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Abstract
The present study aims to develop an integrated methodology using multi-criteria decision-making methods and geographi-
cal information systems for a renewable energy spatial planning model. This methodology has been applied to the province 
of Malaga (Southern Spain), which is characterised by high energy demand for both residential and touristic use. Criteria 
and restrictions are defined, weighed and combined in order to identify high potential areas for the construction of single- or 
combined wind power, solar power and biomass generation facilities. Finally, a cluster analysis is carried out in order to clas-
sify municipalities within the province according to the availability of medium and high potential land for the construction of 
these facilities. Results suggest that for the three types of energy analysed (wind, solar and biomass), single- or combined solar 
and wind power facilities are the best options in the province of Malaga. The breakdown of these results at the municipality 
level is of great interest from the point of view of spatial planning. For instance, in some municipalities less than 1 km2 is 
regarded as having a medium-to-high potential in terms of renewables. Some of these municipalities, situated on the Costa 
del Sol, must meet high current- and future energy demands, owing both to population density and the volume of touristic 
demand, which is the highest in the region of Andalusia. The methodology used can be applied to other regions and will be 
of interest for planners, managers and investors, all of whom can use this information for spatial- and energy planning, and 
the definition of targets and strategies, and, therefore, as and to aid decision-making.
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Introduction

Currently, guaranteeing energy supply while energy models 
adapt to the impact of climate change is one of the main 
concerns for most governments. The European Union—
EU—has put forward several strategies in order to ensure 
a transition towards a more efficient and diversified energy 
model, in order to combat climate change. This transition 
is based on the reduction of greenhouse-gas emissions, the 
promotion of renewable energy and increasing energy effi-
ciency. New renewable energy targets were published by 
the European Parliament in November 2018, according to 
which member states must ensure that, by 2030, 32% of the 
energy consumed comes from renewable sources (Directive 

2018/2001), and that energy consumption is reduced by 
32.5%.

Each member state incorporates these targets into so-
called renewable energy plants, in which energy demand 
analysis and projections are examined, targets for each 
source of renewable energy set up, and strategies to be fol-
lowed according to different analytic scenarios outlined. 
The EU also demands that member states present a National 
Integrated Energy and Climate Plan 2021–2030 identify-
ing the main challenges and opportunities throughout the 
EU: decarbonisation—including use of renewables, energy 
efficiency, energy security, the internal energy market and 
research, innovation and competitiveness.

In Spain, a country with a high energy dependence rate 
(73.3% in 2017)—Agencia Andaluza de la Energía (AAE) 
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(2018a)—each region develops its own energy targets, 
which often surpass those established at the European and 
national level. For instance, in the Estrategia Energética de 
Andalucía (AAE 2016), a planning document that presents 
the region’s targets and strategies, the target for 2020 was 
to ensure that 25% of gross energy consumed came from 
renewable sources, while the EU target for this year was only 
20% (European Commission 2007, 2010).

Concerning the construction of renewable energy plants 
in Andalusia, we must highlight that although Article 11 
of the Act of Renewable energy, published in 2007, recom-
mended identifying areas compatible with the generation 
from and transformation to renewables, this has not resulted 
in the publication of a document defining what is under-
stood in the regional context by this compatibility. In fact, 
the installation of renewable energy plants has followed sim-
ple protocols based on availability of the resource and of 
an electricity grid with which to transport the energy thus 
generated, without taking into consideration the wider suit-
ability of the chosen location or the combination of various 
energy sources (Díaz 2013).

For this reason, and given that the Plan de Energías Ren-
ovables (2011–2020)—IDAE, 2011—and the Estrategia 
Energética de Andalucía (2015–2020)—AAE 2016—come 
to an end in 2020, it is desirable that the new Estrategia 
present consistent targets for renewables that take into con-
sideration the potential of the territory to which they will 
be applied.

In line with this, the present work aims to develop a meth-
odology with which to assess the potential of the territory for 
the construction of single- or combined renewable energy 
plants (wind power, solar power and biomass). In order to 
meet this target, a location model has been built by inte-
grating geographical information system—GIS—and multi-
criteria decision-making methods—MCDM.

GIS and MCDM are widely used for renewable energy 
planning and assessment (Siksnelyte et al. 2018; Mukha-
mediyev et al. 2018; Stojčić et al. 2019). This is due to the 
great potential for the processing, management and analysis 
of spatial information provided by GIS, which also allow the 
incorporation of different criteria, and the easy implementa-
tion of multi-criteria analysis. This results in a wide range 
of spatial analysis capabilities for decision-making and site-
selection problems (Lovett and Appleton 2007; Afshari and 
Yusuff 2012; Wimmler et al. 2015).

Although multiple studies have examined the potential 
and performance of hybrid or combined renewable energy 
plants (Liu and Wang 2009; Alsayed et al. 2014; Tégani 
et al. 2014), the use of GIS and MCDM for the identifi-
cation of suitable locations for facilities of this sort has 
received less attention. Most studies focus on identify-
ing suitable locations for a specific kind of energy plant. 
Significant works in this regard are Sánchez et al. (2013, 

2014), Uyan (2013, 2017), Sánchez et al. (2014), Noorol-
lahi et al. (2016) and Davtalab and Alesheik (2018). Other 
works examine the suitability of sites for two types of plant 
(Watson and Hudson 2015; Sadegui and Karimi 2016), but 
the analysis of hybrid models—those which allow for the 
combination of different technologies, so that the weak-
ness of one system might be compensated by the strengths 
of the other—is rarely explored (Hongxing et al. 2009). 
In this point, the work of Palmas et al. (2015), analyses 
individual and hybrid models for three different kinds of 
renewable energy potential in Hanover region (wind, solar 
and biomass/maize energies).

Therefore, the main contribution of the present paper 
is that it analyses the territory’s potential for the instal-
lation of single or combined wind energy, solar energy 
and biomass energy generation facilities. As such, in this 
study, grid-connected individual renewable energy systems 
and renewable energy system combinations are evaluated.

