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Abstract: Pakistan has sufficient wind energy potential across various locations of the country.
However, so far, wind energy development has not attained sufficient momentum matching its
potential. Amongst various other challenges, the site selection for wind power development has
always been a primary concern of the decision-makers. Principally, wind project site selection
decisions are driven by various multifaceted criteria. As such, in this study, a robust research
framework comprising of factor analysis (FA) of techno-economic and socio-political factors, and a
hybrid analytical hierarchy process (AHP) and fuzzy technique for order of preference by similarity
to ideal solution (FTOPSIS) have been used for the prioritization of sites in the southeastern region of
Pakistan. The results of this study reveal economic and land acquisition as the most significant criteria
and sub-criteria, respectively. From the eight different sites considered, Jamshoro has been prioritized
as the most suitable location for wind project development followed by Hyderabad, Nooriabad,
Gharo, Keti Bandar, Shahbandar, Sajawal, and Talhar. This study provides a comprehensive decision
support framework comprising of FA and a hybrid AHP and Fuzzy TOPSIS for the systematic
analysis to prioritize suitable sites for the wind project development in Pakistan.

Keywords: wind project site selection; factor analysis; AHP; fuzzy TOPSIS; Pakistan

1. Introduction

The increased demand for energy across the globe has forced planners and policy-makers to
consider the development of non-conventional sources of energy [1]. This consideration is well
accompanied with the concern that the World’s 7.3 billion population is facing global warming
and climate change challenges due to the continuous utilization of conventional energy sources [2].
As such, the harnessing of renewable energy is considered one of the most promising solutions to
tackle these challenges. Renewable energy development also ensures energy security for the nations
relying on imported resources [3]. In addition, the socio-economic development of nations is also
greatly associated with the availability of the various forms of energy. In this context, electricity is
one of the most demanded form of energy across various sectors of any economy. However, energy
conversion processes for producing electricity are not all coming along smoothly, and instead pose
serious challenges pertaining to fuel supplies and containing the emissions. In this context, amongst
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various renewable energy sources used for electricity generation, wind energy is one of the most
promising sources of energy [4].

At the moment, Pakistan, on the one hand, is facing a severe energy crisis, while electricity
generated from conventional energy sources, mostly imported, are a severe burden on the economy as
well adversely affecting the environment [5]. On the other hand, the country is blessed with ample
potential for wind energy in the windy regions [6]. In this context, the climatic conditions in the
southeastern part of the country are very auspicious for wind energy development. The untapped
wind energy potential of this wind corridor can be of great help in meeting electricity demand as well
as a source of mitigation of the harmful and toxic gas emissions. The Government of Pakistan (GoP)
under Renewable Energy (RE) Policy 2006 has already planned for utilization of renewable energy
potential. However, the targets set under this policy have hardly been met so far. The site selection for
the development of wind power projects in the wind corridors has also been a key challenge dared by
planners and policy-makers.

Amongst other provinces, Sindh province has the highest estimated potential of 88,460 MW
electricity which can be produced from wind energy [7]. In this context, alongside the federal
government, the provincial government is also encouraging private sector investors to install wind
energy projects in the wind corridors of the province. As a result of these efforts, the Gharo and
Jhimpir wind corridor are already producing 308 MW electricity, while some other projects of 477 MW
capacity are at different stages of project management [8]. In view of the abovementioned facts,
this study is an effective step to prioritize the wind project site selection in the wind-rich corridors of
the Sindh province.

The highest wind potential in of the Sindh province is reported across eight key regions, namely,
Gharo, Nooriabad, Jamshoro, Keti Bandar, Hyderabad, Talhar, Shahbandar, and Sajawal. All these
locations have been considered in this study to identify the best of these locations for the wind projects
development. The correctly identifying wind project location add significance and help in planning
the infrastructure development appropriately.

The installation of a wind power project at suitable locations is a complex decision problem
involving techno-economic to socio-political trajectories. It is because that such project development
altogether requires huge investment cost, land acquisition, trained manpower and essential
infrastructure to commence the project activities. It is also important that geographically project
location is feasible and such location is further evaluated on important factors such as economic,
technical, environmental, political and social factor [9]. As such, it is very important to systematically
prioritize suitable locations before installation of wind power projects to ensure project benefits
alongside payback and productivity [10]. The accomplishment of such a task, therefore, requires listing
the factors important for the wind project site selection. The detailed factors (sub-criteria) selection
must take into account the main criteria recognized in the literature (i.e., economic, environmental,
technical, political, and social aspects). Therefore, the detailed factor analysis (FA) in this study follows
a system analysis and identification of relevant sub-criteria for each of five main criteria of the study.
Further, a hybrid analytical hierarchy process (AHP) and fuzzy technique for order preference by
similarity to the ideal solution (FTOPSIS) decision model development and implementation of a wind
project site selection in the wind corridors in the southeastern regions (i.e., Sindh province in Pakistan)
was accomplished.

It is anticipated that the decision support framework of this study comprising of FA and hybrid
AHP, and FTOPSIS shall help planners and policy-makers pertaining to wind project site selection in
wind corridors of the Sindh province. There are various instants in the literature wherein multi-criteria
decision making (MCDM) methods such as AHP, TOPSIS, and other methods have been used in
renewable energy planning [11-13]. However, taking into consideration limited literature on FA,
and wind project site selection in the southeastern region of Pakistan, this study will not only aid the
literature, but at the same time shall support energy planner and policy-makers appropriately.
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The remaining sections of this study are organized as follows: Section 2 discusses the related
work pertaining to wind project installation, site selection, and the key factors which might affect the
location of wind projects. Section 3 presents the research framework of the present study. Section 4
describes the results and analysis of the study. Section 5 provides a discussion of the findings of this
study and recommendations, followed by the conclusions in Section 6.

2. Wind Potential in the Southeastern Corridor of Pakistan

Sindh is the second largest province of Pakistan for its 47-million-person population, and 3rd
largest for its area of 140,912 km?. The province is geographically located in the southeast of Pakistan,
between the latitudes 26.08 north, and longitudes 66.64 east [14]. Sindh province is blessed with huge
renewable energy resources (i.e., solar energy, wind energy, and biomass energy) [15].

