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Abstract- The threat that burning fossil fuels poses to global warming is forcing society to look for renewable energy
solutions. Among these, the use of solar energy has a high potential for growth in the current international energy mix. It is
important to provide information to decision-makers that deal with the installation of new production facilities. This study
combines Geographical Information Systems (GIS) and Multi-criteria Evaluation (MCE) techniques to assess the land
suitability for the installation of solar farms in the municipality of Ourique in the South of Portugal. Several exclusionary
constraints and weighting factors were used in the modelling process with the help of expert knowledge and an extensive
literature review. Results show that approximately 21% of the area is classified as “highly suitable” for installing solar farms.
These results are in line with the existing and planned photovoltaic (PV) projects in the region, which are mostly located in
“medium” or “medium to high” suitable areas. This approach can easily be adapted to include different criteria and/or different
weights to deliver information to managers, helping them in the decision regarding locating solar farms.
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positive effects in terms of simplification of administrative
procedures and authorization [2,3]. The suitability of a
territory for a specific use, as with PV energy suitability,

1. Introduction

Despite the still relative abundance of fossil fuels, the
damage they are likely to cause regarding global warming
has led many countries to switch to renewable energy
sources [1]. One of the challenges is to implement
photovoltaic (PV) projects in locations thought to be most
suitable, i.e. locations that concentrate the largest number
and highest values of productivity factors (e.g., high levels of
sunlight and solar radiation, gentle slope, vague, good road
accessibility, proximity to power lines, etc.) and the lowest
number of identified territorial constraints (e.g. legal
restrictions).

The aim is to achieve the highest performance with
minimal interference and negative impacts on environmental
ecosystems and infrastructure, both cultural and social, with

depends of the intrinsic factors of that territory combined
with the potential factors resulting from its transformation
[4]. Additionally, a strategy for reconciliation purposes is
needed to promote the completion of the investment [3].

Multi-criteria Evaluation (MCE) methods have been
widely applied together with GIS in site selection activities,
providing a framework for integrating environmental,
economic, and social factors that affect land suitability [5].
Suitability analysis with MCE has been applied to many
Renewable Energy Sources (RES) domains, including solar
energy [1,5-8]. The results of this approach are usually
displayed on a map highlighting areas from high to low
suitability [9].
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Considering the positive outlook for growth and
development of PV, it is important to provide tools to
support decision-makers in the installation of new production
facilities according to the capacity and suitability of the
territories [10]. Studies that present this kind of analysis are
more frequent for national [11], regional [8], and urban areas
[12]. However, studies that make a local analysis in rural
areas with operational data at a very detailed level are scarce
and, to our knowledge, nonexistent for Portugal. The
objective of this paper is to develop an MCE modelling
approach with GIS that combines yield factors with territorial
conditions to help in the decision about locating the solar
farms in Ourique municipality, Portugal.

1.1 Study area

Portugal has excellent conditions for exploiting RES and
is expected to fulfill the European and national commitments
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in terms of energy quota based on this kind of energy by
mid-2020 [13]. The country has a very high potential for
solar power generation due to its geographical position,
which influences the intensity and the rate of incoming
sunlight, and to its climate conditions, which positively
affect the amount of incoming solar radiation [13-15].
Located in the subtropical zone of the northern hemisphere,
between latitudes 37° and 42°, in the range of contact
between the Atlantic Ocean and the European continent,
Portugal presents insolation values of 1800-3200 hours of
sunshine (Fig. 1) and 4.86 kWh/m?/day of solar radiation
[15-19]. Within RES PV emerges as the technology with the
greatest potential for development and exploitation in
Portugal [20,21]. This potential is due to the high availability
of resources (sunlight) and to the residual expression of this
technology as part of RES and its contribution to the national
energy production, approximately 1.6% in 2013 [22].
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Fig. 1. Average annual insolation in 1931-1960: A — Continental Portugal; B: Alentejo region.

Alentejo is the most favorable region in Portugal for
solar energy production considering the insolation values,
solar radiation, relatively low slopes, electricity network
capacity, and infrastructure  integration  [23-25].
Consequently, this region is the largest contributor to the
national production of energy by PV sources (76.3%),
mainly supported by Baixo Alentejo [26,27]. This sub-region
occupies a notable position in production installed capacity
(number of hours) and the number of plants (31) [27,28].

