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It is often advisable to combine spatial representation tools such as Geographic Information Systems
(GIS) with Multi criteria Decision Making Methods (MCDM) when solving location complex problems.
The current case refers to the search for and selection of sites for onshore wind farms on the coast of the
Region of Murcia, in the southeast of Spain. When resolving the proposed problem, the legal restrictions
and the criteria (wind speed, area, slope, etc.) that influence the location will be considered. These will be
defined in the form of thematic layers that will be entered into the GIS. Restrictions will be imposed
taking into account the legislative framework of the study area so that, through their analysis and editing,
it will be possible to reduce the initial area and obtain suitable sites where this type of facilities can be
installed. Moreover, as the objective of the study is to select the locations and obtain a ranking two
different models will be applied, initially a categorical assessment through a lexicographic order will be
performed using the tools available in the GIS and, later it will be applied the ELECTRE-TRI methodology
will be applied in order to make a comparison between the methods.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The objective of reducing the emissions of gases that cause the
greenhouse effect [1], has led to significant energy policies being
established to promote the implementation of renewable energies
both globally [2e7] and at European level [8e10]. The development
and promotion of such facilities was not a priority for many
countries [11], whilst in others (Spain, Germany, the United States,
etc.) their implementation has extended spectacularly as a result of
the momentum and adoption of energy support policies [12e14].
Such policies allowed the generation of both direct and indirect
employment [15], even though in their research and development
such facilities were unable to achieve high efficiencies [16]. Today,
most governments have reduced support for renewable energy
facilities because of the financial and economic crisis; however, the
growth of these facilities has increased significantly, driven both by
a stable market [17], and by decreasing production costs [18].

In Spain, in order to fulfill the targets set by the international
community, energy plans [19,20] were developed that
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encouraged the promotion of renewable energies; with wind
energy being the resource that experienced the greatest growth.
At the end of 2010, Spain was e in terms of installed wind power
e the fourth global wind power, and the second in Europe [21].
However, due to the current economic crisis and the uncertainty
created by changes in the Spanish legislative framework [22],
public and private investment has been reduced. This meant that
at European level in 2012, Spain had fallen to fourth place [23]
with a market share of 9% compared to other EU member states
(Fig. 1). This nevertheless helped to improve the control of
external energy dependence [24]. Therefore, given that Spain has
a wind potential of 330 GW, it is necessary to continue promoting
and encouraging the implementation of wind energy facilities in
order to comply with the international legislative framework and
to reach the 35 GW of accumulated wind power laid down as a
specific target for 2020 [20,25].

Although the Region of Murcia, in the southeast of Spain, has a
wind potential of 2.9 GW [26], the coast or littoral is an area with a
high level of urban and residential occupation [27]. This increases
the difficulty for any promoter of renewable energy facilities to find
areas where it is possible to implement this type of facilities.
Therefore, when designing wind farms not only will it be necessary
to take into account factors that optimize performance [28e31] but
and selection of potential sites for onshore wind farms development
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Fig. 1. EU Member State market shares for new wind power capacity installed during
2012 in MW [23].
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it is also of great interest to conduct studies which appraise both
the restrictions as well as the criteria that influence the location of
onshore wind farms, with the aim of finding and selecting the best
sites.

In most cases, due to the high number of possibilities and
criteria involved in the decision, to solve such problems it is
appropriate to apply multi criteria decision methods (MCDM) so
appropriate methodologies must be built in the scientific field of
the matter to be resolved [32]. Although in the 1990s studies in
decision support methodologies in the field of renewable energies
began [33,34], it was not until the early 21st century when this type
of analysis was expanded as a result of the existence of a legislative
framework favorable to such energy. The analytic network process
(ANP) was applied to evaluate energy policy in Turkey [35]; in the
same country a multi attribute selectionwas also conducted among
renewable energy alternatives using fuzzy analytic hierarchy pro-
cess (AHP) [36] and an integrated fuzzy VIKOR& AHPmethodology
[37]. More recently a review of multi criteria decision making
methods for bio energy systems [38] has been carried out and,
through a combination of fuzzy AHP and TOPSIS manufacturing
technologies of photovoltaic solar cells [39] and thermal power
plant location [40] have been evaluated. This brief review demon-
strates the excellent utility of using MCDM in the field of renewable
energies. Moreover, selecting locations normally involves condi-
tions that limit the implementation and expansion of any facility
(available surface, distance to substations, etc.), so that analysis
should be addressed to optimizing the installation, depending on
the factors that determine its proper implementation. It is precisely
for these reasons that the combination of MCDMwith visualization
Table 1
Main differences between the present study and previous studies [54].

Present study

ELECTRE-TRI methodology � Optimistic ELECTRE-TRI procedure is applied
Purpose of applying the

ELECTRE-TRI methodology
� Classify all the potential alternatives (the weights o
are known)

Way to implement the
ELECTRE-TRI methodology

� Executing each of the steps that define the ELECTR
methodology, thus all the potential alternatives are c

Software used � Excel spreadsheet
Software capacity � It is possible to analyze a large number of alternativ

33,290 alternatives)
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tools and cartographic editions such as Geographic Information
Systems (GIS) is very useful [41], as the GIS are capable of gener-
ating databases through the analysis and edition of the geospatial
information, and decision support systems allow to structure the
decision problems and evaluate the alternatives under study [42].
Since they were unveiled, the use of GIS has spread to many areas,
including the field of renewable energies [43e47] and when they
are combined with multi criteria decision methods they acquire an
extraordinary potential [48]: in a region in the west of Turkey a GIS
was combined with the OWA operator for the evaluation of wind
energy systems [49]. In Oman, the suitability of installing solar
photovoltaic plants was also analyzed by mixing a GIS and multi
criteria fuzzy methodology (OWA method) [50]. In a region of Italy
the availability of biomass was evaluated by combining GIS with
AHP [51]. To assess the best locations in photovoltaic solar farms in
the south of Spain, the GIS were combined with AHP method [52],
with AHP and TOPSIS [53], or more recently by applying the
ELECTRE-TRI method using an iterative process through a Decision
Support System called IRIS [54].