The province has ample wind energy potential for electricity generation across the province.
The richest of the locations include a coastal line of 60 km wide and 180 km long in Gharo, Kati Bander
up to Hyderabad with strongest winds recorded around the year [16]. The different locations of this
wind corridor include Gharo, Nooriabad, Jamshoro, Keti Bandar, Hyderabad, Talhar, Shahbandar,
and Sajawal as shown in Figure 1.

Arabian Sea

67%

Figure 1. Selected windy regions of Sindh province for the present study [17].

The geographical characteristics of these locations considered in this study are provided in Table 1.
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Table 1. The geographical characteristics of eight cities in Sindh province [18].

Name of Region Longitude Latitude
Gharo 67.585 E 24742 N
Nooriabad 68.525 E 25.894 N
Jamshoro 68.263 E 25433 N
Keti bandar 67276 E 24941 N
Hyderabad 68.367 E 25.367 N
Talhar 68.816 E 24.883 N
Shahbandar 67.903 E 24165 N
Sajawal 68.071 E 24.606 N

It is estimated that around 12.55% of these selected locations land fall into the moderate to
excellent wind power class, with a wind power generation capacity assessment of 88,460 MW as
detailed in Table 2.

Table 2. Wind resource potential of the selected regions for electricity generation [7].

Wind Potential Wind Potential Land Area Total Wind in the
Class Class (MW) (km?) Selected Region (%)
3 Moderate 61,745 12,349 8.76
4 Good 23,200 4640 3.29
5 Excellent 3515 703 0.50
6 Excellent N/A N/A N/A
7 Excellent N/A N/A N/A
Total 88,460 17,692 12.55

The Alternative Energy Development Board (AEDB) has already approved around 20 wind power
projects across these wind corridors. All of these projects’ capacities are to be developed by private
sector independent power producers (IPPs) in the range of 50 MW, which would only bring a mere
contribution from a huge cumulative potential of these areas [19]. However, in most of the cases, these
projects are facing one or other barriers pertaining from site selection and land acquisition to sovereign
guarantee of the investments.

Meteorological Data of the Selected Locations

The consideration of meteorological data pertaining to the wind energy locations is very important
to ascertain the feasibility to develop the wind power plants. According to the international standards
of wind power classification, the wind class of the region is central to decision making for the
installation of wind projects. These wind power classifications are given in Table 3.

Table 3. International wind power classification at 10 m, 30 m, and 50 m heights [20].

Class  Potential Class Average Wind Speed (m/s) Average Wind Power Density (w/m?)

10m 30m 50m 10m 30m 50m

1 Poor 0-4.4 0-5.1 0-5.4 0-100 0-160 0-200

2 Marginal 44-5.1 5.1-5.9 54-6.2 100-150 160-240 200-300

3 Moderate 5.1-5.6 5.9-6.5 6.2-6.9 150-200 240-320 300-400

4 Good 5.6-6.0 6.5-7.0 6.9-7.4 200-250 320400 400-500

5 Excellent 6.0-6.4 7.0-7.4 7.4-7.8 250-300 400480 500-600

6 Excellent 6.4-7.0 7.4-8.2 7.8-8.6 300-400 480-640 600-800

7 Excellent >7 8.2-11 >8.6 >400 640-1600 >800
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As per these international standards, the following two factors are essentially vital and should be
considered well before choosing or selecting a site for wind tower installation [21]: (a) The selected
region must be windy and cover all of the parts of the region as per relevant wind power classification.
(b) The towers should be installed far away from each other so that they do not cause obstructions to
the wind.

The additional consideration regarding wind power site selection is the annual average wind
speed (m/s) and wind power density (w/m?). The parameters for the eight selected locations of this
study are given in Table 4.

Table 4. Average wind speed and power density at 10 m, 30 m, and 50 m heights in selected regions of
the southeastern corridor of Pakistan [17].

No. Selected Regions Average Wind Speed (m/s) Average Wind Power Density (w/m?)
10m 30m 50 m 10m 30m 50 m

L1 Gharo 3.6 5.6 6.6 110 233 360

L2 Nooriabad 5.0 6.2 7.0 221 361 454

L3 Jamshoro 4.2 6.9 8.5 160 424 771

L4 Ketibandar 4.6 6.1 7.0 163 281 396

L5 Hyderabad 3.8 5.5 6.4 123 264 372

L6 Talhar 14 4.5 6.2 24 147 445

L7 Shahbandar 4.2 5.5 6.2 108 174 247

L8 Sajawal 2.4 5.0 6.4 34 146 299

It is evident that all the regions considered in this study have enough wind resource potential to
develop wind power projects. Therefore, a detailed investigation in this study has been undertaken to
prioritize these locations systematically.

3. Research Framework

The complex trajectories involved in the selection of a site for the wind power plants, elaborated
in an earlier section of the paper, require careful consideration and development of an appropriate
scientific decision framework. Therefore, in this study, a comprehensive research framework
comprising of FA, hybrid AHP, and a fuzzy TOPSIS decision model has been developed, as shown in
Figure 2.

In the implementation of this framework, the economic, environmental, technical, political, and
social (EETPS) factors affecting the site selection of wind projects in the context of Pakistan have been
identified using FA, which is processed based on literature review and experts’ recommendations.
This is followed by the establishment of a decision hierarchy of economic, environmental, technical,
political and social (EETPS) criteria and sub-criteria using the AHP method. Experts were consulted
again to check for errors or if a high inconsistency (>10%) was found in the AHP results. Finally, based
on the criteria weighs determined in the AHP methodology, the Fuzzy TOPSIS method was used to
firmly prioritize the different locations considered in this study for development of the wind projects.

The summary description of each methodology of the proposed research framework of this study
is given below.
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Figure 2. The research framework of the study.

3.1. Factor Analysis (FA)

The factor analysis technique was developed by Charles Spearman [22]. Factor analysis is a
statistical technique which is used to reduce a large number of variables into small numbers of factors.
The FA method extracts maximum variance from all the variables and put them into a common score.
There are several types of factoring methods which are used to extract the factors from the data sets.
In the factor analysis, the factor loading is commonly the correlation coefficient of the variables and
factors [23]. The factor loading shows the variance explained by the variable on that specific factor,
whereas, eigenvalue provides variance explained by that particular factor out of the total variance.
Subsequently, the factor score is determined, which is also called the component score. Factor score is
the sum of all row and columns, which can be used as an index of all variables and can be used for
further analysis.