Another contribution of the present paper regards 
the territory chosen for the case study, the province of 
Malaga (Southern Spain), first, because of the high cur-
rent and future energy demands that are due to its large 
population and the importance of its tourism sector, and 
second because, as far as the authors are aware, this is 
the first time the whole province has been evaluated in 
terms of renewable energy potential. This will be of great 
use for planners, managers and investors, each of whom 
can use this information for spatial and energy plan-
ning, to define targets and strategies and, therefore, to aid 
decision-making.

Study area

The study area is the province of Malaga in the region of 
Andalusia, Southern Spain (Fig. 1). With a population of 
1,641,121 (Institute of Statistics and Cartography, IECA 
2019a), which is approximately 20% of the overall Anda-
lusian population, and an area of 7307 km2, the province 
is subject to substantial anthropic pressure, especially near 
the coast, given the importance of the tourism sector and its 
competition with other sectors, especially agriculture.

The province comprises 103 municipalities, 14 of which 
are on the coast. In 2018, these municipalities offered 
178,450 units of tourist accommodation, approximately 
35% of the Andalusian total (IECA 2019b). The province of 
Malaga ranks third in Andalusia in terms of primary energy 
consumption at 2104 Ktep; and second, in terms of elec-
tricity consumption at 6110.7 GWh in 2017 (AAE 2018b). 
Recent research has indicated that energy consumption in 
Andalusia and the province of Malaga in particular will 
increase as a result of climate change (Limones et al. 2018).
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The province is divided into five territorial units, as fol-
lows, according to the Territorial Organization Plan (Conse-
jería de Obras Públicas y Transportes, COPT 2006):

• Centro regional: This territorial unit includes the city 
of Malaga, capital of the province. It comprises 13 
municipalities, with approximately 50% of the provincial 
total. Highly anthropised area, characterised by tertiary 
economic activities, especially towards the central and 
coastal areas. It also presents important protected natural 
spaces, such as the Parque Natural de Los Montes de 
Málaga.

• Costa del Sol: touristic area. Highly anthropised, owing 
to the large presence of tourists. One of the prime tour-
istic destinations worldwide (Garcia et al. 2019).

• Depresión de Antequera: composed of middle-size popu-
lation nuclei, this endorheic basin is rich in water and 
agriculturally prosperous. It includes several protected 
lagoons.

• Serranía de Ronda: characterised by forested and agricul-
tural areas, this sector is very rich in terms of cultural and 
natural heritage. It hosts the Parque Natural Sierra de las 
Nieves and the Paraje Natural Los Reales de Sierra Ber-

meja. It comprises small population nuclei, characterised 
by slightly negative demographic dynamics.

• Veléz Malaga y Axarquía: highly anthropised environ-
ment, which presents the highest number of dispersed 
population nuclei in Andalusia (COPT 2006b). Histori-
cally, the economy of this hilly district has depended on 
arable and livestock farming; periods of economic crisis, 
however, have led to the exploitation of the coastline for 
touristic purposes and the introduction in recent years 
of subtropical crops. It also includes a number of highly 
valuable natural spaces, such as the Parque Natural Sierra 
de Tejera, Almijara y Granada.

Materials and methods

Material

In order to assist with the characterisation of the territo-
ries of Malaga according to their potential, spatial data are 
drawn from the Institute of Statistics and Cartography of 
Andalusia and the Environmental Information Network of 
Andalusia, the bodies in charge of elaborating and distrib-
uting socio-demographic and environmental information at 

Fig. 1  Protected areas, population centres, electrical network and renewable energy resources (average annual wind speed at 120 m of altitude; 
global annual radiation; and annual biomass energy potential), in the study area



1859Integrating MCDM and GIS for renewable energy spatial models: assessing the individual and…

1 3

the regional level. Concerning wind-energy resources, the 
wind speed 50-m-resolution grid (for a turbine height of 
120 m) was based on results published by project Minieolica 
(Lorente et al. 2012), while solar radiation data were based 
on radiation maps published by the Environmental Informa-
tion Network, which we have previously used to calculate 
solar energy potential in Andalusia (Díaz et al. 2018a, b). 
Finally, biomass potential data were taken from the Bio-
mass Potential Map of Andalusia (AAE 2018c), published 
by the Andalusian Energy Agency. This variable is assessed 
by municipality, and it evaluates biomass resources (Ktoe/
year) based on the biomass resources provided by agricul-
tural, forestry-related, industrial, urban, animal and energy-
related activities.

The digitalisation (x, y) of wind turbines and of poly-
gons occupied by solar energy plants was carried out using 
2017 aerial orthophoto data stored in the Infrastructure for 
Spatial Data in Andalusia (Díaz et al. 2018a, b). This infra-
structure uses international standards to integrate interoper-
able geoservices, following the guidelines delineated in the 
Infrastructure for Spatial Information in Europe (INSPIRE) 
Directive (Council Directive 2007/2/EC).

The coordinate system used was the European Ter-
restrial Reference System 1989 (ETRS89), projected in 
(EPSG25830), in accordance with the regional legislation 
(Royal Decree 1071/2007) with a 100 m2 resolution.

Finally, the ArcGIS 10.3 software was used, owing to its 
ample spatial analysis capabilities.

Methods

The methodology used was based on the construction of a 
locational model though GIS and MCDM. The methodologi-
cal sequence comprised four steps.

• Step 1 Construction of a simple binary (0–1) locational 
sub-model for the identification of areas incompatible 
with the construction of renewable energy plants. This 
was based on incompatibility criteria and restrictions. 
Afterwards, criteria and restrictions were mapped, aggre-
gated and reclassified, incompatible areas receiving a 
value of 0 and compatible areas a value of 1.

• Step 2 Construction of a weighted locational sub-model 
for the classification of compatible areas according to 
their suitability. For this, suitability factors were weighed 
using analytic hierarchy process—AHP—(Saaty 1980, 
1989). Afterwards, these criteria were aggregated and 
reclassified in order to evaluate the territory in terms of 
suitability, from 10 (most suitable areas) to 1 (least suit-
able areas).

• Step 3 Calculation of wind power, solar power and bio-
mass potential. Wind power potential was estimated 
according to the annual wind-speed map; solar power 

potential was estimated according to the solar radiation 
map, weighted for different orientations; and biomass 
energy potential was estimated according to the biomass 
potential map.

