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Abstract

There has been an increasing global and local interest in developing renewa-
ble, clean, and cheap energy towards achieving Goal number 7 of the Sus-
tainable Development Goals (SDG). However, decisions involving suitable
and sustainable locations for renewable energy projects remain an important
task. This study employed Geographic Information System (GIS) and Mul-
ti-Criteria Decision Analysis (MCDA) to spatially analyze and model wind
farm site suitability in Nasarawa State. The aim is to integrate the environ-
mental, social, and economic aspects of decision-making for identifying sus-
tainable wind farm sites. The study distinguished between two sets of deci-
sion criteria: decision constraints and decision factors. The former defined
the exclusion zones while the latter were standardized based on fuzzy logic
to depict varying degrees of suitability across the State. The MCDA applied
the weighted linear combination method, with relative weights generated
through pairwise comparisons of the analytic hierarchy process to analyze
three policy scenarios: equal weights, environmental/social priority, and eco-
nomic priority scenario. A combination of resulting composite maps from
the constraints and the factors gave the final suitability maps. The resulting
suitability index (SI) for the respective policy scenario describes the degrees
of suitability: Ideal locations were denoted by one (1) and the not suitable lo-
cations by zero (0), with values in-between depicting varying degrees of wind
farm site suitability. Based on the SI, priority locations indicating areas with
good prospects, in addition to the most suitable parcels of land, were identi-
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fied and delineated. The composite decision constraint revealed that wind
farm projects would not be viable in more than half (57.58%) of the State.
Wind speed was the major constraint and accounted for the exclusion of
46.25%, with a mean fuzzy membership value of 0.2008 indicating low suitabil-
ity across the State. Also, the average acceptable wind farm location for the
three-policy scenario was 33.33% of the entire study area. Lafia, Obi, Keana,
Awe, Nasarawa-Eggon, Wamba and Kokona LGAs were the identified priority
Local Government Areas (LGAs). However, only Lafia, Obi, and Nasara-
wa-Eggon were consistent with changes in the policy objectives. All the prior-
ity LGAs have one or more of the most suitable parcels within their adminis-
trative boundaries except for Wamba. Despite the severe limitations of wind
speed, substantial parts of Nasarawa State still provide great development po-
tentials for wind energy. The “most suitable” locations in Lafia, Nasara-
wa-Eggon, and Obi LGAs should have first consideration for the develop-
ment of wind energy in the State.

Keywords

GIS Multi-Criteria, Spatial Analysis and Modelling, Wind Energy Farm, Site
Suitability, Nasarawa State Nigeria

1. Introduction

Nowadays, the increasing human population across the globe is exerting undue
pressure on available non-renewable sources of energy known for their fast de-
pletion and environmental degradation. Hence a shift of attention towards re-
newable and clean sources of energy by many national governments. Such
sources include the wind, which has begun to take a high position in the global
dialogue about energy production. A big question to profiting from the wind as
a source of energy borders on identifying the most suitable location/s for wind
farm construction, with respect to achieving the highest possible rates of sus-
tainable electricity production.

Wind energy is considered one of the eco-friendliest and economically viable
forms of renewable energy [1]. [2] stated that the expansion of wind farm de-
velopments could serve as a fundamental aspect in climate change mitigation
and help reduce greenhouse gas emissions. According to [3], wind energy is
among the lowest impact forms of electricity generation in terms of its benefits
outlined at the regional and global level; it is neither associated with air nor wa-
ter pollution, and operational costs are practically zero after building a turbine.

Although Africa is top-ranked as having the world’s highest reserves of re-
newable energy sources [4], there have been reports of underutilization of wind
as a renewable energy source in West Africa, most especially in Nigeria [5]. Re-
search findings and wind data from Nigerian Meteorological Agency have
shown that wind speed of about 8.07 meters per second (m/s) could be har-

nessed in the northern parts of Nigeria to provide enough energy for daily needs
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[6]. This gap between potential and extent of exploitation poses questions about
barriers to wind energy development in Africa and Nigeria, in particular.

However, a laudable interest in wind energy is currently on the rise across the
continent and several countries including Nigeria have planned installations of
wind power. The Nigerian Renewable Energy Master Plan (REMP) seeks to in-
crease the supply of renewable electricity from 13% of total electricity generation
in 2015 to 23% in 2025 and 36% by 2030 [7]. In view of achieving this, it be-
comes imperative to spatially analyse the potential in renewable energy sources
such as Wind, Waves, Solar, Tides, and Geothermal.

To make wind farm installations sustainable, it must possess characteristics
that make its operation technically and economically feasible, and at the same
time guarantee preservation of environmental and social values [8]. There has
been a dearth of information in this regard for most parts of Nigeria. Thus, this
study incorporated Multi-Criteria Decision Analysis into Geographical Informa-
tion System (GIS) to spatially analyse and model site suitability for wind farm
development in Nasarawa State, Nigeria.

