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Abstract: The implantation of wind farms in the European territory is being deployed at an accelerated
pace. In the proposed framework, the province of La Corufia in the autonomous community of Galicia
is tested, with a wide deployment of this type of infrastructure in the territory initiated in the 80s,
representing the third autonomous community with the largest exploitation of wind resources, which
provides sufficient information, extrapolated to the entire community, to demonstrate the practical
usefulness and potential of the method of obtaining the territorial model proposed in this article The
regional has been used as the basic administrative subunit of the study variables, considering that the
territory thus delimited could have common physical and cultural characteristics. The methodology
presented in this article involves the collection and processing of public cartographic data on various
factors most repeatedly or agreed upon in the consulted bibliography based on studies by experts
in the technical, environmental, and environmental areas, including explanatory variables of risk
in a broader context of climate change as the first contribution of this study. Another contribution
is the inclusion in the model of the synergistic impact measured as the distance to wind farms in
operation (21% of the total area of the sample) to which an area of influence of 4 times the rotor
diameter of each of the wind turbines im-planted has been added as a legal and physical restriction.
On a solid basis of selection of explanatory variables and with the help of Geographic Information
Systems (GIS) and multi-criteria analysis (MCDM), techniques widely documented in the existing
literature for the determination of optimal areas for the implementation of this type of infrastructure,
a methodological proposal is presented for the development of a strategic, long-term territorial model,
for the prioritization of acceptable areas for the implementation of wind farms, including forecasts of
increased energy demand due to the effect of climate change and the population dynamics of the
study region that may influence energy consumption. This article focuses on the use of multivariate
clustering techniques and spatial analysis to identify priority areas for long-term sustainable wind
energy projects. With the proposed strategic territorial model, it has been possible to demonstrate
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that it is not only capable of discriminating between three categories of acceptable areas for the
implementation of wind farms, taking into account population and climate change forecasts, but
also that it also locates areas that could require conservationist measures to protect new spaces or
to recover the soil because they present high levels of risk due to natural or anthropic disasters
considered. The results show acceptable areas for wind energy implementation, 23% of the total area
of the sample, 3% conservation as ecological spaces to be preserved, and 7% recovery due to high-risk
rates. The findings show that coastal regions generally show a more positive carrying capacity, likely
due to less dense development or regulatory measures protecting these areas. In contrast, certain
inland regions show more negative values, suggesting these areas might be experiencing higher
ecological disturbance from construction activities. This information highlights the importance of
strategic site analysis to balance energy production with conservation needs. The study provides
insights into wind farm deployment that considers the visual and ecological characteristics of the
landscape, promoting sustainability and community acceptance. For this reason, these insights can be
effectively used for advancing renewable energy infrastructures within the European Union’s energy
transition goals, particularly under the climate and energy objectives set for 2030.

Keywords: wind farms; carrying capacity; risk; climate change; management categories; priority areas

1. Introduction

Addressing climate change and meeting global sustainability targets significantly
depend on the mandatory adoption of renewable energy sources, particularly wind energy.
The widespread implementation of renewable energy sources is crucial to the energy
transition plans of the European Union (EU) [1]. Data from the Eurostat [2] shows that
in 2022, 37% of renewable energy production was from wind. The REPowerEU targets
expect the wind energy capacity of 221 GW in 2023 to nearly double to 393 GW by 2030 [3].
However, this projected capacity of 393 GW by 2030 does not meet the climate and energy
objectives of the EU reaching 425 GW. For this reason, the implementation of wind farms
in the EU is being deployed at an accelerated pace, even without taking into account the
relative environmental impacts.

Previous studies have provided evidence of the wide-ranging environmental con-
sequences associated with the establishment of wind farms. Concerns have been raised
about the extensive land use and significant changes in land cover that accompany wind
farm installations, with specific attention on how these factors affect land cover and
topography [4]. Some studies in regions such as Brazil have identified positive ecological
effects, demonstrating how wind power expansion has altered land use patterns [5]. Con-
versely, other research highlights beneficial effects on local vegetation, which can enhance
regional ecosystems [6]. The transition towards renewable energy sources such as wind
power is relevant for mitigating climate change impacts; however, this transition must also
consider its implications for biodiversity conservation and the advancement of a green
economy [7-9].