• Step 4 Combination of results—incompatible areas; com-
patible areas according to suitability; and wind, solar and 
biomass potential—for the classification of areas in terms 
of their potential. Results were divided into four tiers: 
areas with the highest potential received a value of 3, 
and incompatible areas a value of 0. Individual potential 
values (wind, solar and biomass) were put together in 
order to calculate the potential for hybrid or combined 
systems (wind and solar, wind and biomass, biomass and 
solar, etc.).

Finally, a cluster analysis was undertaken in order to 
define a typology of municipalities based on the percentage 
of the municipality area which is regarded as being moder-
ately to highly suitable for the construction of wind farms, 
solar plants and biomass energy generation facilities, or 
combinations thereof.

Each of the phases is explained in detail in the following 
sections.

Identification of incompatible areas

The first step was to establish incompatibility criteria and 
restrictions to the construction of renewable energy facilities 
(Table 1), based on local planning and legislation. Where 
legal or planning-based restrictions could not themselves 
determine these criteria, those established in the existing 
literature were used. These criteria are designed to protect, 
among other things, cultural and natural heritage, and to 
ensure energy efficiency and, thus, economic and territorial 
efficiency of energy facilities.

After the criteria were defined, incompatible (0 value) 
and compatible (1 value) areas were mapped.

Availability assessment

Availability was determined by means of a Delphi panel 
composed of three experts (two renewable energy plant plan-
ning and management experts and a geographer with exten-
sive knowledge of the study area). The experts identified 
four common factors to be considered for the construction 
of renewable energy facilities. These factors have to do with 
energy saving and efficiency, economic and territorial effi-
ciency, and the avoidance of negative environmental impact.

This allowed for the identification of available areas for 
the construction of renewable energy plants in terms of dis-
tance to the electric grid and population nuclei, and also 
of orography. One aim is to avoid the need to build new 
energy transport and road networks, which would negatively 
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impact facilities’ energy, economic and territorial efficiency; 
new energy transport networks involve energy loss, and their 
construction is costly, as well as resulting in further environ-
mental impact.

Similar criteria apply to proximity to the road network. 
Concerning biomass, the proximity of biomass power gen-
erating facilities to roads reduces transportation costs, con-
struction and maintenance costs, etc. (Davtalab and Alesheik 
2018).

Concerning the proximity of population nuclei, the 
key factor is the principle of distributed generation (DG); 
according to this principle, energy should be generated near 
where it is consumed. This minimises the transmission lines 
that need to be built and maintained, as well as also energy 
losses during transmission.

Finally, steep slopes are avoided in order to reduce con-
struction costs together with the geomorphological impact 
of construction.

In order to assess the availability of different areas, dis-
tances to the electric grid, road network and population 
nuclei were calculated, while taking orography into account 

with the aid of an existing digital elevation model that has 
a 100 m resolution. Each of these factors received a value 
(1–10) based on ten distance intervals. The most suitable 
areas received a score of 10 in this variable (see Fig. 2).

After standardising values according to this 1–10 scale, 
other less important factors were weighted and applied. 
Weights were assigned by the expert panel using Analytic 
Hierarchy Process (Saaty 1980; 1989; Ilbahar et al. 2019) 
in order to ensure their consistency. This method examines 
each expert’s opinion regarding the relevance of each crite-
rion. Delphi software (eDelphi.org), which compares criteria 
with one another by means of questions such as “which of 
the two is more important?—and by how much?” was used. 
The results are expressed on a semantic scale (Table 2), 
which determines the degree to which one criterion is rela-
tively more important than another in assessing an area’s 
suitability for the construction of renewable energy plants.

This process generates an auxiliary matrix “A”, where if 
the relative importance of the factor 1 over the factor 2, F12, 
is judge to be 5 “strong importance” in Saaty scale—see 

Fig. 2  Normalised area maps for each factor. F1 (Distance to the electric grid); F2 (slope); F3 (distance to the road network); F4 (distance to 
population nuclei)
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Table 2—the relative importance of the factor 2 with regard 
to the factor 1, F21, has the reciprocal value, which is 1/5

Once the judgments have been established by the experts, 
Table  3, the matrix has been normalised. This process 
involves dividing the elements of each column by the sum 
of the elements of the same column (SUM1). Subsequently, 
the values of the rows of the normalised matrix (Table 4, 
SUM2) are summed and divided by the number of factors 
(in this case 4), to obtain the relative importance of the com-
pared factors (W). 

As such, the experts considered that areas closest to the 
electricity grid, followed by those with lesser slopes, are 
better fits in terms of territorial and economic efficiency 
(weight values 42.8 and 39.6). This is followed by proxim-
ity to the road network (weight value 11.1), and proximity 
to population nuclei (weight value 6.5).

The comparison matrix measures robustness in expert 
bias in terms of the consistency ratio, Cr (Saaty and 
Ozdemir 2003; Ho et al. 2005). If Cr < 0.1, the ratio indi-
cates a reasonable level of consistency in pairwise compari-
sons; if, however, Cr > 0.1, then the ratio is indicative of 

(1)A =

��� = � F12 = 5 F13 = 3

F21 = 1∕5 ��� = � F23 = 2

F31 = 1∕3 F32 = 1∕2 ��� = �

inconsistency, and therefore requires the weighting of vari-
ables to be revised. Cr is calculated from the consistency 
index, Ci Eq. (3), and random index, Ri, as follows:

where n is the number of factors in the comparison matrix 
and λ is the principal eigenvalue of the matrix that can be 
defined as the product of the original matrix and the weights 
(Saaty 1977; Tahri et al. 2015).

The random index, Ri is the average Ci of the randomly 
generated comparisons (Saaty, 1980). The value of random 
index for a matrix of order 4 is 0.9. Therefore:

After determining the weight of each criterion, suitability 
was calculated by means of a weighted linear sum (Eq. 4), 
a widely used and simple methodology with the available 
software that uses either map algebra or the weighted linear 
sum itself

where Ap value for the cell p; wi the relative weight of the 
factor i; and Xip normalised value of the cell p for the factor i.

Afterwards, the result was divided into 10 tiers, value 10 
being assigned to the areas with the highest scores, and value 
1 to areas with the lowest scores.

