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The main objective of this study is to develop a reliable model for the identification of locations for the
installation of wind farms, which will provide significant support to planners in the strategy for the
development and management of wind energy. The proposed model is based on the combined appli-
cation of Geographic Information Systems (GIS) and Multi-Criteria Decision Analysis (MCDA) using the
multi-criteria technique of Decision Making Trial and Evaluation Laboratory (DEMATEL), the Analytic
Network Process (ANP) and Multi-Attributive Border Approximation area Comparison (MABAC). Appli-
cation of the model is presented by means of a case study on the province of Vojvodina, Serbia. The
model considers 11 constraints and 11 evaluation criteria which are grouped into economic, social and
environmental clusters. The DEMATEL-ANP (DANP) method is used to determine the weight coefficients
of the evaluation criteria, and the MABAC method is used to rank the selected viable locations. The final
map of benefits is presented using raster cells (alternatives) which are evaluated in the range of 1 (least
suitable) to 7 (most suitable). The results show that an area of 321 km? in Vojvodina is very suitable for
the installation of wind farms. Ranking of viable locations using the MABAC method shows that a
location in the vicinity of the village of Laudonovac (L8) is most suitable for the installation of wind farms
in the province of Vojvodina. A sensitivity analysis, carried out by changing the input weights of the
clusters, indicates that the model is useful for identifying suitable locations for the development of wind
farm projects, as well as for assessing the suitability of already licensed projects for the construction of
wind farms. The proposed method and the results of this study can be used for spatial development
policy at all levels of public administration related to renewable energy resources. The model could also
help to successfully identify suitable locations for the installation of wind farms in other areas with
similar geographical conditions.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

why most countries have started to develop new energy security
policies in order to reduce energy costs and increase energy inde-

Energy is a key element necessary for the sustainable develop-
ment and prosperity of a society [1]. Over 80% of the world’s energy
production is based on fossil fuels - coal, oil and natural gas [2].
However, the global oil reserves are limited and unevenly distrib-
uted, which could in the near future lead to serious political and
economic conflicts [3]. The increasing demand for energy and the
depletion of fossil fuels inevitably causes a rise in their price. This is
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pendence. At the same time, increasing awareness of environ-
mental pollution has also led to an increasing use of renewable
energy sources (RES) [4]. Besides renewable energy sources (RES)
being inexhaustible and reducing the energy dependence of society
on fossil fuels, they are also the most acceptable sources of energy
from an environmental point of view and from the aspect of the
fight against global climate change [5]. In order to increase energy
independence, the European Union (EU) states determined a
strategy that by 2020 they would increase the share of renewable
sources to 20% of their total energy consumption [6].

The development of RES, together with measures aimed at more
efficient use of energy are priorities at a national and European
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level, as both the basis of environmental protection and of energy
policy. According to Directive 2009/28/EZ [7] and the Decision of
the Ministerial Council of the Energy Community [8] a binding
target was determined that by 2020, renewable energy would
make up 27% of the gross share of energy consumption in the Re-
public of Serbia. In order to achieve this level and to encourage use
of RES, the Republic of Serbia has adopted a number of bylaws in
the field of renewable energy which define the conditions for using
renewable energy sources [9,10], and it has developed a National
action plan for the use of sources of renewable energy [11].

In recent years, wind energy has become one of the most pop-
ular sources of renewable energy [12] (Zhao et al., 2012). Use of
wind energy has a relatively small impact on the environment
(visual effects, the loss of birds colliding with wind turbines, the
negative effects of noise on animals, loss or damage to the habitat of
certain species, etc. compared to the more serious effects of con-
ventional electricity production, which contribute to climate
change and disrupt the natural balance [13,14]. Wind energy is
renewable and clean: it does not pollute the air, it does not emit
CO,, and it does not cause acid rain or destroy the ozone layer. For
these reasons, many countries have developed projects in recent
years and invested in the construction of wind farms (WF); other
reasons for wind farm projects are their quick and relatively simple
installation [15,16]. Wind energy has proven to be a serious source
of renewable energy that is developing globally and that has an
installed capacity that significantly increases each year [17].

The choice of suitable locations for wind farms is a complex
issue that requires the careful and combined analysis of numerous
criteria. On a global level, a large number of wind farms follow
mainly economic criteria, ignoring any negative effects on the
environment [14—16]. The optimal selection of locations for wind
farms requires the resolution of mutually conflicting factors of an
economic and technological nature, with ecological and social
limitations, while also respecting public opinion [18,19]. In other
words, spatial planners are faced with a double challenge, since
they must answer for the wind farm projects they work on, which
must be able to generate economic benefit on the one hand, while
minimizing risks to the environment and the interests of stake-
holders on the other [20,21]. In order to achieve this, it is essential
to establish certain rules that will evaluate different locations on
the basis of a range of environmental, economic and social criteria
and constraints [22].

Geoinformation technologies are suitable for this type of study
because they can efficiently manage large amounts of spatial and
attribute data collected from various sources. Geoinformation sys-
tems also have certain shortcomings, seen in their inability to make
multi-criteria decisions and to propose optimal locations. In order
to facilitate multi-criteria decision making and to present the
spatial results using a GIS, it is essential to combine the tools of
multi-criteria decision analysis (MCDA) with GIS. The combination
of GIS and MCDA is a concept that is widely used in solving prob-
lems in many areas, such as the environment, ecology, trans-
portation, urban and regional planning, waste management,
hydrology, agriculture, forestry, geology, site selection and bank
branches location [23,24].

GIS-MCDA is currently the most frequently applied concept to
support decision-makers looking for suitable locations for wind
farms. This is confirmed by relevant literature. Miller and Li [17],
using the experience gained in a number of studies, defined a set of
physical and socio-economic factors, and on the basis of a multi-
criteria model in the framework of a GIS they identified areas
best suited to the development of wind energy in Nebraska, USA.
Aydin et al. [13] used a GIS to define a spatial decision support
system (SDSS) for finding locations for wind farms in western
Turkey. In their study, the criteria adopted for siting wind farms

were wind potential and parameters of environmental suitability.
The environmental criteria: noise, bird habitats, safety and aes-
thetics were represented on a map as fuzzy sets. Their final map of
benefits for the location of wind farms was the result of this being
combined with a map of wind resources. Similarly, Latinopoulos
and Kechagia [25] used a multi-criteria modeling technique in a GIS
to find potential locations for wind farms in the Regional Unit of
Kozani, in Greece. This procedure was developed with the help of
various technological, economic, social and environmental criteria,
which were represented as fuzzy sets and used either as factors of
constraint or evaluation, and a final check was made using a
composite Suitability Index (SI). Using spatial and environmental
criteria, Gorsevski et al. [26] modeled a spatial decision support
system (SDSS) based on a weighted linear combination and a GIS, in
order to find locations for wind farms in northwest Ohio. Haaren
and Fthenakis [27] introduced a method for selecting the locations
for wind farms in New York State based on a spatial cost-revenue
optimization. In the first phase of selection, they dismissed areas
in which it was impossible to locate wind farms due to the land use
or geological constraints. In the second selection phase, they
identified the best feasible sites based on the expected net present
value of four major spatially dependent cost and revenue criteria:
revenue from the electricity generated, and the cost of access roads,
power lines and clearing the land. Finally, in the third phase they
evaluated the impact on birds and on their habitat. They compared
their results with the actual locations of wind farms. Kim et al. [28]
investigated suitable locations for offshore wind farms around the
Korean Peninsula, based on benefit to cost ratio. Szurek et al. [29]
used a multi-criteria method of spatial analysis based on the Ana-
lytic Hierarchy Process (AHP) and Weighted Linear Combination
(WLC) within a GIS for assessing the suitability of land for the
location of wind farms in a study of the municipality of Prusice, in
Lower Silesia, in Poland. The criteria adopted were identified on the
basis of available literature. These criteria include the technical,
environmental, social and environmental aspects of constructing
wind farms. Mekonnen and Gorsevski [30] used a web-based
Participatory Geographic Information System (PGIS) to investigate
the suitability of an offshore wind farm for Lake Erie in Ohio. When
examining suitable sites for wind farms on the island of Lesvos,
Tegou LI et al. [14] combined multi-criteria analysis with a GIS.
Based on their set of environmental, economic, social and technical
constraints which took legal aspects into consideration, they
identified potential locations for wind farms. In addition, the study
area was evaluated by a variety of criteria, such as wind resources,
land cover, electricity demand, visual impact, land value and dis-
tance from the power grid. Then the pair-wise comparison method
was applied, within the AHP, to calculate the weights of different
criteria and to determine the relative importance of the evaluation
areas. Using the same methodology in Oman, Al-Yahyai et al. [31]
integrated a GIS and multi-criteria analysis to assess the suit-
ability of the land for wind farms. The criteria for analysis were
topographic (distance to road, slope), urban, environmental (his-
torical locations and nature) and technical (wind power, energy
demand). Similarly, Watson and Hudson [31] used a GIS-MCDM
model to assess the suitability of land for wind and solar farms
on the south coast of the United Kingdom. They used the AHP
method for determining the weights of the criteria. They assessed
the reliability of the model by means of a sensitivity analysis. Yeh
and Huang [18] used the Goal/Question/Metric (GQM), fuzzy
DEMATEL and ANP method to work out the most important factors
that determine the choice of locations for wind farms. Their results
show that safety and quality criteria and environment and ecology
criteria are of paramount importance. As their basic institutional
decision making instrument for locating sites for wind farms in
Crete, Tsoutsos et al. [33] used a Specific Framework for the Spatial
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Planning and Sustainable Development for Renewable Energy
Sources (SFSPSD-RES) applied in Geographic Information Systems
as well as the parallel integration of a systematic and flexible
method of multi-criteria analysis. Bagocius et al. [34] proposed the
WASPAS method for selecting the best locations for offshore wind
farms and for selecting the best wind turbines in the Baltic Sea.
Finally, Azizi et al. [35], for assessing the possibility of establishing
wind farms in the Ardabil province of north-western Iran, used the
hybrid ANP-DEMATEL method in combination with a GIS. They
used DEMATEL for determining the relation between the criteria,
and used ANP to determine the relative importance of 13 criteria of
a natural, technical or economic character. In addition to the above,
there have been many studies about similar problems and those of
solar power [36—41].

By analyzing the literature cited here, MCDA in combination
with a GIS emerges as an effective tool for identifying areas that are
favorable for the utilization of wind energy. This paper presents a
hybrid model for identifying the best locations for wind farms. The
model considers 11 constraints and 11 evaluation criteria grouped
into economic, social and environmental clusters. In the hybrid GIS-
MCDA model, the fuzzy DEMATEL method [42] is implemented to
determine connections in the network structure based on the
criteria. Pair-wise comparisons of the criteria/clusters from the
DEMATEL method are the input parameters for the mathematical
apparatus of the ANP method. Weight coefficients of the criteria/
clusters are obtained as the output values from the ANP method,
which are then used in the GIS for obtaining the final map of most
suitable locations for wind farms. Examples of DEMATEL and ANP
integration can be seen in many studies [43—50]. After determining
the most suitable locations, the MABAC method is used to select the
most suitable location from them. Application of the model is
presented as a case study of the region of Vojvodina in Serbia.