This study was applied to the municipality of Ourique,
which covers an area of 663.4 km?, approximately 8% of the
Baixo Alentejo. Ourique had 5839 inhabitants in 2011 and is
a territory of low population density, strongly aged, very
rural, and with a wide dispersion of the population, in small
or very small places, often isolated [29]. The economy of
Ourique is based on tertiary and primary sectors, in which

the local authority is the main employer and promoter [30].
Ourique is characterized by good road access to the district
capital (Beja) and to the metropolitan areas of Lisbon and
Faro. It has a climate of Mediterranean influence, with a high
temperature range, a dry and hot season in the summer, and
cool winters with low rainfall [31]. Ourique presents a clear
differentiation in terms of landscape, slope, and occupation,
where the north is characterized by cereal landscape of dry
plains with lower and uniform slopes (0-8%) and the south is
characterized by mountainous landscape, with higher slopes
(8-35%) and with a vegetation of Mediterranean
characteristics [30,32].

Additionally, Ourique is located in a region that
combines good conditions for PV technology, such as: the
highest number of hours of sunshine in the country (2750-
3000 hours), the highest global solar radiation values in the
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country and Europe (4.64 kWh/m?/day), the topographic and
climate  conditions, existing infrastructure  (power
transmission lines and roads), and the availability of land
[7,16,33-35]. This area was selected because of its high solar
potential due to its geographical location and biophysical
characteristics.

2. Data and Methods

Suitability analysis in a GIS involves the use of several
geographical data sources either as weighted factors, or as
exclusionary layers, to establish the appropriateness of land
for a specific use, in this case for installing solar farms
[36,37]. The weighted factors have an impact on the
suitability analysis given a specific objective. The choice and
weights of these factors can be determined by using a
number of varied techniques, such as Analytic Hierarchy
Process (AHP) [38], which normally includes a panel of
experts or stakeholders, or by using a literature review

[37,39,40]. The exclusionary constraints are used to exclude
from the analysis the areas that for some particular reason
make the land inadequate for a specific purpose (e.g.
legislation, planning restrictions, etc.) [37,39].

The methodology developed in this work comprises 5
steps and is described in the flowchart of Fig. 2. A detailed
description of this municipality and the pertinence for
installing PV in the area was carried out (Step 1). The
definition of criteria for PV suitability were identified in Step
2 through expert consultation and bibliographic analysis.
These included solar PV productivity factors and location
features, i.e. territorial constraints and exclusionary areas. In
Step 3 the variables to be included in the GIS model were
identified and data collection activities were carried out. In
Step 4 GIS modelling using MCE techniques were applied to
the input datasets. This phase included the weighting of
factors made with the help of experts and bibliographic
review. Finally, in Step 5 a final map of PV suitability was
produced and analyzed.

Step 1 Selection and identification of the location
Step 2 Definition of the criteria to PV site suitability
Identification of PV Identification of Identification of
Productivity Factors Territorial Constraints Exclusionary Areas
L
Step 3 Identification of variables to model and collection of geographic data based on selected criteria  [*
Step 4 Apply GIS modelling
Pre-processing
Defining the Harmonization of Standardize Pre-preparation of
extent of analysis coordinate system formats the vector data
Raster processing
Digital Elevation Calculation of Solar Conversion data model Reclassification
Model Radiation (Vector to Raster)
Multi-criteria analysis
Selecting the type of multi-criteria Selecting the Appling multi-
analysis (Weighted Sum) welghts to apply criteria analysis
L J
Step 5 PV Site Suitability <

Fig. 2. A 5-step methodology for photovoltaic site suitability.
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The datasets used in the GIS model are described in
Table 1. These are divided into three categories: (i)
productivity factors; (ii) territorial constraints; and (iii)
exclusionary areas. The productivity factors were used as
weighted variables for the suitability analysis. The territorial
constraints considered the areas with a low degree of
preference for installing the solar farms.

Finally, the exclusionary areas were excluded from the
site analysis (e.g. areas identified in specific legislation to be
incompatible with the production of PV solar energy at a
large scale). Urban areas were excluded from the analysis
because they favor the increase of the price of land and,
therefore, are a constraint to the investment in this activity.

