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Abstract: This article presents the suitability analysis of onshore wind farm sites using an AHP
(Hierarchical Analysis Process) multi-criteria decision-making (MCDM) approach based on
geographic information system modeling (GIS). This analysis is based on different technical aspects
(wind speed, elevation, slope), economic (proximity to the electricity network, proximity to roads)
and social (proximity to residential areas, population density). The introduction of the factor
“population density” and the constraint “required area” rarely used in previous studies makes it
possible to refine the results. The data is classified into several categories in a gradual manner,
namely unsuitable (0); less suitable (1); suitable (2); highly suitable (3) and most suitable (4). The
results of the study show us that the largest percentage relating to spatial coverage is observed in
the “suitable” range with 50.89% and the corresponding TWPP (theoretical wind power potential)
is 1377.926 GW; it is followed by “highly suitable” 5.67% and a TWPP of 153.652 GW; then “less
suitable” with 1.04% and a TWPP of 28.163GW. No areas were identified in “most suitable” and
finally the “unsuitable” range with 42.4%. The results show that the most favorable areas are located
in the part of the far north of the country corresponding to the strong wind zone. The sensitivity
analysis was carried out based on scenario tests (technical, economic and equal-weight) in order to
give greater visibility of choice to the different stakeholders who would like to invest in onshore
wind energy in Cameroon. This study is useful in more than one way because the results obtained
can help investors, the government and other stakeholders to identify potential areas for the
deployment of wind energy systems in Cameroon. Furthermore, a study of hybrid solar-wind
systems could improve the efficiency of electricity parks in Cameroon.

Keywords: wind power; wind farm; MCDM-AHP; GIS; sensitivity analysis; cameroon

1. Introduction

Cameroon, like most developing countries in sub-Saharan Africa, faces the challenge of
generating more electricity to meet existing and future demand in a sustainable way. Despite the
country's enormous renewable energy potential, its electricity sector remains underdeveloped and
faces major financial difficulties, which have been compounded by the consequences of the COVID-
19 pandemic and the war in Ukraine [1]. Nationwide access to electricity in Cameroon will be around
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65.4% in 2021, very high in urban areas (around 94.5%), in contrast to rural areas with around 24.8%
[2]. Although electricity production in Cameroon is essentially hydroelectric (around 76.1%), peak
load management and the electrification of isolated areas require the use of thermal power plants
that run on fossil fuels, namely oil and gas (around 23.9%) [2]. Apart from the ever-increasing cost of
these fossil fuels, their use emits greenhouse gases that are responsible for climate change. The war
in Ukraine triggered a global energy crisis that led to soaring gas and electricity prices. In emerging
and developing countries, the poorest households consume around nine times less energy than the
richest, but spend a much higher proportion of their income on energy. According to the International
Energy Agency (IEA), global demand for electricity is set to increase by 25 to 30% between now and
2030. Renewable energies, driven by solar photovoltaic and wind power, will play a crucial role in
this energy transition [3]. This war is a major challenge for the energy sector, as it could lead to far-
reaching, long-term policy changes aimed at accelerating the transition to renewable energies, which
are more sustainable and secure energy systems. Investment in fossil fuels will inevitably decline,
while investment in renewable energies will increase considerably [4]. This will lead to a reduction
in the CO2 emissions that are causing climate change.

According to the spatial map obtained from Global Wind, wind speeds in Cameroon vary from
0.4 m/s to 11 m/s [5]. Given that wind turbines need a minimum wind speed of 3 m/s to start
producing electricity, and reach their rated power at a speed of 12 to 13 m/s [6,7], we can conclude
that there is considerable potential for the installation of wind farms in Cameroon. The harmful
impact of fossil fuel use on the environment and the soaring prices of these energies in recent years
have led to the strategic planning and development of renewable energy production systems such as
wind power [8]. One of the main challenges to the development of wind energy in Cameroon is the
lack of scientific data that would contribute to policy formulation and decision-making for the
development of increased use of wind energy. The information contained in these data could be
essential in the decision-making of decision-makers, public authorities, engineers and investors, so
that they can make an optimal choice of site [9].

This judicious choice of site will ensure optimal investment and return on investment for wind
farm developers. The development of wind farm projects requires appropriate technical, economic
and socio-environmental planning and assessment. However, previous research on wind in
Cameroon has focused mainly on the comparison of numerical methods for estimating Weibull
parameters for the installation of a wind farm in Cameroon [10-12], the assessment of the potential
of wind energy for the cogeneration of electricity and hydrogen in the Far North of Cameroon [13],
technical-economic analysis based on meta-heuristic techniques for the optimal sizing of a stand-
alone photovoltaic/wind hybrid system based on hydrogen batteries for rural electrification in
Cameroon [14], study of the design and sensitivity analysis of biomass-based distributed hybrid
renewable energy systems for rural electrification with a case study of different
photovoltaic/wind/battery integrated options in Babadam, northern Cameroon [15], the design of a
checkerboard sizing and layout optimization model for a small onshore wind farm with an estimated
capacity of 500 kW in Kribi, Cameroon [16]. To our knowledge, only one study has analyzed the
suitability of wind farm sites in Cameroon using a Boolean decision-making approach coupled with
GIS (geographic information systems) using various climatic, geographic, economic and
environmental criteria such as wind resource, slope, road accessibility, proximity to the power grid
and optimal distance to airports. The results of this study showed that the most suitable sites were
located mainly in the North, Far North, North-West, South-West, West, Littoral and very few in the
South [17]. This Boolean method coupled with GIS, although providing results, remains incomplete
as it is based on a binary approach (true or false). The use of an MDCM-AHP (Analytical Hierarchy
Process) method combined with GIS, allowing the calculation of different criteria weights, will enable
an optimal and more robust analysis of the problem.