Although as it has been mentioned before, the ELECTRE-TRI
methodology has been used to solve location problems of other
renewable technologies [54], there are important differences that
make its application in the present study especially novel (Table 1).
In Ref. [54] the help of an expert and a decision support system
called IRIS based on the pessimistic version of the ELECTRE-TRI
method were employed. Through expert recommendations and
an iterative process with the IRIS software, a small number of lo-
cations of solar farms are classified (through the pessimistic pro-
cedure of assignment of categories of the ELECTRE-TRI method)
with the aim of obtaining the weights of the criteria from that
classification. In the current article not only is the renewable energy
technology different but also the manner inwhich the ELECTRE-TRI
method is applied and the process of assigning categories to the
different alternatives (in this case the optimistic procedure of the
ELECTRE-TRI method will be used). Moreover, the aim is not to
obtain the weights of the criteria (these are known previously), but
to perform each of the steps that define this method through an
Excel spreadsheet to classify all the viable locations by categories.

It is also important to note that being different renewable
technologies (photovoltaic solar farms vs. onshore wind farms), the
same criteria are not used. There are criteria which are very
important to solve location problems of onshore wind farms (dis-
tance to airports, wind speed, etc.). However these criteria are not
necessary to locate solar farms. Moreover, in the present study not
only is the ELECTRE-TRI methodology applied, but also a compar-
ison between two different models (Lexicographic order vs.
ELECTRE-TRI) is carried out with the aim of knowing the advan-
tages and disadvantages of applying one methodology or the other.

With this review of the existing literature, the important role
played by the combination of GIS with MCDM for the development
and promotion of renewable energies can be clearly seen, there-
fore; in the current work a GIS has been chosen to be used in
solving the proposed problem. The GIS employed is a free software
Previous studies [54]

� Pessimistic ELECTRE-TRI procedure is applied
f the criteria � Obtain the weight of the criteria that influence the decision

E-TRI
lassified

� Iterative process of the software in which an expert classifies a
small number of alternatives according to his/her opinion
� Decision Support System called IRIS

es (in this case � The number of alternatives that can be introduced is very
small (20e30 alternatives)

and selection of potential sites for onshore wind farms development
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developed in 2004 by the Regional Ministry of Infrastructure and
Transport of Valencia (Spain) called gvSIG [55].

In the present article the GIS will be used to search for and select
the best locations to host onshore wind farms on the coast of the
Region of Murcia, in the southeast of Spain. The proposed problem
(Fig. 2)will be defined in section 2. In this section the viable locations
to implement onshore wind farms will be obtained, defining the
restrictions which prevent a given area from being valid and taking
into account the criteria that influence the decision. Thus, a database
of possible locations will have been created which, through the
methodology described in section 3, will be evaluated by applying
and comparing the two proposed models. An iterative process of
filtering based on the criteria will be performed as well as a multi
criteria decision analysis through the ELECTRE-TRI method, which
will allowtheoptimal sites tohost onshorewind farms tobe selected.
These analyses will be carried out in section 4. Finally, sections 5 and
6 will reflect the results and the conclusions of the study.

2. Creation of the database using the GIS tool

This section contains an explanation of the proposed method-
ology,which is given in Fig. 2. As can be seen fromFig. 2, thefirst step
is related with feasible locations. To obtain these feasible locations
we will rely on the GIS tool and by applying the restrictions set by
European Union law as well as Spanish legislation regarding the
implementation of renewable energies, the 33,290 feasible plots to
implement awind farmwill be obtained. But it is not only necessary
to knowwhether a plot complies or notwith the legal requirements,
Fig. 2. Process
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but a database must also be built with ratings based on certain
evaluation criteria. Finally, a ranking of these alternatives is
required. To achieve this, two very different models will be applied,
in the first case an evaluation will be made through a lexicographic
order and then an ELECTRE-TRI method will be applied [56].

2.1. Search for feasible locations

Not all sites are suitable to implement onshore wind farms. For
any territory a series of restrictions and criteria will exist which
must be taken into account to choose the correct location; thus the
starting point for obtaining the viable locations will be to identify
the area of study which, in the proposed problem, corresponds to
the coast of the Region of Murcia (Fig. 3). This area covers
4456.59 km2 and is composed of 13 municipalities whose territory
is classified into plots and subplots. Once the study area has been
defined the process to follow will consist in defining the re-
strictions i.e., the areas where, because of the current legislative
framework, it is not possible to implement facilities. Once the re-
strictions have been determined, the next step will consist in
subtracting the area occupied by the restrictions from the total area
of the coast of the Region of Murcia in order to obtain suitable and
available locations to implement onshore wind farms.

2.1.1. Restrictions
The areas of a territory are not uniform in their suitability to

implement renewable energy facilities; anything that might limit
the performance of such facilities must be taken into account.
scheme.

and selection of potential sites for onshore wind farms development
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Fig. 3. Coast of the Region of Murcia.
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Therefore, once the territory to analyze has been selected, it is
necessary to carefully study the current status of that territory
(cities, roads, rivers, protected areas, etc.) together with its legal
framework (European, national, regional and local legislation) in
order to determine the restrictions affecting that territory [49]. On
the coast of the Region of Murcia, local policies such as general
urban plans, regional policies such as laws of archaeological, cul-
tural and historical heritage, guidelines and territorial planning of
industrial land, land law, etc. must all be fulfilled. Furthermore, like
any other Spanish territory, it will be affected by national policies
such as road law, natural heritage and biodiversity law, coastal law,
etc. and finally by European directives on the conservation of nat-
ural habitats and of wild fauna and flora [57].

Therefore, analyzing the current state of the study area together
with its legal framework, it is possible to determine the restrictions
(Table 2), i.e., both for the areas themselves as well as their areas of
influence in which it will not be possible to implement renewable
energy facilities.