Table 1. Datasets used in the study

Type' Theme Source Year Reig?tljii/on Format
PF Digital Elevation Model ?/ISQEEQNGABE\[AA??E 2011 30m Raster
PF Maximum average temperature [44] 1961-1991 111,1m Raster

PF/TC Medium and low tension power lines [45] 2014 Vector

PF/EA Road network [46] 2014 1/25000 Vector
TC National Agriculture Reserve [47] 2001 1/25000 Vector
TC Cork, oak, and holm areas [47] 2001 1/25000 Vector
TC Burnt areas [48] 2000-2012 Vector
TC Protected Areas [49] 2012 Vector

TC/EA National Ecological Reserve [50] 2014 1/25000 Vector
EA Rivers [51] 2006 1/1000000 Vector
EA Public water reservoirs [52] 2007 Vector
EA Reservoir intervention limits [53] 2010 1/25000 Vector
EA Quarries [54] 2014 1/10000 Vector
EA Hydroagriculture [55] 2014 1/25000 Vector
EA Protected heritage [56] and extraction from ArcGIS Basemaps
EA High and very high tension power lines [45] 2014 Vector
EA Railroad [57] 2006 Vector
EA elgg?itegémgrssesgggigegv;ecnag?for%iifde [58] and extraction from ArcGIS Basemaps
EA Geodetic markers [59] 2014 Vector
EA Urban areas [47] 2001 1/5000 Vector
EA Detailed Plan [60] 2011 1/25000 Vector

1 EA — Exclusionary Areas; PF — Productivity Factors; TC — Territorial Constraints

Additionally, the study of solar suitability areas in urban
areas needs to consider the building coverage which differs
from the approach adopted for rural areas [12,17,41]. Some
datasets fall into more than one category, e.g. the road
network is both a productivity factor and an exclusionary
area. All the datasets had or were converted into a common
geographic  projection ETRS89/PT-TMO06. The base
administrative layer was the Portuguese Administrative
Official Map [42].

The data pre-processing stage included the preparation
of the collected data to be used in the GIS model. This is a
time-consuming task and is decisive for the quality and

reliability of the results obtained. In this case, the datasets
exhibited a varied thematic diversity, were obtained from
different sources, and had different technical characteristics
such as scale, resolution, reference system, and different
formats. Several tasks for data harmonization were carried
out, such as projection transformations and spatial
geoprocessing operations (e.g. selection, digitizing, and
buffer analysis).

The raster processing phase corresponded to the
generation of raster data for the subsequent application of
multi-criteria analysis. It included the preparation of the
slope and aspect maps, the calculation of the solar radiation,
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the conversion of vector data to raster, the calculation of
Euclidean distances to transmission lines and roads, followed
by reclassification operations.

The slope and aspect maps were derived from the digital
elevation model (DEM) of the Advanced Satellite image
Spaceborne Thermal Emission and Reflection Radiometer
(ASTER) Global Digital Elevation Model Version 2
(GDEM2) [43]. This dataset has a horizontal resolution of 1
arc-second (approximately 30m) and is available in
Georeferenced Tagged Image File Format (GeoTIFF) with
the WGS84 (EPSG code 4326) coordinate system [61,62].

There are various productivity factors and territorial
conditions that influence the viability of photovoltaic
projects. The most important factors are: (1) topography

(obtained through the digital elevation model used to derive
slope and aspect); (2) solar radiation (input information
associated with solar photovoltaic systems); (3) temperature
(Ambient temperatures above 25 ° C influence the
productivity of the photovoltaic system, although this
influence has a residual impact on the efficiency of PV cells);
(4) proximity to power lines; (5) proximity to system roads;
and (6) the elements that characterize the environmental
sensitivity [11,63-65]. These elements consider the technical
and economic aspects and the territorial management, and
favor the simplification and de-bureaucratization of the
installation of a PV project. The criteria used in the site
analysis are described in Table 2 [63,66]. These criteria were
established using expert knowledge and a literature review.

Table 2. Criteria used in the model.

Type Description
Global solar radiation levels, preferably above 3 kWh/m?/day [24,67]
Slope, preferably around 5%, although slopes between 6 and 8% with Southern exposure are accepted

Productivity [7,68-70]

factors Proximity to power lines [7,68,71]
Road network accessibility [7,68]
Areas in which average temperature is lower [5,72-73]
Preferably outside National Agricultural Reserve [74]
Preferably outside cork oak forests [75]

Territorial

constraints | Preferably in burned areas [76]

Preferably outside National Ecological Reserve [77]

Preferably outside protected areas [78-80]

Hydrologic domain [81]

Public water reservoirs (Monte Gato, Monte Miguéis, Pomarinho) [82,83]

Avreas subject to public water reservoir plans (Monte da Rocha and Santa Clara) [84,85]

Quarries [81]

Hydroagriculture areas [86]