In the literature, several studies have used the MDCM-GIS model applied to different criteria
and factors to identify areas suitable for the siting of large-scale wind farms. For example, Ref [7]
used AHP-GIS modeling with eight (8) criteria (Distance from airports, Distance from transmission
lines and power grid, Distance from Urban/ Major cities, Wind speed, Slope, Lightning Strike flash
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rate, Distance from major roads and railways, Elevation) to identify suitable sites for wind farms in
Bangladesh. In the Kuwaiti desert, Ref [21] applied an AHP-GIS model with five (5) criteria (Wind
Speed, Proximity to transmission lines, Distance to urban areas, Proximity to main road and Distance
to farms) to identify suitable sites for wind farms. The studies of Ref. [22], proposed a FAHP-GIS (GIS
coupled to Fuzzy-AHP) model with nine (9) criteria (Distance from airports, Distance from protected
and conservation areas, Distance from urban areas, Distance from rural settlements , Distance from
coastlines, Wind speed, Slope, Distance from transmission lines, Distance from main roads) for the
suitability analysis of wind farms in the Southern Philippines. In order to identify suitable sites for
wind farms in Syria, Ref. [23] applied an AHP-GIS model to five (5) criteria (Wind energy potential,
Land use, Slope, Proximity to power lines, Proximity to main roads). Ref [24] applied an innovative
approach combining AHP-GIS-based linear regression modeling with five (5) criteria (Wind power
density, Distance from roads and network, Distance from power lines, Land slope, Distance from
urban and protected areas) to identify suitable sites for wind farms in Varzeghan city in East
Azarbaijan province. Also in the case of Sudan, Ref [25] applied a high-resolution GIS model coupled
with Fuzzy-AHP to the same criteria as Ref [7] for wind farm suitability analysis. These different
approaches reviewed above have been proposed and applied in several other studies in the same
directions [26-36]. Ref [37] combined a GIS-based model and Type-2 FAHP with six (6) criteria
(Proximity to roads, Proximity to gridlines, Proximity to towns, Wind speed, Slope and Elevation)
for the spatial selection of wind farm sites in Nigeria. The results show that the best wind farm
development sites are mainly located in the northern part of Nigeria. Ref [38] in assessing the
suitability of wind and solar farms over a large area of southern England using a GIS-assisted multi-
criteria assessment, found that suitability for wind power is generally low with only 0.5 km?
representing the most suitable category. The authors of Ref [39] using the Boolean method of GIS
software to identify ideal locations for the construction of wind power plants in the Middle East,
concluded that the results found could be useful in creating sustainable energy development
prospects for natural resource-based systems and in facilitating national policies for energy transport
and environmental sustainability.

Table 1 provides a summary of studies using combined GIS and decision making for wind farm
site selection, and Table 2 shows the decision criteria considered in previous studies of wind power
plants. It can be seen that the most frequently used criteria are Wind speed, Proximity from roads,
Proximity from gridlines, Proximity from residential areas, Slope. However, the criteria of population
density and required site size are not used by most of these studies, yet they are essential for the
identification of large-scale grid-connected onshore wind farms. All this makes the GIS a practical
tool for multi-criteria analysis of site selection problems.

Table 1. Studies using combined GIS and decision making for wind site selection.

Wind-Solar-
Authors Year power Criteria  Case study Methods
technologies
Multi-criteria
Wind and
1 Janke [50] 2010 et 8 USA GIS
Solar )
modelling
2 Jun et al. [51] 2014 WVindand 13 China ELECTRE-II
Solar
3 Watson and Hudson [52] 2015 Wl;i;“d 7 UK GIS and AHP
4  Mehdi Jahangiri et al. [39] 2016 Wlsn(jjrnd / Middle-East using GIS and Boolean
5 Jayant Jangid et al. [19] 2016 Wind 5 India GIS and MCDM
Mohammad Abed et al. Solar and
201 Afghani I D
6 (53] 016 Wind 9 ghanistan  GIS and MCDM
7 M.A. Baseer et al. [45] 2017 Wind 7 Saudi Arabia GIS and AHP
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Geovanna Villacreses et

8 2017 Wind 9 Ecuador GIS and MCDM
al. [32]
. . GIS and Fuzzy
9 T.R. Ayodele et al. [46] 2018 Wind 6 Nigeria and AFIP
jo SaecidMohammadzadeh oy 16 Iran GIS and MCDM
et al. [47]
11  Kenji Shiraishi et al. [48] 2019 Wlsniaar“d / Bangladesh  GIS and MCDM
12 Shahid Alietal. [26] 2019 W‘;j:‘rnd 12 Thailand GIS and AHP
13 Hasan Pasalari et al.[49] 2019 Wlsn(jaarnd 15  Shirazcity, Iran  GIS-FAHP
14 AhmetKocetal [31] 2019 indand g lsdirProvinee/ oo 4 AHP
Solar Turkey Ahmet
15 PSiamak Moradi et al. 2020 Wind 6 Alborz Province, GIS and AHP
[30] Iran
Eastern
Ioannou Konstantinos et Macedonia and AHP and
1 202 i
6 al. [29] 020 Wind > Thrace region, TOPSIS
Greece Ioannou
I. Othman and M. . .
17 Hushari . [23] 2020 Wind 5 Syria GIS and AHP
20  S.XK.Saraswatetal. [44] 2021 ng;nd 13 India GIS and AHP
21 Fotsing Isabelle et al. [17] 2021 Wind 11 Cameroon GIS-Booléan
22 HasanEroglu. [27] 2021 Wind gy Gimiishanein o0 popp
Turkey
23 Victor Oliveroetal. [28] 2021 vindand Santa Marta, GIS-AHP
Solar Colombia
. . Herat,
24 Suhrabuddin et al.[6] 2021 Wind 5 . GIS-FAHP
Afghanistan
25 Md Rabiuletal. [7] 2022 Wind 8 Bangladesh GIS-AHP
26 AmrS. Zalhaf etal. [25] 2022 Wind 8 Sudan GIS-FAHP
Obaid S.A and Faisal Wind and
7 .. )
2 Anzah [21] 2023 Solar 5 Kuwaiti desert GIS-AHP
28 Rovick Tarifeetal. [22] 2023 Vnd/Solar g Southern GIS-FAHP
and Hydro Philippines
GIS-AHP and
29 Meysam Asadietal. [24] 2023 ind and 5  BastAzarbaijan Linear
Solar province Regression
Model
Table 2. Decision criteria considered in the previous studies wind plants.
Criteria [54] [40] [45] [44] [55] [46] [33] [56] [57] [17] [24] [22] [21] [25] [7] [6] [29] [30] [23] [31]
Wind
ressources X X X X X X X X X X X X X X X X X X
(wind speed)
S]ope x x x x x x x x x x x  x x x x
Aspect x x x x
Elevation x x x x x  x x
Distance from

Coastline
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Distance from
waterbodies

Distance from
airports

Distance from
wildlife

land-use x x x x x x x x x x x x

Distance from
residential x x x x x x x x x x x x x x x x
area

Distance from
roads
Distance from

transmission X X X X X X X X X X X X X X X X X X X X

lines

Distance from
power plants
Distance from

telecommunic x %
ations

Distance from
tourist x
facilities

Population
density
Farm required
area

Birds area x x

The main aim of this article is to use a decision-making tool coupled with a geographic
information system (MDCM-AHP-GIS) to select suitable sites for the installation of large-scale wind
farms connected to the Cameroon grid. GIS offers a wide range of capabilities for processing,
managing and analyzing geographic data, enabling the inclusion of various environmental,
economic, social and technical criteria and constraints. In the literature, no study combining multi-
criteria analysis and GIS for the identification of suitable sites for onshore wind farms in Cameroon
has been carried out to date. The present paper also takes into account various suggestions made by
regional experts, stakeholders, experts from different environmental associations, energy
practitioners and planning authorities, thus increasing the acceptability and viability of its results.
The introduction of a new criterion, population density, helps to refine the results and optimize site
selection. Also, the constraint of excluding sites smaller than 4km? allows us to optimize site selection
to meet the standards of a large-scale onshore wind farm. The proposed methodology is designed to
be comprehensive, simple and easy to use, while providing detailed and accurate visual results.
Following the introduction considered as section 1 of the manuscript, section 2 describes the materials
and the research methodology adopted. Section 3 discusses the various results, section 4 discusses
the benefits, opportunities and limitations of the research study and finally, section 5 concludes this
work and suggests directions for future work.