In addition to the above considerations it must be taken into
account that to implement wind farms any plot containing some
buildings (agricultural warehouse, reservoir, etc.) should be rejec-
ted and, considering that according to experts in renewable energy
Table 2
Legal restrictions.

N. Denomination of legal restrictions

1 Urban lands
2 Protected and undeveloped lands
3 Areas of high landscape value
4 Water infrastructure, military zones and cattle trails
5 Watercourses and streams
6 Archaeological sites
7 Paleontological sites
8 Cultural heritage
9 Roads and railroad network
10 Community interest sites (LICs)
11 Areas of special protection for birds (ZEPAs)
12 Mediterranean coast

Please cite this article in press as: S�anchez-Lozano JM, et al., Identification
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facilities, to implement a wind farm requires a minimum area of
5000 m2, those zones with an area below this size will also be
discarded.
2.1.2. Implementation of restrictions
To carry out the process of implementation of these restrictions

and to obtain available locations the gvSIG software will be used to
analyze the territory and the restrictions in the form of thematic
layers which will be inserted in gvSIG not only to obtain their
display, but also to enable their analysis with the tools of the
software itself. These thematic layers have been supplied by the
regional government of the Region of Murcia.

Once all the layers in gvSIG have been entered [58], the area
occupied by each of the legal restrictions will be subtracted from
the initial thematic layer (coast of the Region of Murcia). Subse-
quently, the remaining territory (sorted into municipalities, plots
and subplots) will be filtered to exclude plots below 5000 m2 or
those containing any buildings. Once this step has been conducted
a new layer representing the viable locations will be obtained
(Fig. 4).

Analyzing the information provided by the thematic layer in
Fig. 4 it is obtained that, of the entire territory covered by the coast
of the Region of Murcia (4456.59 km2), 19.94% of that area will be
adequate to implement wind farms; this corresponds to a total of
888.75 km2. This area is composed of 33,290 plots and these are the
alternatives to analyze i.e., these will be the locations in which it is
possible to implement wind farms.

The following steps will consist in selecting, from among the
alternatives mentioned, those which are the best to implement this
type of facilities, based on a set of criteria.
2.2. Database of potential sites

2.2.1. Criteria
When implementing renewable energy facilities it must be

considered that the analyzed area is not affected by any legal re-
strictions, but that we must also have a set of criteria that will in-
fluence in the decision.

Although research and studies have been conducted that define
the characteristics that these criteria must contain [48,59], the
choice of these criteria will depend primarily on the study area.
Therefore, following the guidelines in Ref. [52] for the particular
case under analysis, four groups of general criteria (environment,
orography, location and climatology criteria) will be defined which
will be decomposed into a specific number of criteria that will in-
fluence the location i.e., those that will make one site preferable
rather than another (Fig. 5).

Then each of the specific criteria is briefly described [60]:

� g1. e Agrological capacity (classes): Suitability of land for agri-
cultural development. If a territory presents excellent agro-
logical capacity (class 0) it will not be suitable to host a facility,
while if its agrological capacity is low (class 8) it will be a very
favorable area to implement this type of facilities.

� g2. e Slope (%): Land slope, the greater percentage slope a ter-
ritory has, the worse aptitude it will have to implement a wind
farm.

� g3. e Area (m2): The area contained within a perimeter of land
that can accommodate a renewable energy facility, the larger an
area is, the more attractive it will be to implement onshorewind
farms.

� g4. e Distance to main airports (m): Space or interval between
the nearest airport and the different possible sites. In order to
not affect airspace or future expansion of airports and facilities
and selection of potential sites for onshore wind farms development
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Fig. 4. Thematic layer of viable locations to implement onshore wind farms.
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of this type, it is desirable to implement wind farms as far as
possible from airports.

� g5. e Distance to main roads (m): Space or interval between the
nearest road and the different possible sites. To reduce the
transport costs for installation and subsequent maintenance of
any renewable energy facility, it will be agreed that the distance
to main roads should be short.
Fig. 5. Criteria tree for selectio

Please cite this article in press as: S�anchez-Lozano JM, et al., Identification
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� g6. e Distance to power lines (m): Space or interval between the
nearest grid or power line and the different possible sites. It is
desirable that the distance to power lines is the minimum
possible because the initial cost is therefore reduced and the
efficiency of the facility is increased.

� g7. e Distance to cities (m): Space or interval between the
population centers (cities or towns) and the different possible
n of wind farm locations.

and selection of potential sites for onshore wind farms development
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Table 3
Boundaries of categories of alternatives (Ai) for each of the criteria.

Criteria Category 1 (regular) Category 2 (good) Category 3 (very good) Category 4 (excellent)

g1: Agrological Cap. (Classes) 0 < Ai < 2 2 � Ai < 4 4 � Ai < 7 7 � Ai < 8
g2: Slope (%) Ai > 50 50 � Ai > 30 30 � Ai > 15 Ai�15
g3: Area (m2) Ai < 10000 10000 � Ai < 300000 300000 � Ai < 1000000 Ai�1000000
g4: Distance to Airports (m) Ai < 7000 7000 � Ai < 20000 20000 � Ai < 35000 Ai�35000
g5: Dist. to roads (m) Ai > 5000 5000 � Ai > 2000 2000 � Ai > 500 Ai�500
g6: Dist. to power lines (m) Ai > 5000 5000 � Ai > 1500 1500 � Ai > 500 Ai�500
g7: Dist. to cities (m) Ai < 1000 1000 � Ai < 2000 2000 � Ai < 5000 Ai�5000
g8: Dist. to transformer sub. (m) Ai > 5000 5000 � Ai > 1500 1500 � Ai > 500 Ai�500
g9: Dist. to mast (m) Ai < 400 400 � Ai < 1000 1000 � Ai < 4000 Ai�4000
g10: Wind speed (m/s) Ai < 3.20 3.20 � Ai < 5.50 5.50 � Ai < 7.00 Ai�7.00
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sites. Although the conditions indicated in the legislative
framework for any territory are fulfilled, it will be advisable not
to implement any wind farm near population centers, in antic-
ipation of future expansion of either.