(2)Cr =
Ci

Ri

(3)Ci =
(� − n)

(n − 1)

Cr =
Ci

Ri
=

0.076

0.9
= 0.08 Ci =

(4.022 − 4)

(4 − 1)
= 0.0076

(4)Ap =

n
∑

i=1

w
i
xip

Table 2  Saaty scale

Values 2, 4, 6 and 8 on the Saaty scale correspond to intermediate situations

1 3 5 7 9

Definition Equal importance Moderate importance Strong importance Very strong importance Extreme importance

Table 3  Pairwise comparison 
of factors

IF1 = electrical network; 
 IF2 = slope;  IF3 = road network; 
 IF4 = population centres

IF1 IF2 IF3 IF4

IF1 1 1 4 7
IF2 1 1 4 5
IF3 1/4 1/4 1 2
IF4 1/7 1/5 1/2 1
SUM1 2.39 2.45 9.5 15

Table 4  Normalised pairwise 
comparison and weighting of 
suitability factors

IF1 = electrical network;  IF2 = slope;  IF3 = road network;  IF4 = population centres

IF1 IF2 IF3 IF4 SUM2 W

IF1 0.42 0.41 0.42 0.47 1.72 0.4281
IF2 0.42 0.41 0.42 0.33 1.58 0.3959
IF3 0.10 0.10 0.11 0.13 0.44 0.1110
IF4 0.06 0.08 0.05 0.07 0.26 0.0648
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Determination of potential by area

The determination of potential area combined wind, solar 
and biomass energy potential with suitability criteria.

Wind resource was obtained from wind-speed maps for 
120 m turbines (Lorente et al. 2012).

Concerning solar potential, a global average solar radia-
tion map (Wh/m2/year) is available in Andalusia, but fol-
lowing Arán et al. (2008), Sánchez et al. (2013), Al Garni 
and Awasthi (2017) and Díaz et al. (2018b), it was also 
considered advisable to regard orientation. In the northern 
hemisphere, areas facing south, south-east and south-west 
are more productive, as they are exposed to radiation all year 
round, especially during the middle hours of the day, when 
radiation is most intense. As a result, a solar potential map 

which takes orientation into account was generated. Orienta-
tion was calculated with the aid of the existing digital eleva-
tion model of the study area, which has a 100 m resolution. 
Afterwards, following the experts’ opinion, the values cor-
responding to SE/S/SW-facing cells were multiplied by 10.

Finally, biomass potential (in Ktoe/year) was obtained 
with the aid of the biomass potential map of Andalusia, 
published by the Andalusian Energy Agency (AAE 2018c).

Figure 3 shows the wind, solar and biomass maps. Fol-
lowing cells were homogenised to 1–10 scores and multi-
plied by suitability and availability values. The results were 
then divided into four tiers, indicating potential: 0 (incom-
patible), 1 (low), 2 (medium) and 3 (high).

After this, areas which could potentially host hybrid-
combined power generation facilities (wind–solar; 

Fig. 3  Wind power (R1), solar power (R2) and biomass (R3) estimates for the province of Malaga

Fig. 4  Combination of wind potential (RAS1), solar potential (RAS2) and biomass potential (RAS3) by means of the COMBINE tool for the 
province of Malaga
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wind–biomass, etc.) were identified. This was done by 
means of the ArcGIS COMBINE tool, which combines dif-
ferent rasters and provides a single exit value to each com-
bination of data entered (Fig. 4).

Typology of municipalities

After the combined values were calculated, a typology of 
municipalities was undertaken. This typology reflects what 
percentage of a municipality’s area can be regarded as hav-
ing a medium-to-high potential for the installation of sin-
gle- or combined wind, solar and biomass energy generation 
facilities. This was carried out through a non-hierarchical 
K-means cluster analysis with the aid of statistical pro-
gramme SPSS, using Euclidean distance-squared as expres-
sion of distance.

Results and discussion

Incompatible areas

Incompatible areas for renewable energy facilities are 
illustrated in Fig. 5; 74.6% of the province is considered 
incompatible with the construction of wind farms; 79.4% 
is considered incompatible with the installation of solar 
energy plants; 63.4% is considered incompatible for the 

construction of biomass plants; and 83.3% of the territory 
is incompatible for combine power plant consisting of the 
three types.

By territorial units, Velez-Málaga presents the highest 
proportion of incompatible areas, owing largely to two fac-
tors: the abundance of wooded, steep slopes and the fact that 
a large proportion of the territory is 10 km or more distant 
from the electricity grid.

Costa del Sol also presents a high proportion of incom-
patible areas, owing chiefly to the existence of numerous 
population nuclei and other settlements and their associated 
infrastructures (dense road and electrical networks), as well 
as the existence of numerous wooded areas in the mountain-
ous territory that characterises the northern sectors of the 
territory.

The abundance of wooded and steep slopes also explains 
why most of Sierra de las Nieves is regarded as incompat-
ible. This is in addition to the fact that the construction of 
generation plants is prohibited in wide sectors of Parque 
Natural de Sierra de Grazalema and Parque Natural Sierra 
de las Nieves due to relevant planning and management 
regulations.

Depresión de Antequera presents the highest propor-
tion of territory compatible with the construction of these 
facilities. The territory is relatively flat and has few wooded 
areas. However, the presence of wide tracts of cultivated 

Fig. 5  Incompatible areas. E1 (Wind energy); E2 (solar energy); E3 (biomass); E4 (combined power plants)
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land renders a large proportion of this territory incompatible 
with the construction of solar energy plants.

Finally, Centro Regional de Malaga includes the most 
densely urbanised areas, and the road and rail networks are 
accordingly dense, especially near the coast.

Potential areas

Figure 6 illustrates the areas with the highest potential for 
renewable energy plants in the province of Malaga. The 
highest wind-energy values are found in Depresión de Ante-
quera and some sectors of Serranía de Ronda, where 18 and 
2 (respectively) of the 23 wind farms currently extant in 
the province are located (AAE 2018b). To an extent, the 
areas with the highest solar energy values overlap with these; 
these two territorial units host 12 of the 18 solar energy 
plants currently extant in the province, although all territo-
rial units present significant proportions of areas with a high 
solar energy potential.

Concerning biomass, high potential values are only to be 
found in Depresión de Antequera, owing to the abundance of 
agricultural residue, and Centro Regional de Malaga, owing 
to the abundance of urban residue. Some areas in Costa del 
Sol present medium values.