2. Materials and methodology

An AHP multi-criteria decision analysis method coupled with GIS was adopted for this study,
as it provides an optimal solution to the problem of selecting a suitable wind farm site. The most
important factors influencing the appropriate wind farm location are identified through a literature
review. The corresponding weights for each criterion were calculated using the AHP method, taking
into account their relative importance assigned on the basis of the matrix completed by the experts.
The data used for this study were collected at different scales and raster resolutions; they were all
resampled to the exact raster resolution (1km x 1km). Vector data were converted to raster format in
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order to homogenize all study parameters. The constraints and factors used are presented in Tables
4 and 5.

2.1. Study area

Cameroon is a Central African country located at the bottom of the Gulf of Guinea, between 2nd
and 13th degrees North latitude and 9th and 16th degrees East longitude (Figure 1). The country
covers an area of 475,650 km?. It is triangular in shape, stretching almost 1,200 km south to Lake Chad,
while its base extends 800 km from west to east (Figure 1). In the south-west, it has a maritime border
of 420 km along the Atlantic Ocean. It is bordered to the west by Nigeria, to the south by Congo,
Gabon and Equatorial Guinea, to the east by the Central African Republic, and to the northeast by
Chad [58]. Indeed, several types of natural region contribute to the country's geographical diversity.
The forested South (Centre, East, Littoral, South and South-West provinces) is located in the maritime
and equatorial zones. This zone is characterized by dense vegetation, a vast hydrographic network
and a hot, humid climate with abundant rainfall. The western highlands (West and North-West
provinces), with an average altitude of over 1,100 m, form a region rich in volcanic soils suitable for
agriculture (coffee, market gardening, etc.). The Sudano-Sahelian North (Adamaoua, North and Far
North provinces) is a region of savannahs and steppes. Apart from the Adamaoua plateau, where the
climate is more temperate, the rest of the region is characterized by a hot, dry tropical climate, with
increasingly limited rainfall the closer one gets to Lake Chad [58]. Linguistically, the population is
bilingual (English and French are the official languages), with a French-speaking majority (80%) and
an English-speaking minority (20%). Cameroon's population is estimated at over 25 million in 2019.

Lake Chad

Power stations [ Administrative limits

@ Hydroelectric power stations
@ Thermal power plants
B Powerin MW
Electrical network (voltage in kV)
—30
— 90
e, 110,
— 225

Proposed line
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0
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. 1.07
Wl .42
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[1 wetland

Atlantic
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Figure 1. Map of Cameroon's energy infrastructure.

According to the literature [10-17], there are significant reservoirs of wind generation in the
areas of Kaelé and Kousseri in the Far North, the Bamboutos Mountains in the West region and
certain localities in the Adamaoua region, Centre and Douala, Limbe, Kribi in the Littoral. In response
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to the ever-increasing demand for electricity, and the insufficient quantity and quality of electricity
for the people of Cameroon, several investment projects for the construction of wind power plants
are currently under study in Cameroon. These include wind farms on the Bamboutos Mountains, in
the West, North-West and South-West regions, with a capacity of 42 MW, expandable to 80 MW.

2.2. Data sources

The data required for this study was collected and evaluated prior to analysis in a GIS
environment. The portals of various governmental and international organizations were consulted
to obtain the latest available data. Data on wind speed at 100m height, altitude and slope were
collected from the Global Wind Atlas site at a spatial resolution of 1km? [60]. Population density data
are obtained from WorldPop with a resolution of 1*1ha [77]. Airport location data are obtained from
the Cameroon ADC airport site [62]. Land use and land cover data are obtained from OpenStreetMap
[63]. Data on administrative boundaries are obtained from GADM [64]. Data on power lines are
obtained from the World Bank website [65]. The description of the data used in this study is listed in
Table 3, together with the type of format used, the resolution and their various sources, accompanied
by Figure 2.

Table 3. List of data layers, their types and sources.

Data layer Types (format) Resolution Geometry Sources

Administrative limits of

Cameroon (regions, Vecto.r polygon GADM, 2022 [64]
N (shapefile)
departments, districts) Map
Wind speed m/s at 100m Raster (1*1km?) Global Eg(;?d Atlas
‘ lati P
Map of population density in Raster (1*1ha) Wordpop, 2010 [61]
Cameroon
Map of Cameroon Power lines Vecto'r - Point World Bank [65]
(shapefile)
Hydrological map of Cameroon
(st1jeams, T1av1gable waters, Vecto'r Line, OSM, 2022 [63]
rivers, rivers, wetlands, (shapefile)
X polygon
reservoirs...).
Map of land use in Cameroon Vector
Map (shapefile) polygon OSM, 2022 [63]
Map of the road network
. . Vector
(inter_state, primary, secondary . - . OSM, 2022 [63]
. (shapefile) lines
roads...) in Cameroon.
Map of elevation and slope in Raster (1*1km2) Global Wind Atlas
Cameroon [71]
Map of Cameroon airport ;fri;o;t((fsez; Point ADC (Cameroon
P p airport), 2022 [62]

Geometry
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Constraint Layer Wind

Figure 2. Constraint layer.

2.3. Analysis of wind resource siting criteria

The choice of the various selection criteria for this study was finalized after an in-depth review
of the literature, and complies with national, environmental and international guidelines. These
criteria were also validated by 10 experts whose profiles are listed in Table 10 in the Appendix. This
was done in order to minimize any conflicts of interest or personal biases [66]. Eight of the selected
experts are based in Cameroon and two in Belgium, and are university professors, professional
engineers and researchers with sound knowledge of wind energy applications. The experts based in
Cameroon have a good knowledge of the soil conditions in the study area.

Although wind speed (m/s) is an essential parameter to consider when choosing a large-scale
wind farm connected to the electricity grid, technical-economic and socio-environmental factors are
also important when choosing a wind farm [22,24]. In addition to optimal electricity production over
their life cycle, wind farms should be placed in locations that would reduce installation and operating
costs, as well as socio-environmental impacts such as electromagnetic radiation interference, noise,
flickering shadows and vibrations [30]. In this study, seven factors were identified as effective in
selecting suitable sites for grid-connected wind farms. These were obtained from scientific research
carried out by researchers in other countries and validated by experts based in Cameroon. The factors
considered are: wind speed, slope, elevation, distance from residential areas, distance from roads,
distance from power transmission lines, population density.