Incompatible areas of National Ecological Reserve [77]

Exclusionary
areas

Atalaia) [87-89]

Classified archaeological heritage (Castro da Cola, Cerro do Castelo or Forte de Garvao, and Necropole da

Power lines and non-aedificandi areas (20 m for 30 kV and 50 m for 150 kV) [81]

Road network [90,91]

Railroad [92]

Central power connection of Féia and Castro Verde [58]

Geodetic markers [93]

Urban areas

Areas subject to detailed plans (Campanador and Quinta da Arrabida — Monte da Rocha)
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In this study, the areas for the installation of PV projects
are not subject to public easements, restrictions of public
utility, and/or to a minimum of territorial constraints of
specific legislation. The aim is to reduce bureaucracy
involved in the authorization or licensing of a PV project (a
discouraging factor usually identified as a threat to Portugal’s
economic development) to ensure the optimization of space,
achieve full respect for the natural environment, and
reconcile the uses and capabilities of territories [3].

In order to meet the specified criteria for determining the
PV suitability in Ourique, the most adequate slopes (lower
slopes) were combined with the most suitable aspect (mainly
South) [70]. These maps were reclassified into four
categories, prioritizing the lower slopes and the Southern
orientations (between 135 to 225°) through a map algebra
operation.

The global solar radiation was calculated using the Area
Solar Radiation tool available in ArcGIS Spatial Analyst
extension [94], based on the DEM. The result was
reclassified using natural breaks giving higher suitability
values to the higher recorded radiation levels.

The temperature is a crucial factor, as it negatively
affects the productivity of the PV system whenever it
exceeds 25 °C, and was included in the calculation of the PV
suitability [5,72,73,95].

This variable was obtained from the raster of the
maximum average temperature of the hottest three months in
the 1961-1991 period for mainland Portugal prepared by
[44], since the temperature effect is more important during
the hottest hours of the day (when solar radiation is greatest)
[95]. After reclassification using natural breaks, the lowest
maximum average temperatures were prioritized.

The power lines, roads, and conditions layers were
converted from vector to raster. The selected raster resolution
was equal to the DEM resolution, i.e., 30m. The proximity to
transmission lines and road accessibility were calculated
using the Euclidean Distance tool available in ArcGIS
Spatial Analyst extension [94], allowing the calculation of
distances for each raster cell based on a defined maximum or
range. These maps were reclassified using natural breaks,
prioritizing the areas closer to these infrastructures [64].

The input datasets used in the GIS model were subject to
several raster processing operations and spatial analysis for
the implementation of multi-criteria integrated analysis in
ArcGIS 10.2 software [94]. These operations resulted in six
input layers used in the MCE evaluation: slope/aspect, global
solar radiation, temperature, distance to transmission lines,
distance to roads, and territorial constraints (Fig. 3).

Fig. 3. Flowchart of the GIS procedures for multi-criteria analysis.

The Weighted Sum tool available in ArcGIS Spatial
Analyst extension [94] enabled us to combine these six input
layers and assign them a weight (Table 3). The weights
reflect the technical prioritization logic (combined slopes and
aspects), followed by the use criteria (global solar radiation),
the technical criteria that affect the resource (temperature),

the technical criteria affecting the investment (proximity to
power lines and roads), and the criteria that affect the
suitability of the territory (territorial constraints). The
weights of these criteria were established using expert
knowledge and a bibliographic review. This model can easily
be changed using different criteria and/or different weights.
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Table 3. Weights assigned to each GIS variable in the MCE
(darker areas represent higher suitability)

The result of the multi-criteria analysis was reclassified
into a range of suitability of nine categories (1: very low
suitability to 9: very high suitability). These categories were
then grouped in three generalized classes to allow a simpler
interpretation (Low, 1-3; Average, 4-6; High, 7-9). A mask
with the Ourique border was applied to the final output
followed by the extraction of the exclusionary areas.

3. Results

Results show that, although largely characterized by an
average photovoltaic site suitability, Ourique has 13,863 ha
classified as high suitable areas, corresponding to
approximately 21% of the municipality’s area. These are
concentrated in the northwest and center of Ourique
municipality (Fig. 4 and Table 4).