According to Reference [24], Kaiser criterion and eigenvalues are good criteria for determining a
factor. As such, if the eigenvalue of a factor is greater than 1, it can be considered, and if less than 1, then
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it may not be considered. Further, in the FA, the rotation method makes it more reliable to understand
the output. The eigenvalue cannot affect the rotation method. However, the rotation method affects
the eigenvalue or percentage of variance extracted. There are several numbers of rotation methods,
such as varimax rotation, no rotation, promax rotation, quartimax rotation, and direct oblimin rotation
method. However, in this study, we have applied the varimax rotation method to refine the factors.

In the process of FA, this study has identified five main criteria namely economic, technical,
environmental, political, and social factors. The importance and relevance of these factors pertaining to
this study are discussed in the following section which is followed by detailed sub-criteria identification
based on the FA process in the subsequent section.

3.1.1. Importance of Economic, Technical, Environmental, Political, and Social Factors

The economic, technical, environmental, political, and social factors, which are taken as the main
criteria in this study, are very relevant and identified from the literature [25]. Pakistan is a developing
country, and all these factors are very relative to any major project development endeavour. However,
these factors although considered in the decision-making process, are not often systematically analyzed
for decision alternatives. As such, the quality of decisions are inferior, and judgement defense is very
poor. Further, the related work pertaining to the development of wind projects considering these
factors is evident in the literature. Latinopoulos and Kechagia [26] used GIS-based, multi-criteria
assessment for wind project location selection in Greece; they considered economic, technological,
social, and environmental factors as criteria with substantial numbers of sub-criteria. Azizi et al. [27]
used the environmental, technical, and economic factors in wind power plant site selection. Al-Yahyai
et al. [28] have also considered various dimensions to evaluate the suitability of land for wind projects
site selection in Oman, including the distance to roads, slope, historical locations, nature, wind power,
and energy demand. Tegou LI et al. [29] have considered four criteria (i.e., economic, technical,
environmental, and social) in the selection of potential locations for wind power projects on the island
of Lesvos, Greece. They also assessed the wind project site selection based on other factors, such as
land cover, visual impact, wind resources, land value, and distance from the power station. Ljubomir
and others [30] have listed eleven criteria for selecting suitable locations for wind projects in Serbia,
these were wind speed, land use, distance from urban areas, distance from protected areas, distance
from power lines, slope of the land, distance from roads, aspects, distance from telecommunication
infrastructure, distance from tourist facilities, and population density. In addition, Noorollahi et al. [31]
considered economic, technical, environmental, and geographic as key factors for the wind power
project site selection. Based on this study, they recommended that wind energy is an economical option
for improving the economic conditions of Iran.

Mazhar Hussain et al. [20] have presented a technical proposal for off-grid electricity generation
from six wind sites of two provinces in Pakistan. In the meantime, Yousaf Ali et al. [32] have only
identified six key criteria (i.e., wind speed, wind power density, capacity factor, transport cost, distance
from grid station, and population density) for wind project site selection, but have not implemented
these criteria. Pamucar et al. [33] have investigated suitable locations for wind projects installation
in Serbia with seven main criteria namely, wind speed average, land cover/use, distance from main
communication, slope, orientation aspect, distance from urban places, and distance from power lines.
Yeh and Huang [34] have also investigated various key factors in determining wind project location,
and these include safety and quality, economy and benefits, social impression, environment and
ecology, and policy. Watrobski et al. [35] used AHP and preference ranking organization method
for enrichment of evaluations (PROMETHEE) in carrying out a feasibility study of selecting wind
farm location in Szczecin city of Poland. Another study by Watrébski et al. [36] has defined the
methodological aspects of a decision support system for localizing offshore wind farms. Wu et al. [37]
have developed a decision-making framework for the selection of offshore wind sites using Elimination
et Choix Traduisant la Realité-III (ELECTRE-III). Sanchez et al. [38] combined fuzzy approaches of
different Multi-Criteria Decision Making (MCDM) to deal with the current decision problem of onshore
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wind site selection. Therefore, in this study, we have considered the main criteria and sub-criteria for
the selection of wind power projects located in the southeastern corridor of Pakistan. These criteria
and sub-criteria are given in Table 5.

Table 5. List of main criteria and sub-criteria.

Economic Factor Enw;:?::: rental Technical Factor Political Factor Social Factor
Development cost clglrfii}rft;hl}rln?)ri ¢ Wind data Government Egﬁf};:piigﬁ?g}m

[39,40] [41] availability [27,42] policies [43] nearby areas [31]

On—grl.d. Wildlife and Climate conditions Land acquisition D%stanc.e from
accessibility habitat impact [42] [29] [39,40] residential areas

[29-31] P ’ [27,30,31]
Road availability arﬁevii(t)}ifljtt lfi)r;js + Skilled manpower Relocation and om lf;fegeirtl and
[28-31] availability [39,40] rehabilitation [42] ploy

cover [27,29] agriculture [44]

Social acceptance
[43]

In summary, the main criteria considered in this study (i.e., economic, technical, environmental,
political, and social factors) are vital aspects of wind power plant development in Pakistan.

3.1.2. Factor Analysis for Determining the Sub-Criteria

The selection of sub-criteria for each of the five main criteria has been accomplished in this study
using factor analysis. In this process, a small number of underlying factors have been identified
to relate each sub-criteria relevance to the main criteria. As such, the factors and their latent items,
the extent of variance represented by each extracted factor, have been investigated. The rotated
component matrix, variance calculation, and latent factors scoring above 0.50 have been represented.
A survey instrument comprising of 16 items with the option to select any one from these for relevant
main criteria was provided to the respondent. The five points Likert scale ranging from Strongly
Disagree (1) to Strongly Agree (5) was administered to 300 respondents working in government and
privately sponsored renewable energy projects in Pakistan. The respondents were given a two-week
period for their responses to the questionnaire. During this period, an overall 175 responses were
received successfully. After removing invalid and incomplete responses, a total of 150 completed
questionnaires were acknowledged and taken into consideration. This gives an overall response
rate of 50%. The feedback from the respondents also contained some omissions and missing figures.
These response omissions were the source of errors during the analysis. Hence, these problems were
appropriately addressed by using the Missing Value Analysis tool of the Statistical Package for the
Social Sciences (SPSS). The response of the participants pertaining to the factors and the latent items
attributing to the establishment of the key factors affecting the location of wind power projects have
been analyzed.