2.3.1. Wind speed

The calculation of wind speed at different heights was based on Hellman's equation (1), which
is the most common and simplest relationship for associating wind speed at two heights with n =0.4
for small towns, villages, forests and agricultural land typical of Cameroon [67].

n

V4
V,=V|| = (1)
2 1 Zl

Where V2 is the wind speed at the desired height Z, V1 is the wind speed at the reference height
Z1, and n is the coefficient of friction (terrain-dependent roughness), also known as the Hellman
exponent, which is a complex function of local climate, topography, surface roughness,
environmental conditions and atmospheric stability, all of which depend on the date on which the
wind speed was recorded (day or night).
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Assessment of the wind sources available at the site can be made using the wind energy density
parameter (in W/m?), given by equation (2) in which P (in W) is the average wind power, o is the air
density at the location studied (1.225 kg / m? for the present case), A (in m?) is the area swept by the
wind turbine blades and V is the average wind speed [67].

L1 &)
A 2

Several authors have considered wind speed to be the most important factor for a wind farm
(Table 1). The minimum wind speed required to start production is 3m/s [19]. Several studies have
been carried out with different wind speeds, such as Ref [26], which considered a minimum wind
speed of 4m/s. For a location to be considered suitable, the lowest average wind speed must
correspond to the technical and economic feasibility of the project. In this study, areas with average
wind speeds below 4 m/s are considered "unsuitable", speeds between 4 and 5 m/s are considered
"less suitable", 5 and 6 m/s "suitable", 6 and 7 m/s "highly suitable", and finally, areas with wind
speeds above 7 m/s are considered "most suitable" [72]. Following the classification discussed, the
final raster file of wind speed variation was prepared in GRASS GIS 7. The wind speed data were
taken from the DTU Global Wind Atlas Project [60]. Figure 3 shows the spatial distribution of
Cameroon's mean annual wind speed at 100m height. It can be seen from this figure that the lowest
wind speed in the study area is 0.4 m/s and the highest is 11 m/s.

2.3.2. Distance from the power grid

Several authors have used proximity to the power grid as an important parameter for the siting
of large-scale wind farms connected to the existing power grid (Table 2). The investment cost of a
grid-connected wind farm construction project is reduced when electricity is delivered via existing
transmission lines. On the other hand, long transmission lines between wind farms and the power
grid are associated with cabling costs and electricity losses. For safety reasons, a minimum distance
of 100 m will be observed between the wind farm and overhead power lines to minimize damage
caused by any projections made by the wind turbines [54]. For the current analysis, the maps of the
national power grid and the power plant are extracted from ENEO's electrical data register, which is
a national electricity company responsible for managing electrical energy in Cameroon. In this study,
a distance of 10km around the power grid was taken as the favorable zone for wind farm siting [26].
Beyond 10km, the area is considered unsuitable. Data on the electricity grid comes from the World
Bank 2022. Figure 3a shows the spatial distribution of Cameroon's high-voltage electricity network.

2.3.3. Distance from residential areas

Proximity to residential areas is a very important factor used by several authors for the siting of
large-scale wind farms connected to the existing electricity grid (Table 2). The siting of wind farms
close to residential areas has negative social and environmental implications. The negative effects
observed can be light reflections, flickering shadows or landscape effects. Accidents caused by the
falling propellers of damaged wind turbines, and noise nuisance caused by the rotation of wind
turbines have also been observed. Although there is no worldwide agreement on the appropriate
distances of wind turbines from dwellings, it is nevertheless important to have a minimum safety
distance between wind farms and residential areas in order to reduce socio-environmental impacts.
Based on the literature review and international wind energy guidelines from several countries
"International Review of Political and Recommendations for Wind Turbine Setbacks from
Residences: Setbacks, Noise, Shadow Flicker, and Other Concerns", large-scale wind farms should be
built far away from residential areas [73]. Furthermore, it is important that wind farm sites are located
at a reasonable distance from residential areas to minimize transmission losses. In this study, a safety
distance of 2km around residential areas was taken in order to reduce socio-environmental impacts
as in Refs. [53,72]. Data on residential areas are obtained from Open Street Map (OSM 2022) [63].
Figure 3d shows the spatial distribution of residential areas in Cameroon. It can be observed that the
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East Cameroon zone is the most sparsely populated. This is due to the forest that covers a large part
of this region.

Figure 3. Study area, a) Transmission network Map, b) Roads Map, c) Protected areas Map, d)
Residential areas Map, e) Streams Map, f) Wet area Map, g) Slope Map, h) Elevation Map, i) Airport,
j) population density, k) Wind speed 100m.

2.3.4. Distance from roads

Large-scale wind farms must be accessible from the existing road network to avoid the need to
build new roads to serve the site. In addition, expenditure on site construction and maintenance will
be considerably reduced if the site is easily accessible by vehicles for transporting materials.
According to Table 2, proximity to road networks has been used by several authors as a very
important economic factor in reducing investment costs when siting large-scale wind farms.
However, a safe distance must be maintained to reduce the risk of fatalities due to accidents caused
by projected materials or falling turbine parts. On the basis of the literature review, we have assumed
a safety distance of 500 m in this study [23,72]. To reduce transport costs, it is preferable to keep the
distance from the road as short as possible. A distance of 10 km around roads is considered to be a
suitable area for siting wind power plants, and areas greater than 10km are considered inappropriate
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[26,53]. Road data is taken from Open Street Map 2022 [63]. Figure 3b shows the spatial distribution
of the road network in Cameroon. The data have been filtered to group the main types of road
(primary, secondary and tertiary). In this study, we have used primary and secondary roads, as
tertiary roads here are mainly tracks and are very poorly developed and maintained. The
construction of a wind farm close to tertiary roads would require regular road development and
maintenance. This would lead to additional costs.

2.3.5. Slope

Accessibility for the installation and maintenance of large-scale wind farms is hampered by steep
slopes, as these prevent installation equipment such as trucks and cranes from depositing the
materials needed to erect the turbines on site. Steep slopes increase the cost of construction and
maintenance of wind farm installations. For this reason, a maximum threshold should be observed
when selecting a wind farm site. Furthermore, wind speed increases with height. It therefore makes
sense to choose a slope that would optimize the site's profitability while also being economically
viable. In the literature, the maximum permissible slope for wind farms ranges from 10% to 30%. In
this study, a slope of 10% was taken as the maximum threshold [33,53]. The elevation map from
which the slope is derived comes from the DTU Global Wind Atlas Project [60]. Figure 3g shows the
spatial distribution of slope in Cameroon. This map was obtained from DEM using the spatial
analysis tool (r.slope.aspect) in GRASS-GIS 7.4.3. It can be seen that the slope in Cameroon varies
from 0 to 1,290%. However, most of the study area has a slope of less than 9%.