� g8. e Distance to electricity transformer substations (m): Space
or interval between the different electricity transformer sub-
stations and the different possible sites. As with the criterion of
distance to power lines, it is preferable that the distance to
transformer substations is short.

� g9. e Distance to mast (m): Space or interval between any
telecommunications infrastructure and the different possible
sites. In order to not affect the telecommunications infrastruc-
ture or future extensions, it is advisable to implement the wind
farm away from these.

� g10. e Wind speed (m/s). It corresponds to the wind speed at a
height of 80 m in the different possible sites. It will be agreed to
choose territories whose average wind speeds are high in order
to optimize the facility.
Table 4
Order of importance of criteria to implement wind farms [60].

Order of importance of the 10 criteria

g10 >> *g8 > **g4 > g1 > g6 > g2 ¼ g3 > g9 > g7 > g5

* >>: strongly more important.
** >: more important.
2.2.2. Database
For the purposes of creating a database with all the alternatives

and criteria, the criteria will be treated in a similar manner to that
used in the definition of restrictions i.e., they must be introduced
into the GIS as thematic layers. Therefore, both the regional gov-
ernment and private companies were requested to provide the
thematic layers of the criteria that influence the selection of this
type of facilities. Introducing the thematic information for each of
the criteria into the GIS in the layer of viable locations previously
obtained, new thematic layers will be created which, at first sight
appear identical to Fig. 4, although that layer not only represents
the 33,290 alternatives to analyze, but is also linked to an attribute
table showing the thematic information represented in rows and
columns. The rows constitute the geographic objects that in this
casewill be the alternatives to select (plots) and the columns define
the so-called attributes or thematic variables (cadastral informa-
tion and criteria) forming a matrix with the data for each plot for
each of the 10 criteria mentioned.

This attribute table constitutes the database of potential sites. In
this table, the potential sites will be selected through a filtering
process and amulti criteria decision analysis using the ELECTRE-TRI
method.

3. Methodology

Once we have the database of the plots based on the 10 criteria
described above it is necessary to evaluate the data. So two very
different methods have been developed: first, due to its simplicity
the lexicographic order will be applied because the wind speed
criteria ismuchmore important than the rest (Table 4), and then the
ELECTRE-TRI decisionmethod based on preferences will be applied.
Please cite this article in press as: S�anchez-Lozano JM, et al., Identification
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3.1. Preference structure

We assume that a decision-maker compares two alternatives Ai

and Aj, he/she has three possible options; preference (AiPAj) or
indifference (AiIAj) between them, or that they cannot be compared
(AiJAj) [61].

The following requirements are natural and accepted in the
literature:
and it is necessary to assume that only one of the properties (AiPAj),
AiIAj, AiJAj is true.

3.2. Lexicographic order

Taking into account a preference structure [61,62] the lexico-
graphic order will be defined in the same sense as the determined
order in a dictionary:

Ai_Aj⇔

8<
:

ðaÞg1ðAiÞ> g1
�
Aj
�

ðbÞgiðAiÞ ¼ gi
�
Aj
�
; i ¼ 1; 2; :::; k and

gkþ1ðAiÞ> gkþ1
�
Aj
�
; for some k ¼ 1; 2; :::; k� 1

Ultimately we are assuming that the criteria are arranged in order
of importance (Table 4). Thus alternative Ai is preferred to Aj if it has
a higher score on g1, or if they have equal score to g1, its review is
better for the following criterion in importance.

3.3. ELECTRE-TRI method

ELECTRE-TRI [56,63,64] is a method that assigns predefined
categories to a group of alternatives. The assignment of an
and selection of potential sites for onshore wind farms development
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Fig. 6. Definition of the categories using limit profiles.
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alternative A in one category or another is obtained by comparing
this alternative with the limits of predefined categories.

Let F denote the set of criteria g1, g2, …gm (F ¼ 1, 2, …, m) and B
the series limits of the profiles that define p þ 1 categories (B ¼ {1,
2, …, p}) with bh being the upper limit of the category Ch and the
lower limit of the category Ch þ 1 with h ¼ 1, 2,…, p. It is possible to
represent the limits of the different categories as shown in Fig. 6,
where the boundaries b0 and bp þ 1 correspond to anti-ideal and
ideal alternatives respectively.

ELECTRE-TRI builds an outranking relation S i.e., it validates or
invalidates the assertion (AiSbh) whose meaning is “alternative Ai is
at least as good as bh”.

Step 1. Definition of reference actions

The reference actions are defined as the limits of the different
categories that allow classifying the potential actions and the
preference pj (bh) and indifference qj (bh) thresholds so that qj (bh)
represents the biggest difference gj (Ai) � gj (bh) that keeps the
indifference between Ai and bh for the criterion gj and, pj (bh) rep-
resents the smallest difference gj (Ai) � gj (bh) compatible with a
preference of Ai on the criterion gj. For both thresholds gj (Ai) is the
value of the criterion j for the alternative Ai and gj (bh) is the value of
the criterion at the upper limit of the category Ch.

The rest of the defining parameters to implement the method
correspond to the weights of the criteria (k1, k2,… km) and the veto
thresholds vj (bh)which represent the smallest difference gj (bh)� gj
(Ai) incompatible with the assertion (AiSbh).