2. Materials and Methods
2.1. Study Area

Nasarawa State occupies the space between latitudes 7°45'00" and 9°35'00" of the
Equator and longitudes 6°45'03" and 9°45'03" of the Greenwich Meridian in the
basement complex of North-central Nigeria. The State spans a total area of about
26,562.36 square kilometers and stands at an altitude of 400 meters above sea
level. Nasarawa State shares a border with Kaduna State in the North; Federal
Capital Territory (FCT) to the west, Kogi and Benue to the south, and Taraba
and plateau to the east. The State is made-up of thirteen Local Government Area
(LGA), namely: Karu, Keffi, Kokona, Nasarawa and Toto in the West Senatorial
District; Akwanga, Nasarawa-Eggon and Wamba in the Northern District and
Lafia, Keana, Doma, Awe and Obi in the Southern District [9]. The climate of
Nassarawa State is typical of a tropical sub-humid climate having two distinctive
seasons. The rainy season sets in from about the beginning of May and lasts until
October. The dry season spans between November and April. The average hourly
wind speed in Nasarawa experiences mild seasonal variation over the year. The
windier part of the year lasts for about nine months, usually from 2" September
to 30" November. Figure 1 presents a map of Nasarawa State depicting its thir-
teen Local Government Areas (LGA), and Figure 2 shows the wind speed char-

acteristics.

2.2. Sources of Datasets and Collection Methods

This study integrated Multi-Criteria Decision Analysis (MCDA) into Geo-
graphic Information System to develop decision support models for identifying
potential sites for wind energy farm development in Nasarawa State. The MCDA

applied Weighted Linear Combination (WLC) method using the criteria weights
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Figure 1. Nasarawa State showing the 13 LGA.
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Figure 2. Isovents in ms determined from 40 years’ measurements at 10 m height [5].
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(relative importance) generated through the Analytical Hierarchy Process
(AHP). The criteria include environmental, social, and economic aspects of wind
farm development that describe specific geographical constraints or advantages
in the study area. Review of existing literature [1] [8] [10] [11] and [12] and in-
formation from the Nasarawa State Urban Development Board (NAUPDB)
aided the criteria selection. The spatial formats (such as: shapefiles, raster and
NetCDF) of the identified criteria were acquired and used as datasets for the
study.

The datasets are publicly available and accessible from various secondary
sources of data collection. The number of features included in the set of assess-
ment criteria was based on data availability and regarded as suitable according to
[13]. They submitted that the number of criteria should be kept minimal or as
small as possible. Nevertheless, the addition of numerous other features could
improve the quality of the study’s result. Among the datasets considered in this
study are wind speed (at 50 m); slope; Land cover/Land use; forest reserves; wet-
lands; inland waterbodies; transmission network; road network; railway net-
work; town/populated places (settlement points) and the administrative area of
the state.

Data on forest reserves, wetlands, and inland waterbodies constituted the
ecologically significant areas. Road and rail networks formed the safety restric-
tion. Table 1 shows a summary of the datasets used in this study with their re-

spective method of acquisition.

Table 1. Summary of datasets, sources, and methods of collection.

S/N  Dataset Source Method of Collection
1 Wind Speed United States National Air Wind speed layer at 50m height was downloaded in Netcdf format, values were
Space Agency (NASA) website extracted to randomly created points and interpolated.
2 Slope United State Geological Survey Slope layer was extracted from the DEM.
(Shuttle Radar Topographical
Mission) DEM
3 Transmission World Bank Data Catalog Zipped shapefile of Nigerian Electricity Transmission Network was downloaded for
Network http://datacatalog.worldbank.org/dataset/nigeria-electricity-transmission-network.
4 Road and Railway =~ DIVA-GIS Shapefile of the road network within the study area was downloaded from diva-gis
Network online (https://www.diva-gis.org/gdata) and the railway was digitized from existing
hardcopy map.
5 Ecologically Nasarawa Geographic Hardcopy map of Nasarawa state forest reserves was obtained and georeferenced
Significant Areas Information Service (NAGIS)  and the existing reserves and wetlands were digitized from the it.
6 Land cover/use NAGIS Softcopy map of latest (2019) land cover/use map of the State was obtained.
7 Settlement Points ~ DIVA-GIS Gazetteer of places was downloaded and XY coordinates were added to the study
area and exported as shapefiles.
8 Inland water (rivers) DIVA-GIS Inland water layer (shapefile) was downloaded from diva-gis online
(https://www.diva-gis.org/gdata).
9 Administrative Map DIVA-GIS Downloaded from diva-gis online (https://www.diva-gis.org/gdata).
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2.3. Analysis Procedure

Data analysis was based on MCDA and performed in ArcGIS 2.2 Desktop Ad-
vanced software. Various methods of MCDA have been computed for both
commercial and free, open-source GIS and applied in recent studies. [14] [15]
identified these methods to include deterministic, probabilistic, and fuzzy-based
multi-attribute and multi-objective techniques. Among the multi-attribute
methods such as the: Boolean operator overlay, Weighted Linear Combination
(WLC), Ordered Weighted Averaging (OWA), concordance analysis, and ideal
point method. The first two are often used in site selection studies or suitability
analysis [14] [16]. These methods have developed from the original map overlay
concept by McHarg [17]. However, Boolean operators' procedures can only
identify areas, which instantaneously satisfy the specified criteria. Consequently,
supplementary procedures based on the MCDA methods such as the ones listed
above are required to assess the suitability of sites and generate rankings of loca-
tions that depict their attractiveness [18].