2.3.6. Elevation

Elevation refers to the vertical geometric height between a point and sea level. Some authors
have used elevation as a factor that can influence the choice of site for a large-scale wind farm
[7,33,34]. Indeed, the construction of a wind farm in areas with high altitudes is generally considered
less suitable due to the additional construction and maintenance costs. In this study, a maximum
altitude of 2km was taken as the threshold according to Refs. [34,44]. The elevation map is taken from
USGS/NASA SRTM data. Figure 3h shows the spatial distribution of elevation in Cameroon. It can
be seen that elevation varies from -1858 to 4010 m in Cameroon.

2.3.7. Population density

Although population density is an important social parameter for the selection of renewable
energy plants, to the best of our knowledge, no author has used it as a factor in the selection of the
suitable site for the siting of large-scale wind power. However, it has been used by Ref [74], for site
selection of photovoltaic (PV) and concentrating solar power (CSP) parks connected to the existing
and unconnected electricity grid. For grid-connected sites, the authors minimized population density.
Moreover, according to IRENA (International Renewable Energy Agency), population density is an
important social parameter when choosing a renewable energy site [75]. Indeed, the negative impact
of wind farms on the population means that they should be built as far away from densely populated
areas as possible. In this study, areas with a population density of over 500 habitants/km? are
considered unsuitable for wind farms [76]. Figure 3j shows the spatial distribution of population
density in Cameroon. We can see that population density varies from 0 to 1424 inhabitants per km?
in Cameroon. The most densely populated regions are the West and Littoral. The high population
density observed in the Littoral region is due to the presence of the economic capital in this region.

2.3.8. Airport safety distance (Constraint factor)

Wind turbines can seriously affect the processes of communication, navigation and surveillance
systems used in air traffic control by interfering with the radar signal. Refs [7,34] have considered an
important safety distance around airports. In this study, a buffer of 3500 m is observed around the
various airports in Cameroon [53]. Relative data on the position of airports in Cameroon come from
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Cameroon Airport (ADC 2022) [62]. Figure 3i shows the geographical location of the eight airports in
Cameroon.

2.3.9. Land use and protected areas (Constraint factor)

When considering the selection of suitable sites for large-scale onshore wind farms, several
authors have excluded protected areas and land use from their study area (Table 2). Indeed, wind
farms should not be located in forests, woodlands, protected areas, wildlife reserves, archaeological
and historical sites, tourist areas and parks. According to studies carried out by INRA,
electromagnetic fields generated by high or medium-voltage lines, transformers, wind turbines or
other electrical sources can create stray currents above a certain threshold, which can have a negative
impact on animals and farms located nearby [77]. In this study, protected areas and land use were
considered unsuitable for the installation of wind farms, and a 300m buffer zone was established
around these areas to reduce environmental impacts [54]. Land use data are taken from OSM 2022
[63]. Figure 3c shows the spatial distribution of protected areas in Cameroon. They are grouped into
three categories (parks, forests and nature reserves).

2.3.10. Water bodies and wetlands (Constraint factor)

Some authors have used water bodies and wetlands as a parameter that can influence the
installation of large-scale wind farms (Table 2). The construction of wind farms in water bodies or
wetlands is not advisable, as it would block the flow of water and be more costly [23,72].
Consequently, a buffer of 400 m was taken as a safety distance around water bodies or wetlands
[23,53,54]. Figures 3e and 3f show the Streams and Water bodies of Cameroon.

2.3.11. Plant required (Constraint factor)

Some authors have used the minimum surface area required as an important constraint factor
for the installation of a large-scale onshore wind farm connected to the existing electricity grid.

Indeed, in this study, we identify suitable sites for the construction of large-scale wind power
plants connected to the electricity grid in order to produce the electrical energy required to
supplement the population's electricity needs. Consequently, it is essential that these plants have the
dimensions required to cover the population's electricity needs. In this study, the minimum area
required for the installation of a wind farm is 4 km? [53,55]. Figure 3 shows the distribution of the
various study inputs. These include the spatial distribution of the power grid, roads, watercourses,
altitude, slope, protected areas, residential areas and airports.

2.4. Methodology

The methodological approach used here is a combination, the details of which are shown in
Figure 4.
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Figure 4. Methodology of study.

2.4.1. Geographical Information Systems (GIS)

Geographic Information Systems (GIS) have been used as a research and application tool since
the 1970s, enabling the creation, management, analysis and mapping of all types of data [78]. It is
applied in many scientific and industrial fields. The main objective of GIScience is to formalize
geographic principles in order to explore the scientific and political applications of geographic
information. GIS is also used to reveal and analyze the complex relationships that organizations,
individuals and society have with geographic information technologies. In addition, they enable
geographic data to be stored, retrieved, manipulated, analyzed and mapped [79]. Rasters and vectors
are the two types of coverage representation in GIS. Raster is represented by a rectangular grid called
pixels, which contains specific information according to a specific geographic location. Vectors
manage a geometric figure (points, lines and polygons) defining the boundaries associated with a
reference system. The storage of this information is presented in a Geodatabase, which provides data
order, structure and normalization [80]. In this study, all geographic information was processed in
raster form at a resolution of 1km*lkm. Vector data (waterbodies, power lines, road network,
residential areas, spatial distribution of airports, land use...) were rasterized to make them
homogeneous with raster data (wind speed, elevation, population density...). In this study, Boolean
logic based on 0 for non-appropriate and 1 for appropriate is used to extract inappropriate areas. The
free software GRASS GIS.7 and QGIS 2.18 were used to pixelate and normalize the data layers in this
study. QGIS 2.18 was used to extract data from Cameroon and to create layouts. XLSTAT software
was used to calculate the weights of the various parameters and the coherence index (CI). GRASS
GIS.7 software was used to carry out the methodology and extract the results. Statistical analysis was
also carried out in GRASS GIS.7 and presented using LibreOffice Calc.
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2.4.2. MCDM-AHP method

Numerous multi-criteria decision support methods, such as FAHP, BMW, AHP, etc., can be used
to determine criteria weightings. The aim of these methods is to help decision-makers formalize a
problem and clarify the decision-making context, before proceeding with the evaluation and
comparison of solutions. The MCDM-AHP (hierarchical multicriteria analysis) method developed by
Saaty and Vargas is the most widely applied MCDM tool for facilitating the ranking of site
alternatives, and is among the simplest to implement [82-84]. It calculates an aggregated synthetic
score based on a hierarchical ranking and weighting of all the criteria involved in the decision. It has
been widely used by many authors in several energy fields, such as renewable and conventional
energy planning, energy resource allocation, building energy management and electric utility
planning [85]. However, AHP (Analytical Hierarchy Process) has been criticized for the rank
inversion that occurs when adding or deleting parameters that influence all other parameters [86,87].
To cope with inaccuracy, AHP uses a consistency test to filter out inconsistent judgments. In addition,
commercial software such as XLSTAT supports the method to overcome the influence of rank
inversion. Overall, AHP is accepted by the international scientific community as a robust and flexible
MCDM technique to facilitate the solution of complex decision problems [88]. It remains the most
popular method for establishing weighting criteria in the evaluation of renewable energy site
selection. In addition, the application of GIS-based AHP for the identification of suitable sites for
wind farms has been used in recent years by Refs. [7,21,23,28,31,89].