The collected data from these respondents were analyzed using SPSS software to determine the
underlying factors, provided in the results section of this paper.

3.2. Multi-Criteria Decision Making (MCDM) Approach

The AHP and FTOPSIS methods are two key methodology pillars of this study’s research
framework. The AHP and TOPSIS methods are the techniques of MCDM methods widely
used in energy and environment planning and complex decision analysis [45]. The traditional
assessment/analysis methods like environmental impact assessment (EIA), cost-effectiveness analysis
(CEA), and cost-benefit analysis (CBA) are limited in nature and scope, and generally do not take care
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of social, risk, and uncertainty factors effectively [46]. Therefore, MCDM methods have found their
greater application across various disciplines of engineering, social sciences, governance, and project
management [47].

The MCDM comprises a number of research methods. These includes TOPSIS [48],
AHP [49], data envelopment analysis (DEA) [50], multi-attribute utility theory (MAUT) [51],
multi-attribute value theory (MAVT) [52], preference ranking organization method for enrichment of
evaluations (PROMETHEE) [53], measuring attractiveness by a categorical based evaluation technique
(MACBETH) [54], multi-objective decision making (MODM), elimination and choice translating reality
(ELECTRE), visekriterijumsko kompromisno rangiranje (VIKOR), and decision support systems [55].
In recent literature, PROMETHEE for sustainability assessment (PROSA) has also been used to
solving wind energy decision problems [56]. The new easy approach to Fuzzy PROMETHEE (NEAT
F-PROMETHEE) has also surfaced recently as an MCDM method based on the adjustment of mapping
trapezoidal fuzzy numbers [57]. However, each of these methods has its own strengths and limitations.
Nevertheless, the AHP has been the most widely used amongst all the MCDM methods [58]. The AHP
has been selected for the present study because it has the ability to convert the multifaceted decision
problem into a simple problem. A brief description of AHP methodology is given in the following
sub-section, which shall be followed by the summary description of the TOPSIS methodology in the
subsequent sub-section.

3.2.1. Analytical Hierarchy Process (AHP)

The AHP method was developed by Saaty in the 1970s [59]. It has the ability to convert a complex
decision problem into a simple problem in a hierarchical order. In addition to this, the AHP has the
capability to use quantitative and qualitative data in one model. Therefore, the AHP method has been
selected for this study because of its several irresistible characteristics, such as:

e It helps in managing complex decision problems, and unorganized and multi-characteristic issues.
e  Ithelps decision-makers to evaluate complex problems in a hierarchical order and makes it simple.
e It can be used for both quantitative and qualitative data.

e It organizes in a hierarchical model for solving intricate decision problems.

e It provides consistency during the assessment process.

The procedure in the AHP is explained in the following steps [60].

Step1 Firstly, construct a decision hierarchy with criteria and goal at the top of the hierarchy.

Step2 Develop a pairwise comparison matrix of the criteria and sub-criteria with accurate
consistency. The pairwise comparison matrix was obtained from experts using a 1-9 point
scale, which is illustrated in Table 6. The matrix was acquired as (n x 1), where n donates the
number of criteria.

Step3  Let X;; denote the preference order of the ith objective as compared to the jth objective. After
that, in = X%]

Step4 To obtain the normalized pairwise comparison matrix it is important to follow the proper
procedures, such as calculating the sum of the column, dividing each matrix by its obtained
column sum, and taking the average of the rows to get the relative weights.

Step5 In this step, the Eigen vector, maximum Eigen value, and consistency index (CI) can be

calculated using Equation (1).
Amax — 1

I= 1
C 1 @
where A4y is the Eigen value and 7 is the number of criteria.
Step6  Lastly, the consistency ratio (CR) is calculated using Equation (2).
I
CR = ¢ ()

" RI



Energies 2018, 11, 1940 10 of 26

here, RI is the random index. The value of RI is illustrated in Table 7. The acceptable range of
the CR value is less than 0.1 [61].

Table 6. Saaty pairwise comparison matrix scale [49].

Numerical Values Verbal Definition (Comparing Factor X and Y)

Equally important factors
Equally to moderate important
Moderate important
Moderately to strongly important
Strongly important
Strongly to very strongly important
Very strongly important
Very strongly to extremely important
Extremely important
Reciprocals Factor X is less important than factor Y

O O N ONUT WN -

Table 7. Random Index (RI) [16].

Number Random Index

0.00
0.00
0.058
0.90
1.12
1.24
1.32
1.41
1.45
1.49

S 00N U RN =

The accomplishment of AHP steps in this study would provide the weights of the main-criteria
and sub-criteria of the study, which would be used in the Fuzzy TOPSIS model to rank the alternatives.

3.2.2. Fuzzy Technique for Order Preference by Similarity to the Ideal Solution (FTOPSIS)

The TOPSIS method was proposed by Hwang and Yoon [62]. The ambition of this technique is
to identify the maximum and minimum gaps between the ideal and negative solution [63]. Despite
the fact that it is a famous technique of MCDM, the method suffers from various drawbacks.
In real interpretation, it fails to provide clear information and has undefined and ambiguous issues.
A preferable method is to assess the weights and rankings of the criteria using linguistic variables
instead of numerical values. Decision-makers are able to gratify incomplete, immeasurable information
and partially ignorant facts with the use of the fuzzy sets theory. The triangular fuzzy number (TFN)
is most frequently used in MCDM methods to solve these problems. A TEN is a triple A = (az,bz,cz)
where, az,bz,cz € R(az < bz < cz), with the following membership function form:

bz—az

Cz—X .
= if by<x<cy

pA(x) = @)

{ X4z lf a7 <x < bz

The TFN can be used to represent linguistic variables, which can be used for the assessment of
alternatives with respect to each criterion. The TEN rating scale often used in MCDM problems is
presented in Table 8.
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Table 8. Linguistic variables and Triangular Fuzzy Numbers (TFNs) [64].