Thus, to complement the Boolean-based procedure, which uses decision con-
straints, this study adopted the WLC techniques to generate/compile an overall
suitability index (SI) for the study area. Every individual grid-cell depicted a
composite degree of wind farm site suitability. Following aggregation of the de-
cision factors, the exclusion zones (unfeasible areas) were integrated by multi-
plying the suitability index maps with the composite constraint map.

Pre-processing of datasets was carried out in the ArcGIS environment. Using
the ArcGIS projection tool, we converted the acquired datasets from Geographic
Coordinate System (GCS) to a Projected Coordinate System (PCS). The projec-
tion enabled linear measurements such as distance and area calculations. Fur-
thermore, we resampled the datasets into the same cell size and corrected the
geometric problems in the data. In line with planning “setback” standards ac-
quired from NAUPDB and existing literature for wind farm developments, re-
striction/constraint model (decision constraint), suitability model (decision fac-
tors), and a final suitability model (restriction plus suitability) were developed
for the study.

The restriction model shows locations where wind farm development can
(feasible) and cannot be (unfeasible) allowed. In contrast, the suitability model
explored the varying degrees of suitability across the study area, and the final
model handled the identification of priority LGA and most suitable locations.
The study investigated three policy priority scenarios (equal weights, environ-
mental/social priority, and economic priority scenario). In scenario 1, all the de-
cision factors were assigned equal weights of 0.1667 (1/6), simulating equal im-
portance. Conversely, in scenarios 2 and 3, the criteria weights were obtained by
applying the analytic hierarchy process (AHP) based on the pairwise comparison
of the relative importance of decision factors.

According to [19], the AHP is a commonly applied method in multi-criteria

decision making, which uses a pairwise comparison approach (PWCA) to de-
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termine the weightage of the decision factors. Weights are derived based on the
input by the user in terms of the relative importance of criteria, for example,
how important is criteria “A” in comparison to criteria “B”, “C”, “D” etc. Its
ability to convert subjective assessments to a set of overall weights was deemed
appropriate for this study. AHP is designed to numerically evaluate the relative
power of alternative factor(s) to achieve the overall goal [20]. In this study, we
entered literature-based values of the relative importance of the decision factors
into ArcGIS AHP extension 2.0 to obtain their corresponding weights.

We applied the nine-point continuous scale (Table 2) to determine the AHP
pairwise comparisons values, and the results were recorded in a matrix as intro-
duced by [21]. The AHP also provides a mathematical measure for checking in-
consistency of judgments by calculating a consistency ratio (CR), where a CR
value below 0.1 is considered acceptable [20].

Matrices of pairwise comparisons and associated weights for Scenarios 2 and 3
are presented in Table 3 and Table 4. Pairwise assessments were consistent in
scenarios I and 2, with CR values of 0.013 and 0.018, respectively. Also, a sum-
mary of weights associated with the respective decision factors for the three pol-

icy scenarios is presented in Table 5.

2.3.1. Decision Constraints
In line with the standards and procedures presented in Table 6 and Figure 3, we

Table 2. Scales of AHP pairwise comparisons.

Intensity of Importance Description
1 Equal importance
3 Moderate importance of one factor over another
5 Strong or essential importance
7 Very strong or demonstrated importance
9 Extreme importance
2,4,6,8 Intermediate values between two adjacent assessments
Reciprocals Values of inverse comparison: if factor z has one of the above numbers

assigned to it when compared with factor y, then a reversed comparison
means that y would have the reciprocal.

Source: [21].

Table 3. Matrix of pairwise comparison and weights of factors for scenario 2.

F1 F2 F3 F4 F5 Fé6 Weights
F1 * 3 3 3 1/5 1/3 0.11766
F2 1/3 * 1 1 1/9 1/5 0.04638
F3 1/3 1 * 1 1/9 1/5 0.04639
F4 1/3 1 1 * 1/9 1/5 0.04639
F5 5 9 9 9 * 3 0.50379
Fé6 3 5 5 5 1/3 * 0.23939
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Table 4. Matrix of pairwise comparison and weights of factors for scenario 3.

F1 F2 F3 F4 F5 Fé6 Weights
F1 * 4 4 6 9 6 0.48636
F2 1/4 * 1 3 6 3 0.17465
F3 1/4 1 * 3 6 3 0.17468
F4 1/6 1/3 1/3 * 2 1 0.06485
F5 1/9 1/6 1/6 1/2 * 172 0.03462
Fé6 1/6 1/3 1/3 1 2 * 0.06484

Table 5. Summary of decision factors’ weights.

) Scenario 2 Scenario 3
L. Scenario 1 . . .