The main contribution of the research in this study is that it
develops and tests a complex spatial decision making model for
selecting the optimal location for the installation of wind farms.
This model can serve as a useful tool in strategic decision-making
related to the planning and development of wind energy poten-
tial in Serbia. The model is based on a combination of GIS with the
DEMATEL, ANP and MABAC methods of multi-criteria analysis. The
proposed methodology enables comprehensive and systematic
problem solving in the process of decision making when selecting
optimal location solutions for the installation of wind farms, in
accordance with the adopted criteria, while at the same time
securing the timely and effective participation of the interested
parties. The scientific contribution of the research is seen in the
application of different multi-criteria methods, which are com-
bined in different phases of decision-making with GIS, and used as
support in the selection of optimal location solutions for the
installation of wind farms in Serbia. The DEMATEL and ANP
methods of optimization are used to carry out the evaluation of the
used criteria in a scientifically acceptable way, and the MABAC
method is used to rank the alternative locations. Finally, the sta-
bility of the chosen solution is checked by means of a sensitivity
analysis related to the influence of the criteria, and validation of the
results using the MABAC method is confirmed by comparing them
with the results given by the most commonly used multi-criteria
techniques of VIKOR (VIseKriterijumska Optimizacija I Kompro-
misno ReSenje in Serbian, means Multicriteria Optimization and
Compromise Solution), TOPSIS (Technique for Order Preference by
Similarity to Ideal Solution) and COPRAS (COmpressed PRopor-
tional ASsessment). The possibility of applying this model is veri-
fied through the analysis of a specific case in the region of
Vojvodina, so that with justification it can be said that it can have a
significant role in the area of developing spatial plans and con-
struction projects for wind energy. It is expected that this study will

lead to a better understanding of the potential of wind energy,
which is still in its early stages of development in Serbia.

The paper is organized in four sections. The introductory section
presents the importance of renewable sources of energy, as well as
an overview of models relevant to the analysis and selection of
location for the development of wind farms. The second section of
the paper presents and describes the phases of the proposed GIS-
DANP-MABAC model. Following this, the third section presents
the testing of the GIS-DANP-MABAC model through empirical study
in the region of Vojvodina. In addition to testing the GIS-DANP-
MABAC model, in the third section a sensitivity analysis is per-
formed, as well as a validation of the results. The validation is
performed by comparing the results (locations) of the GIS-DANP-
MABAC model with the results given by the most commonly used
multi-criteria techniques of VIKOR, TOPSIS and COPRAS. In the
fourth and final section are the concluding considerations and
suggestions for future research in this area.

2. Methodological background
2.1. Defining the aim/problem and architecture of the model

The model presented in this paper is based on the spatial
structure of MCDA. Spatial multi-criteria decision analysis (SMCDA)
consists of procedures which include the use of both geographic
data and preferences of the decision maker (DM), and the manip-
ulation of data and preferences according to specified decision rules
[51,52]. This approach exploits the capabilities of GIS in the man-
agement of spatial data, and the flexibility of MCDA to combine real
spatial information (e.g. slope, communication, use of the land)
with value-based information (e.g. expert opinion, standards, sur-
veys) [53]. The main advantage of integrating GIS and MCDA can be
seen in their specific capabilities supplementing each other. GIS has
great possibilities for the manipulation, storage, management,
analysis and visualization of geospatial data, while MCDA provides
a collection of procedures, techniques and algorithms for struc-
turing decision problems, and designing, evaluating and priori-
tizing decision alternatives [54].

Creating the network structure of the model is an important
creative stage in the decision making process, since considering all
of the factors and their interactions is a necessary condition for
forming a correct model and for the selection of an adequate so-
lution. Because of the complexity of the problem of determining a
location, the GIS-MCDA model is proposed as a relevant option for
systematic analysis and rational decision making when selecting
locations for wind farms. From a methodological point of view, the
proposed GIS-DANP-MABAC model for identifying suitable loca-
tions for wind farms includes the stages presented in Fig. 1. The
following part of the paper presents the stages of the GIS-DANP-
MABAC model (see Fig. 2).

Phase 1. Preliminary study. The first step in this phase includes
defining the problem, the area of study and the construction of the
architectural model. The second step is the complex and significant
process of grouping and defining the constraints and the criteria
with particular influence on assessing the suitability of land for the
installation of wind farms. Experts with a lot of experience in the
fields of energy, spatial planning, economics and environmental
protection are directly involved in the scientific basis of defining
the constraints and the criteria.

Phase 2. Collection of data and their input into the GIS enables
the input, acceptance and transformation of spatial and thematic
data in digital form. The input data mainly come from cartographic
documents, field recordings, different plans and statistical reports.
The datasets in a GIS are usually organized in raster format with a
defined spatial resolution.
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Fig. 1. The GIS-DANP-MABAC model.

Phase 3. The GIS-MCDA phase includes producing a map of
constraints, standardization, weighting, a summary analysis of all
criteria and clusters to be considered in the evaluation of the land,
and defining the most suitable alternative from the standpoint of its
suitability for the installation of wind farms.

The first step of this phase is making the map of constraints on
the basis of the defined values, which excludes some areas from
further analysis. Standardization is the second step of this phase, in
which the criteria and constraints, which are presented on the
maps in the form of different GIS layers, are transformed (reclas-
sified) into units that can be compared. The standardized values of
the constraints are calculated by applying Boolean (logical) algebra
and they can have the value of suitable (1) or unsuitable (0). The
decision as to which method to apply in the standardization of the
evaluation criteria depends on the nature of the attributes and on
the decision maker. The most commonly applied method is linear
transformation, or calculation on the interval scale, after which
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Fig. 2. The geographical position of the study area.

every raster cell (attribute) obtains a dimensionless value x; on the
adopted scale in relation to the objective of the analysis. This makes
it possible to continue arithmetic operations with the maps of
criteria. In this study, linear standardization was used in the process
of standardizing the data sets of the evaluation criteria.

In the next step, weighting is carried out, namely, determining
the weight coefficients of the evaluation criteria. When solving real
problems, the criteria do not have the same degree of significance,
and so it is necessary for the decision maker to define the influence
of the individual criteria using appropriate weight coefficients
(weights) for the criteria. The DEMATEL and ANP methods are used
for calculating the normalized weights of the criteria. Methodo-
logically speaking, DEMATEL and ANP are multi-criteria techniques
based on breaking down a complex problem into a hierarchy, and in
this model they are used for determining the correlations and the
weight coefficients of the clusters/criteria.

As a result of the step applying the weighted linear combination
(WLC) method, a suitability map is generated on which the raster
cells obtain a dimensionless index value of suitability S;. Higher S;
values characterize space that is more suitable for the construction
of wind farms. The final step of the phase is isolating the cells of the
raster with the highest values, representing the most suitable al-
ternatives (locations) for installing wind farms.

Phase 4. This phase of the model includes the steps of ranking
the viable locations for the installation of wind farms, checking the
results by means of a sensitivity analysis and the final definition of
the best location. Ranking of the locations is carried out by means of
the Multi-Attributive Border Approximation area Comparison
(MABAC) method, according to the same evaluation criteria. The
sensitivity analysis is recommended as a means of checking the
stability of the results, and as a way of eliminating errors caused by
the subjectivity of the decision maker. There are several ways of
checking the consistency of the results, and in this study the
sensitivity analysis is performed by changing the input parameters
of the clusters. Validation of the results obtained using the MABAC
method is carried out by comparing them with the results given by
the most commonly used multi-criteria techniques of VIKOR,
TOPSIS and COPRAS. The final step of the last phase is to define and
visualize the most suitable solutions for the location of a wind farm.

The following subsections will include a more detailed
description of the phases and the mathematical basis for the GIS-
DANP-MABAC model.

2.2. Preliminary study

After defining the problem and establishing the model, the
constraints and evaluation criteria are identified. The process of
selecting a location is an MCDA problem that requires consider-
ation of a comprehensive set of criteria to establish the suitability of
a given area for the defined land use [54]. The identification of
criteria involves a systematic analysis of factors that may impact
installation of the wind farms [21]. This is achieved through ques-
tionnaires [55], workshops organized with stakeholders [56], or
based on some expert knowledge or a combination of all of these
[57].

Two categories of criteria were used in the decision making
process: constraints and evaluation criteria. The constraints are
based on criteria which limit (dismiss) possible alternatives and
which are based on the Boolean relation (true/false), while the
evaluation criteria can be quantified according to their degree of
suitability for all feasible alternatives [14,58,59].

By investigating GIS-MCDA studies [13,14,27,29,31—41,60] it can
be noted that in the decision making process for the selection of
locations for wind farms, the most commonly used clusters are
those of an environmental, spatial, social and technical nature,
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which are proposed in this model.
2.3. GIS multi-criteria decision analysis

After defining the constraints and clusters/criteria they are
entered into the GIS. During this step, it is necessary to form indi-
vidual maps of the layers that correspond to each of the identified
evaluation constraints and criteria. This is achieved using different
GIS operations that are used to carry out input acceptance or
transformation of spatial and thematic data into a digital form (map
overlay, buffering, distance mapping, etc.). The input data originate
from digital and analog cartographic documents, field recordings,
various plans, statistical reports, etc. The datasets in GIS are usually
organized in vector or raster format. In the next steps of the GIS
arithmetical operations (reclassification, overlay function, Boolean
algebra, etc.), the criteria maps are converted into a raster format, in
which each raster cell represents an alternative in relation to the
goal. The raster data format is used because of its simplicity
compared to the vector data format [61].

2.4. GIS-DANP multicriteria evaluation

GIS-MCDA includes aggregation of the constraints, standardi-
zation, weighting, a summary analysis of all the criteria to be
considered in the decision-making process and selection of the best
alternatives. At the step of forming and aggregating the map of
constraints, all of the layers of constraints on the thematic maps are
obtained using Boolean (logical) algebra, and the raster cells (al-
ternatives) of the dismissed areas are assigned a value of zero (0),
while the alternatives for the remaining areas are given a value of
one (1). The final constraints of the area are obtained by the ag-
gregation of all of the layers of constraints. On the final map of
constraints, only the locations characterized as suitable (value 1) on
all of the layers of constraints are considered as potential locations
for constructing wind farms and are the subject of the analysis [20].

After this, individual assessment of the evaluation criteria and
standardization of the clusters/criteria takes place. The criteria on
the maps are presented in the form of GIS layers in different ways
and in different forms. Use of the method of weighted linear
combination (WLC) requires that all data sets be standardized [62]
or transformed into units that can be compared. There are a variety
of approaches that can be used to make the attribute layers of the
maps comparable, and a description of some of these can be seen in
Malczewski [52]. Selecting a method to be applied depends on the
nature of the attributes and the DM. Based on the assessment of the
DM and the literature available for scaling the criteria, classification
of the attribute values into classes is recommended, since this
method gives very good results in real time [29,55]. Data on the
raster maps are also divided into i classes of suitability, and then
each class is assigned a score of x; from the adopted scale. In this
way, each raster cell (attribute) obtains an integer value of x; in
relation to its membership of class i.