Despite the high potential for biomass energy genera-
tion outlined, only two biomass energy generation facili-
ties are currently in existence in Depresión de Antequera 
(AAE 2018b), with two more in Centro Regional de Malaga. 
Despite the high potential of these units, however, before 
further plants are installed it will be necessary to analyse the 
use of resources by the existing facilities, in order to deter-
mine if the resources’ availability justifies the construction 
of new plants.

Figure 7 illustrates that nearly 78% of compatible areas 
present high potential for the installation of single- or com-
bined wind and solar energy generation plants, while 7.47% 
and 2.79% present high potential for the installation of 
hybrid-combined wind–biomass and solar–biomass plants, 
respectively.

Finally, 3.38% of the compatible territory presents high 
potential for the installation of plants in which all three types 
of energy generation are combined.

Typology of municipalities according to their 
potential

Municipalities were divided into eight groups according to 
their potential, as illustrated in Fig. 8 and Table 5. Each 

Fig. 6  Potential for the construction of renewable energy plants. P1 (Wind energy); P2 (solar energy); 3 (biomass); P4 (individual and combined 
plants)
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group was characterised by a bar chart illustrating the aver-
age value, expressed as a percentage, of each energy source 
in each group (wind, solar, biomass or the combination 
thereof).

Group 1 comprises three municipalities (Antequera, 
Marbella and Malaga), which are the only municipalities 
in the province in which medium–high potential areas 
for combined (wind–solar–biomass) generation plants 
are found. In addition, these are the only municipalities 
which present high potential values for the installation of 
biomass plants.

Fig. 7  Compatible territory (%) 
according to its potential for the 
installation of renewable energy 
generation plants
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Fig. 8  Typology of municipality according to percentage of territory which presents medium–high potential values for the installation of renew-
able energy plants

Table 5  Groups

Group Number of municipalities Percentage of 
municipalities

1 3 3
2 16 16
3 7 7
4 19 18
5 14 14
6 34 33
7 3 3
8 7 7
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Group 2 comprises 16 municipalities. It is characterised 
by the fact that a significant proportion of their territory 
presents medium–high potential values for the instal-
lation of solar plants, wind farms or the combination 
thereof.
Group 3 is a composite category, which comprises seven 
municipalities that are characterised by a predominance 
of areas with medium–high potential values for the instal-
lation of wind farms.
Group 4 comprises 19 municipalities that are character-
ised by the predominance of areas with high-to-very high 
potential values for the installation of solar plants.
Groups 5 (14 municipalities) and 6 (34 municipalities) are 
similar. They are characterised by the fact that a signifi-
cant proportion of their territories presents high potential 
values for the installation of wind–solar plants. Potential 
values in Group 6 are higher than in Group 5.
Group 7 comprises three municipalities. It is character-
ised by the fact that a significant proportion of their ter-
ritories presents high potential values for the installation 
of solar plants.

Finally, Group 8 comprises seven municipalities, which 
are devoid of any areas that present high–medium values for 
the construction of any analysed form of renewable energy 
generation plant.

As a result, we may conclude that most municipalities in 
the province present high potential values for the installation 
of wind and solar energy plants. However, since the percent-
ages have been calculated on the basis of compatible areas, 
in order to express the real potential of each municipality, 
these values need to be expressed in absolute terms  (km2), 
as illustrated in Fig. 9.

These results suggest that 14 of the 103 municipalities 
possess less than 1 km2 of medium-to-high potential terri-
tory for the construction of renewable energy plants. While 

seven municipalities possess no potential for the installation 
of this sort of plant, others, such as Fuengirola, are densely 
populated while hosting a large amount of touristic accom-
modation (Sistema de Información Multiterritorial de Anda-
lucía 2018) and hence demanding, now and in the future, a 
large supply of electricity. In these municipalities, it will be 
necessary to explore the installation of rooftop solar pan-
els to promote self-sufficiency. A further 50 municipalities 
possess between 1 and 10 km2 of high potential territory; 
Benalmádena, Torremolinos and Nerja, in Costa del Sol, 
which are densely populated and host a large amount of tour-
istic accommodation, are within this category.

Finally, 28 municipalities possess between 10 and 50 km2 
of high potential territory, with 9 over 50 km2; two munici-
palities stand out in this regard: Antequera (340 km2) and 
Álora (185 km2).

Conclusions

Renewable energy sources are a key factor in the transition 
towards a new, more diversified and efficient energy model. 
In Spain and specifically in Andalusia, the high energy 
dependence rate along with the availability of plentiful 
renewable resources is leading to an increase in renewables-
based energy generation, with the active support of public 
agencies. As a result, the energy model is moving towards a 
new scenario characterised by distributed generation and a 
more intensive use of renewables.

For these plants to be correctly sited, a full assessment of 
the territory must be carried out which evaluates the need 
for such a facility and the availability of the resource, and 
which identifies the best technology; the facility must adapt 
to the territory, and different implementation strategies must 
be considered. The construction of these facilities, therefore, 
is a complex endeavour in which spatial and energy planning 
are jointly considered.

The current paper has applied a methodology based on 
the combination of GIS and multi-criteria evaluation tech-
niques in order to analyse the potential (in terms of medium-
to-high potential areas) of a given territory for the construc-
tion of renewable energy generation plants. Three types of 
energy plants were taken into consideration (solar, wind 
and biomass) in the province of Malaga, which has a large 
population and which hosts 35% of touristic accommoda-
tion in Andalusia, posing both currently and in the future a 
substantial electricity demand.

GIS and MCDM are a useful tool for renewable energy 
planning, and in high-resolution decision-making processes, 
although evaluations must also take into consideration other 
criteria (social approval, landscape integration, load hours, 
among others), that can only be measured at detailed scales.Fig. 9  Extent of compatible territory  (km2) presenting medium-to-

high potential for the construction of renewable energy plants
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In addition, the model can be of use to both promot-
ers and public agencies entrusted with territorial manage-
ment, for it helps prevent the construction of ill-sited plants. 
The method can also be used to choose between various 
alternative implementation strategies and could speed up 
assessment processes; often, this sort of project involves a 
lengthy evaluation process, and there is always the risk of 
it not being authorised. The method is, therefore, a power-
ful territorial planning tool which allows for expedient and 
cost-effective decision-making processes.