Decision Factor . Environmental-Social Economic

Equal Weights L. .
Priority priority
F1: Wind Speed 0.16667 0.11766 0.48636
F2: Slope 0.16667 0.04638 0.17465
F3: Land cover/land use 0.16667 0.04639 0.17468
F4: Proximity to transmission network 0.16667 0.04639 0.06485
F5: Proximity to road network 0.16667 0.50379 0.03462
F6: Distance from ecologically

0.16667 0.23939 0.06484

significant areas

Table 6. Summary of decision constraints employed in this study.

Constraint Type Standard Sustainability Sector
C1 Wind speed Wind speed > 4.5 m/s Economic
Cc2 Settlement/Built-up areas Built-up areas >2000 Social

Forest reserves > 1000
C3 Environmental protection Wetlands > 1000 Environmental and social
Inland waters > 400

Road network > 500

Rail network > 500 Social (Public safety)

C4 Safety restrictions

Source: Adapted from [10].

created Boolean-based map layers for each decision constraint. Unfeasible areas
were assigned zero value (0) and all other locations a value of one (1). Further-
more, we multiplied/overlayed the respective decision constraint maps to gener-
ate a composite constraint map. The resulting hybrid map details the exclusion
zones (unfeasible areas) assigned a value of zero (0), as well as potential devel-
opment sites (feasible areas) denoted with one (1). The standards followed in
creating the individual decision constraint’s map layers are described as follows:
Wind resource is often a crucial consideration in assessing optimal locations
for wind farm development: the better the resource, the more promising for po-

tential power generation and project revenue [22]. According to [2] and the
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[23], wind turbines generally begin to produce electricity at about 3 - 4 m/s;
nevertheless, existing scientific publications usually apply a threshold value of
4.5 m/s [1] or 5.0 m/s [8]. In this study, locations with wind speed lower than
4.5 m/s were considered unfeasible for wind farm development and thus ex-
cluded.

A host of parameters require an evaluation before sitting wind farms nearby
urban/populated areas. Existing scholarly articles put various setback distances
from built-up areas and settlements in the range of 500 to 2000 m, contingent on
the type of area (large city, town, for example.) or residents’ population [1] [8]
[10] [22] [24]. These publications describe that further assessment in the context
of visual amenity, blade glint, shadow flicker and reflections, health issues, and
noise are required for any wind farm development proposal within a 2000 m
range from existing residences. Hence, this study considered built-up areas
(comprising towns and populated places) in addition to a 2000 m buffer unfeasi-

ble for wind farm development.
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Developing wind farms in protected areas like national parks, nature reserves,
or state conservation areas endanger the natural environment [10]. In the study
of [8], they pointed out that a 1000 m buffer around areas of ecological value
should be applied, in addition to a 400 m buffer from water bodies. Therefore,
our study created a 400 m buffer around the inland waters (constituting signifi-
cant rivers and lakes) and a 1000 m buffer around other ecologically essential
areas (forest reserves and wetlands). All the regions within the buffer were
deemed unfeasible for wind farm development and hence excluded.

Furthermore, it is unsafe to situate wind farms too close to infrastructures like
road and rail networks and airports. Hence, several safety distances have been
applied in previous studies ranging from 150 m as the minimum for roads and
rail networks [1] [24] to 500 m [10] [25]. Roads (single/dual carriageway: federal
or state) and rail network, together with a buffer of 500 m, were considered not

unfit for wind farm development and thus excluded.

2.3.2. Decision Factors

The decision factors were mainly standardized through the application of fuzzy
sets theory. The fuzzy set theory acknowledges the possibility of having multiple
groups simultaneously with the degree of each group described as a membership
value. It plays a significant role in handling uncertainty by allowing the ‘group-
ing of individuals into classes without sharply defined boundaries, which is
suitable when describing “ambiguity, vagueness, and ambivalence in models of
empirical phenomena” [24]. In the fuzzy set’s theory, the degree of membership
of an item p in a fuzzy subset P is defined in the range of membership value of
zero (0) and one (1) through the application of a membership function (MF)
[26]. Although several types of membership functions exist for describing fuzzy
sets, this study adopted the linear process. The process was considered fitting for
representing the varying degrees of site suitability at varying distances from fea-
tures defined in the deciding factors. Furthermore, a linear function was also
adopted in similar studies by [1] [10] and [24].

Also, two types of linear functions, namely: increasing fuzzy membership
function (IFMF) and decreasing fuzzy membership function, were used in this
study. In the former case, higher values of p in a given subset A are regarded
more suitable than lower values in p. For instance, the higher the wind speed,
the more suitable the location. For the latter, lower values indicate higher suit-
ability, Ze., the lower the slope, the more suitable the location. A membership
function is associated with two threshold values/control points: ¢ indicating the
least suitable value of A, where the grade of membership is not satisfied and
hence has a membership value equal to zero (0); and p indicating the value of A
where the grade of membership is fully satisfied and hence has a membership
value equal to one (1).