Step 2. Determination of concordance indices by criteria

The concordance index for a given criterion cj (Ai, bh) is defined
as follows:

cjðAi; bhÞ ¼ 0⇔pj � gjðbhÞ � gjðAiÞ
0< cjðAi; bhÞ<1⇔qj < gjðbhÞ � gjðAiÞ � pj

0cjðAi; bhÞ ¼
gjðAiÞ þ pj � gjðbhÞ

pj � qj
cjðAi; bhÞ ¼ 1⇔gjðbhÞ � gjðAiÞ � qj

(1)

Step 3. Calculation of the overall concordance

The overall concordance index C (Ai, bh) will be calculated by the
following expression:

CðAi; bhÞ ¼
P

j2Fkj$cjðAi$bhÞP
j2Fkj

(2)

Step 4. Determination of the discordance indices by criteria

The discordance indices dj (Ai, bh) will be calculated according to
that expressed in (3):

djðAi; bhÞ ¼ 0⇔gjðAiÞ � gjðbhÞ � pj
0< djðAi; bhÞ<1⇔gjðbhÞ � vj < gjðAiÞ � gjðbhÞ � pj

0djðAi; bhÞ ¼
gjðbhÞ � gjðAiÞ � pj

vj � pj
djðAi; bhÞ ¼ 1⇔gjðbhÞ � vjðbhÞ � gjðAiÞ

(3)
Please cite this article in press as: S�anchez-Lozano JM, et al., Identification
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Step 5. Obtaining the degree of credibility

The degree of credibility sS is given by the following expres-
sion (4):

ssðAi;bhÞ ¼ CðAi; bhÞ$
�
1� max

j2f1;:::;mg
djðAi; bhÞ

�
(4)

Step 6. Determination of the outranking relation

The outranking relation between a potential action Ai and a
reference action bh is established from the credibility degrees and
a constant cutting threshold l that corresponds to the lower
value of the degree of credibility from which the assertion Ai

overcomes bh is valid (i.e., such assertion is corroborated (AiSbh)
when sS (Ai, bh) � l.

Step 7. Assignment of alternatives to different categories

Once an alternative Ai has been compared to the action or
reference profiles bh, in ELECTRE-TRI there are two ways to assign
an alternative Ai to one of the predefined categories:

a) Pessimistic procedure: It consists in assessing (AiSbh) succes-
sively for the different profiles starting with the best profile to
find the bh profile for which (AiSbh) is verified, and once found Ai

is assigned to the category Ch þ 1.
b) Optimistic procedure: It consists in comparing the alternative Ai

successively with the different profiles starting with the worst
profile to find the bh profile for which ðAiSbhÞ∧ðbhSAiÞ, and once
found Ai is assigned to the category Ch.

In the present article the optimistic procedure of the ELECTRE-
TRI methodology will be applied through an Excel spreadsheet
which allows to perform more complex operations, so it will thus
be easier and more efficient to apply it.

4. Analysis

4.1. Lexicographic order

In the study case, the database created from gvSIG comprises
33,290 alternatives and can obtain the numerical values of all the
criteria for each of the alternatives (plots) to select; these values
will be used to perform a filtering process according to a classifi-
cation of alternatives by categories. This is done because an alter-
native may be found that has the highest rating in the most
important criterion and a very low rating in the other criteria and
yet according to the lexicographic order be chosen as the best. For
that, an expert inwind energy (a doctor engineer with over 10 years
and selection of potential sites for onshore wind farms development
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of experience in the field of renewable energies) was consulted and
who indicated not only the number of categories in which the al-
ternatives should be classified according to the 10 criteria, but he
also established the boundaries of these categories for each of the
criteria. According to this expert, and since all the alternatives are
suitable for the implementation of a wind farm, it is possible to
classify the alternatives into four categories (category 1, category 2,
category 3, category 4) according to the aptitude or capacity to host
a wind farm (regular, good, very good, and excellent capacity,
respectively) and to establish the boundaries (Table 3) of these
categories according to the domains of the criteria that influence
the location.

The selection process consists in progressively removing,
through filtering techniques, those alternatives that are located in
the lower categories with the aim of obtaining the locations situ-
ated in the best categories:

� Filtering n� 1. Removing those alternatives that present values in
some of their criteria in category 1. The remaining alternatives
will offer good, very good or excellent capacity to host onshore
wind farms.

� Filtering n� 2A. From the alternatives obtained in filtering n� 1,
those with values for any of their criteria in category 2 will be
removed. The remaining alternatives will be very good or
excellent.

� Filtering n� 2B. From the alternatives obtained in filtering n� 2A,
those in which the values of their criteria are in category 3 will
be removed. The remaining alternatives will be excellent to host
such facilities.

� Filtering n� 2C. If filtering n� 2B does not provide any results, a
new filtering will be carried out with the aim of being able to
conduct a detailed analysis. As not all the criteria exert the same
influence equally when searching for locations to host onshore
wind farms, a new filtering process will be carried out based on
the criteria that have higher coefficients of importance. In the
case of wind farm location, thewind speed criterion (g10) plays a
fundamental role [60]; its importance with respect to the other
criteria is very high (Table 4).

Therefore, the last filtering will consist of taking the alternatives
obtained in filtering n� 1 and, discarding those that do not have the
wind speed criterion in the best category i.e., those alternatives
whose wind speed is less than 7 m/s will be removed.
4.2. ELECTRE-TRI

The alternatives obtained after the application of the Lexico-
graphic method will be compared with those obtained when
applying the ELECTRE-TRI methodology.

For solving the proposed problem in this article, the database
generated in gvSIG will be employed. In order to obtain a classifi-
cation by categories and thus be able to make a comparison with
Table 5
Setting parameters to apply the ELECTRE-TRI method.

Profile g1 (Classes) g2 (%) g3 (m2) g4(m) g5 (m

b1 2 �50 10000 7000 �50
b2 4 �30 300000 20000 �20
b3 7 �15 1000000 35000 �50
kj 0.050 0.042 0.042 0.088 0.00
qj(b) 1 1 5000 5000 10
pj(b) 4 10 20000 10000 200
vj(b) 6 30 800000 15000 550

MAX MIN MAX MAX MIN
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the method described above, the ELECTRE-TRI methodology will be
applied. To do so, the boundaries of categories will be defined in the
same way as indicated in Table 3 and the rest of the necessary
parameters will be defined in terms of these categories [58,60], also
indicating whether the criteria are to maximize or minimize
(Table 5).
5. Results

5.1. Lexicographic order

In order to perform the steps described in the methodology and
taking into account the above analysis, filtering n� 1 was made,
obtaining a significant reduction of alternatives since the 33,290
possible locations were reduced to 3670 alternatives (Fig. 7).