Finally, it is necessary to mention that although the results 
are interesting and significant on the renewable energy plan-
ning process, this model is a simplification of reality, but 
by generalising the components of a complex system, rela-
tionships between salient factors in these systems can be 
explored. It should be use as guide, knowing that it is a result 
of a model and not a factual picture of reality.

Acknowledgements The authors would like to thank the editor and 
reviewers for their comments which have undoubtedly improved the 
manuscript.

Compliance with ethical standards 

Conflict of interest All authors declare that they have no conflict of 
interest.

References

AAE (2016) Estrategia Energética de Andalucía 2020. Seville (Spain)
Agencia Andaluza de la Energía—AAE (2018a) Datos energéticos de 

Andalucía 2017. Seville (Spain)
AAE (2018b) Informe de Infraestructuras Energéticas de la provin-

cial de Málaga. https ://www.agenc iaand aluza delae nergi a.es/sites 
/defau lt/files /docum entos /infor me_prov_ma_miea_2018_12_31.
pdf. Accessed May 24, 2019

AAE (2018c) Mapa de potencial de biomasa de Andalucía. https ://
www.agenc iaand aluza delae nergi a.es/bioma sa/bioma sa/init.
do?prefi x=/bioma sa&name=poten cial. Accessed May 24, 2019

Act 2/1989, of 18 July, approving the Inventory of Protected Natural 
Spaces of Andalusia and establishing additional measures for its 
protection. Boletín Oficial de la Junta de Andalucía, BOJA, 60. 
Spain

Act 2/2007, of 27 March, on the promotion of renewable energies and 
energy saving and efficiency in Andalusia, BOJA, 70. Spain

Act 3/1995, of 24 March, about cattle tracks. BOE, 71. Spain
Act 4/1989, of 27 March, on the conservation of Natural Spaces and of 

Wild Flora and Fauna. Boletín Oficel del Esttado, BOE, 74. Spain
Act 8/2001, of 12 July, about roads in Andalusia. BOJA, 85. Spain
Act 9/2006, of 30 December, about railway services in Andalusia, 

BOJA, 251. Spain
Act 37/2015, of 29 September, about roads. BOE, 234. Spain
Afshari AR, Yusuff RM (2012) A review of spatial multi criteria 

decision making. In: SASTech 6th international symposium on 
advances is sciences and technology; March 21–25. Khavaran 
Institute of Higher Education, Kuala Lumpur

Al Garni HZ, Awasthi A (2017) Solar PV power plant site selection 
using a GIS-AHP based approach with application in Saudi 

Arabia. Appl Energy 206:1225–1240. https ://doi.org/10.1016/j.
apene rgy.2017.10.024

Alsayed M, Cacciato M, Scarcell G, Scelba G (2014) Design of hybrid 
power generation systems based on multi criteria decision analy-
sis. Sol Energy 105:548–560. https ://doi.org/10.1016/j.solen 
er.2014.03.011

Arán J, Espín A, Aznar F, Zamorano M, Rodríguez M, Ramos A (2008) 
Environmental decision-support systems for evaluating the car-
rying capacity of land areas: optimal site selection for grid-con-
nected photovoltaic power plants. Renew Sustain Energy Rev 
12:2358–2380. https ://doi.org/10.1016/j.rser.2007.06.011

Atici KB, Simsek AB, Ulucan A, Tosun MU (2015) A GIS-based 
multiple criteria decision analysis approach for wind power plant 
site selection. Util Polic 37:86–96. https ://doi.org/10.1016/j.
jup.2015.06.001

Consejería de Obras Públicas y Transportes—COPT (2006a) Plan de 
Ordenación del territorio de Andalucía. Seville (Spain)

COPT (2006b) Plan de Ordenación del Territorio de la Costa del Sol 
Oriental-Axarquía. Seville (Spain)

Council Directive 2007/2/EC of the European Parliament and European 
Council, of 14 March, for the establishment of an Infrastructure 
for Spatial Information in Europe (INSPIRE). Belgium

Davtalab M, Alesheik A (2018) Spatial optimization of biomass power 
plant site using fuzzy analytic network process. Clean Technol 
Environ Policy 20:1033–1046. https ://doi.org/10.1007/s1009 
8-018-1531-5

Díaz P (2013) Energía renovable y territorio. Potencialidades apra la 
implantación de parques eólicos en Andalucía. Dissertation, Uni-
versidad de Sevilla

Díaz P, Biberacher M, Domínguez J, Schardinger I (2018a) Develop-
ing a wind energy potential map on a regional scale using GIS 
and multi-criteria decision methods: the case of Cadiz (south of 
Spain). Clean Technol Environ Policy 20:1167–1183. https ://doi.
org/10.1007/s1009 8-018-1539-x

Díaz P, Camarillo JM, Pérez JP (2018b) Relational spatial database and 
multi-criteria decision methods for selecting optimum locations 
for photovoltaic power plants in the province of Seville (Southern 
Spain). Clean Technol Environ Policy 20:1889–1902. https ://doi.
org/10.1007/s1009 8-018-1587-2

Directive (EU) 2018/2001 of the European Parliament and of the Coun-
cil of 11 December 2018 on the promotion of the use of energy 
from renewable sources (recast). Official Journal of the European 
Union, L328/82

European Commission (2007) An energy policy for Europe. Brussels 
(Belgium)

European Commission (2010) Europe 2020. A strategy for smart, sus-
tainable and inclusive growth. Brussels (Belgium)

Garcia M, Villar A, Cruz E (2019) A place in the sun: the British hous-
ing market’s (de) construction of Andalusia. Tourism Geogr. https 
://doi.org/10.1080/14616 688.2018.15452 49

Ho D, Newell G, Walker A (2005) The importance of property-specific 
attributes in assessing CBD office building quality. J Prop Invest 
Financ 23:424–444

Hongxing Y, Wei Z, Chengzhi L (2009) Optimal design and techno-
economic analysis of a hybrid solar–wind power generation sys-
tem. Appl Energ 86(2):163–169. https ://doi.org/10.1016/j.apene 
rgy.2008.03.008