When solving real problems, the criteria do not have the same
degree of importance, so it is necessary for the decision maker to
define the importance of the individual criteria using appropriate
weight coefficients (weights) for the criteria. Use of the WLC
method requires normalization of the weights. When determining
the weight coefficients of the clusters/criteria, the hybrid DANP
model is used for calculating the normalized weight criteria and for
the final application of the WLC method.

The DEMATEL method was originally developed by the Science
and Human Affairs Program of the Battelle Memorial Institute of
Geneva, with the purpose of studying complex and intertwined
problematic groups [63]. It has been widely accepted as one of the
best tools for solving the cause and effect relationship between the

evaluation criteria [63—67]. This method is applied to analyze and
form the relationship of cause and effect between the evaluation
criteria [68] or to derive interrelationship among the factors [67].

The original DEMATEL method is modified by some researchers
so as to make it comply with their problems. The modified fuzzy
DEMATEL method used in this paper is adapted from a study by
Dalalah et al. [42]. Based on Dalalah et al. [42], the procedure for
carrying out the fuzzy DEMATEL method is described in the
following section:

Step 1. Gather experts’ opinion and calculate the average matrix
z. A group of m experts and n factors are used in this step. Each
expert is asked to view the degree of direct influence between two
factors based on pair-wise comparison. The modified fuzzy
DEMATEL method is built first, creating the direct-relation fuzzy
matrix z where z is the (nxn) matrix, n represents the number of
criteria. The direct relation matrices are all obtained by holding a
pair-wise comparison among the criteria themselves in which z;
indicates the degree to which criterion G affects criterion
therefore the relationships between the criteria can be held within
a matrix. For each expert, an [z;],,, non-negative matrix is con-
structed (n represents the number of criteria) as Z¢ = [z{], where e
is the number of experts participating in the evaluation process
with1 < e < m.Thus, Z',Z2, ..., Z™ are the matrices from m experts.
In this method, the effects of the criteria on each other are
expressed in terms of linguistic expressions. Pair-wise comparison
of the criteria of the experts is carried out using a fuzzified scale in
which linguistic expressions are represented by means of trian-
gular fuzzy numbers z = (zg,)e,zg@,zgl),e: 1,2,...,m, where e
denotes an expert, and m is the total number of experts. The final
matrix Z = [z;] is obtained by aggregating the expert opinions. The
elements of matrix Z are obtained using expressions (1)—(3)

D _ mind 20 —
o mplelf = 02 g
Am L m )
je T m ik

k=1
() 1)
zijﬁe:mﬁx{zij’e} M=1{1,2,...,e,....m} (3)

where sz)e zl@]? and szl are the preferences of the e-th expert, M is
the set of experts involved in the investigation, e denotes an expert,
and m is the total number of experts.

Step 2. Calculate the normalized initial direct-relation matrix D.
In this step, the elements of the normalized initial direct-relation
matrix D = [d] are calculated. The elements of matrix D (4) are

calculated using equations (5) and (6).

p_ |1 dn .. don (4)
dn] dn2 dnn

The elements of matrix D are obtained by summing the ele-

ments of the average matrix Z by rows. Following this, using

equation (6), the maximum element R is found among the summed

elements. By using simple normalization, equation (5), each

element of matrix Z is divided by the value we obtain using
expression (6) [69].
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. ) Lm
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R = max (Z};Zl‘j) — (r(l)7 r(m). r(r)> (6)

where n is the total number of criteria.

Based on Markov chain theory, D™ are powers of matrix D, e.g.
D! D? .. D> guarantees the convergent solutions to the matrix
inversion as shown below.

limp— D™ = [0]4n (7)

Step 3. Derive the total relation matrix T. In this step, the ele-
ments of the total relation matrix T are calculated. The total-
influence matrix T is obtained by utilizing equation (8), in which,
I's an nxn identity matrix. The element of £;; represents the indirect
effects that factor i has on factor j, then the matrix T reflects the
total relationship between each pair of system factors. The initial
normalized direct-relation fuzzy matrix can be separated into
separate sub matrices i.e., (D; Dy, Ds3). It was proven that
limy— « (Ds)" =0 and
limg_, o (I +Ds + ... + D? + ...+ D§) = (I - Ds)~!, where 0 is the null
matrix and I is the identity matrix [70]. Therefore, the total-relation
fuzzy matrix T can be acquired by calculating the following equa-
tion [42]:

T= lim <D+D2+...+DW) =D(I-D)! (8)

On the basis of this, we can present the total relation matrix for
criteria (T) as

ti tiz . i
T— |21 2 - lon (9)
En] E112 Enn

where £ = (ti(j'), t.(jm), ti(jr)) is the overall influence rating of a deci-
sion maker for each criterion i against criterion j.
Step 4. Summing elements (¢;;) of matrix T by rows and columns.
In this step, the DEMATEL method is used to carry out summing of
the elements of matrix T by columns and rows. The sum of rows
and sum of columns of the sub-matrices T;, T, and T3 denoted by
the fuzzy numbers D; and R;, respectively, can be obtained through
equations (9) and (10) respectively:
n

D

G, i=1.2,.n (10)

Ri=> "t j=12,..n (11)

where n is the number of criteria.

Let D; be the sum of the ith row in matrix T. The value of D;
indicates the total of both the direct and indirect effects that factor i
has on the other factors.

Let R; be the sum of the jth column in matrix T. The value of R;
shows the total of both the direct and indirect effects that all other
factors have on factor j. If j = i, the value of (D; + R;) represents the
total effects both given and received by factor i. In contrast, the
value of (D; — R;) shows the net contribution by factor i to the
system. Moreover, when (D; — R;) is positive, factor i is a net cause.
When (D; — R;) is negative, factor i is a net receiver [65,66,71,72].

Step 5. Determining the threshold value «. The threshold value «
is used to construct a cause and effect relationship diagram. The
threshold value « is calculated as the mean value of the elements
(E,-j of matrix T, according to equation (12). This calculation is aimed
at eliminating some minor effects of the elements in matrix T [71].

n n z
s s t
a:szl%jfl /) (]2)

where N is the total number of elements in matrix T.

Step 6. Constructing a cause and effect relationship diagram. The
cause and effect diagram is constructed by mapping all coordinate
sets of (D; + R;,D; — R;) to visualize the complex interrelationship
and provide information to judge which are the most important
factors and how they influence the affected factors [68]. The factors
for which f,-j is greater than «, are selected and shown in a cause and
effect diagram [43,71,73]. By applying equation (12) defuzzification
is carried out for the fuzzy numbers obtained using equations
(4)—(12) [74,75,103].

o (am _ a(!)) ; <a<m> _ a<’>) + o 3

where al) and a™ respectively are the left and right distribution of
the confidence intervals of the triangular fuzzy number, and a(™ is
the value in which the triangular function achieves its maximum
value.

After constructing the cause and effect relationship diagram, in
the next phase the weight coefficients are calculated for the clus-
ters/criteria using the ANP method. In the following section, the
implementation of the DEMATEL method is presented in the ANP
method.

The ANP method was developed to avoid the hierarchical con-
straints that exist in the AHP method [76]. ANP is a generalization of
the AHP method, in that it replaces the hierarchy with a network by
means of feedback. ANP, unlike hierarchically-structured problems,
takes into consideration different forms of dependence and feed-
back. The structure of the feedback is not linear and is much more
reminiscent of a network in which there are multiple loops which
interconnect groups. When using traditional ANP methods to
calculate the relative weights of clusters/criteria, the levels of
interdependence of factors are treated as reciprocal values. In
contrast to this, when using the DEMATEL method, the levels of
interdependence of factors do not have reciprocal values, which is
closer to real systems [71].

With the traditional ANP method, a weighted supermatrix is
obtained by normalizing the unweighted supermatrix. Each col-
umn of the unweighted supermatrix is divided by the number of
clusters so that each column will sum to 1. This means that each
cluster has the same weight. However, this is not a good assump-
tion because the mutual influence of two clusters may be different.
Although it is easy to normalize with this method, it neglects the
fact that different groups should have different degrees of influ-
ence. Thus, we need to find another way of normalizing the un-
weighted supermatrix that relaxes this assumption of equal weight
among the clusters. Here, we turn to the total-influence matrix T in
DEMATEL and a threshold value « for help [68].

In order to overcome the drawbacks mentioned, a total relation
matrix (matrix T) is used to calculate the weight coefficients of the
criteria/clusters, which is obtained using the DEMATEL method
(Step 3, equation (9)). A combination of the DEMATEL and ANP
method (DANP) solves the given problem and the results obtained
are much closer to real circumstances. We use DEMATEL to find the
levels of influence among groups, and use the total relation matrix T
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from DEMATEL as the basis for the influence network that forms
the supermatrix in ANP. Although DEMATEL gives us the influence
relationship, we still need to use ANP to confirm the influence
relationship between each group.

The hybrid DANP method, that is, the integration of the
DEMATEL and ANP methods, is carried out in five steps, which are
implemented after constructing the effect relationship diagram
(ERD). The DANP method is described in the following steps [68]:

Step 1. Determining the unweighted supermatrix. Before deter-
mining the unweighted supermatrix it is necessary to define the
network model for the ANP method. The network model is deter-
mined on the basis of the total relation matrix and ERD. The first
step is based on the network model and the total-influence matrix
T to construct the network hierarchical structure of the system to
the defined objectives. The total-influence matrix will be obtained
from DEMATEL.

Formation of the network model creates the conditions for
determining the unweighted supermatrix. Normalize each level
with the total degree of influence from the total relation matrix T
for criteria by DEMATEL. To carry out normalization of the matrix it
is necessary to determine the sum of the matrix elements in
columns.

Dy Dy Dy
511512--~C1]m11 C211C222~--sz2 Cn]lcnz-ucnmn
= el

C11 TC TC L. Tc
C12
D Cim 21 22 2
C21 Tc Tc R Tcn

c
TC: D2 :22
Com2

D3 cm
Cn2

C;nmn _ngl ng L. Tgn_
(14)

where matrix T}! contains the factors from group D1 and their
influences in relation to the factors from group D1. In matrix T2!
(15) are the factors from group (cluster) D2 and their influences in
relation to the factors from group D2 and so on.

t;% td, tc,m1
12
Tc = tcn tguz tC]ml (15)
tcmlz tcrn]] tcmlml

Each of these columns is a major eigenvector which shows the
impact of all of the elements of the i-th component on each element
in the jth component. Each criterion ¢; of the total-influence matrix
T can reveal network information regarding the degree of influence
criterion i has on criterion j. The influence matrix T can be divided
into Tp based on the perspectives (dimensions, or clusters) and T,
based on the criteria, respectively.

To determine the value of mutual influence it is very important
to know the limit values of the stochastic matrix.