From the alternatives obtained, filtering n� 2A described in the
methodology was conducted with the aim of removing those al-
ternatives which have any of their criteria in category 2, in this way,
the 3670 alternatives decreased to only two alternatives (Fig. 8).
The location (UTM Zone 30 coordinate system) and identification of
these alternatives are shown in Table 6.

Analyzing both alternatives (Table 7) it is observed that the
criteria of these alternatives are located in categories 3 and 4
although neither of them has all the criteria situated in the best
category (category 4).

The results obtained after the second filtering allow to represent
each of the alternatives obtained indicating the category (Cat.) in
which it would be located depending on the value of each of the
criteria (Table 8). These results indicate that the values of the criteria
g1 (agrological capacity), g2 (slope), g3 (area), and g4 (distance to
airports) are similar for both alternatives, in these criteria both al-
ternatives (A9029 and A9036) belong to category 3 or category 4,
moreover, the values of these first four criteria, compared with the
full range of each criterion, havenoexcessive differences.However, it
is noteworthy that criteria g5 (distance to roads) andg10 (wind speed)
are clearly favorable to the alternative A9036 while the criterion g7
(distance to cities) is favorable to the alternative A9029. Analyzing the
criteria g6 (distance to power lines), g8 (distance to electricity
transformer substations), and g9 (distance tomast) it is observed that
the alternatives for both the criterion g6 and the criterion g8 are
betterwhen their values are smallwhile, for g9 theoppositehappens,
so if we look at the evaluation for these three criteria it may indicate
that A9029 is better than A9036. Hence, regardless of the weights that
could be granted to each of the criteria, it could be said that alter-
natives A9029 and A9036 have no excessive differences.

Since, according to Table 8, neither of the two alternatives ob-
tained have all their criteria in category 4, filtering n� 2B did not
provide any information so the last filtering described in the
methodology (filtering n� 2C) was carried out. Applying that filter,
the 3670 alternatives are reduced to only 12 alternatives whose
situation is reflected in Fig. 9; their characteristics are summarized
in Table 9.
) g6 (m) g7 (m) g8 (m) g9 (m) g10 (m/s)

00 �5000 1000 �5000 400 3,2
00 �1500 2000 �1500 1000 5,5
0 �500 5000 �500 4000 7
9 0.039 0.010 0.092 0.027 0.601

10 500 200 100 3
100 1500 2000 500 5

0 4000 6000 4500 3000 10
MIN MAX MIN MAX MAX
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Fig. 7. Alternatives resulting after removing those alternatives with criteria in category 1 (filtering n� 1).
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Analyzing the obtained alternatives (Table 9) it is observed that
the alternative A9029 in Table 7 has disappeared after filtering n� 2C,
this is because in that alternative the wind speed (criterion g10) has
a value of 5.74 m/s, less than the minimum value that this criterion
should have to be located in the best category (7 m/s). The values of
the criteria for such alternatives (Table 10) allow undertaking a
deeper analysis.

Looking at the table above and taking into account the order of
importance indicated in Table 4, it is observed that if the best
alternative is chosen based on the most important criterion (g10),
Fig. 8. Alternatives resulting after removing those alter
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this would be alternative A32404. However, after the third filtering
all the alternatives have this criterion situated in the best category
(Ai � 7m/s), there are minor differences between these alternatives
for that criterion. Therefore, considering the selection process, the
criteria with the next highest importance (criteria g8 and g4), it is
observed that the best alternative is alternative A9036 because, not
only is it the one situated at a lower distance to transformer sub-
stations (criterion g8) but it is also the farthest from the area of
influence of airports (criterion g4). For the same reasons the second
best alternative is alternative A9541. However, it is not clearly seen
natives with criteria in category 2 (filtering n� 2A).

and selection of potential sites for onshore wind farms development
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Table 6
Alternatives resulting after filtering n� 2A

Alternatives Municipalities Zone Plot Subplot Coord. X Coord. Y

A9029
�Aguilas 044 00012 a 623573.00 4147258.04

A9036
�Aguilas 045 00019 h 624763.00 4149198.21
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what the order of importance of the rest of the alternatives would
be because although they have certain criteria that are favorable,
additionally they have other criteria that are unfavorable. Never-
theless, it may be that for another expert or at another time the
order of the weights would change. In that case Table 10 allows to
obtain the best alternatives depending on each of the criteria, for
example if the criterion g1 (agrological capacity) is the most
Table 7
Criteria values in alternatives resulting after performing filtering n� 2A

Alternatives Criteria

g1 g2 g3 g4 g5

Max. Min. Max. Max. Min

A9029 4.50 16.67 360307.85 53008.24 111
A9036 4.67 17.19 399225.23 50258.99 7

Table 8
Categories of alternatives based on the values for each criterion after performing filterin

Alternatives
g1 g2 g3 g4

A9029 Cat. 3 Cat. 3 Cat. 3 Cat. 4 C

A9036 Cat. 3 Cat. 3 Cat. 3 Cat. 4 C

Fig. 9. Alternatives resulting after filtering depe
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important, alternative A32404 would be the best option. Yet, if it is
desirable that the area to implement a wind farm has a minimum
slope (criterion g2), then the best alternative would be A33017.
Therefore these alternatives establish a Pareto front and depending
on the conditions of the decision, the balance will shift toward one
particular alternative or another so that, with this information, any
promoter could opt for one alternative or another depending on the
coefficient of importance given to each of the criteria.

Performing a global selection process i.e., selecting the best al-
ternatives depending on the number of criteria that are located in
the best category, it would be possible to represent (Table 11) each
of the alternatives obtained indicating the category (Cat.) in which
they would be located depending on the value of each criterion.
With this selection process it is observed that alternatives A8457,
g6 g7 g8 g9 g10

. Min. Max. Min. Max. Max.