We created a standardized map layer for the respective decision factors,
specifying the membership grade in the range of zero (0: not gratified) and one

(1: fully gratified). Therefore, a membership grade or value of zero (0) stands for
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not suitable location (grid cell) and a value of one (1) an optimal/most suitable
location. Also, we generated Euclidean Distance map layers for some decision
factors before there standardization. The “Euclidean Distance” tool in the Ar-
cGIS Spatial Analyst toolbox enabled the process. For decision factor F6 (Land
cover/use), we used the lookup tool to assign membership values to the individ-
ual classes/categories in the attribute table, and a layer with new cell values was
generated. Table 7 presents the threshold values used to standardize each deci-
sion factor, and Figure 4 shows the suitability model. The decision factors are
described as follows:

Decision factor F1 describes the site suitability of the study area for wind en-
ergy farm with respect to wind speed. This factor assumed an Increasing Fuzzy
Membership Function (IFMF). The least suitable threshold value (q-value) was
set to a wind speed value of 4.5 m/s in accordance with the associated decision
constraint C1. The most suitable threshold value (p-value) was set to 6.53 m/s,
considering the wind speed range of the study area (3.02 - 6.53 m/s).

We used the Decision factor F2 to create a representation of the varying de-
gree of site suitability with respect to prevailing slope gradient. It assumed a De-
creasing Fuzzy Membership Function (DFMF). Varying threshold values for
slope gradient exist in previous scientific publications. According to [8], a ques-
tionnaire aiming relevant public and private sectors in the UK discovered that
wind farm areas must have a slope angle less than 10 percent. However, higher
thresholds have been applied by some other studies such as [1] who used a

g-value of 20 percent for their fuzzy membership function. considering both the

Table 7. Summary of decision factors employed in this study.

Factor Type MF type/value  Unit g-value  p-value Sustainability Sector
F1 Wind speed IFMF m/s 4.5 6.53 Economic and Environmental
F2 Slope gradient DFMF % 15 2 Economic and Environmental
F3 Proximity to transmission network DFMEF m 100,000 100 Economic
F4 Proximity to road network DFMF m 10,000 500 Economic
F5 Distance from ecologically significant areas IFMF m 1000 5000 Environmental and Social
Fe6 Land cover/use (qualitative variables) N/A Economic and Environmental
Agriculture 0.8
Grassland 1
Heavy forest 0
Light forest 0
Waterbody 0
Rock outcrop 0.6
Open space 0.8
Pit 0
Urban area 0.2
Source: Adapted from [10].
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Figure 4. Suitability model.

economic feasibility (accessibility) and the minimisation of potential environ-
mental impacts from erosion and soil loss, we applied a q-value of 15 percent for
slope gradient and a p-value of 2 percent.

Energy generated by wind turbines is transmitted to the end users through a
transmission/interconnection facility. Three types (transmission, distribution
and direct connection to delivery point) of electricity network often serve this
purpose depending on the voltage level of the generated electric-power [27]. We
used Decision factor F3 to symbolise site suitability with respect to proximity to
the national transmission network, based on a DFMF. From an economic view-
point, [8] stated that wind farms must not be located further than 10,000 m away
from the grid; yet, not closer than 100 m. In this study, the q-value and p-value
for decision factor F3 were set to 10,000 m and 100 m, respectively.

Decision factor F4 was used to symbolise the site suitability with respect to
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proximity to road network (including highways, secondary roads and minor
roads), based on a DFMF. According to [8] [10], the location of wind farms
should not be further than 10,000 m. This will enable easy access, and reduce the
cost of construction and maintenance. Hence, we adopted 10,000 m as the
q-value for decision factor F4, and 500 m for the p-value (in accordance with de-
cision constraint C4).

The site suitability with respect to distance from ecologically significant areas
was denoted decision factor F5 (IFMF). [10] suggested that in order to mitigate
negative environmental impacts, it is suitable to assign a higher membership
value to places further away from ecologically significant areas. In the study of
[12], a p-value of 5000 m was considered to be appropriate in their fuzzy set for
protection of bird habitat. Hence, in this study, a q-value of 1000m was set for
decision factor F5 in line with the buffer distance defined under decision con-
straint C3, and the p-value was set to 5000 m.

Decision factor F6 represents the suitability of the study area with respect to
the qualitative attribute of land cover/use. We indexed the nine (9) land cover/use
classes of the study area using a Likert-type scale ranging from zero (0) to one
(1) in a similar approach to the study of [10] and [1]. We evaluated the site suit-
ability with reference to land cover/use based primarily on tree density. Higher
density indicates greater environmental impact [28], clearing costs for develop-
ers [29], as well as risks of nearby vegetation affecting the wind speed and direc-
tion of flow [8].

Furthermore, to make statistical analysis possible, we reclassified the suitabil-
ity index for each of the three policy scenarios to conform with the suitability
classes described in Table 8. After the reclassification, we calculated the total
area for the respective suitability class in each policy scenario. The areas deemed
“satisfactory/acceptable” for wind farm development were defined based on the
lower SI score of the “moderate suitability” class and hence described with the
following suitability index score interval: 0.50 < SI < 1.

We identified and delineated “priority areas”, defined in this study as fasci-
nating areas for further investigation by generating statistics for the suitability
classes across the 13 LGA of the State. Then the six LGA that showed the highest
prospect for wind farm development under each policy scenario were identified.
We achieved this by comparing the percentage of land classified as “high suit-

ability” (SI > 0.75) with the total administrative area of each Local Government

Table 8. Description of suitability classification for wind farm development.