Number Linguistic Variables TFNs
1 Very Bad (1,1,3)
2 Bad (1,3,5)
3 Medium (3,5,7)
4 Good (5,7,9)
5 Very Good (7,9,9)

The fuzzy TOPSIS technique based on TFNs can be denoted as in the following steps: where
i=123,...,mandj=1,2,3,...,n:

Step 1

Step 2

Step 3

Step 4

Define the fuzzy decision matrix X:

X = (%), (4)
where xi]‘ = ((11']‘, bi]', C,‘]').
Establish the normalized fuzzy decision matrix R using linear scale normalization.

R=1[rl,., ()

here,i=1,2,3,...,mand j=1,2,3,...,n.

LIZ‘]' bl] CZ]
rij = (er F/ CT) (6)
] ] ]
where, c].+ = maxc;j (benefit criteria).
a. a. a.
J ] ]
rij= (o) @)
Cij Uij 4ij

a].* = min aj; (cost criteria).

Calculate the weighted normalized fuzzy decision matrix by utilizing Equation (7).

V= [oi], ®)
here, v;; = r;j X w;.
Identify the fuzzy positive ideal solution and fuzzy negative ideal solution.
The fuzzy positive ideal solution:
AT = (vf,05,05,...,0) 9)
where, j =1,2,3,...,n.
V],*:maxvl-j if(je]); minvgif(je]’) (10)

The fuzzy negative ideal solution:

A™ = (v7,05,05,...,07) (11)
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where, j =1,2,3,...,n.
V. =max v if(j€J); minvif(j € ) (12)

All these computations are particular to linear normalization [65].

Step5 Compute the distance of each alternative from the fuzzy A" and fuzzy A~ using Equations
(13) and (14).

Fuzzy positive ideal solution A+

dj_ = i d(vi]- — ?)JJ'_) (13)

j=1

where, j = 1,2,3,...,m, and fuzzy negative solution A~
n
& = ;d(vij—vj) (14)
]:

where, j =1,2,3,...,m.

Here, the distance between two fuzzy numbers A = (x1, x2,x3) and B = (y1,Y2,¥3)

d(A,B) = \/;[(xl —1)* + (2 — y2) + (3 — 13)?] (15)

Step6 Compute the closeness coefficient (CC;) of the alternative to the positive A* and negative
A~ ideal solution using Equation (16).

d.
CCj= —*L1r— 16
Ydf+dr (16)
where,i =1,2,3,...,m; dl.+ is the distance from the fuzzy positive ideal solution and d;” is the
distance from the fuzzy negative ideal solution.

Step7 Rank the alternatives and select the one with the biggest value of CC;. The finest alternative is
the one having the minimum distance to the fuzzy positive ideal solution and the maximum
to the fuzzy negative ideal solution.

The accomplishment of the above steps would provide the ranking of alternatives with distance
to highest and least optimal solution.

3.2.3. The Survey Respondents for AHP and Fuzzy TOPSIS Study

It is very important to engage qualified and professional experts while applying any MCDM
method since the inconsistency of the weights assigned by the experts is always uncertain [66].
Generally, stakeholders, research specialists, interest groups or managers are engaged for weight
scoring to analyze the situation and increase the decision power [67]. As such, in this study to
maintain the consistency and validity of the study a small number of expert (i.e., five) were engaged
as respondents in both AHP and Fuzzy TOPSIS steps of the research framework. The summary of
experts’ details is shown in Table 9.

With the help of respondents’ judgmental scoring, the criteria and sub-criteria weights were
determined using the priority ranking of the AHP method. In the next phase, the fuzzy TOPSIS
method was used to analyze the selection of a suitable site for wind project development in the
southeastern part of Pakistan.
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Table 9. Experts’ information.

Classification Number of Experts
University professor 2
Energy expert 1
Economic expert 1
Stakeholder 1

4. Results and Analysis

4.1. Factor Analysis Results

In the factor analysis, the principal factor extraction with a varimax rotation approach was
accomplished using the SPSS software as shown in Table 10. The total variance explained by each
factor is listed in the column under factor loading. The percentage of variance and the cumulative
percentage of the variance for each factor is provided. In total, 16 factors for five main-criteria were
analyzed. The first two main criteria factors accounted for 13% and 12% of the variance. All the
factor loadings have been greater than 0.5, and to be more particular 12 factors are with more than 0.7
loading factor.

Table 10. Factor structure of principal factors extraction and varimax rotation.

Item Number Factor % of Variance Cumulative % Age of
Loading Explained Variance Explained
Factor 1: Economic Factor (EF)
Development cost (EF1) 0.881
On-grid accessibility (EF2) 0.854 13.584 13.584
Road availability (EF3) 0.769
Factor 2: Environmental Factor (EN)
Public health and community impact (EN1) 0.822
Wildlife and habitat impact (EN2) 0.697 12.564 26.148

Area of flatland and without forest cover (EN3) 0.675

Factor 3: Technical Factor (TF)
Wind data availability (TF1) 0.854

Climate conditions (TF2) 0.813 9714 35.862
Skilled manpower availability (TE3) 0.644

Factor 4: Political factor (PF)

Government policies (PF1) 0.820

Land acquisition (PF2) 0.734 8.889 44.751
Relocation and rehabilitation (PF3) 0.627

Factor 5: Social factor (SF)

Effect on economic development of nearby 0.933

areas (SF1) ’ 9.934 54.685
Distance from residential areas (SF2) 0.796

Effect on employment and agriculture (SE3) 0.760

Social acceptance (SF4) 0.734

Each of these factors are very important for the site selection for the wind power projects and are
briefly defined as follows.

4.1.1. Economic Factor (EF)

The economic aspect of wind turbine installation at a particular area or region relies on grid
and transmission availability, wind resource, and distance from roads [68]. In developing countries,



Energies 2018, 11, 1940 14 of 26

investment cost is higher than the developed countries due to several reasons, such as poor existing
infrastructure, unskilled labour, and bringing engineers from foreign countries.

Development Cost (EF1)

The electricity generation from wind requires a well-developed infrastructure system for
transmission line accessibility, road facilities, water supply, and some other local infrastructure in
the region to transfer the electricity to the end user. A supplementary electricity generation capacity
must be available for the times when the renewable energy (RE) resources abruptly cease to generate
electricity [69].

On-Grid Accessibility (EF2)

The on-grid accessibility of transmission lines near to the power project is very important from
economic aspects. The location of the wind plant must be within 2000 m of the electricity grid otherwise
it may be considered as not economically feasible [29].