8.01 1302.60 5268.33 860.15 3140.07 5.74
8.11 997.17 2831.47 997.17 1199.82 7.29

g n� 2A.

Criteria
g5 g6 g7 g8 g9 g10
at. 3 Cat. 3 Cat. 4 Cat. 3 Cat. 3 Cat. 3

at. 4 Cat. 3 Cat. 3 Cat. 3 Cat. 3 Cat. 4

nding on the wind speed (filtering n� 2C).
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Table 9
Alternatives resulting after filtering n� 2C.

Alternatives Municipalities Zone Plot Subplot Coord. X Coord. Y

A4238 Mazarr�on 035 00023 g 649758.50 4169166.22
A7753

�Aguilas 045 00046 a 625914.66 4150167.56
A8457

�Aguilas 045 00036 a 626150.44 4150357.69
A8943

�Aguilas 045 00056 b 625624.97 4149799.18
A9036

�Aguilas 045 00019 h 624763.00 4149198.21
A9541

�Aguilas 045 00053 d 625568.05 4149743.59
A9870

�Aguilas 045 00047 a 625805.53 4150152.33
A9880

�Aguilas 045 00064 p 626756.61 4149122.60
A32078 Cartagena 046 00005 c 689639.11 4164985.22
A32404 Cartagena 046 00004 a 690157.78 4164645.00
A32405 Cartagena 046 00005 a 689855.48 4165483.77
A33017 Cartagena 046 00031 a 690181.63 4165232.43

J.M. S�anchez-Lozano et al. / Energy xxx (2014) 1e14 11
A8943 and A9541 are alternatives which have a larger number of
criteria situated in the best category. However, alternative A9036
stands out above the rest because, although it has fewer criteria
situated in the best category (category 4) than alternatives A8457,
A8943 and A9541 the rest of its criteria are situated in the second best
category (category 3).
Table 10
Criteria values of alternatives resulting after performing filtering n� 2C.

Alternatives Criteria

g1 g2 g3 g4 g5

Max. Min. Max. Max. Min

A4238 5.33 13.28 10646.50 19155.61 2
A7753 5.40 15.12 12919.78 49571.35 25
A8457 4.67 13.81 15399.82 49298.48 14
A8943 6.00 22.61 25718.48 49949.72 41
A9036 4.67 17.19 399225.23 50258.99 7
A9541 6.00 18.95 16963.76 50128.72 45
A9870 5.50 18.75 30086.45 49693.07 25
A9880 3.50 17.52 14593.04 49913.73 141
A32078 3.33 22.55 45868.47 17178.18 479
A32404 6.90 13.24 185616.35 17161.40 431
A32405 4.86 21.31 398260.66 16513.23 404
A33017 2.50 12.22 85605.63 16723.62 401

Values in bold correspond to the best value for each criterion.

Table 11
Categories of alternatives based on the values for each criterion after performing filterin

Alternatives
g1 g2 g3 g4

A4238 Cat. 3 Cat. 4 Cat. 2 Cat. 2 C

A7753 Cat. 3 Cat. 3 Cat. 2 Cat. 4 C

A8457 Cat. 3 Cat. 4 Cat. 2 Cat. 4 C

A8943 Cat. 3 Cat. 3 Cat. 2 Cat. 4 C

A9036 Cat. 3 Cat. 3 Cat. 3 Cat. 4 C

A9541 Cat. 3 Cat. 3 Cat. 2 Cat. 4 C

A9870 Cat. 3 Cat. 3 Cat. 2 Cat. 4 C

A9880 Cat. 2 Cat. 3 Cat. 2 Cat. 4 C

A32078 Cat. 2 Cat. 3 Cat. 2 Cat. 2 C

A32404 Cat. 3 Cat. 4 Cat. 2 Cat. 2 C

A32405 Cat. 3 Cat. 3 Cat. 3 Cat. 2 C

A33017 Cat. 2 Cat. 4 Cat. 2 Cat. 2 C
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5.2. ELECTRE TRI

Developing each of the steps in the ELECTRE-TRI methodology a
classification of four categories (cat 1, cat 2, cat 3, cat 4) will be
obtained according to the aptitude or capacity to host a wind farm
(regular, good, very good, and excellent capacity, respectively). As a
result no alternatives located in the best category (cat. 4) are ob-
tained, with 325 alternatives located in the second best category
(cat. 3) of which the first 15 have been ordered according to the
degree of credibility downstream (Table 12). To make the com-
parison of this methodology with the lexicographic order (Tables 8
and 11) the best 15 alternatives obtained by ELECTRE-TRI ordered
according to the category to which each of their criteria will be
represented (Table 13).
5.3. Comparative lexicographic order vs. ELECTRE-TRI

It is well known that the lexicographic order for the assessment
takes into account only certain conditions of some criteria, and
usually part of which are taken into account, while MCDM and
particularly ELECTRE-TRI consider all the criteria.
g6 g7 g8 g9 g10

. Min. Max. Min. Max. Max.

5.00 1604.95 2075.20 4190.21 2999.93 7.05
0.14 879.54 4495.30 2641.97 599.24 7.18
5.10 693.26 4825.61 2884.83 440.24 7.23
9.83 1281.80 6030.59 2019.60 999.50 7.27
8.11 997.17 2831.47 997.17 1199.82 7.29
0.57 1435.40 6038.54 1972.06 1150.28 7.09
1.13 1012.00 4401.60 2510.19 730.86 7.10
8.79 1273.64 5075.18 2184.36 996.13 7.27
3.76 308.85 1775.27 2418.76 401.06 7.11
0.72 482.71 1373.55 2636.37 570.80 7.83
0.35 52.61 1006.22 2162.32 424.52 7.12
5.01 659.64 1007.63 2747.61 790.28 7.60

g n� 2C.