Step 2. The normalized total influence matrix for criteria T¢.
After obtaining matrix T, it is then normalized. During the process
of normalization, the criteria total-influence matrix T, yields T¢.
Normalized matrix T¢ is shown by equation (16)

D4 D4 D4
€11€12---Cim1 €21€22---Com2 -+ Cn1Cn2---Cnmn
11 Tafll Tal o ngln
C12
D1 CGim
21
o €22
= D, -

a2l a22 a2n
T2 T LT

Coam2

Cn2

énmn _Tg‘m Tg"Z s TAm |
(16)

For example, an explanation for the normalization of T¢!! on
dimension D1 is shown by equations (17) and (18). The sum of the
factors cyy, ...,cym7 within group D1 is obtained using equation

11 m 11 i
dif = G i=1.2,.m (17)
where té} represents the values of the factor influences cyy, ...,C1m7 in
relation to factors from group D1, and elements t&] their normal-
ized values.

Cn/d £l /d el /d

Tg‘“ = tan /d]1 tcl,q] /d]1 Clm] /dn
c'"“/dcml c'"U /dcml C"”"” /dcml
e’ R
= |l tg,J” RO ptt (18)
rg,}ﬂl : tgn}l} et

The method for calculating the remaining matrices T¢™" within
matrix T¢ is identical and we will not therefore explain it in detail
here.

Step 3. Calculating the elements of the unweighted super-
matrix W. In the traditional approach, the first step in the ANP
method is to compare criteria in pairs (pair-wise comparisons). For
example, in order to form anun-weighted super matrix, pair-wise
comparisons can be carried out based on the following question:
How much does the influence of one criterion over another
depend on your preferences? However, it is very difficult to obtain
consistent data on the basis of an empirical questionnaire.
Therefore, this paper presents a hybrid model, based on an orig-
inal concept that allows parameter values to be matched in the
total-influence matrix T, to complete the relationships between
perspectives (clusters) used in the DEMATEL technique. An un-
weighted supermatrix W (19) can be easily obtained by trans-
posing the normalized influence matrix T, with respect to the
perspectives (clusters).

Because the total influence matrix T fills the interdependence
among the dimensions and criteria, we can transpose the
normalized total influence matrix T¢ by the dimensions based on
the basic concept of ANP resulting in the unweighted supermatrix
W = (T¢)1, equation (19)
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where matrix W! represents the values of the factor influences
from group D1 in relation to factors from group D1.

The transpose matrix of matrix T, type mxn is matrix W type
nxm which is obtained from matrix T, so that the rows of matrix T
exchange places with the corresponding columns. This interpre-
tation can be represented by equation (T;)" = W.

Step 4. Calculating the elements of the weighted normalized
supermatrix W%

The elements of the weighted normalized supermatrix W* are
obtained by multiplying the elements of the unweighted super-
matrix W with corresponding elements from the normalized total
influence matrix T§. The elements from the normalized total in-
fluence matrix T§ are obtained by normalizing the total influence
matrix Tp, using equations (20) and (21).

11 1j 1

tp . t,?f ot

11 ; i
T = d o Lt (20)

O A

Normalization of the total influence matrix T} of the dimensions
is carried out, equation (20), resulting in a new normalized total
influence matrix T§, equation (21).

relt /d1 tg/d1 (L, /d1
T = | t :/d,- &) :/d,- . t,’}:/di
L ep! :/dn e / dn tB”:/dn
R tg” .
= tg“ rg" tg:"" (21)
| tg:'“ tg”f tf)‘:“”

where tgj = tf/d;, and the value of d; is obtained as d; = Z]”:] tg.

After determining the elements of T§ the elements of the new
weighted supermatrix W* are calculated. The elements of matrix
W*" are obtained by multiplying the normalized total influence
matrix of the dimensions T§ with the unweighted supermatrix W,
equation (22)

Cn1Cn2---Cnmn

W]n
2n
w (19)
wnn
tgll*W“ tgi] *Wil tgn] *Wnl
W = TE*W = tg”*'wv' tgif*'wij tgnf*'wnj
tgln;,iwln tgin;,iwin tgnngiwnn
(22)

Step 5. Find the limit of the weighted supermatrix W*.

The two stages of this step are to get the limit supermatrix.
Multiplying the weighted supermatrix by itself multiple times re-
sults in the limit supermatrix; then the weight of each evaluation
criterion is obtained. The weighted supermatrix can be raised to the
limiting powers until the supermatrix has converged and become a
long-term stable supermatrix to obtain the global priority vectors,

called DANP influence weights, such as lim = Wk, where W is the

k— oo
limit supermatix, while k is any number.

After determining the weight coefficients of the clusters/criteria,
it is necessary to carry out aggregation of the criteria. Weighted
Linear Combination (WLC) is used in the process of aggregating the
criteria. The weighted linear combination (WLC) aggregation
method multiplies each standardized factor map (i.e., each raster
cell within each map) by its factor weight and then sums the re-
sults. Since the sum of the set of factor weights for an evaluation
must be one, the resulting suitability map will have the same range
of values as the standardized factor maps that were used. The cells
(alternatives) corresponding to the greatest calculated values are
the best solutions. The following mathematical expression was used
to combine the evaluation criteria (factors) according to the
weighted linear combination method:

S= ZWiXi (23)

where S is suitability, w; is the normalized value of the weight of
factor i, and x; is the criterion score of factor i. In cases where
Boolean constraints also apply, the procedure can be modified by
multiplying the suitability calculated from the factors by the
product of the constraints:

S= ZW,‘X,"HCJ' (24)

where ¢; is the criterion score of constraint j.

All GIS software systems provide the basic tools for evaluation of
such a model [77]. WLC is relatively easy to understand and can be
applied in many different situations. In addition, it is compensatory,
meaning that low scores in one criterion can be compensated for by
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high scores in another one, which is desired for this particular
decision problem. For these reasons, WLC was selected as the
method of aggregation. As the final result of applying WLC and the
aggregation of criteria maps, a Suitability map is obtained.

In the next step it is necessary to separate the suitable locations,
by separating the cells with the highest values from the suitability
map, which represent alternatives for the location of wind farms.
The cells are filtered by combining the application of the GIS
arithmetic operations and questions, by means of which feasible
locations for installing wind farms are defined.

2.5. Results and recommendations

The final decisions or recommendations should be based on the
ranking of the feasible locations. Ranking is performed in order to
assess each location in relation to the targets set for the analysis. In
this model, use of the MABAC method is proposed for selecting the
best location. The MABAC method was developed by Pamucar and
Cirovi¢ at the Centre for research in the area of logistics defence at
the University of Defence in Belgrade [78]. The results of the

research by Pamucar and Cirovi¢ [78] demonstrate that the MABAC
method gives stable (consistent) results when compared to other

evaluation of m alternatives according to n criteria. We present the
alternatives with vectors A; = (X;1, X;2, ..., Xin ), where x;; is the value

of the i-th alternative according to the j-th criterion
(i:‘l?z?"‘?m:ﬁj:1727"'7n)'
A G G .. G
Az X11 X12 ... X1n
X="7|x1 X Xon (25)
™ Xm1 Xm2 - Xmn

where A; (i=1,2,..,m) denotes the alternatives, and
(j=1,2,...,n) denotes the criteria according to which the alterna-
tives are selected.

Step 2. Normalization of the elements in the initial matrix (X).
The elements of the normalized matrix (N = [t;]) are determined
according to the equation:

a) For Benefit type criteria (higher criteria values are preferable)

methods of multi-criteria decision making (COPRAS, TOPSIS and
VIKOR) and is a reliable tool for rational decision making.

xijfxi

ti: =
Pooxt —x;

The next section outlines the process of implementing the
MABAC method, which consists of 6 steps:

Step 1. Forming the initial decision matrix (X). The first step is an

Table 1

Constraint criteria description and standardization.

(26)

b) For Cost type criteria (lower criteria values are preferable)

Constraint Description Standardization

(1) Wind speed averege. The average wind speed is a crucial economic factor determining the economic viability of the <3.5 m/s Inside = 0,
wind farm project at a particular location. In order for a location to be considered at all, the lowest average wind speed outside = 1
should meet the technical and economic feasibility of the project [37,55].

(C2) Land cover/use. Use of the land cover is important information concerning the constraints of a location for the Artificial cover, wet areas and
construction of a wind farm. Information on the use of land is provided by the CORINE project, which provides sufficient bodies of water = 0,
comprehensiveness and consistency on the states of the European continent [89]. others = 1.

(C3) Urban areas. The social implications of wind farms, including the impact of noise, the impact of shadows and security, 500 m buffer zone is set.
and the impact on people in terms of potential injuries caused by flying fragments of ice or from a damaged propeller, Inside = 0, outside = 1
are considered to be very important constraints.

The impact of noise should be assessed in accordance with the nature and character of noise sensitive locations, as well
as in accordance with the legislation in this area [82].

(c4) Protected areas. Protected areas are characterized by high geological, biological and ecosystem diversity. The protected 2000 m buffer zone is set.
areas in the Republic of Serbia are defined by seven different categories: national park, nature park, landscape of Inside = 0, outside = 1
exceptional characteristics, strict nature reserve, special nature reserve, natural monument and protected habitat [83].

(C5) Electricity network. Due to the risk of potential damage to power lines, there should be adequate space between the 200 m buffer zone is set.
columns and cable lines as stipulated by the relevant electrical power company. The electromagnetic field generated by Inside = 0, outside = 1
the transmission line facilities also has a detrimental effect on human health. Therefore, a minimum distance of 16.5 m
from the power grid is recommended [14,84].

(C6) Slope. Due to the extra costs of construction and maintenance, topography with steep slopes and inclines is generally >7%
considered unsuitable for the development of wind farms [14,57]. Inside = 0, outside = 1.

(C7) Roads. Although wind farms are being built in accordance with building standards and are stable constructions, 200 m buffer zone is set.
examples from actual practice suggest that it is advisable to achieve a safe distance from roads [14]. Inside = 0, outside = 1

(C8) Telecommunications network. A wind farm produces electromagnetic radiation, which can interfere with the 250 m buffer zone is set.
broadcasting of radio communications. This also applies to mobile phone operators [29]. Wind farms must not cause Inside = 0, outside = 1
electromagnetic interference to the operation of telecommunications networks and they need to comply with measures
for the prevention of electromagnetic interference in the operation of telecommunications networks and the reception
of their signals [84].

(C9) Airports. Locating wind turbines may have implications for the operation of systems for communication, navigation and 3000 m buffer zone is set.
surveillance which are used in air traffic control and are related to the safety of air transport [13]. In Serbia the Civil Inside = 0, outside = 1
Aviation Directorate prescribes the criteria used to determine whether an object is an obstacle that affects the air traffic
and gives consent for the construction of wind farms with regard to the safety of air traffic.

(C10) Tourist sites. The visual impact of wind farms can be extremely negative if the areas are considered suitable for the 1000 m buffer zone is set.
development of tourism. Wind farms can reduce the attractiveness of tourist arrangements based on a preserved natural Inside = 0, outside = 1
area [25].

(C11) Military facilities. Military facilities have a special security status, for which the Ministry of Defence is responsible. 5000 m buffer zone is set.