Table 4. The fundamental scale of absolute numbers [90].

Intensity of

Definition Explanation
Importance
1 Equal Importance Two activities contribute equally to the objective
2 Weak or slight
. Experience and judgement slightly favour one activit
3 Moderate importance pett Jucs sty favou iy
over another
4 Moderate plus
Experience and judgement strongly favour one activit
5 Strong importance P Jucs &Y y
over another
6 Strong plus
” Very strong or An activity is favoured very strongly over another; its
demonstrated importance dominance demonstrated in practice
8 Very, very strong
. The evidence favouring one activity over another is of the
9 Extreme importance . - . .
highest possible order of affirmation
Table 5. Random index RI.
n 1 2 3 4 5 6 7 8 9 10

RI 0.00 0.00 0058 09 112 124 132 141 145 149
It is appropriate to initially qualify the decision-making framework relating to the decision
problem. This step is applicable regardless of the AMC method chosen and allows the establishment
of the entity responsible for the decision, the limits of the evaluation, and to define in particular what
are the development alternatives (or scenarios) to be evaluated, and what are the relevant criteria

(technical, economic, social) to use to compare them.

The main stages of the AHP methodology are described below:

Step 1. Develop the hierarchical structure of the decision problem.

Step 2. Develop a pairwise comparison matrix of the decision problem as illustrated in equation
(3) using the Saaty point scale of 1 to 9 based on Table 4.
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Step 3.Calculate the consistency index (CI) from equation (4). The CI consistency index is used
to measure the consistency of the pairwise comparison of the matrix.
AN
Cl] = (4)
n—1

A is the eigenvalue and n is the number of main criteria which is seven in this study.

Step 4. Calculate the consistency rate (CR) from equation (5)

_a

CR =
RI

®)

Where RI is the random consistency index which depends on the number of main criteria as
shown in Table 5. In this study, the RI is 1.32 because, the number of main criteria is seven. When
comparing pairwise, the consistency rate (CR) must be less than 10%; if it exceeds 10%, the results
may be inconsistent. In this study, the random consistency index CI is 8%. for the economic and
technical scenarios, the CI is 4.5%. We can therefore conclude that these values are adequate for the
study. In this study, the AHP method allowed us to obtain the different weights of the 7 main criteria.
The total fit score is calculated by adding the factor weights according to equation (6):

S=2 W ©

where Wi is the ith weight of the criterion and Pithe score of the criterion of the ith factor. Table
7 presents the factors and weightings chosen for the evaluation of wind energy production potential.
The different weightings corresponding to the sensitivity analysis are also listed in this table. The
final map is obtained by multiplying the map resulting from equation 6 by the constraint layer using
the “Raster calculator” tool in the free software Grass Gis 7. The formula used is that presented in
equation (7).

SuitabilityMap = ( ::V W.-P. ) *constraint (7)

2.4.3. Theoretical wind power potential

The theoretical wind energy potential for suitable land areas can be obtained as a function of
rotor diameter, turbine production capacity and the total area of suitable land available. Equation (8)
is used to calculate the theoretical wind energy potential [47,53].

TWPP =TA* AF )

Where TA is the total area of suitable land available in the identified range (km?), AF is the area
factor (MW/km?) and TWPP is the theoretical wind power potential (GW). The turbine used in this
study to assess the theoretical wind power potential is the V110-2.0 MW® IEC IIIA turbine. This
turbine is extremely reliable, with documented high performance and availability. This turbine
contributes to an increase in productivity by opening up low-wind sites previously considered
unsuitable. To maximize power output in areas with low wind speeds, the turbines' 110 m rotor takes
greater advantage of the wind available at an incredibly low speed of 3 m/s. With its 54 m blades, the
V110-2.0 MW® IEC IIIA offers an exceptional rotor-to-generator ratio, producing outstanding
capacity and efficiency in low- and medium-wind sites. The area factor of this turbine is 4.722
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MW/km?. This turbine was also used by Saraswat [44] in India to assess the country's theoretical wind

potential.
Table 6. Restriction criteria from chosen wind farm site selection studies [17].
Wi Buff Buff
ind Buffer Proximity . uiter Buffer . utter
speed . distance . distance/  Buffer Buffer
Plant distance/ /buffer distance .. K K
. (m/s) .. from proximity distance distance o .
required .. proximity toroads & from . Slope,% Elevation
. /density . forests . from from from rivers,
area in . from  highways, airports, . . [94] (m) [9]
Potential .. & parks, residential, lakes, m[94]
km? [93] electricity m[94]; m[94];
[91] . m m[94] ; m[94]
grid, m[9]
<2000
>4 >250 and  >500 and
>=4 <10000 <10000 >300 >3500 >2000 >400 >400 <10
Table 7. Reclassification of weighted criteria for wind power [9].
Economic Technical Social
Proximity (m) Population
. .. Pproximity .. Wind density,
Proximity proximity . ae .
from speed  Slope Elevation Minimize
Category from .. from N L. score Relevance
electricity . (m/s) (%) (m) density in
roads and ... 7 residential . A
. grid (in at 100m inhabitants/k
highways ’
m) m?2
A <500 <250 <2000 <4 >15 2001-2384 >500 0 Unsuitable
B >15000 >20000  2001-6000 4-5 10-15 1001-2000 500-100 1 less suitable
10001- 10001- .
C 15000 20000 6001-10000  5-6 6-10 501-1000 50-100 2 suitable
5001- 5001- 10001- Highly
b 10000 10000 20000 67 36 201-500 1-50 3 suitable
E 501-5000 251-5000  >20000 >7 <3 <200 0 4 Most
suitable
0,104 0,147 0,096 0,326 0,043 0,082 0,224 weight
0%  15% 9% 2% 4% 8% 29, Nornalized
weight
34 % 44 % 22% CR=8%
Scenario 1
Sensitivity 6,5% 15% 5% 35 % 10 % 15,7% 12,8% (Technical
analysis weight)
26,5 % 60,7 % 12,8 % CR=4,5%
Scenario 2
15,7% 35% 10 % 15% 5% 6,5% 12,8% (Economic
weight)
60,7 % 26,5 % 12,8% CR=4,5%
Scenario 3
14 % 15 % 14 % 15 % 14 % 14 % 14 % (Equal
Weight)
43 % 43 % 14 %