Road Availability (EF3)

Distance from roads can provide a lower construction cost in the project. It is suggested that
suitable sites must be at a minimum distance and should not exceed 10 km from the roads [70]. Thus,
the selected location must be only a short distance from the road.

4.1.2. Environmental Factor (EN)

The wind project location selection must also consider the environmental aspects, such as public
health and community, wildlife and habitat, and land use impact.

Impact on Public Health and Community (EN1)

Visual and noise impacts are the two main public health and community concerns linked with
operating wind turbines in the area. Due to the higher degree of noise from wind turbines, the people
living near to these projects have complained about these issues, but it has been found that noise and
visual impacts do not have any direct negative impact on public health [71].

Impact on Wildlife and Habitat (EN2)

The wind turbines have a direct impact on wildlife, most particularly on birds, which has been
widely studied and documented. Various studies have found evidence of bird deaths due to changes
in air pressure caused by the spinning turbines and from collisions with the wind turbines, also from
habitat disruption [72]. These impacts do not pose a threat to species populations as their impacts are
comparatively low.

Area of Flatland and without Forest Cover (EN3)

The land requirement of wind power depends on the site, the wind turbines placed in flat areas
use more land than those located in hilly regions, although wind turbines do not take up all of the
land. From the survey report of the National Renewable Energy Laboratory, NREL, it was found that
the wind project land can also be utilized for some other purposes, including agriculture, livestock
grazing, and highways [73]. Thus, the area which has flat land is very useful because the wind is not
obstructed by dense forests.

4.1.3. Technical Factor (TF)

Before establishing the wind site selection, the various uncertainties and scientific issues must be
addressed and require due consideration.
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Wind Data Availability (TF1)

It is very important to obtain accurate wind data before setting up a wind power plant. The wind
site must be selected after getting proper sufficient and available data, such as the wind power speed
and wind power density of the selected location [74].

Skilled Manpower Availability (TF2)

Availability of skilled manpower is required to install, maintain, coordinate, and monitor the
operation of the wind power plants [75]. If the people are capable in the region, it will be very useful.
Alternatively, training may be provided to the people who can operate the wind power plant, but it
adds to the extra cost.

Climate Conditions (TF3)

The performance of a wind power system depends on the weather conditions at the site, such
as low air pressure, because a wind generator requires at least 3 m/s wind speed or above [76]. In
addition, it must be in an area with a minimum chance of sudden disasters like powerful bursts of
wind and floods which affect the performance of wind turbines [77]. Therefore, it is very important to
select an ideal site where it would have a constant flow of wind throughout the year. For example, the
Sindh province of Pakistan has several suitable sites for wind power generation.

4.1.4. Political Factor (PF)

This aspect involves the political commitment of the government to establish a wind project in a
specific area. Political agreement from the government is essential for the approval and success of RE
programs [78].

Government Policies (PF1)

The government must clearly state the renewable energy policies, guidelines, and installation
plans. As well as the identified framework for the promotion and exploitation of the wind technology,
which may encourage the wind project site selection. The institutional arrangement of RE technology
is very significant for the deployment and achievement of a successful and long-term sustainable RE
program [78].

Land Acquisition (PF2)

Two key organizations, the Pakistan Council of Renewable Energy Technologies (PCRET) and
Alternative Energy Development Board (AEDB), are working for the development of renewable energy
projects in the country [79]. Both organizations are responsible for facilitating the acquisition of the
land for renewable energy projects because the maximum land is under the jurisdiction of the federal
or provincial governments. Acquiring land is mainly dependent on the policies of the government for
renewable projects; moreover, it is important that the land acquisition is framed in a timely manner in
order to avoid delays.

Relocation and Rehabilitation (PF3)

From the political perspective, it is very important to consider the rights of the local people. If the
land of farmers has been taken for the establishment of a power plant project in the area, an equal area
of land must be provided to them at another area, or proper compensation may be paid to the people
for relocation. Thus, the appropriate arrangement must be established in case of dislocation of the
population is required [80].
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4.1.5. Social Factor (SF)

Pakistan has failed to exploit the abundant renewable potential for sustainable development due
to the negligence of the social aspect related to it. It is very important to involve local community
people, otherwise, it may lead to common problems like land tenure, ownership issues, and refusal to
pay for energy services. Thus, it is very critical to consider the social aspect of the society and deal
with it in a suitable manner [81].

Effect on Local Economic Development (SF1)

Job creation is the socio-economic aspect which is associated with the installation and
establishment of renewable energy and energy efficiency technologies [82]. Wind site selection adds to
local economic development in that particular region. It provides jobs and develops infrastructural
conditions of the region.

Distance from Residential Areas (SF2)

The establishment of RE power plants must not be within the circumstances of rural and urban
residential areas otherwise it may impact on urban growth. Furthermore, it would be beneficial in
the future to extend the capacity of the plant in the available land area [83]. It has been indicated that
pessimistic attitudes of the local residents increase with the decrease in the distance of a power plant
location from the residential area; as such, it is suggested that wind projects be constructed at the
greatest distance away from residential areas [29,84].

Effect on Employment and Agriculture (SF3)

The selected wind power project must act as a source of employment for the local community
and agriculture farming in the wind farm. The selected wind power project in the area must assist in
increasing the employment opportunities for the people who have been suffering from unemployment
for a long time [44].

Social Acceptance (SF4)

Public acceptance and perception is the main part of the development of RE projects [85].
The community of the local area may resist the wind project due to a lack of awareness about the
socio-environmental benefits of wind energy in their region. The acceptance of the RE projects in the
area depends on the psychological and personal factors of the local people, which are considered to be
the key factors in the implementation of wind energy projects.

4.2. AHP Results

A group decision-making approach has been used in this study to determine the weights of
the EETPS factors. Thus, a geometric mean has been employed for integrating individual experts’
pairwise comparison matrices in calculating the weights of criteria and sub-criteria [86,87]. In the
implementation of AHP methodology, in the first phase, the main criteria weights were obtained which
were followed by the determination of sub-criteria weights as follows.

4.2.1. Main Criteria Weights

In this study, five main criteria were identified and subjected to pair-wise comparison to determine
their weight as shown in Figure 3.