Following the examples of European countries, and at the same time respecting the local circumstances the army must
be consulted with regard to installing wind turbines at a safe distance from military facilities and zones of special
military interest [55].

Inside = 0, outside = 1
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Table 2
Evolution criteria description.
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Cluster Criterion

Description

Environmental (En) (Enq)

(Enz)

(Ens)

(Eng)

Economic (Ec) (Ec1)

(Ec2)

(Ecs)

(Eca)

Social (Soc) (Socy)
(Socz)

(Socs)

Wind speed averege. The most important economic factor to be considered when building a wind power plant is the speed of the
wind at the given location [87]. Locations with an average wind speed greater than 3.5 m/s are considered to have continuity, with
the recommendation that locations with the highest wind speed values be selected [20].

Land cover/use. Land is one of the most important factors for energy investment [88]. Land use is considered as a factor in
environmental protection. Data on land use were taken on the basis of the Corine Land Cover 2006 (CLC2006) database, collected in
the framework of the European Commission’s CORINE (Coordination of Information on the Environment) programme [89]. Criterion
evaluation included a second level of classification of land use: arable land (211—-213), permanent crops (221—223), pastures 231,
diverse agricultural areas 241—244, forest (311—313), bushes and grassy vegetation cover (321—335) and areas with negligible or
without plant cover (331—332). Wind farms should be installed in areas which would least interfere with existing land use.
Distance from urban areas. Setting up wind farms near urban areas can cause negative impacts on local residents. In order to
minimize their negative impact, it is recommended that wind farms are built at the greatest distance possible from urban areas
[13,14,55].

Distance from protected areas. In order to avoid or reduce the negative environmental impact, it is desirable to locate wind farms as
far away as possible from protected areas [13,14].

Distance from power lines. One of the most important issues when it comes to reducing the cost of building wind farms is reducing
the cost of building the infrastructure for transmitting the energy. When choosing the location it is necessary to consider the
availability of and access to the existing electricity network [14].

Slope. In the physical sense, wind farms should be situated in suitable locations. Areas with steep slopes are generally considered
less suitable, because of the extra costs of construction and maintenance [14,90].

Distance from main road network. The specificity of the transport of equipment for the installation and subsequent maintenance of
wind turbines can be seen in the need for securing the road network to the location of the wind farm, with maximum use of the
existing road network. In order to reduce transport costs it is preferable that the distance from the road, outside the buffer zones,
should be as small as possible [81,82].

Aspect. The orientation of slopes relative to the direction of the wind is an important criterion from the perspective of being able to
use the full wind potential. It is preferable that the orientation of slopes for the location of wind farms is towards the direction in
which the dominant wind blows [81].

Distance from telecommunications. This distance is important due to the creation of electromagnetic radiation during operation of
wind farms and the possible impact on the broadcasting of communication signals [90].

Distance from tourist facilities. Considering that the proximity of wind farms adversely affects public opinion and the development
of tourism, it is desirable to locate wind farms as far as possible from tourist facilities and areas [25].

Population density. Due to the adverse effects of wind farms on local residents (shadow, noise, security aspect, visual disturbance of
the landscape, etc.), the installation of wind farms is subject to public opposition and the concerns of local residents [18].
Consequently, it is recommended that wind farms be installed in areas with lower population density [57].

+
Xij_xi

E———
X7 —X;

tj =

X; = min(xy, X, ...,Xm) and represents the minimum values of
the observed criterion for each alternative.
(27) Step 3. Calculation of the elements of weighted matrix (V). The
elements of weighted matrix (V) are calculated on the basis of
equation (28)

where x;;, X;” and x; are the elements of initial decision matrix (X),

for which xlf and x; are defined as:

Vij:Wi'tij+Wi (28)

X = max(xq,X,...,Xm) and represents the maximum values of

the observed criterion for each alternative.

Table 3

where t;; represent the elements of the normalized matrix (N), w;

Data sources for input layers in land suitability assessment for the province of Vojvodina.

Layers

Data source

Constraints

Evaluation Criteria

Protected areas

Urban areas

Land cover/use

Wind speed average

Slope

Roads

Electricity network
Telecommunications network
Airports

Tourist sites

Military facilities

Distance from protected areas
Distance from urban areas
Land cover/use

Wind speed averege

Distance from roads

Distance from transmission lines
Slope

Aspect

Distance from telecommunications
Population density

Distance from tourist sites

Map of protected areas of Vojvodina [91].
CORINE Land Cover 2006 (100 x 100) [89].

Wind Atlas of the Autonomous Province of Vojvodina [80].
Digital Terrain model (DMT 25) [92].

Digital topographic map (DTKP 300), 1:300.000 [93].

Map of protected areas of Vojvodina [91].
CORINE Land Cover 2006 (100 x 100) [89].

Wind Atlas of the Autonomous Province of Vojvodina [80].
Digital topographic map (DTKP 300), 1:300,000 [93].

Digital Terrain model (DMT 25) [92].
Digital topographic map (DTKP 300), 1:300,000 [93].

Digital statistical base of the Republic Geodetic Authority [94].
Digital topographic map (DTKP 300), 1:300,000 [93].
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EVALUATION CRITERIA STANDARDIZATION
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Fig. 3. GIS-DANP multi-criteria evaluation of locations for wind farms in Vojvodina.
represents the weight coefficients of the criteria. By using equation criteria, a matrix of border approximation values G (30) is formed
(28) we obtain weighted matrix V with the format nx1 (n is the total number of criteria according to
which the selection is made from the alternatives offered).
V11 V12 Vin
V= V21 V22 V2n
LYm1 Vm2 - Vmn
-W1’t1] + wq W2‘t12+W2 Wn’t]n + Wp
_ Wit + W1 Wyl +Wy ... Wpelyy +Wp (29)
[ Wistm + W1 Woelma +W2 ... Wnelmn + Wn

where n is the total number of criteria, m is the total number of
alternatives.

Step 4. Determining the matrix of border approximation areas
(G). The border approximate area for each criterion is determined
by equation (30)

m 1/m
gi=|{IIvi (30)
=1

where v;; represent the elements of weighted matrix (V), m is the
total number of alternatives. After calculating the value of g; for the Fig. 4. Map of constraints.



512 L. Gigovic et al. / Renewable Energy 103 (2017) 501—521

Table 4
Evaluation criteria description and standardization.

Klaster Criteria Intensity of importance
1 2 3 4 5 6 7
very low low moderately low moderate moderately high suitability very high
suitability suitability suitability suitability high suitability suitability
En Environmental En, 2000—2500 m 2501-3000 m 3001-3500 m 3501—4000 m 4001—4500 m 4501-5000 m >5000 m
En, 500—1000 m 1001-1500 m 1501—-2000 m 2001—2500 m 2501-3000 m 3001—-3500 m >3500 m
Ens® (221,222) (211) (242) (243) (324) (321,331) (231)
Eng 3.5-4 m/s - 4.1-4.5 m/s - 4.6—5 m/s - >5.0 m/s
Ec Economic Ecq >2000 m 1701-2000 m 1401—1700 m 1101-1400 m 801—1100 m 501—800 m 200—500 m
Ec, >2000 m 1701-2000 m 1401—-1700 m 1101-1400 m 801-1100 m 501—800 m 200—500 m
Ecs 6°—7° 5°—5.9° 4°—4.9° 3°-3.9° 2°-2.9° 1°-1.9° <1°
Ecy w NW SW N,S NE SE, FLAT E
Soc Social Socy 250—500 m 501-750 m 751—1000 m 1001-1250 m 1251-1500 m 1501—-2000 m >2000 m
Soc, >110 p/km? 90-110 p/km?  70—90 p/km? 50—70 p/km? 30-50 p/km? 10—30 p/km? <10 p/km?
Socs 1001—-1500 m 1501-2000 m 2001—-2500 m 2501-3000 m 3001—-3500 m 3501—4000 m >4000 m
2 Third level of the CORINE nomenclature.
G G ... G n
G= [g‘l g .. gn} (31) Si:Zqijvjzlvzv"'7n7 l:172a“'>m (35)

where Ci(j = 1,2,...,n) represents the criteria according to which
the alternatives are selected.

Step 5. Calculation of the distance of the alternatives from the
border approximation area (Q)

qi1 d12 - qin
e R (32)
dm1 9m2 - Qdmn

The distance of the alternatives from the border approximation
area (qjj) is determined as the difference between the elements in
the weighted matrix (V) and the values of the border approxima-
tion areas (G)

Vit Y12 - Vin
Q=V-G=|"1 "2 (g & . gl (33)
Umi Vm2 - Vmn
[vi1—81 vi2—& - Vin—8&n
Q= V21 —81 V22— & V2n — &n
LVm1 — 81 Vm2 — &2 Umn — &n
(q11 q12 - qin
_ | 921 922 Q2n (34)
Ldm1 9m2 -~ Qqmn

where g; is the border approximation area for criterion G;, vjj is the
elements of weighted matrix (V), n is the number of criteria, m is
the number of alternatives.

Alternative A; could belong to the border approximation area
(G), upper approximation area (G*) or lower approximation area
(G"), that is A;€{GvG*vG~}. The upper approximation area (G") is
the area which contains the ideal alternative (A*), while the lower
approximation area (G") is the area which contains the anti-ideal
alternative (A").

Step 6. Ranking the alternatives. A calculation of the values of the
criterion functions for the alternatives (35) is obtained as the sum
of the distance of the alternatives from the border approximation
areas (q;). By summing the elements of matrix Q by rows we obtain
the final values of the criterion functions of the alternatives

Jj=1
where n is the number of criteria, m is the number of alternatives.
2.6. Sensitivity analysis and visualization of the final solution

The final step of the proposed GIS-DANP-MABAC model involves
a sensitivity analysis and visualization of the final results. A sensi-
tivity analysis is a study of the stability of the solution (the alter-
native selected and the rank of the alternatives) to changes in the
input data. The aim of such an analysis is to identify the effects of
changes in the input data (geographic data and preferences of the
DM) on the output values (rank of the alternatives). An unavoidable
process in a sensitivity analysis is an analysis of the stability of the
solution to changes in the relative weight of the clusters and
criteria, as a representative of subjectivism in multi-criteria deci-
sion analysis. Visualization of the choice of location is carried out in
the form of a GIS cartographic representation, charts, tables and
others [52].

3. Results and discussions. A case study of Vojvodina, Serbia

On the basis of research into wind and solar energy resources
carried out by the Institute for multidisciplinary research, who
published an Atlas of Solar and Wind Energy Potentials in Serbia
[79], it is well-known that in Serbia there are potentially suitable
locations for wind energy. At these locations, it would be possible to
install about a 1300 MW production capacity and produce about
2300 GWHh of electricity annually. This would result in wind energy
being a new branch of energy. The most promising locations for the
construction of wind power plants are located in Vojvodina,
concluded in the project Wind Atlas of the Autonomous Province of
Vojvodina (Wind Atlas) [80]. The results of the study Wind Atlas of
Serbia showed that the territory of Vojvodina has the highest wind

Table 5
Fuzzy scale for evaluating the clusters/criteria.