3. Results and discussion

3.1. Final determination of suitable lands

The 7 selection criteria for this study were finalized after an in-depth review of the literature and
the approval of the ten experts interviewed in order to minimize conflicts of interest and personal
bias [52]. Indeed, eight of the chosen experts are based in Cameroon and are professional engineers,
officials of national energy authorities, university professors and researchers with a solid knowledge
of wind energy applications as well as a knowledge of the conditions of occupation and use of land
in Cameroon. To have a little diversity, we also consulted two experts at the Free University of
Brussels to get the opinion of experts working in industrialized countries.
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In this study we have associated the different scores with the following land suitability indices:
0-Unsuitable; 1- Less suitable; 2-Suitable; 3- Highly suitable and 4- Most suitable. This allowed us to
reclassify the different factors. The maps corresponding to the reclassified layers of location factors
of wind farms connected to the large-scale grid are presented in Figure 5. These maps are constructed
from the data in Table 7 corresponding to the factors and weightings chosen for the evaluation of the
potential of large-scale grid-connected wind power generation. Table 7 also presents the different
weights corresponding to the different factors according to the different scenarios. Land suitability
index maps are determined by combining AHP with GIS for locating suitable sites for large-scale
onshore wind farms in Cameroon under different scenarios. Figure 9 shows the graphical
interpretation of land suitability zones for three sensitivity cases.

score Minimize density in inhabitants/km? score proximity residential (m)
]

score wind slope (%)

4.0

a) b) ©) d)

score wind speed (100m) score proximity to power lines Buffer 3500m from airports
Score Elevation 0

a.0

e) f) g h)

Figure 5. Score evaluation data.

The results obtained from the analysis are summarized in this section. This study aimed to
evaluate suitable sites for connected onshore wind farms in Cameroon using the GIS-MCDM-AHP
approach. Seven factors grouped into three aspects were selected based on the literature review,
expert opinion and above all, according to the study requirements for onshore wind farms connected
to the electricity grid. This is the technical aspect (wind speed, slope, elevation); The economic aspect
(distance from electricity networks, distance from roads, distance from residential areas) and the
social aspect (population density). The factor weights were obtained from the AHP approach and
based on the judgment of the ten experts collected during the interviews. The technical, economic
and social factors are first compared two by two to obtain the overall importance of each factor. Table
7 shows that the technical aspect is the most important with a preference score of 44% followed by
economic aspects 34% and social aspects 22% for onshore wind farms connected to the grid. We also
note that “wind speed” is the most dominant factor with a weight of 32%. With a weight of 22%,
“population density” is the second most important factor while “proximity to the electricity grid” is
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the third important factor with a weight of 15%. “Proximity to the road network” is the fourth choice
with a weight of 10%. This is followed by the factors “proximity to residential”, “elevation” and
“slope” with weights of 9%, 8% and 4% respectively. All these features are listed in Table 7. The scores
and capability maps of the GIS-AHP combination are shown in Figures 6-a and 6-b. After analyzing
Table 8 listing the statistical information and the theoretical wind potential, we see that 42.40% of
Cameroonian territory is considered unsuitable for the installation of large-scale wind power plants.
This same table 8 shows that 5.67% is most suitable with a wind potential of approximately 153.652
GW. 50.89%; 1.04% and 0% are suitability respectively; less suitability and highly suitability with
wind potentials of 1377.926GW and 28.163 GW and 0GW respectively.

score AHP wind Land suitability AHP wind

3.1
D Unsuitable

Less suitable

Suitable

D Highly suitable

Most suitable

a) b)

Figure 6. Score and Land suitability wind.

3.2. Sensitivity analysis

The sensitivity analysis takes into account three scenarios: the technical scenario, which assigns
a higher weight to the technical factors (scenario 1); the economic scenario, which assigns a higher
weight to the economic factors (scenario 2); and the equal weight scenario (scenario 3), which assigns
the same weight to all factors. Table 8 lists statistical information on land suitability zones and
theoretical wind power potential in GW for the different scenarios.

The combined technical scenario (scenario 1) assigns the greatest weight to technical factors
(60.7% wind speed, elevation and slope) and the lowest weights to economic and social aspects (26.5%
and 12.8% respectively). The weights of the factors corresponding to the technical scenario are listed
in Table 7, and the suitability maps resulting from the GIS-AHP combination are illustrated in Figures
5-a and 6-a. After analysis of Table 8 listing statistical information and theoretical wind potential, it
can be seen that 42.40% of Cameroon's land area is considered unsuitable for large-scale wind power
plants. This corresponds mainly to protected areas, land use, transport infrastructure, airports,
watercourses, orography and the various criteria based on climatic, orographic, location and
watercourses factors in order to optimize the siting of large-scale wind farms. Table 8 also shows that
0.07% of Cameroon's land is highly suitable for large-scale wind farms, with a corresponding
technical wind potential of around 2GW in this technical scenario; 8.17% is most suitable, with a wind
potential of around 221.108GW; the highest percentage, 43.26%, corresponds to suitability, with a
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wind potential of 1171.6GW. 6.10% of Cameroon's land area is less suitability, with a wind energy
potential of 165.135GW. Comparing the initial study result with the technical scenario, we note that
the area corresponding to highly suitability increases from 0 km? to 423,264 km?, i.e. an increase of
around 423,264 km?; the area corresponding to suitability decreases from 291809.767 km? to 248115.
271 km?, a decrease of 43694.496 km?; the area corresponding to most suitability increases from
32539.747 km? to 46824.981 km?, an increase of 14285.234km? the area corresponding to less
suitability increases from 5964.161 km? to 34971.342 km?, an increase of around 29007.181km?. In
addition, wind speed is the main factor influencing this scenario, with a weight of 35%. In summary,
it can be concluded that the transition from the initial scenario to the technical scenario results in an
increase in the highly suitability, most suitability and less suitability zones, and a decrease in the
suitability zone.