European countries share common objectives in their energy policies, which aim to
reduce the use of fossil fuels, minimize the environmental impact of the energy sector,
promote the supply of renewable energy sources, and encourage business development.
These goals are essential for advancing toward more sustainable and resilient energy
systems, addressing climate change while fostering innovation and economic growth. This
collaborative approach is crucial for meeting long-term sustainability targets and enhancing
energy security across Europe [10]. However, the rapid implementation of this type of
infrastructure requires not only an evaluation of wind resource potential and biodiversity
impacts but also an integration that is visually and environmentally compatible with the
landscape. On the other hand, there is a growing public discourse on the requirements,
capabilities, impacts, and siting of these infrastructures.



Land 2024, 13, 2201

30f25

Climate change could potentially impact the performance of wind turbines by affecting
factors such as air density and wind speed, which are crucial for their power conversion
capabilities [11-14]. Factors such as wind frequency and direction play a crucial role in
the selection of wind farms by developers [15]. However, when considering the maximum
power that a wind turbine can extract from a free air stream, it becomes apparent that
the density of the air, influenced by factors such as humidity, can significantly affect this
capacity. It is therefore clear that climate change, which can alter air density and other
atmospheric conditions, is likely to affect the performance of wind turbines [16]. Although
both the variable power density (expressed in average wind energy over one square meter,
W/m?) and wind speed (meters per second) could perfectly be explanatory variables of the
suitability of the territory by the availability of wind resources and available free of charge
and publicly available in the World Wind Atlas, the available power density could provide
a more real determination of the energy potential of the territory when using instantaneous
speeds, in the short term, so it is considered that this variable should be used at a local
scale. On the other hand, at the regional level, average wind speed is revealed as the
variable most agreed upon by experts; the wind turbine is designed to generate energy in
a limited range of wind speeds, starting with a shear speed (approx. 3—4 m/s), in which
there would be no resource use and ending with a shear speed (ca. 25 m/s) [17,18] to save
the integrity of the machine and for safety in its surroundings, circumstances that have
been taken into account in this work. Winds are intensely influenced and reformed by
vegetation cover, water bodies, land-use patterns, local terrain, climatic conditions, and
numerous additional characteristics [19], all of which have been considered in the study,
so the inclusion of this variable, in interaction, contributes to a more detailed estimate.
For the adaptation of the wind cartography used to this regional scale, statistical models
of downscaling reduction have been used [20], this method consists of interpolating the
nearest grid points, in this case, the Digital Elevation Model (DEM) downloaded from the
National Catalog of Geographic Information cut for the province of La Corufia at a scale
of 1:25,000.

Optimization theory-based planning for clustered wind farms emphasizes the im-
portance of maximizing energy benefits by selecting sites with rich wind resources [21].
Accurate quantification of power losses due to wind turbine wakes in different wind cli-
mates and layouts is vital for optimal wind farm design [22]. Considering community
perceptions and scenic effects are crucial in wind farm planning to ensure social acceptance
and support [23].

As the presence and scale of wind farms expand, their potential impact on local and
regional weather systems becomes more significant, necessitating updates to mesoscale
meteorological models to better predict these effects [24]. Employing GIS and considering
climate change is vital for the strategic long-term development of wind energy [25,26].
Understanding how wind farms affect surface temperatures and vegetation is critical for
effective regional management and adaptation to climate changes [27]. Here, analytic hier-
archy process (AHP) methods have been used to tackle the complexities of site selection for
wind farms by integrating GIS with multi-criteria decision-making techniques to evaluate
factors like wind potential, environmental impacts, and socio-economic conditions [28-31].
By integrating GIS with multi-criteria decision-making methods, various factors can be
assessed, such as wind potential, environmental impact, economic feasibility, and social
constraints, to identify optimal sites for wind farms [32,33]. These analyses involve sophis-
ticated models that consider multiple phases of wind projects, including pre-development,
installation, operation, and decommissioning [8].