Criteria
g5 g6 g7 g8 g9 g10
at. 4 Cat. 2 Cat. 3 Cat. 2 Cat. 3 Cat. 4

at. 4 Cat. 3 Cat. 3 Cat. 2 Cat. 2 Cat. 4

at. 4 Cat. 3 Cat. 3 Cat. 2 Cat. 2 Cat. 4

at. 4 Cat. 3 Cat. 4 Cat. 2 Cat. 2 Cat. 4

at. 4 Cat. 3 Cat. 3 Cat. 3 Cat. 3 Cat. 4

at. 4 Cat. 3 Cat. 4 Cat. 2 Cat. 3 Cat. 4

at. 4 Cat. 3 Cat. 3 Cat. 2 Cat. 2 Cat. 4

at. 3 Cat. 3 Cat. 4 Cat. 2 Cat. 2 Cat. 4

at. 2 Cat. 4 Cat. 2 Cat. 2 Cat. 2 Cat. 4

at. 2 Cat. 4 Cat. 2 Cat. 2 Cat. 2 Cat. 4

at. 2 Cat. 4 Cat. 2 Cat. 2 Cat. 2 Cat. 4

at. 2 Cat. 3 Cat. 2 Cat. 2 Cat. 2 Cat. 4

and selection of potential sites for onshore wind farms development
rgy.2014.06.024



Table 12
The best 15 alternatives according to the ELECTRE-TRI method.

Alternatives Criteria

g1 g2 g3 g4 g5 g6 g7 g8 g9 g10

A9036 4.67 17.19 399225.23 50258.99 78.11 997.17 2831.47 997.17 1199.82 7.29
A9029 4.50 16.67 360307.85 53008.24 1118.01 1302.60 5268.33 860.15 3140.07 5.74
A3850 4.40 8.61 337117.60 33036.51 1175.75 1.00 3362.42 491.90 6141.50 5.37
A9942 5.00 16.73 482241.24 52427.89 272.05 337.93 1663.64 546.27 3297.11 6.66
A8389 4.62 6.55 300661.56 52218.25 25.00 1.00 1332.85 1354.54 3437.50 5.85
A8991 4.75 23.44 293205.66 51534.25 512.34 315.95 2512.24 315.95 2456.57 6.76
A8011 3.85 3.18 862128.86 44599.89 973.37 1.00 997.41 769.44 6386.01 5.66
A9278 2.91 3.27 392545.04 44457.42 882.42 1.00 1092.47 1632.05 6757.53 5.67
A8292 2.75 2.39 374412.20 47040.56 622.77 1.00 1304.19 344.06 5177.95 5.62
A32052 6.94 7.59 323247.32 15240.66 25.00 1.00 817.45 1685.17 917.97 6.47
A31012 6.00 14.43 352604.04 19192.02 118.38 255.83 584.07 1494.42 1348.48 7.20
A5980 5.67 10.52 294113.47 26568.74 404.76 402.23 828.13 1254.39 2970.64 5.84
A6976 4.71 10.61 355798.52 26799.04 963.55 976.37 575.56 1652.43 3186.09 5.83
A9322 3.36 3.24 720038.29 45418.70 445.53 1.00 467.52 410.86 5947.77 5.73
A9106 2.67 20.25 381671.37 54151.10 1670.96 789.06 4264.53 2049.96 3258.08 5.77
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As has been stated they are two alternative methods to obtain
the best results. Using ELECTRE-TRI an overall assessment of the
alternatives will be obtained through four categories, and within
these categories according to the degree of credibility sS a
ranking will be obtained; this does not happen with the lexico-
graphic order, which obtains some results that are in the same
order.

Comparing initially the filtering process 2A (Table 8) with the
results obtainedbyELECTRE-TRI (Table 13) it is observed that the two
alternatives obtained after this filtering process (A9036 and A9029) are
located in the first two positions according to ELECTRE-TRI.

However, if the results obtained with the filtering process 2C
(Table 11) are compared with those obtained by ELECTRE-TRI
(Table 13) it is observed that there is no matching alternative;
one of the reasons for this is because some of the best valued al-
ternatives by ELECTRE-TRI have a criterion located in the worst
category (category 1), so they had been discarded in the filtering
process n� 1. It is also noteworthy that although the goal of the
filtering process 2C was to discard those alternatives that did not
have the best valued criterion (wind speed) situated in the best
Table 13
Categories of the best alternatives through ELECTRE-TRI based on the values for each cri
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category (category 4), it is observed that of the 15 best alternatives
obtained in ELECTRE-TRI, although two of them have that criterion
in the best category, most of them situate it in category 3.
6. Conclusions

Through the study performed, it has been shown that GIS
software are excellent tools to resolve and display complex issues of
localization, and that they can also generate important databases
which provide an ideal starting point to solve any issues of a ter-
ritorial nature.

In the particular case proposed different conclusions were
reached; in relation to obtaining viable locations to implement
onshore wind farms (Fig. 4), it has been concluded that the coast of
the Region of Murcia is an optimal area to host this type of facilities
because, once all the restrictions have been considered, a high
percentage of suitable areas is obtained (19.94%).

Using the information provided by the experts, it has been
possible to perform a search for and selection of the best locations
to host this type of facilities, successfully reducing the initial
terion.
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alternatives to merely a very small and manageable number of al-
ternatives (Fig. 9).

Through multi criteria decision methodologies such as the
ELECTRE-TRI method it has been possible to classify the best al-
ternatives into categories and carry out a comparison with the
lexicographic order method. It has been shown that to select al-
ternatives through filtering techniques may cause the discarding of
valid alternatives for solving the proposed problems.

Among the limitations that this study presents which could be
included in possible future work, mention could be made to
extending the case study to the entire national territory or to other
areas in which it is desirable to implement onshore wind farms, as
well as to increasing the number of renewable technologies to be
implemented (photovoltaic, solar thermoelectric, biomass, biogas,
etc.). It would also be interesting to combine GIS with other deci-
sion support tools such as for example multi criteria decision
methods, in order to be able to evaluate the different locations
available.
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