Instituto de Estadística y Cartografía de Andalucía—IECA (2019a) 
Padrón Municipal de Habitantes. https ://www.junta deand aluci 
a.es/insti tutod eesta disti cayca rtogr afia. Accessed May 24, 2019

IECA (2019b) Encuesta de ocupación hotelera 2018. https ://www.junta 
deand aluci a.es/insti tutod eesta disti cayca rtogr afia. Accessed May 
24, 2019

Ilbahar E, Cebi S, Kahraman C (2019) A state-of-the-art review on 
multi-attribute renewable energy decision making. Energy Strateg 
Rev 25:18–33

https://www.agenciaandaluzadelaenergia.es/sites/default/files/documentos/informe_prov_ma_miea_2018_12_31.pdf
https://www.agenciaandaluzadelaenergia.es/sites/default/files/documentos/informe_prov_ma_miea_2018_12_31.pdf
https://www.agenciaandaluzadelaenergia.es/sites/default/files/documentos/informe_prov_ma_miea_2018_12_31.pdf
https://www.agenciaandaluzadelaenergia.es/biomasa/biomasa/init.do?prefix=/biomasa&name=potencial
https://www.agenciaandaluzadelaenergia.es/biomasa/biomasa/init.do?prefix=/biomasa&name=potencial
https://www.agenciaandaluzadelaenergia.es/biomasa/biomasa/init.do?prefix=/biomasa&name=potencial
https://doi.org/10.1016/j.apenergy.2017.10.024
https://doi.org/10.1016/j.apenergy.2017.10.024
https://doi.org/10.1016/j.solener.2014.03.011
https://doi.org/10.1016/j.solener.2014.03.011
https://doi.org/10.1016/j.rser.2007.06.011
https://doi.org/10.1016/j.jup.2015.06.001
https://doi.org/10.1016/j.jup.2015.06.001
https://doi.org/10.1007/s10098-018-1531-5
https://doi.org/10.1007/s10098-018-1531-5
https://doi.org/10.1007/s10098-018-1539-x
https://doi.org/10.1007/s10098-018-1539-x
https://doi.org/10.1007/s10098-018-1587-2
https://doi.org/10.1007/s10098-018-1587-2
https://doi.org/10.1080/14616688.2018.1545249
https://doi.org/10.1080/14616688.2018.1545249
https://doi.org/10.1016/j.apenergy.2008.03.008
https://doi.org/10.1016/j.apenergy.2008.03.008
https://www.juntadeandalucia.es/institutodeestadisticaycartografia
https://www.juntadeandalucia.es/institutodeestadisticaycartografia
https://www.juntadeandalucia.es/institutodeestadisticaycartografia
https://www.juntadeandalucia.es/institutodeestadisticaycartografia


1869Integrating MCDM and GIS for renewable energy spatial models: assessing the individual and…

1 3

Instituto de Ahorro y Diversificación Energética (2011) Plan de 
energías renovables (2011–2020). Madrid (Spain)

Lejeune P, Feltz C (2008) Development of a decision support system 
for setting up a wind energy policy across the Walloon Region 
(southern Belgium). Renew Energy 33:2416–2422. https ://doi.
org/10.1016/j.renen e.2008.02.011

Limones N, Marzo J, Pita MF, Díaz P (2018) The impact of cli-
mate change on air conditioning requirements in Andalusia at a 
detailed scale. Theor Appl Climato 134:1047–1063. https ://doi.
org/10.1007/s0070 4-017-2324-1

Liu Q, Wang ZX (2009) The development and application practice of 
wind–solar energy hybrid generation systems in China. Renew 
Sust Energ Strat Rev 13:1504–1512. https ://doi.org/10.1016/j.
rser.2008.09.021

Lorente R, Montávez JP, Jerez S, Gómez JJ, Jiménez P, Jiménez PA, 
Jimenez JA, García-Valero F, Gomariz-Castillo F, Alonso-Sarria 
F (2012) EOLMAP: a web tool to assess the wind resource over 
Spain. Renew Energies Power Qual J 1:1264–1269

Lovett A, Appleton K (2007) GIS for environmental decision-making. 
CRC Press, Boca Raton

Mukhamediyev RI, Kiseleva SV, Kireeva R, Yakunin KO, Muhamedi-
jeva JL, Mustakaeyv RR (2018) Geo-informational system for 
support of decision-making for renewable energy development 
in the Republic of Kazakhstan. Comput Model Eng Sci 18:00–99

Noorollahi Y, Yousefi H, Mohammadi M (2016) Multi-criteria deci-
sion support system for wind farm site selection using GIS. Sus-
tain Energy Technol Assess 13:38–50. https ://doi.org/10.1016/j.
seta.2015.11.007

Palmas C, Siewert A, von Haaren C (2015) Exploring the decision-
space for renewable energy generation to enhance spatial effi-
ciency. Environ Impact Asses Rev. https ://doi.org/10.1016/j.
eiar.2014.06.005

Ramírez IJ, García E, Fernández LA, Zorzano PJ, Monteiro C, Miranda 
V (2008) Promotion of new wind farms based on a decision sup-
port system. Renew Energy 33:558–566. https ://doi.org/10.1016/j.
renen e.2007.03.028

Royal Decree 9/2008, of 16 January, modifying the Regulation of the 
Public Hydraulic Domain, approved by Royal Decree 849/1986. 
BOE, 14. Spain

Royal Decree 1071/2007, of 27 July, regulating the official geodetic 
reference system in Spain. BOE, 207. Spain

Saaty TL (1977) A scaling method for priorities in hierarchical struc-
tures. J Math Psychol 5:234–281

Saaty TL (1980) The analytic hierarchy process. McGraw Hill, New 
York

Saaty TL (1989) Group decision making and the AHP. In: Golden BL, 
Wasil EA, Harker PT (eds) Analytic hierarchy process. Springer, 
Berlin, pp 59–67

Saaty TL, Ozdemir MS (2003) Why the magic number seven plus or 
minus two. Math Comput Model 38:233–244

Sadegui M, Karimi M (2016) GIS-based solar and wind turbine site 
selection using multi-criteria decision analysis: case study Tehran, 
Iran. Paper presented at: the international archives of the pho-
togrammetry, remote sensing and spatial information sciences, 
volume XLII-4/W4, 2017 Tehran’s Joint ISPRS conferences of GI 
research, SMPR and EOEC; 7–10 October 2017, Tehran