Suitability Classes Description of SI Class Range
Not Suitable SI=0
Low Suitability 0<SI<0.50
Moderate Suitability 0.50 < SI<0.75
High Suitability SI<1

Source: Adopted from [10].
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(LG) to determine the spread per LG. According to [10], the priority areas are of
keen interest for further examination as they represent an increased probability
of identifying suitable wind farm locations in the real-world context.
Furthermore, we identified and delineated the most suitable locations for
wind farm development by extracting the high suitability parcels in each priority
LGA. Following the extraction, we converted the resulting raster to a polygon
feature. Then the parcels with a total area of 5 km” or more were selected as the
most suitable locations for wind farm development in the study area. The choice
of the parcel size was in line with the minimum acceptable land area for wind
farm development (5 km?) given by [30]. For easy locating of these most suitable
parcels, we calculated their centroid from which we created centre points and
coordinates for individual parcels. We also determined the number of most
suitable parcels per priority LGA under each policy scenario. Figure 5 and Fig-
ure 6 present the final suitability model and methodological flowchart of the

study, respectively.

3. Results and Discussion

3.1. Influence of Decision Criteria on Wind Farm Site Suitability in
Nasarawa State

Table 9 summarises the area of lands excluded due to the influence of individual
decision constraints and due to their collective impact. The summary indicated
significant variation in the land areas excluded because of the geographical dis-
tribution of the decision constraints features in the study area.

Decision constraint C1 (wind speed) had the most influence and accounted
for the exclusion of almost half (46.25%) of the entire study area. Another sub-

stantial area, representing 21.21% of Nasarawa State, was excluded based on

- o s
B sethul(3) { P

=
4, B setNul(2)

Figure 5. Final suitability model.
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Figure 6. Methodological flowchart.

Table 9. Area of exclusion zones due to decision constraints’ influence.

Decision Constraint

Exclusion Zone Area (Km?) Percent of the Total Study Area (%)

Wind Restriction

Environmental Restrictions

Safety Restrictions
Settlement Restriction

Composite Restriction

12,286.41
5634.74
1198.81

689.30

15,347.13

46.25

21.21

4.51

2.60

57.58

environmental protection. Conversely, land areas excluded based on safety con-

cerns and settlement preservation accounted for relatively small portions of the

study area, representing 4.51% and 2.60%, respectively. Overall, more than half

(57.58%) of the entire study area was deemed exclusion zones due to the collec-

tive influence of decision constraints. Figure 7 shows the exclusion of more

lands in the southwestern region of the State than in the other parts. Nasarawa,
Toto, Karu, Keffi, Kokona and Doma are the most affected LGAs. This result in-

dicates that wind speed and environmental protection criteria are the two main

constraints of wind energy farm development in the study area.

Furthermore, the outright exclusion of 57.58% of the study area from further
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Figure 7. Composite constraint map depicting exclusion and feasible zones.

assessment indicates fewer potential development sites for wind energy farms
when compared to the findings of [10] and [28] who reported a composite
constrained area of 27.6% for New South Wales in Australia and 56.8% for
Lesvos Island in Greece, respectively. However, there is still an appreciable area
(42.42%) with wind farm development potential when compared to the studies
of [1] who reported a constraint layer accounting for 83% of their study area in
the region of Kozani, Greece; and [11] whose environmental constraint layer
only, accounted for the exclusion of 62.2% of their study area in southern Eng-
land.

In addition to the Boolean-based analysis result, the complementary mean
fuzzy membership values of the decision factors are presented in Table 10. The
mean values describe the impact of the deciding factors on the varying degrees
of wind farm site suitability across the study area.

The majority of the decision factors created moderate to high suitability con-
ditions across Nasarawa State with higher membership values than the “moder-
ate (SI > 0.50) and high (SI > 0.75) suitability threshold”. The result showed a
mean value of 0.7518 for decision factor F5 (distance from ecologically signifi-

cant areas). This value is above the high suitability threshold and thus, creating
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Table 10. Mean membership value of the decision factors.

Decision Factor Mean Membership Value
Wind Speed 0.2008
Slope 0.5202
Proximity to Transmission Network 0.6156
Proximity to Road 0.5466
Distance from Ecologically Significant Area 0.7518
Land cover/use 0.6278

high suitability conditions within the study area. Decision factors F2 (slope), F3
(proximity to the road), F4 (proximity to transmission network) and F6 (land
cover/use) with mean values of 0.5202, 0.5466, 0.6156 and 0.6278, respectively
produced “moderate suitability” conditions across most parts of the study area
and thus, contributed to the availability of land areas deemed “acceptable” (0.50
< SI < 1) for wind farm development.

On the contrary, decision factor F1 (wind speed) with a mean value of 0.2008
recorded low membership values in most parts of the study area. This result
mirrors the observation with decision constraint C1, identified as the main lim-
iting factor of suitable sites for wind farm development in Nasarawa State. It also
corroborates the findings of [1] and [10] that also reported wind speed as the

predominant limiting factor of wind farm land suitability in their studies.