It is evident from the above results that the economic aspect is the most important criteria followed
by the political, technical, environmental, and social aspects assessed by the AHP survey respondents.
This assessment is very relevant as developing countries like Pakistan are often facing a daunting
challenge to manage funds for the renewable energy projects development.
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Figure 3. Ranking of criteria in wind project site selection in selected regions of Pakistan.

4.2.2. Sub-Criteria Weights

The sixteen sub-criteria of the study, devised using factor analysis, were assessed by the AHP
survey respondents following the pair-wise comparison. The final weights of these sub-criteria and
their relative rank are shown in Figures 4-9.
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Figure 4. Economic sub-criteria weights.
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Figure 5. Environmental sub-criteria weights.
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Figure 6. Technical sub-criteria weights.

Figure 7. Political sub-criteria weights.

Figure 8. Social sub-criteria weights.
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Figure 9. The overall ranking of sub-criteria in wind project site selection in selected regions of Pakistan.

4.3. Fuzzy TOPSIS Results

In this section, the ranking of wind sites (i.e., the decision alternatives of this study) have been
analyzed using Fuzzy TOPSIS methodology. The analysis by the group of experts has established
a fuzzy evaluation matrix into a triangular fuzzy number using linguistic variables. The linguistic
variables rating matrix was obtained after the comparison of the alternatives against each sub-criterion.

This study has considered the EETPS factors under the cost criteria (i.e., EF1, EF2, EF3, EN1, EN2,
TF2, TE3, PF1, PF2, PF3, SF2, SF4) and benefit criteria (i.e., EN3, TF1, SF1, SF3), respectively. Following,
assigning the fuzzy positive ideal solution as v = (1,1,1) and fuzzy negative ideal solution as
v~ = (0,0,0), respectively. The distance of each alternative was computed using Equations (13) and
(14). The final ranking of the alternatives has been obtained in accordance with the coefficient closeness
CC; values illustrated in Table 11.

The final ranking of the alternatives (wind sites) which has come of following rigorous factor
analysis and implementation of AHP and Fuzzy TOPSIS methodologies is very relevant and provides
insight into the reason for this ranking. The research framework of this study, therefore, provides very
significant and refined results which can be of great help for energy planning and policy experts.

Table 11. The final ranking of the alternatives.

Distance from Positive  Distance from Negative

No. Region Ideal Solution (dj') Ideal Solution (d;") cCi Rank
L3 Jamshoro 15.498 0.564 0.035 1
L5 Hyderabad 15.554 0.494 0.031 2
L2 Nooriabad 15.562 0.487 0.030 3
L1 Gharo 15.573 0.469 0.029 4
L4 Ketibandar 15.579 0.466 0.029 5
L7 Shahbandar 15.595 0.442 0.028 6
L8 Sajawal 15.615 0.420 0.026 7
Lé Talhar 15.625 0.407 0.025 8

4.4. Sensitivity Analysis

In the study, we have performed sensitivity analysis in order to know the feasibility and
robustness of the obtained results by performing 19 tests. These tests are depicted in Table 12.
All 19 tests were carried out to examine the effect of sub-criteria weights on the prioritization of
alternatives. The sub-criteria weight for first 16 tests were assigned as the highest values, and others
were allocated to low and identical weights. For instance, in test 1 the weight Wgg of sub-criteria
EF1 was assigned identical to 0.50, and for sub-criteria EF2-SF4 identical and lowest weights were
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allocated as Wgpp.gra = 0.25. The purpose of the test was to check the impact on prioritizing the
order of alternatives. In test 17, all sub-criteria weightage was assigned identical to 0.0505. In test
18, the weight for sub-criteria EF1-SF4 was assigned as Wgpy.sps = 0.0808 and weight for PF3-SF4
sub-criteria was allocated identical to O (i.e., Wpps.gpa = 0). Lastly, in test 19, weight for sub-criteria
EF1-PF2 was assigned as Wgp1.pr2 = 0, and weight for PF3-SF4 sub-criteria was allocated identical to
0.20 (i.e., Wpp3.sp3 = 0.20). The result of the sensitivity analysis is shown in Figure 10. From Table 12
and Figure 10, it can be understood that the alternative L3 attained the favorable value in fourteen
tests out of nineteen tests (1-2, 4-12, and 16-18) while alternative L5 shows the highest value in three
tests (3, 13, and 15) and alternative L2 in two tests (14 and 19). Therefore, this study provides a robust
and precise ranking of alternatives, and it is comparatively sensitive to the sub-criteria weights.

Table 12. Tests for sensitivity analysis.

Coefficient Closeness CC;

Test Definitions Prioritizing Order
1 12 13 14 15 16 L7 I8
1 ng_g;oggés 0030 0032 003 009 0032 0026 008 o007 12>
2 WEFY}IEE:;—;A}OS %'. o5 0029 0031 003 0029 0033 0025 0028 0.026 LS 4>>L57>>L58>>LL1 .
3 WEH_:";K TSOFfO: 0025 0033 0032 0034 0031 0035 0029 0028 0027 LE 4>>LL3 6>>LL17>>LL28>
4 WEFLZZ;TN;SSZ' ogps 0031 0033 0037 0032 0034 0032 0029 o0 °7M72>L6>
5 WEFl::IfI\;;SFfi 0025 0033 0030 0035 0031 0033 0026 0032 0032 L€8>>LLl 4>>L€2>>LL7 .
6 WEFI—ZIYS\IEFIZ-S?;ALSZ, ogps 0033 0032 0036 0030 0033 0032 0035 o030 °7M>SLIS
7 WEH_}:’IZS;F;SFE(Z ogps 0032 0034 0038 0033 0035 0029 0030 o003 772>l
8 WEH;’;’IFTZF;SS’ 0025 0033 003 0038 0033 0035 0029 0027 0.029 LS 4>>LL28>>LE' 6>>LL17>
9 WEFl_Xz;FS’FiS‘;fg wops 0028 003 0037 0034 00% 0027 0033 o0y A>L2>l4>
10 WEH;’;’;’,FI}F:_S(S% oo 0028 0032 0035 0031 0031 0032 0033 oo 2°H7>L651S>
11 WEFl_l‘)’ZiF;F;ng’ 0025 0036 0032 0039 0034 0036 0033 0031 0031 LL3 6>>LL12>>L57>>L58>
12 WEFLX;’,F;;SS' wops 0035 0037 0041 0035 003 0034 0033 o003 D7 2>0>LE>
13 WEH_I‘)’:;F;F;‘ES' 0025 0035 0037 0036 0034 0038 0026 0033 0.031 LE 4>>L57>>L58>>LL1 .
14 WEpl_‘s’;’iFst;zfi’ oops 0034 0037 0035 0034 003 0030 0030 o003 27H>ISZLL>
15 WEF‘;\;?:; ;405%. s 00% 0035 0034 00% 0040 0032 0030 o030 oHZM>L2
16 W:;ISFS“F 3::0'05_8’25 0.038 0.039 0040 0035 0036 0027 0029 0.028 LS 4>>L57>>LL18>>LL5 .
17 Werisrs =00505 0037 0039 0043 003 0040 0029 0034 o033 °7H>12>LI>
18 WEV*;}I;I;?S;O;OSO& 003 0034 0039 0035 003 0031 0032 o33 °-HZL>LA>
19 Wert-pr2 =0, 0029 0034 0031 0028 0030 0029 0032 o003 2>H8>L7>L3>