The economic scenario (scenario 2) assigns the greatest weight (60.7%) to economic factors
(proximity to power grids, roads and residential areas), followed by technical factors (26.5%) and
social factors (12.8%). The weights of the various factors corresponding to the economic scenario are
listed in table 7, and the suitability maps resulting from the GIS-AHP combination are illustrated in
figures 5b and 6b. After analysis of Table 8 listing statistical information and wind potential, we note
that 42.40% of Cameroon's land area is considered unsuitable for the siting of large-scale wind power
plants. Table 8 also shows that 2.40% of Cameroonian land is highly suitable for large-scale wind
farms, with a corresponding technical wind potential of around 65.093 GW; 18.95% is most suitable,
with a wind potential of around 513.03 GW; 35.58% and 0.68% are respectively suitable and less
suitable, with wind potentials of 963.384GW and 18.335 GW respectively. Comparing the initial study
result with the socio-economic scenario, we note that the area corresponding to high suitability
decreases from 0 km? to 13784.946 km?, i.e. an increase of 13784.946 km?; the area corresponding to
suitability increases from 291809.767 km? to 204020. 342 km?, a decrease of 87787.425 km?; the area
corresponding to most suitability increases from 32539.747 km? to 108646.7543 km?, an increase of
76107.007km?; the area corresponding to less suitability decreases from 5964.161 km? to 3882.816 km?,
a decrease of around 2081.345 km?. In addition, proximity to the power grid is the main factor
influencing this scenario, with a weight of 35%. Since electrical energy cannot be stored once it has
been produced, and since transporting it over long distances leads to losses, it is very economical to
build large-scale wind power plants close to power transmission lines, so as to avoid having to build
new lines to transport the electricity. This will optimize transmission and reduce investment costs. In
summary, we can conclude that the transition from the initial scenario to the economic scenario
results in a decrease in the highly suitability, suitability and less suitability zones; and an increase in
the most suitability zones.

The equal weight scenario (scenario 3) assigns the same weight to all factors, i.e. 14% and 15%
for the 7 factors. This scenario assigns 43% to technical factors, 43% to economic factors and 14% to
social factors. The weights of the factors corresponding to the equal-weight scenario are listed in
Table 7, and the suitability maps resulting from the GIS-AHP combination are illustrated in Figures
5d and 6d. After analysis of Table 8 listing the statistical information and theoretical wind potential,
we note that 42.40% of Cameroon's land is considered unsuitable for the siting of large-scale wind
power plants. The same table shows that 0.0000% of Cameroon's land is highly suitable for large-
scale wind farms, with a corresponding technical wind potential of around 6.91GW; 14.04% is most
suitable, with a wind potential of around 380.21GW; 41.94% and 1.62% are suitability and less
suitability respectively, with wind potentials of 1135.651GW and 43.975GW respectively. Comparing
the initial result of the study with the equal-weight scenario, we note that the area corresponding to
high suitability increases from 0 km? to 1.29 km? i.e. an increase of around 1.29 km? the area
corresponding to suitability decreases from 291809.767 km? to 240502. 028 km?, a decrease of
51307.739 km? the area corresponding to most suitability increases from 32539.747 km? to
80518.772km?, an increase of 47979.025km?; the area corresponding to less suitability increases from
5964.161 km?2 to 9312.7672 Km?, an increase of around 3348.6062km2. We can therefore conclude that
the transition from the initial scenario to the equal weight scenario results in a decrease in the
suitability zone and an increase in the highly suitability, most suitability and less suitability zones.
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Figure 7. Score scenarios 1, 2, 3 Wind.

The results of the study show that suitable sites are mainly located in the far north of the country,
notably in the Extreme North and North regions. There are also suitable sites in the North-West,
South-West, West, Littoral and very few in the South. However, the Centre and East regions have no
suitable sites. This is mainly due to the tropical forest that covers the whole of East Cameroon, and
the low wind speed in these regions, which is the determining factor for the installation of wind

farms.
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Figure 8. Land suitability scenario 1, 2, 3.

Table 8. Statistical information of land suitability areas for three sensitivity cases.
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Figure 9. Graphical interpretation for land suitability areas for sensitivity cases.

Table 9. List of experts.

Work
N°  Designation Qualification Age 0-1' Department /Company
experience

1 Professor PhD 36 1 University of Dschang, Cameroon
(UDs)

5 Professor PhD 50 05 University of Dschang, Cameroon
(UDs)

3 Lecturer Graduate 55 25 Free University of Brussels (ULB)

4 Energy expert Graduate 48 23 Ministry of energy, Cameroon

5 Energy expert Graduate 42 18 Ministry of energy, Cameroon
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6 Deputy-Manager PhD 38 8 Solar Energy Technology,
Cameroon
7 Deputy-Manager  Graduate 37 11 Instrumelec, Cameroon
8 Lecturer PhD 52 22 Free University of Brussels (ULB)
9 Assistant-Manager Graduate 30 7 ENEO, Cameroon
10 Assistant-Manager Graduate 35 11 SONATREL, Cameroon

4. Conclusion

This study proposes an effective decision-support tool to identify suitable sites for the
installation of onshore wind farms in Cameroon by combining GIS and MCDM methods. Based on
expert judgment and literature review, this study began by excluding unsuitable areas (constraints)
corresponding to 42.5% of Cameroon's surface area. The constraint map describes areas that are
unsuitable for onshore wind farm development and should not be considered due to social,
environmental, economic and technical factors. 57.6% of Cameroon's land area is suitable for the
development of onshore wind farms connected to the existing electricity grid. Suitability maps were
created by compiling the full evaluation criteria (three criteria and seven sub-criteria) and calculating
their weightings using the AHP method. In order to optimize the selection of large-scale onshore
wind farms, we excluded areas smaller than 4km? from the final suitability map. The results obtained
in this study can help investors, the government and other stakeholders to identify potential areas
for the deployment of wind power systems in Cameroon. They can also help decision-making on the
relative expansion of the power grid to facilitate investment in wind power plants and realize
synergies between power generation and transmission. However, it should be noted that the results
need to be treated with caution in practice regarding assumptions, data quality, decision-maker
preference and the methods applied. For effective implementation, more detailed information and
analysis is required. The preference of decision-makers in determining restrictive criteria, evaluation
criteria, and their weights have a major impact on results. A sensitivity analysis of the weights was
therefore carried out to test the robustness of the results.

This sensitivity analysis also enabled us to decide whether to maximize technical, economic or
social factors, or even equiprobability of factors. We can also see from Figure 9 that the highest
percentages in all scenarios are obtained in the second range corresponding to "suitable”, followed
by the third range corresponding to "highly suitable". The lowest percentages are observed in the
fourth range corresponding to "most suitable". An estimate of the theoretical wind potential of large-
scale grid-connected wind farms in suitable areas is put at around 1559.741 GW. Although
Cameroon does not have enormous wind energy potential across its entire territory, suitable sites for
large-scale wind farms can be found in many parts of the country. Solar-wind hybridization could
optimize the output of these power plants, since solar works during the day and wind is optimal at
night.

The AHP-based MCDM method we use is easy to use, as it solves a disordered problem by
breaking it down into smaller phases. No real data sets are required. AHP thus creates a simple path
enabling a non-expert individual to solve complex problems. However, a weakness of the AHP
method lies in the use of fundamental qualities for judgments, and for future research in this field.
The use of the FUZZY AHP method could make up for the shortcomings observed in the AHP. In
addition, the observed results could be improved by introducing other factors such as land cost,
lightning flash rate, bird area, appearance, etc. This study was carried out for large-scale onshore
wind farms connected to the existing power grid. It would be interesting to carry out a study for off-
grid areas in order to propose suitable sites for powering areas not covered by the electricity grid.
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