Galicia, situated in the northwest of Spain, is a notable example of global wind energy
advancement due to its distinct climatic conditions [34]. The Integrated Regional Energy
and Climate Plan supports the optimal use of natural resources within its limitations,
consistent with the Galician Climate Change and Energy Strategy 2050, specifically priority
axis number 5, EGCC [34].
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This study examines the key variables and criteria for constructing wind farms at a
specific scale, offering valuable guidance for developers of such projects. In this context, it
focuses on developing and implementing a territorial management model for establishing
wind farms in La Corufa, Galicia, while addressing the challenges posed by climate change.
Although it provides insights at a local level, it does not eliminate the necessity for public
and private entities and stakeholders to conduct specialized studies as mandated by Law
21/2013 on environmental impact assessment and Royal Decree-Law 6/2022 to approve
projects that mitigate the vulnerability of the territory. Therefore, before investing in a wind
farm, it is essential to develop and implement strategies that conform to EU regulations,
national laws, and local attitudes towards energy efficiency to reduce environmental
impacts, thus helping to accelerate the planning and implementation process. Consequently,
this paper emphasizes the importance of following regulatory frameworks, conducting
environmental impact assessments, and involving the community to ensure sustainable
energy development practices.

2. Materials and Methods
2.1. Study Area

The study area is the province of La Corufia, located in the northwest of the Iberian
Peninsula, within the Autonomous Community of Galicia (see Figure 1). It consists
of 94 municipalities, covering a total area of 7950.4 km?, with elevations ranging from
49 m in Mugardos to 607 m in Toques. According to the Galician Institute of Statistics,
the population in 2020 was 1,121,815, spread across 18 regions. This represents 27% of
Galicia’s total area and 42% of its population. By 2022, over 80 wind farms were registered,
as reported by the Galician Institute of Statistics. The location of wind turbines, along with
the legal and physical influence zones, has been considered as a constraint in this study.

2.2. Data

The methodology adopted in this study involves the use of multivariate clustering
and spatial analysis to identify suitable locations for the development of sustainable wind
energy projects. This approach represents a significant advance in the field of site selection,
combined with techniques agreed upon by the scientific community for the analysis of
spatial data. The role of GIS and multi-criteria decision-making techniques (MCDC) as
tools is well documented in the existing literature [23,24,27-32,35-37]. Due to the fact that
the result of territorial planning can vary substantially depending on the variables used for
the hierarchical analytical process, the present work has a previous diagnosis of variables
and criteria extracted from an extensive reference bibliography in which the variables most
mentioned in published research that uses multicriteria analysis and GIS for the location
of optimal areas for wind exploitation have been analyzed and that, in addition, could be
more explanatory on a regional scale, specifically, for the province of La Corufia, in order to
use criteria of suitability, impact, risk and climate change of homogeneous and in line with
the scientific community. However, MCDC approaches face major challenges. However,
MCDM approaches face several challenges. To address these issues, the integration of
machine learning (ML) techniques holds promise. However, existing studies have not yet
employed an independent ML-based approach for this purpose [38]. Artificial Intelligence
(AI) could be a very powerful weapon in the sense of providing greater precision in the
data that feeds the variables, already proposed in an attempt to continuously improve over
time [39].

The current official cartography in Spain offers a wealth of data (See Table Al in
Appendix A). The delimitation at the county level has been obtained from the cartographic
viewer of the Xunta de Galicia [40], to which the statistical data from the Galician Institute
of Statistics [41] has been associated for calculating densities and population projections
within the 2019-2035 horizon.
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Figure 1. Geographical location of the study area.

The study includes wind resource data in the model (average wind speed in m/s)
from the cartographic data provided by Global Wind Atlas [42] at a height of 100 m. The
Galician Wind Register, Xunta de Galicia, has provided the location, characteristics, and
rotor diameter of each wind turbine already installed in the province. For the adaptation of
the wind cartography used to this regional scale, statistical downscaling models have been
used. This method entails interpolating the closest grid points, specifically using the Digital
Elevation Model (DEM) obtained from the National Geographic Information Centre [43],
which has been clipped to the province of La Corufia at a 1:25,000 scale. The National
Center and Geographic Information of Spain website provides thematic topographic maps
in digital format at a scale of 25,000. From the viewer of the Galician Health Service [44],
different vector layers of the Autonomous Community of Galicia can be downloaded
in shapefile format, including the digital map of the productive capacity of the soils
of Galicia [45].

