in the region.
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