Wpps-sp4 = 0.20 L5>L6>L1>14
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Figure 10. The result of the sensitivity analysis.

5. Discussion and Recommendations

This study’s comprehensive research framework and implementation provided important insights
pertaining the different methodologies which are very relevant and the results which are very
significant. As such, this study lays a foundation for energy planners and policy-makers to consider
the research framework as well as the pertinent results of this study which also provide an appropriate
rationalization for wind project site selection. The factor analysis and MCDM methods have been
used effectively to address the of wind power project site selection decision making out of eight
locations in the southeastern region of Pakistan. The results of the study are not only supported
by a rich methodology, expert opinion and related work was also utilized appropriately. Amongst
the five main criteria of the study (i.e., economic, technical, environmental, political, and social
factors), the economic factor has been identified as the most significant factor, and the social aspect is
considered by the respondents as of the lowest priority. This ranking of the main criteria is evident
from a typical developing country perspective wherein a funding resource paucity is a key challenge
faced to develop renewable energy projects. However, although the lowest ranking of the social
factor is not encouraging, it reflects the lower awareness of the masses pertaining to their rights and
privileges to impact the national level decision-making. The sub-criteria priority result ranks the land
acquisition, wind data availability and on-grid accessibility as the first, second, and third-ranked
factors. The summary ranking of the sixteen sub-criteria is such that the top-ranked criteria follow
as PF2 > TF1 > EF2 > EF3 > EF1 > EN3 > PF1 > TF2, and the lowest rankers were SF4 < SF2 < TF3 <
EN1 < PF3 < SF1 < SF3 < EN2. The sub-criteria ranking of land acquisition, wind data availability, and
on-grid accessibility is all reflective of a very robust outcome. All these three criteria are vital and very
important to any decision pertaining to the site selection for wind power projects.

In the implementation of AHP and Fuzzy TOPSIS methodology, the wind power project
location having the highest CC; value was ranked as the most appropriate site for the development
of the wind power project. As such, results recommend Jamshoro as the best suited location
followed by Hyderabad, Nooriabad, Gharo, Ketibandar, Shahbandar, Sajawal, and Talhar, respectively.



Energies 2018, 11, 1940 22 of 26

This prioritized ranking of different locations of the southeastern wind corridor of the province is
very important since it was accomplished using a scientific decision project and took into account
essential factors as well as a robust methodology. Jamshoro, Hyderabad, and Nooribad are, therefore,
recommended as the most suitable locations for investment and development of wind power projects.
All these locations have sufficient windy days across the year and with appropriate roads and other
infrastructure around. As discussed in the earlier section of the paper, the GoP have already taken the
initiative to harness renewable energy potential, with wind energy as the most promising source, which
could be a great relief for the country in addressing the ongoing energy crises. In this context, this study
can help decision-makers and government authorities in the prioritization of feasible locations and
installation of wind power plants at southeastern regions, as well as other windy regions of the country.

6. Conclusions

Wind energy has an enormous potential for sustainable development by providing various
benefits such as diversifying the energy mix from fossil fuels to renewable energy, increasing national
and regional economic growth, as well as increasing employment opportunities. Thus, it is very
important to prioritize feasible locations for the development of wind power projects, which is a
multifaceted decision process. Taking into consideration the fact that there is no comprehensive
decision support framework for wind project site selection in Pakistan, this study attempted to address
this research gap and proposed a research framework for wind project site selection in the Southeastern
region of Pakistan. This study identified main-criteria and further using expert feedback determined
the sub-criteria through factor analysis. In the process of the implementation of AHP and Fuzzy
TOPSIS decision models, experts from academia, industry, stakeholders, and government were part
of the study to provide their perceptive judgment pertaining to decision alternatives. Economic and
land acquisition criteria have emerged as top-ranked main and sub-criteria of the study. The results
of this study decision support framework reveal Jamshoro as the most optimal location for the wind
energy development followed by Hyderabad, Nooriabad, Gharo, Keti Bandar, Shahbandar, Sajawal,
and Talhar. The Fuzzy TOPSIS methodology was found helpful in refining the AHP results, minimizing
any uncertainty, and addressing any imprecision in the group decision-making.

In summary, this research study has developed a comprehensive decision support framework
to assess the optimal site selection for wind project development in the southeastern wind corridor
of Pakistan. The results of the study are robust and meet technical and other relevant criteria often
ignored in wind power project site selection. As the outcome of this study is based on the judgment of
the experts’ feedback at each level of the assessment process, therefore, different experts and more
inclusion of stakeholders as well application of other methods of the MCDM may slightly impact the
results. In the meantime, this study is very important and relevant to be considered at an appropriate
level for the wind power project site selection as well as for further enhancements.
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Acronyms

FA Factor Analysis

SPSS Statistical Package for the Social Sciences

MCDM Multi-Criteria Decision Making

AHP Analytical Hierarchy Process

FTOPSIS Fuzzy Technique for Order of Preference by Similarity to Ideal Solution

RE Renewable Energy
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GoP Government of Pakistan

EETPS Economic, Environmental, Technical, Political, and Social

CI Consistency Index

CR Consistency Ratio

RI Random Index

TFNs Triangular Fuzzy Numbers
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