Layer Variable Weight
- Slope/Aspect 5
Global solar radiation 4
Temperature 3
Distance to transmission lines 2
Distance to Roads 2
Territorial constraints 1
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Fig. 4. Photovoltaic site suitability of Ourique.
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Table 4. Photovoltaic suitability in Ourique, for classes, and percentage area

Photovoltaic suitability PV Projects
Area (ha) Classes (%)

Code Classes Description (nr.)
0 n.a. Exclusionary areas 10633.70 16.03 16.03 0
1 Non-suitable 653.66 0.99 1
2 Low Very low suitability 3470.03 16.13 5.23 0
3 Low suitability 6573.94 9.91 0
4 Low to medium suitability 8804.61 13.27 0
5 Average Medium suitability 11100.74 46.94 16.74 6
6 Medium to high suitability 11225.90 16.93 5
7 High suitability 8395.25 12.66 0
8 High Very high suitability 4513.46 20.90 6.80 0
9 High suitability 954.63 1.44 0

Total 66325.95 100.00 | 100.00 12

The exclusionary areas represented about 16% of the
area and were not considered in the analysis. The location of
suitable areas show a direct relationship with the topography
and the areas with less population, as is the case of Santana
da Serra. These results are in line with the existing, or
planned, photovoltaic projects in Ourique, which are located
in medium (6 PV) or medium to high (5 PV) suitable areas,
whose location is primarily determined by the proximity to
transmission lines. There is one PV located in a non-suitable
area.

4, Discussion

The value obtained of 13,863 ha classified as “high
suitable areas” for the municipality of Ourique is comparable
with the existing PV farm of Amareleja in Alentejo with
14,000 ha. This PV uses the same PV technology type with
azimuthal orientation and polycrystalline silicon panels.
Considering the similar conditions and characteristics, we
estimate that it would be possible to install 56 PV projects of
the size of the Amareleja project, with 2576 MWp power and
a production of 5208 billion kW. This value is enough to
supply 1.68 million households (about 30% of mainland
Portugal accommodation in 2011) and avoid the annual
emission of about 5005.5 tons CO- [96,97].

The use of multi-criteria analysis in a GIS environment
proved to be an interesting option for modelling the
suitability analysis of PV farms. The combination of a set of
weighted criteria with spatial representation into a single
suitability map provides valuable information for helping
decision makers on where to install the solar farms in
Ourique. The aim was not to decide which the “best possible
location” was. This is a decision which is up to the
stakeholders. The aim was rather to make available an
explicit spatial approach to enable an informed discussion
with the stakeholders. This approach can easily be adapted to

include more constraints or other weights in the modelling
process. Besides affording an understanding of the tradeoffs
among the different criteria, another important outcome is
the provision of a flexible tool that fuels an informed
discussion between all the stakeholders that participate in the
decision of locating the solar farms.

Considering the volume of investment, expected return
values, and the impact that PV projects have in the territories
and lives of people in a context of global resource
optimization, it is important to develop approaches that help
in the selection of the most suitable and appropriate locations
for installing these infrastructures by maximizing the system
performance and minimizing production losses. The decision
to locate a PV project also depends on economic factors
relating to the system's productivity and economic viability;
and technical factors related to the suitability of the sites for
the implementation, which must consider the natural features
that ensure the productivity of the system with minimal
interference of territorial and environmental constraints.

Despite the attempt to use the best possible available
datasets, not all of them shared the same technical
characteristics (e.g. different dates, scale). Thus, the results
of the model are to be used with caution. However, because
off the way the model is built, using a reusable toolbox, one
can easily change the model to include more adequate
datasets if these become available.

5. Conclusion

We developed a 5-step GIS-based methodology to
measure the suitability of terrain for installing solar PV
farms. The spatial modeling approach adopted covered a set
of variables that influence the solar energy system production
and the environmental, social, and economic planning
balance.

250



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

S. Rodrigues et al., Vol.7, No.1, 2017

The methodology presented is an on-going work seeking
to develop an application tool that is adaptable, flexible, and
useful for providing technical support to decision making for
the implementation of PV investments in the most suitable
locations in full respect of other uses of the territory. The
adaptation of this approach to other territories can easily be
achieved after considering their specific characteristics. We
believe that this work comes at an opportune time because
the number of solar farms authorization requests for the
municipality of Ourique has been increasing (in the last year,
there were six applications for PV installation in Ourique
with a medium size of 50 mw).

Future actions should include more detailed and updated
datasets, particularly of territorial constraints and climatic
variables, especially in the temperature parameter, using the
average monthly temperature of every month for a given year
or period [95]. Datasets and information to enable an
evaluation based on technological, economic, and financial
issues such as suggested by [98] are also envisaged.
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