Sánchez JM, Teruel J, Soto PL, García MS (2013) Geographical 
information systems (GIS) and multi-criteria decision making 
(MCDM) methods for the evaluation of solar farms locations: 
case study in south-eastern Spain. Renew Sustain Energy Rev 
24:544–556. https ://doi.org/10.1016/j.rser.2013.03.019

Sánchez JM, Henggeler C, García MS, Dias LC (2014) GIS-based 
photovoltaic solar farms site selection using ELECTRE-TRI: 
evaluating the case for Torre Pacheco, Murcia, Southeast of 
Spain. Renew Energy 66:478–494. https ://doi.org/10.1016/j.renen 
e.2013.12.038

Siksnelyte I, Zavadskas EK, Streimikiene D, Sharma D (2018) An 
overview of multi-criteria decision-making methods in dealing 
with sustainable energy development. Energies 11(10):2754

Sliz-Szkliniarz B, Vogt J (2011) GIS-based approach for the evaluation 
of wind energy potential: a case study for the Kujawsko–Pomor-
skie Voivodeship. Renew Sustain Energy Rev 15:1696–1707. 
https ://doi.org/10.1016/j.rser.2010.11.045

Stojčić M, Zavadskas E, Pamučar D, Stević Ž, Mardani A (2019) 
Application of MCDM methods in sustainability engineering: a 
literature review 2008–2018. Symmetry (Basel) 11:350–374. https 
://doi.org/10.3390/sym11 03035 0

Sunak Y, Höfer T, Siddique H, Madlener R, De Doncker RW (2015) 
A GIS-based decision support system for the optimal siting of 
wind farm projects. EON Energy Res Cent Ser RWTH Aachen 
Univ 7(2):1–71

Tahri M, Hakdaoui M, Maan M (2015) The evaluation of solar farm 
locations applying geographic information system and multi-cri-
teria decision methods: case study in southern Morocco. Renew 
Sustain Energy Rev 51:1354–1362. https ://doi.org/10.1016/j.
rser.2015.07.054

Tégani I, Aboubou A, Ayad MI, Becherif M, Saadi R, Kraaa O (2014) 
Optimal sizing design and energy management of stand-alone 
photovoltaic/wind generator systems. Energ Proc 50:163–170

Uyan M (2013) GIS-based solar farms site selection using analytic 
hierarchy process (AHP) in Karapinar region, Konya/Turkey. 
Renew Sustain Energy Rev 28:11–17. https ://doi.org/10.1016/j.
rser.2013.07.042

Uyan M (2017) Optimal site selection for solar power plants using 
multi-criteria evaluation: a case study from the Ayranci region in 
Karaman, Turkey. Clean Technol Environ Policy 19:2231–2244. 
https ://doi.org/10.1007/s1009 8-017-1405-2

Villacreses G, Gaona G, Martínez J, Jijón DJ (2017) Wind farms suit-
ability location using geographical information system (GIS), 
based on multi-criteria decision making (MCDM) methods: the 
case of continental Ecuador. Renew Energy 109:275–286. https 
://doi.org/10.1016/j.renen e.2017.03.041

Watson JJW, Hudson MD (2015) Regional scale wind and solar farm 
suitability assessment using GIS-assisted multi-criteria evalua-
tion. Landsc Urban Plan 138:20–31. https ://doi.org/10.1016/j.
landu rbpla n.2015.02.001

Wimmler C, Hejazi G, de Oliveira Fernandes E, Moreira C, Connors 
S (2015) Multi-criteria decision support methods for renewable 
energy systems on Islands. J Clean Energy Technol 3(3):185–195

Yue CD, Wang SS (2006) GIS-based evaluation of multifarious local 
renewable energy sources: a case study of the Chigu area of 
southwestern Taiwan. Energy Policy 34:730–742. https ://doi.
org/10.1016/j.enpol .2004.07.003

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.renene.2008.02.011
https://doi.org/10.1016/j.renene.2008.02.011
https://doi.org/10.1007/s00704-017-2324-1
https://doi.org/10.1007/s00704-017-2324-1
https://doi.org/10.1016/j.rser.2008.09.021
https://doi.org/10.1016/j.rser.2008.09.021
https://doi.org/10.1016/j.seta.2015.11.007
https://doi.org/10.1016/j.seta.2015.11.007
https://doi.org/10.1016/j.eiar.2014.06.005
https://doi.org/10.1016/j.eiar.2014.06.005
https://doi.org/10.1016/j.renene.2007.03.028
https://doi.org/10.1016/j.renene.2007.03.028
https://doi.org/10.1016/j.rser.2013.03.019
https://doi.org/10.1016/j.renene.2013.12.038
https://doi.org/10.1016/j.renene.2013.12.038
https://doi.org/10.1016/j.rser.2010.11.045
https://doi.org/10.3390/sym11030350
https://doi.org/10.3390/sym11030350
https://doi.org/10.1016/j.rser.2015.07.054
https://doi.org/10.1016/j.rser.2015.07.054
https://doi.org/10.1016/j.rser.2013.07.042
https://doi.org/10.1016/j.rser.2013.07.042
https://doi.org/10.1007/s10098-017-1405-2
https://doi.org/10.1016/j.renene.2017.03.041
https://doi.org/10.1016/j.renene.2017.03.041
https://doi.org/10.1016/j.landurbplan.2015.02.001
https://doi.org/10.1016/j.landurbplan.2015.02.001
https://doi.org/10.1016/j.enpol.2004.07.003
https://doi.org/10.1016/j.enpol.2004.07.003

	Integrating MCDM and GIS for renewable energy spatial models: assessing the individual and combined potential for wind, solar and biomass energy in Southern Spain
	Abstract
	Graphic abstract
	Introduction
	Study area
	Materials and methods
	Material
	Methods
	Identification of incompatible areas
	Availability assessment
	Determination of potential by area
	Typology of municipalities


	Results and discussion
	Incompatible areas
	Potential areas
	Typology of municipalities according to their potential

	Conclusions
	Acknowledgements 
	References