3.2. Suitability Index (SI) for the Policy Priority Scenarios

The final suitability index result for the three-policy scenario is presented in
Figures 8-10. The respective scenario maps depict varying degrees of site suit-
ability for wind energy farms in the study area. This finding indicates that the
developed decision support model is susceptible to changes in policy objectives.
The composite suitability values varied between zero {0}, the not suitable loca-
tions and one {1}, the optimal locations, with SI mean values of 0.2544 for sce-
nario 1; 0.3118 for scenario 2; and 0.2102 for scenario 3. Table 11 presents the
total satisfactory areas for wind farm development under the respective policy
scenarios.

This finding reveals that almost half of the entire study area is deemed ac-
ceptable for wind farm projects when the goal is to ensure minimal negative en-
vironmental and social impacts. Fewer land areas are available for such projects
when the priority is to minimise installation costs and ensure adequate project
revenue. The values in Table 11 compared well with similar studies and are con-
sidered substantial for wind farm development projects in the State under the
three policy scenarios. For instance, in the study of [1], the high suitability index
(SI = 0.7) area comprised 2.2% of their study area for economic/technical policy
scenarios and 11.8% for environmental/social policy scenarios. Also, [11] found a

“most suitable” area (SI > 0.7) that represented less than 0.1% of their study area.
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Table 11. Statistics of the suitability index maps.

High Moderate
. . i 11s N Total Acceptable
Policy Scenario Suitability Area Suitability Area Area (ki)
(k) (km?)
Equal weights (1) 982.79 (3.70%) 7976.01 (30.03%) 8958.80 (36.34%)

Environmental/Social Priority (2) 6973.64 (26.25%) 3487.37 (13.13%)  10,461.01 (42.44%)

Economic Priority (3) 346.02 (1.30%) 4885.78 (18.39%) 5231.80 (21.22%)

Furthermore, this study presents more viable options for wind farm develop-
ment than was reported by [1]. They found only 12% of their study area in
Greece to represent “satisfactory” locations (SI > 0.50). These variations in total
land areas deemed “satisfactory” across the compared studies could be due to the
variations in the degree of restrictions/constraints exerted by each decision crite-
ria, particularly wind speed, in the various study areas. Additional reasons could
be the differences in weights assigned to respective decision factors, the spatial
resolution of the input data, the magnitude of the study area and the regularised

input data cell size used in the analysis.

3.3. Priority Areas for Wind Farm Development

Table 12 presents the statistics of priority LGAs for the respective policy sce-

narios. It shows the names of the LGAs; the total administrative area of the
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Table 12. Statistics of priority areas for each policy scenario.

Policy Total Land Area of Total Area of High  Percent of High

Scenario LA LG (km?) Suitability (km?) Suitability (%)
1 Obi 1039.73 170.07 16.36
Keana 1079.15 153.25 14.20
Lafia 2950.29 310.28 10.52
Nassarawa-Eggon 1237.23 71.72 5.80
Awe 2525.52 134.66 5.33
Wamba 1212.87 54.13 4.46
2 Awe 2525.52 1682.41 66.62
Keana 1079.15 706.68 65.49
Lafia 2950.29 1519.92 51.52
Nassarawa-Eggon 1237.23 554.05 44.78
Obi 1039.73 454.38 43.70
Kokona 1699.16 649.20 38.21
3 Lafia 2950.29 253.31 8.59
Wamba 1212.87 65.56 5.41
Nassarawa-Eggon 1237.23 20.64 1.67
Obi 1039.73 4.47 0.43

LGAs; the area and percentage of high suitability (SI > 0.75) parcel within the
respective LGAs.

Six LGA comprised the priority areas under each of the policy scenarios 1 and
2. The LGAs include Obi, Keana, Lafia, Nasarawa-Eggon and Awe. Wamba and
Kokona are the sixth LGAs in scenarios 1 and 2, respectively. Although only four
LGAs comprised the priority areas under policy scenario 3, the LGAs are similar
to those of scenarios 1 and 2. Overall, 7 of the 13 LGAs in the State comprised
the priority areas of focus in the quest for the most suitable locations for wind
farm projects across the study area.

High suitability locations suggest high prospects of finding optimal wind farm
locations in the real-world context. Obi LGA had 16.36% of its area under high
suitability conditions and accounted for the most spread (170.07 km®) of high
suitability area in scenario 1. Other LGAs with relatively high suitability areas
were Kean (14.20%) and Lafia (10.52%). Wamba had only 4.46% of its area un-
der high suitability conditions making it the LGA with the smallest spread of
high suitability areas. Therefore, there is a low likelihood of finding optimal
wind farm locations in Wamba than Obi, Keana and Lafia. All the six priority
LGAs under policy scenario 2 showed high prospects for identifying optimal
wind farm locations. More than 30% of their administrative areas were of high
suitability conditions. Awe (66.625%) and Keana (65.49%) recorded the most
spread, whereas Obi (38.21%) and Kokona (38.21%) accounted for the least. The
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four priority LGAs under the economic policy scenario presented little or no
potential for finding ideal wind farm locations. Only 8.59% of Lafia’s adminis-
trative area was of high suitability conditions, followed by 5.41% of Wamba,
1.67% of Nasarawa-Eggon and 0.43% of Obi.