N.o. Linguistic terms Triangular fuzzy numbers
1. Very high influence (VH) (4.50,5.00,5.00)
2. High influence (H) (2.50,3.50,4.50)
3. Low influence (L) (1.50,2.50,3.50)
4. Very low influence (VL) (0.00,1.50,2.50)
5. No influence (No) (0.00,0.00,1.50)
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Table 6

Initial direct-relation matrix — criteria (D).
Criteria Enl En2 En3 En4 Socl Soc2 Soc3 Ecl Ec2 Ec3 Ec4
Enl 0.115 0.176 0.176 0.115 0.142 0.115 0.159 0.229 0.133 0.140 0.097
En2 0.173 0.081 0.125 0.092 0.076 0.093 0.109 0.166 0.107 0.112 0.077
En3 0.182 0.131 0.086 0.075 0.081 0.130 0.126 0.164 0.102 0.107 0.070
En4 0.216 0.161 0.159 0.077 0.104 0.099 0.120 0.210 0.128 0.144 0.105
Socl 0.193 0.125 0.167 0.097 0.081 0.088 0.131 0.209 0.126 0.145 0.081
Soc2 0.175 0.124 0.157 0.098 0.126 0.067 0.118 0.168 0.125 0.119 0.072
Soc3 0.202 0.139 0.118 0.092 0.132 0.103 0.089 0.186 0.130 0.124 0.075
Ecl 0.241 0.160 0.159 0.140 0.134 0.106 0.163 0.116 0.149 0.146 0.122
Ec2 0.122 0.111 0.098 0.068 0.094 0.090 0.104 0.140 0.071 0.110 0.098
Ec3 0.183 0.136 0.126 0.089 0.127 0.109 0.142 0.220 0.128 0.100 0.094
Ec4 0.094 0.100 0.076 0.063 0.043 0.041 0.051 0.108 0.083 0.097 0.039

energy potential in Serbia, with average annual speeds greater than
6 m/s, which from the economic aspect is considered favorable for
implementing wind farm projects.

There are four main winds that blow in Vojvodina (the “kosava”,
northern, southern and western winds). An additional advantage is
the developed network of roads, railways, waterways and a cargo
port, which favours the installation and maintenance of wind
farms.

To utilize the full potential energy of these winds, the selection
of locations for wind generators is of vital importance. As a step
towards identifying the constraints and clusters/evaluation criteria
of potential locations, and on the basis of valid legal regulations and
the opinions of DM, a group of 11 constraints and 11 evaluation
criteria was selected (Tables 1 and 2). For this purpose, the current
status of the territory was studied (cities, roads, rivers, protected
areas, etc.), together with the applicable legal framework (Euro-
pean, national, regional and local laws, etc.). After that, according to
the recommendations given by Aydin et al. [13], the value limits
were defined that exclude some areas from further analysis. The
limits of the constraint values were defined taking into account the
opinions of authors who have dealt with the problem of selecting
the location of wind farms and DM, while respecting the applicable
legal framework in the Republic of Serbia. 11 constraints were
highlighted that define areas to be excluded from further analysis
(Table 1).

Unlike the constraints, according to which the alternatives are
expressed on a binary scale as suitable or unsuitable, the evaluation
criteria area assessed on a continuous scale, and their goal is to
express the degree of suitability of particular alternatives (cells)
[86]. Taking into account the recommendations of the authors of
similar works and the opinions of DM, 11 evaluation criteria were
adopted, which were grouped into environmental, economic and
social clusters (Table 2).

The defined constraints and clusters/criteria, when entered into
the GIS, are represented in the form of spatially defined vector or
raster maps, whose cells represent different alternatives. All of the
GIS processes (digitalization, conversion, 3D Analyst etc.) during
entry and construction of the spatial base of criteria and constraints
are carried out using the integrated tool ArcGIS 10.2 from the ESRI
software firm. The sources of the GIS data sets are provided in
Table 3.

For the purposes of the GIS-DANP multicriteria evaluation, first
of all suitable locations for wind farms in Vojvodina were identified,
Fig. 3.

By aggregating the constraints given in Table 1, areas were ob-
tained that are suitable for the installation of wind farms in Voj-
vodina. The constraints in the form of thematic layers were
generated using Boolean (logical) algebra, using the integrated
tools ArcGIS 10.2 application. Each map was converted into a raster
format, after which a reclassification was carried out according to

which raster cells containing areas that had been dismissed were
given a value of zero (0), while the cells for the remaining areas
gained a value of one (1). The summary map of constraints was
established by aggregating all of the layers of constraints. On the
final map of constraints, only the locations that were evaluated as
suitable (value 1) for all of the layers of constraints could be
considered as potential locations (alternatives) for the construction
of wind farms, Fig. 4 [20].

By analyzing the thematic layer in Fig. 4 it can be seen that for
the whole territory of Vojvodina (21 506 km?), 29.7% of the area has
no constraints for the installation of wind farms. This corresponds
to a total area of 6397 km? of the territory. This area consists of
10 234 593 cells (resolution 25 x 25 m) which are potential loca-
tions for wind farms.

In the process of individual assessment of the evaluation criteria
and standardization, each map of criteria was converted into a
raster, and then reclassified according to the adopted standardized
values of the classes. In accordance with applied practice, the
experience of experts and available literature, the suitability of the
criteria in this study were reclassified on a scale of 1—7, where 7 is
the most suitable, and 1 is the least suitable value of the attribute in
relation to the target. The reclassified criteria, with defined limits
between the classes, are shown in Table 4. In this way, each raster
cell was assigned a value on a scale from 1 do 7, where 1 has very
low suitability as a location, and 7 has very high suitability as a
location for constructing a wind farm. In this way, the reclassified
maps were converted into an operational raster background for
applying the WLC method. The suitability of the alternatives on the
criteria maps is usually symbolized by different shades of colour, so
that lighter shades of a colour represent less suitable, and darker
shades represent more suitable alternatives for the location of wind
farms (Fig. 4).

In the study, when determining the weight coefficients of the
clusters/criteria, eleven experts with rich experience in the design
of renewable energy sources and capital projects were involved.
Experts were identified who had a minimum of five years’
consulting experience in the design of renewable energy sources.
After surveying the experts, the data collected were processed and
their opinions were aggregated. Collecting data by surveying the
experts was carried out during the period from May 2014 to
December 2014.

In the first step of applying the DEMATEL method, the experts

Table 7

Total relation matrix — clusters (T¢).
Clusters Ec En Soc
Ec 1,12 3,52 3,59
En 3,17 2,28 2,69
Soc 2,92 2,57 1,13
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Table 8

The sums of given and received impact among the clusters/criteria.
Clusters/criteria D; R; D+R D-R
En 8.14 8.37 16.51 —0.23
Enl 0.959 1.766 2.725 —0.807
En2 0.842 1.996 2.838 -1.154
En3 1.040 1.913 2,953 -0.873
En4 0.923 1.764 2.687 —0.842
Soc 6.62 7.41 14.03 —-0.79
Socl 1.472 0.896 2.368 0.576
Soc2 1.927 0.457 2.384 1.469
Soc3 1.793 0.323 2.116 1.470
Ec 8.23 7.21 1544 1.02
Ecl 1.291 0.662 1.953 0.628
Ec2 2.308 0.719 3.027 1.589
Ec3 0.930 1.719 2.648 -0.789
Ec4 0.544 1.813 2.358 -1.269

used a fuzzy scale to evaluate the clusters/criteria [78,95], Table 5.

This scale was used for obtaining the average matrix Z for each
of the experts. After collecting the survey questions, a total of
eleven average matrices Z were obtained for the clusters/criteria.
Aggregation of the expert opinions was carried out using equations
(1)—(3). After aggregating the expert opinions, a unique average
matrix Z was obtained. By normalization and defuzzification of the
elements of the average matrix Z, equations (5) and (13), the ele-
ments of the initial direct-relation matrix D were formed for the
clusters (D¢) and criteria (D) (Table 6).

Normalization of the elements of the initial direct-relation
matrix was performed by dividing each element of the average
matrix with the value of R which was obtained using equation (6).
Using equation (8), the elements of the total relation matrix cluster
(T.) (Table 7) and criterion (T) were identified.

The values of matrix T were summed by rows (D;) and columns
(Ri) using equations (10) and (11). The summed values of matrices T,
and T by rows and columns are shown in Table 8.

Based on the results shown in Tables 6—8 and equation (12) a
cause and effect relationship diagram - CERD (Fig. 5) was formed,
which shows the interdependence of clusters and the impact of the
criteria within the observed cluster on one other. As a result of data
processing in the first stage using the DEMATEL method CERD was
obtained, which served as the basis for implementing the ANP
method and better understanding the relationship between the
clusters/criteria.

Based on the calculations obtained in matrices T and T, the
threshold values « and the cause and effect relationship diagram, a
map of network relationships was obtained, Fig. 6. The map of
network relationships makes it easier to understand the model of
the ANP method which is used to calculate the relative weights of
the clusters/criteria.

In the first step of the ANP method a total-influence matrix T
was included in the ANP model and using equations (14)—(19) an
unweighted supermatrix was obtained (Table 9).

After this, and using equations (20) and (21) the elements of the
weighted supermatrix were calculated (22). The elements of the
weighted supermatrix can be seen in Table 10.

In the final stage of the ANP method, the elements of the limited
supermatrix were determined (Table 11), whose vectors represent
the weight coefficients of the model (Table 12).

After determining the weight coefficients of the clusters/criteria,
the standardized values of the criteria were summed using the WLC
method (Table 12), resulting in a final suitability map (Fig. 7a). Cells
with higher values characterize space which is more suitable for
the construction of wind farms.

The final step of the GIS-DANP multi-criteria evaluation was
identifying the alternatives with the highest values from the final
suitability map. These are cells that have pixels with a value of 7
(red in Fig. 7a). From Table 13, it can be seen that the total area of
most suitable space (cell value of 7) for the installation of wind
farms is 320 km?, which is about 1.5% of the total territory of Voj-
vodina. The final result of the GIS-DANP model is that in the area of
Vojvodina, a total of 2085 suitable locations were identified for the
installation of wind farms. The locations were different sizes, from
400 m? to 13.7 km?, predominantly situated in the southeast of

A
D-R;
Ecs (2.80, 0.11)
Ec (15.44, 1.02) Legend
1 - Mutual factor influence (given
B Be, (1.73, - and received influence)(g
Ec; (3.55,-0.28) i~
Onejway-factor influence (given or
received influence)
0.5 Ec, (2.39, -0.18)
y/4 1 1 1
v 13 13.5 D+R;
En (16.51, -0.23)
-0.5 Soc; (2.39, 0.308)
-1 (2.70, 0.078) Soc (14.03, -0.79)
Soc; (2.58, 0.303)
V En; (2.66, -0.29)

Fig. 5. Cause and effect relationship diagram.
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Fig. 6. Map of network relationships of the ANP model.

Vojvodina. The area tested is shown in Table 13 based on cells of
suitability.

Considering that, according to expert opinion, a sustainable area
for the construction of a wind farm of 75—150 MW needs to be a
minimum of 5 km? criteria [96], areas of over 5 km? were selected
on the suitability map. In Vojvodinaa total of 11 viable locations
were identified that meet this requirement: Debeljaca (L 1), Crepaja
(L 2), Putnikovo (L 3), Samos (L 4), Novi Kozjak (L 5), Dolovo (L 6),
Velika Greda (L 7), Laudonovac (L 8), Veliki Ritovi (L 9), Vrsac (L 10)
and Novi Itebej (L 11). These locations are situated in the region of
Banat, mainly in the southeastern part (Fig. 7b).

After identification of the viable locations, they were ranked and

the most suitable location was selected using the MABAC method
[104]. Firstly, the initial decision matrix was formed (Table 14), after
which, using equations (26) and (27) normalization of the criteria
was carried out. The data presented in Table 14 represent the
average values of suitability obtained for the locations using GIS
Zonal statistical operations from the standardized (reclassified)
map of evaluation criteria.

Since all of the values for criterion Soc1 for all of the alternatives
are equal and amount to 7.000, we can eliminate criterion Soc1,
because it does not affect the ranking of the locations. We distrib-
uted the weight coefficient for Soc1 evenly across the other criteria
(AWspe1 = W1 /10 = 0.090/10 = 0.009), that is, we added the

Table 9

Unweighted supermatrix.
Clusters/criteria Enl En2 En3 En4 Socl Soc2 Soc3 Ecl Ec2 Ec3 Ec4
Enl 0.160 0.272 0.266 0.245 0.328 0.263 0.223 0.230 0.267 0.228 0.247
En2 0.200 0.129 0.198 0.187 0.164 0.170 0.148 0.169 0.189 0.189 0.176
En3 0.201 0.201 0.128 0.186 0.162 0.183 0.201 0.216 0.160 0.170 0.174
En4 0.129 0.147 0.111 0.086 0.122 0.166 0.114 0.133 0.123 0.117 0.137
Socl 0.193 0.151 0.136 0.172 0.201 0.148 0.125 0.240 0.225 0.175 0.182
Soc2 0.155 0.187 0.221 0.164 0.103 0.160 0.136 0.124 0.175 0.163 0.171
Soc3 0.218 0.220 0.213 0.200 0.163 0.236 0.207 0.225 0.151 0.259 0.208
Ecl 0.208 0.192 0.184 0.188 0.148 0.207 0.196 0.178 0.191 0.185 0.192
Ec2 0.118 0.121 0.113 0.112 0.137 0.111 0.116 0.131 0.131 0.120 0.113
Ec3 0.124 0.127 0.118 0.127 0.146 0.103 0.134 0.124 0.125 0.158 0.144
Ec4 0.084 0.086 0.075 0.091 0.078 0.088 0.073 0.073 0.074 0.079 0.082

Table 10

Weighted supermatrix.
Clusters/criteria Enl En2 En3 En4 Socl Soc2 Soc3 Ecl Ec2 Ec3 Ec4
Enl 0.057 0.093 0.091 0.084 0.076 0.078 0.090 0.082 0.078 0.079 0.070
En2 0.066 0.044 0.066 0.062 0.049 0.056 0.062 0.054 0.071 0.059 0.075
En3 0.067 0.067 0.043 0.062 0.066 0.071 0.053 0.054 0.063 0.054 0.057
En4 0.043 0.049 0.038 0.030 0.038 0.044 0.041 0.047 0.043 0.038 0.047
Socl 0.062 0.049 0.044 0.056 0.039 0.074 0.069 0.057 0.058 0.058 0.055
Soc2 0.050 0.060 0.071 0.053 0.043 0.039 0.054 0.045 0.056 0.050 0.054
Soc3 0.070 0.071 0.068 0.064 0.064 0.069 0.047 0.069 0.064 0.065 0.066
Ecl 0.078 0.072 0.070 0.071 0.077 0.070 0.075 0.054 0.061 0.078 0.064
Ec2 0.045 0.047 0.043 0.043 0.047 0.052 0.052 0.051 0.031 0.046 0.049
Ec3 0.048 0.049 0.045 0.049 0.053 0.050 0.050 0.049 0.048 0.036 0.057

Ec4 0.033 0.034 0.030 0.035 0.030 0.030 0.030 0.041 0.043 0.033 0.023
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Table 11

Limited supermatrix.
Clusters/criteria Enl En2 En3 En4 Socl Soc2 Soc3 Ecl Ec2 Ec3 Ec4
En1 0.080 0.080 0.080 0.080 0.080 0.080 0.080 0.080 0.080 0.080 0.080
En2 0.060 0.060 0.060 0.060 0.060 0.060 0.060 0.060 0.060 0.060 0.060
En3 0.059 0.059 0.059 0.059 0.059 0.059 0.059 0.059 0.059 0.059 0.059
En4 0.044 0.044 0.044 0.044 0.044 0.044 0.044 0.044 0.044 0.044 0.044
Socl 0.056 0.056 0.056 0.056 0.056 0.056 0.056 0.056 0.056 0.056 0.056
Soc2 0.052 0.052 0.052 0.052 0.052 0.052 0.052 0.052 0.052 0.052 0.052
Soc3 0.066 0.066 0.066 0.066 0.066 0.066 0.066 0.066 0.066 0.066 0.066
Ecl 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071
Ec2 0.047 0.047 0.047 0.047 0.047 0.047 0.047 0.047 0.047 0.047 0.047
Ec3 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050
Ec4 0.035 0.035 0.035 0.035 0.035 0.035 0.035 0.035 0.035 0.035 0.035

value 4dws, to each weight coefficient of a criterion.

Then, using equations (28) and (29) the elements of the
weighted matrix and elements of the matrix of border approxi-
mation areas, respectively, were calculated. By subtracting the el-
ements of the weighted matrix from the elements of the matrix of
border approximation areas (equations (33) and (34)), a matrix of
the distance of the alternatives from the border approximation
areas was obtained (34), Table 15. Finally, using expression (35), the
total distance of each alternative from the border approximation
areas was determined, Table 15.

The results presented in Table 15 show that location Laudonovac
(L 8), as the first ranked, is the most suitable location for wind farms
in Vojvodina. The results of the MCDM method to a great extent
depend on the relative importance assigned to individual criteria.
Sometimes the ranks of alternatives vary with very small changes
in the weight coefficients of the criteria, because of which the re-
sults of the MCDM method are followed as a rule by an analysis of
their sensitivity to these changes [78].

In most multi-criteria decision processes, a sensitivity analysis is
recommended as a means of checking the stability of the results
against the subjectivity of the decision-makers [46,97]. The sensi-
tivity analysis of the results in this study was carried out using the
initial weight coefficients of the clusters, according to the scenarios
in Table 16.

On the basis of the changed weight coefficients of the clusters in
the process of generating the map of benefits, maps of each sce-
nario were obtained, Fig. 8.

Fig. 8 presents the results of the sensitivity analysis for four
scenarios (Table 16). From Fig. 5, it can be seen that there is a high

Table 12

Weight coefficients of the clusters/criteria.
Clusters/Criteria Weight Rank

coefficient
Environmental 0.392 1
En1 — Wind speed 0.129 1
En2 — Land use 0.097 4
En3 — Distance from urban areas 0.095 5
En4 — Distance from protected areas 0.071 10
Economic 0.327 2
Ecl — Distance from power lines 0.115 2
Ec2 — Slope of the land 0.076 9
Ec3 — Distance from roads 0.081 8
Ec4 — Aspect 0.056 11
Social 0.281 3
Socl — Distance from telecommunication 0.090 6
infrastructure

Soc2 — Distance from tourist facilities 0.084 7
Soc3 — Population density 0.106 3

level of spatial overlapping of the best locations for installing wind
farms from the final suitability map (Fig. 7a), with the most suitable
locations on the maps of scenarios A, B, C and D. Spatial overlapping
(expressed in %) of the most suitable alternative (cell 7) from the
final map of benefits with suitable alternatives (cells 5, 6 and 7)
from the maps of scenarios, was confirmed by applying the GIS
Spatial analyst functions, and is shown in Table 17.

From Table 17 the complete stability of scenarios A and B can be
seen. The lowest stability, at 88.4% overlap, can be seen in scenario
D, in which social criteria are favoured. The results of the sensitivity
analysis indicate a high stability of the model.

Since MABAC is a new method of multi-criteria decision making,
within the framework of its validation and sensitivity analysis there
needs to be a comparison of the ranks obtained using the MABAC
method with the ranks suggested by models of multi-criteria de-
cision making that have already been developed. There are
different studies associated with location selection decisions, many
of which have been carried out using multi-criteria decision-mak-
ing (MCDM) techniques. These include location problems with the
COPRAS method [98,99], selection of distribution centers for a firm
and the choice of location for distribution centers using VIKOR [87],
location selection for a logistics centre based on Fuzzy AHP and
TOPSIS [101], the selection of a logistics centre location using fuzzy
TOPSIS based on entropy weight [102]. Analysis of the above
literature singles out the use of the VIKOR, TOPSIS and COPRAS
methods in the majority of studies for ranking locations. Along with
application in location problems, VIKOR, TOPSIS and COPRAS have
been applied in many other areas, such as multi-objective design of
control chart [106], risk ranking [107], supplier selection [108],
target market prioritization [109] etc. In the following section these
methods are used to compare the ranks of the locations obtained by
means of the MABAC method.

In order to be able to adequately compare the ranks of alter-
natives obtained by the different methods, it is necessary to apply
the same method of normalizing the input data. For this reason, for
all of the methods, a linear method of normalizing the input data
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Fig. 7. Suitability maps and Suitability locations in DANP for Vojvodina.
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Table 13
The areas of classes from the final land suitability map.
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Rating Classes Area (km?) Area of Vojvodina (%) Number of cells (25 x 25)
1 Very low suitability 447 2.1 716 311

2 Low suitability 1072 5.0 1716 426

3 Moderately low suitability 1299 6.0 2079178

4 Moderate suitability 1276 59 2042974

5 Moderately high suitability 1161 54 1859 020

6 High suitability 817 3.8 1307 400

7 Very high suitability 320 15 513 284

was used. The original mathematical apparatus of the VIKOR [110],
TOPSIS [105,111] and COPRAS [112] methods was not changed. In
the TOPSIS method, instead of vector normalization, equation (36),
linear normalization was used, equations (26) and (27)

(36)

(r;j represents the normalized elements of the matrix, x; ele-
ments of the initial decision matrix which are normalized, and m
the total number of alternatives).

In the COPRAS method, instead of its original method of
normalizing data using equations (37) and (38), the process was
also carried out using linear normalization:

- for benefit type criteria (higher values are better)

Xii
rjj = 71 (37)
Xij
- for cost type criteria (lower values are better)
Xij

where x; represents elements from the initial decision matrix
which are normalized, and X5 and xg represent the minimum/

maximum criteria values.