The spatial locations of the priority LGAs identified under each of the three
policy scenarios were delineated by Figures 11-13. A visual assessment of the
maps revealed slight variations in the geographical locations of the priority areas.
These variations mirrored the final suitability index maps and suggest that the
developed decision support model is susceptible to changes in policy objectives.
Furthermore, it is visually ascertainable that only three out of the seven priority
LGAs maintained consistency with changes in policy objectives. These include:
Lafia, Obi and Nasarawa-Eggon. According to [13], one of the various sources of
uncertainty in Multi-Criteria Decision Analysis remains the allotting of weights
to individual decision factors. Therefore, they argued that any attempt to iden-
tify the priority areas, locations whose suitability are susceptible to slight altera-
tions in the relative importance weighting of criteria do not present the best pos-
sible option. Only those areas that maintained high suitability conditions across
all investigated policy scenarios are in the best position for further analysis.
Consequently, it is imperative to deem Lafia, Obi and Nasarawa-Eggon LGAs
the topmost options among the priority locations for wind farm development in

Nasarawa State.
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Figure 13. Priority area (policy scenario 3—economic priority).

DOI: 10.4236/jgis.2021.135033

624

Journal of Geographic Information System



https://doi.org/10.4236/jgis.2021.135033

C.E. Ozimetal.

3.4. Most Suitable Area for Wind Farm Development

Figures 14-16 present maps of the “most suitable” locations for wind farm de-
velopment in Nasarawa State. The maps depict high suitability parcels that are
equal to or greater than 5 km® Under policy scenario 1 (Equal weights), we
found a total of 13 most suitable parcels of land. Six are in Lafia, 3 in Obj, 2 in
Keana and 1 in Awe and Nasarawa-Eggon. No part of Wambe LGA satisfied the

conditions for being selected among the most suitable parcels. Also, in scenario
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Figure 14. Locations of most suitable parcels in priority area 1.
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Figure 15. Locations of most suitable parcels in priority area 2.
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Figure 16. Locations of most suitable parcels in priority area 3.

2, we found a total of 80 parcels of land that met the most suitable conditions.
Out of these parcels, 20 had their centroid located in Kokona, 19 in Lafia, 14 in
Awe and 13 in Keana. The rest 14 parcels of land had their centroid located in
Nasarawa-Eggon (11) and Obi (3) LGAs. In scenario 3, we found only two par-
cels of land considered the most suitable locations for wind farm development.
They are both located in Lafia. The most suitable parcels of land had almost
identical geographical positions but the numbers varied across the priority areas.
This finding indicates relatively low sensitivity of the most suitable land loca-
tions to changes in policy objectives. It is also similar to the decision support
tool developed by [10] for New South Wales in Australia.

DOI: 10.4236/jgis.2021.135033 627 Journal of Geographic Information System


https://doi.org/10.4236/jgis.2021.135033

C.E.Ozimetal.

This finding implies that Lafia had the most (27) locations deemed the most
suitable areas across the three policy scenarios. Hence, it presents the best option
for wind farm development in the State. Also, where environmental protection is
not of paramount concern, Kokona LGA shows promising prospects with the 20
most suitable locations under policy scenario 2. Other LGAs that shows wind farm
development potentials under scenario 2 are Awe, Keana and Nasarawa-Eggon.
Obi LGA showed an unencouraging prospect under scenario 2. This poor pros-

pect is attributable to the substantial number of forest reserves in the LGA.

4. Conclusions

This study developed decision support models to identify potential wind farm
locations in Nasarawa State, Nigeria. Wind speed created severe limitations to
the quest for sustainable wind farm locations in the State. Despite the barrier
imposed by wind speed, substantial parts of the State still show great develop-
ment potentials for wind energy farms, given that 36.34%, 42.44% and 21.22% of
the entire State satisfied the fundamental conditions under the equal weights,
environmental/social and the economic policy scenarios, respectively. Lafia, Na-
sarawa-Eggon, and Obi LGAs are consistent priority areas across the three in-
vestigated policy scenarios and are thus, regarded as areas of peculiar interest for
further assessment. The study recommends that the “most suitable” locations in
Lafia, Nasarawa-Eggon, and Obi LGAs receive first consideration for wind en-
ergy farm development in the State. The results from this study could be re-
sourceful to the State and the local governments in performing land manage-
ment and risk assessment.

The variations in the comprehensiveness of input datasets may affect the ac-
curacy of GIS-based WLC results. Hence, it becomes imperative to note that; (1)
data on critical habitat used in this study did not include the locations of some
critical habitats (zoo, game reserves and parks). Disclosing such areas would ex-
pose the habitat to a significant threat. Also, the input data on wind speed was at
50 m height above ground level. Data at higher elevations may result in higher
potential areas for wind energy farms in the study area. Furthermore, the specific
nature of wind turbines as their: sizes, and heights, were not considered. Any
proposal for wind farm projects in the State would require a more specific analy-

sis tailored to the features of the proposed turbines.
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