The same input data (parameters of the locations) are used in
VIKOR, TOPSIS and COPRAS applications as in application of the
MABAC method (they are shown in Tables 14 and 15). Since the
aforementioned values for criterion Soc1 for all of the alternatives
are equal (value 7.000, in Table 14), criterion Socl is eliminated,
because it does not affect the locations ranking. Weight coefficient

Table 14
Initial matrix for evaluating the alternatives.
Location  Criteria
Enl En2 En3 En4 Ecl Ec2 Ec3 Ec4 Socl Soc2 Soc3
wy;=0.129 w,=0.097 w3=0.095 w;=0.071 ws5=0.115 wg=0.076 w;=0.081 wg=0.056 wy=0.090 w;p=0.084 w;;=0.106
L1 7.000 2.000 6.342 7.000 5.857 7.000 4.252 3.526 7.000 7.000 3.029
L2 7.000 2.000 6.223 7.000 5.115 6.976 5.309 4130 7.000 7.000 3.722
L3 7.000 2.000 5.135 6.813 4.095 6.798 5277 3.115 7.000 7.000 6.000
L4 7.000 2.000 6.673 5.722 5332 6.615 4.846 4.815 7.000 7.000 5.595
L5 7.000 2.000 6.772 6.488 3.404 6.649 6.094 4.484 7.000 7.000 4.877
L6 7.000 2.000 6.863 6.922 5314 6.659 3.452 3.812 7.000 7.000 4.000
L7 7.000 2.000 4.309 6.942 5.825 7.000 3.546 5371 7.000 6.262 5.491
L8 7.000 2.291 6.668 5.877 1.951 7.000 5.863 4.170 7.000 7.000 6.461
L9 7.000 2.000 6.986 6.213 3.809 7.000 4.299 3.538 7.000 7.000 6.629
L10 7.000 2.208 5.893 3.719 5.637 7.000 5.702 2.964 7.000 7.000 7.000
L11 5.000 2.105 6.637 6.484 5.752 7.000 4.990 4.037 7.000 7.000 5.656
Table 15
Rank of the alternatives.
Location Criteria =S; Rank
Enl En2 En3 En4 Ecl Ec2 Ec3 Ec4 Soc2 Soc3
wy;=0.138 w;=0.106 w3=0.104 w;=0.080 ws=0.124 wg=0.085 w;=0.090 wg=0.065 wy=0.093 wyp=0.115
L1 0.0169 —0.0159 0.0077 0.0196 0.0397 0.0311 -0.0179 -0.0109 0.0114 —-0.0596 0.0219 7
L2 0.0169 -0.0159 0.0030 0.0196 0.0161 0.0258 0.0181 0.0054 0.0114 —0.0396 0.0608 4
L3 0.0169 —0.0159 —0.0392 0.0150 —0.0163 —-0.0135 0.0170 —0.0220 0.0114 0.0264 -0.0203 9
L4 0.0169 —0.0159 0.0205 -0.0116 0.0230 —-0.0539 0.0023 0.0239 0.0114 0.0147 0.0312 6
L5 0.0169 -0.0159 0.0244 0.0071 —0.0382 —0.0464 0.0448 0.0150 0.0114 —0.0061 0.0128 8
L6 0.0169 -0.0159 0.0279 0.0177 0.0224 —0.0442 —0.0452 —0.0032 0.0114 —-0.0315 -0.0437 10
L7 0.0169 -0.0159 -0.0713 0.0182 0.0387 0.0311 —0.0420 0.0389 —0.0816 0.0117 —0.0555 11
L8 0.0169 0.0901 0.0203 —0.0078 —0.0843 0.0311 0.0369 0.0065 0.0114 0.0397 0.1608 1
L9 0.0169 -0.0159 0.0327 0.0004 —0.0253 0.0311 —-0.0163 —-0.0106 0.0114 0.0446 0.0689 3
L10 0.0169 0.0598 —0.0098 —0.0604 0.0327 0.0311 0.0315 —0.0261 0.0114 0.0554 0.1424 2
L11 -0.1211 0.0223 0.0191 0.0070 0.0363 0.0311 0.0072 0.0029 0.0114 0.0164 0.0327 5
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Table 16
Combination of weights for the sensitivity analysis.

Scenarios Clusters weights

Environmental Economic Social
A — uniform weights 0.330 0.330 0.330
B - priority En 0.550 0.225 0.225
C - priority Ec 0.225 0.550 0.225
D - priority Soc 0.225 0.225 0.550

of the criteria Soc 1 is equally distributed to the other criteria. The
value Awsyeq (AWsoe1 = Wspe1/10 = 0.090/10 = 0.009) is added to
each weight coefficient. As a result, modified values of the weight
coefficients are obtained and used in further calculations:
wy = 0138, wy = 0.106, w3 = 0.104, wy = 0.080, w5 = 0.124,
wg = 0.085, w; = 0.090, wg = 0.065, wg = 0.093 and wyg = 0.115.

Table 18 shows the results of ranking the alternatives according
to criteria from Table 15 using the VIKOR, TOPSIS and COPRAS
methods.

The final result obtained by application of the GIS-DANP-MABAC
model is rank of alternatives: L8>L10 > L9>12>L11 > [4>L1>L5>

Scenario C

L6>L7 (Table 15). The same rank is obtained by VIKOR and COPRAS
applications (Table 18), but not by TOPSIS application. Difference
between TOPSIS and GIS-DANP-MABAC results are in the first two
ranked alternatives. According to TOPSIS alternative L10 dominates
alternative L8, but according to GIS-DANP-MABAC model alterna-
tive L8 dominates alternative L10. Ranking positions of the rest
alternatives (L1, L2, L3, L4, L5, L6, L7, L9 and L11) are identical in all
ranks obtained by applied methods and GIS-DANP-MABAC model.
Obviously, result of the GIS-DANP-MABAC model is exactly the
same, or very similar to results obtained by common MCDM
methods.

4. Conclusion

A combination of the DEMATEL-ANP (DANP) hybrid model and
MABAC method with a GIS was implemented here for the first time
for selecting the optimal locations for wind farms, using the
example of the province of Vojvodina in the Republic of Serbia, and
it is a model that can be applied to other locations with similar
natural characteristics. The DANP technique was used in the section
for determining the weights, that is, the significance of each

7
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Fig. 8. Sensitivity analysis.

Table 17
Overlapping of the cells from the final map of benefits with cells from the maps of scenarios.
Scenarios Classes
5 6 7 6+7
Number of cells % Number of cells % Number of cells % Number of cells %
A - uniform weights - — 61 403 120 451 881 88.0 513 284 100.0
B - priority En - - 81 554 159 431 730 84.1 513 284 100.0
C - priority Ec 34187 6.7 191 624 373 287 408 56.0 479 032 933
D - priority Soc 46 097 9.0 122 437 239 331479 64.6 453 916 88.4
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Table 18

Alternative ranking according to the VIKOR, TOPSIS, COPRAS methods and GIS-DANP-MABAC model.

Alternative VIKOR TOPSIS COPRAS GIS-DANP-MABAC rank
F Rank F Rank F Rank

L1 0.6229 7 0.5868 7 82.19 7 7
L2 0.4554 4 0.6177 4 87.18 4 4
L3 0.6427 9 0.5804 9 76.80 9 9
L4 0.5236 6 0.5875 6 83.40 6 6
L5 0.5662 8 0.5817 8 81.04 8 8
L6 0.6970 10 0.5607 10 73.79 10 10
L7 0.7241 11 0.5435 11 72.28 11 11
L8 0.3793 1 0.6734 2 100.00 1 1
L9 0.4367 3 0.6312 3 88.22 3 3
L10 0.0425 2 0.7047 1 97.64 2 2
L11 0.7962 5 0.6154 5 83.58 5 5

criterion, and the WLC technique was used for summing the
weights and for the final identification of the suitable locations for
building wind farms. The connection of the tools was possible in
the ArcGis software environment using the ArcGIS Advanced 10.2
software firm ESRI. Finally, after defining the suitable locations, the
most suitable alternative (L 8 - Laudonovac) was selected using the
MABAC technique. In the final phase of applying the modela
sensitivity analysis of the solution proposed by the GIS-DANP-
MABAC model was carried out, as well as its validation by
comparing its results with those obtained by the multi-criteria
techniques of VIKOR, TOPSIS and COPRAS.

Application of the DAN GIS MABAC multi-criteria spatial model
involved the construction of a hierarchical spatial model which
consisted of 11 constraints and 11 evaluation criteria. The evalua-
tion criteria were grouped into natural, economic and social clus-
ters. A final map of benefits was obtained as a result of the research.
The size of the areas of the suitable locations for constructing wind
farms, in this study, varied from 0.0004 to 13.7 km?, and came to a
total of 321 km?. On the basis of the size of the area required, 11
suitable locations were identified as the final result of the model.
Ranking of the suitable alternatives was carried out using the
MABAC method. The sensitivity analysis, in which the weight co-
efficients of the clusters were changed, showed a high degree of
stability in terms of overlapping of the most suitable locations ac-
cording to the scenarios, both at the level of the total map of ben-
efits and at the level of the selected locations. Validation of the
results for the ranks of the locations using the MABAC method was
carried out by comparing the results with those of theVIKOR,
TOPSIS and COPRAS multi-criteria techniques and it demonstrates
its credibility in its selection of Laudonovac (L 8) as the most suit-
able for installing a wind farm in the area of Vojvodina.

This model broadens the theoretical framework of knowledge in
the field of location problems. The existing problem is considered
using new methodology, which creates the basis for further theo-
retical and practical improvement. In addition, this model high-
lights new and modified criteria and constraints which until now
other models have not considered, and which are of significance to
this issue. It is important to note that the criteria applied for the
selection of sites for the development of wind farms vary in
different regions and depend on the governing socio-economic and
natural resources. Therefore, this procedure allows the inclusion of
other criteria that were not included in this study. This is primarily
related to the requirements of investors, municipal and non-
governmental agencies and environmentalists, as well as limita-
tions in terms of their visibility in relation to settlements and fa-
cilities for sport and recreation [37,57]. All these criteria can have an
additional role in selecting the best solution. The practical signifi-
cance of this model is the possibility of its application in solving
location problems in various fields, including the environment,

transport, risk and others.

The main recommendations for the further use of this model are
its accessible mathematical apparatus and the stability (consis-
tency) of its solution, as well as the possibility of combining it with
other methods, especially in the section related to determining the
weight criteria. Directions for future improvement of the GIS-
DANP-MABAC model should be based on the application of clas-
sical fuzzy sets and the intervals of fuzzy numbers in the process of
determining the parameters of the criteria/clusters. Fuzzification
makes it possible to exploit the uncertainty that arises when
defining the parameters of the criteria/clusters. Besides the fuzzy
approach, suitable tool for application in conditions of uncertainty
and ambiguity is the gray theory [113,74], proposing the gray the-
ory for future research guidelines and extension of the proposed
model. In addition, another possible future application can be seen
in the implementation of individual phases of the MABAC method
in phases of the VIKOR, TOPSIS or COPRAS methods, which would
exploit the strengths of these methods.
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