Natural, anthropic, and technological risks have been evaluated based on the different
Special Plans prepared by the General Directorate of Emergencies and Interior of the Xunta
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de Galicia: the Civil Protection Plan against the Risk of Snowfall [46], the Civil Protection
Plan against the Risk of Floods [47], the Special Civil Protection Plan against Seismic Risk
in Galicia [48], the Civil Protection Plan for the Prevention and Defense of Forest Fires in
Galicia [49], and the Civil Protection Plan against Accidents in the Transport of Dangerous
Goods [50].

The climate change scenarios are provided by the State Meteorological Agency [51]
via the “AdapteCCa climate change scenario viewer” [52], which utilizes the Euro-Cordex
regional projections with a resolution of 10 km. Four periods are represented, corresponding
to the time horizons specified in the risk projections for extreme weather events, which
are considered in this study: historical-present, near future (2040), medium future (2070),
and far future (2100). For the future periods, two scenarios are defined: RCP 4.5, which
assumes a reduction in emissions to intermediate-low levels, and RCP 8.5, which assumes
that emissions remain high. The analysis was conducted using QGIS 3.40.1 software and
GRASS 7 version 2.0, with the datum (ETRS89/UTM 29N).

2.3. Methodology

The methodology developed for prioritizing areas for wind farm implementation in
the region consists of three phases. Figure 2 illustrates the methodological framework.

[ Design and implementation of a wind farm ] OBJECTIVE

management model

[Df"‘ oxol iabl Exportiud N PHASE |
efinition of explanatory variables |o—| xpert judgemen Literature review

PHASE Il
Pairwise comparison Formation of Selection of criteria Multi-criteria anélisis
using the Saaty scale judgement matrices and sub-criteria Assignment of weights

Consistency check
(consistent judgements)

Determination of final weights or priorities
for ranking land use levels

PHASE 11l

Cluster analysis and interpretation of results Modelling and integration
for planning

Figure 2. Methodological flowchart.

This paper uses GIS to rigorously analyze the interrelationships of various territorial
variables, assigning them the appropriate weight and proportionality as needed. Any
attribute contained in each of the information layers of a GIS can be weighted as a positive
or negative element according to a certain object. It can also be valued in conjunction with
others and, depending on this, counterbalanced, enhanced, or canceled. Spatial clustering is
proposed for this study, whose objective is to create contiguous groups or clusters (clusters,
k-means) with the maximum homogeneity of data within each of them, combined with
the elbow method of Thorndike [53]. These clusters or patterns are subsequently used as
model regions for the optimization of the energy system. This task could be carried out
thanks to a cluster analysis through QGIS 3.40.1 software and GRASS 7 version 2.0 and,
specifically, the tool “K-Means Clustering for Raster” of SAGA; the K-means algorithm or
hierarchical handles a large amount of data and is fast in producing contiguous regions and
performs clustering using more than one statistical element. The clustering method was
executed in several steps applied to the relevant elements: Stepl: Clustering of the raster
using k-means to determine the number of clusters ki. The output of k-means is a raster that
is polygonized into a vector shapefile format. Step 2: Identification of the raster value with
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the highest average relative standard deviation. Step 3: Selection of the number of clusters
using Thorndike’s elbow method. Step 4: Analysis, interpretation, and representation of
the obtained outputs.

2.3.1. Variables Selected from Previous Literature

Due to the enormous number of interrelated variables with cartographic representation
for the optimal location of a wind farm, the final result of territorial planning can vary
substantially; therefore, the literature of related studies has been consulted in order to select
the variables that, according to the authors consulted, turn out to be the most explanatory.
A total of 26 related variables were selected (See Table A2 in Appendix A). Seven variables
were discarded. The final column of the table shows the grouping of the criteria according
to A = Suitability, I = Impact, R = Restriction, and RCC = Risk and Climate Change.

2.3.2. Identification of Suitable and Unsuitable Sites—Criteria and Variables

Due to the extensive number of inventoried variables mapped out cartographically,
which is beyond the scope of this study, it was decided to overlay the most influential
factors in blocks for the development of wind farms. The standardized unit used was
a scale from —1000 to 1000, where —1000 represents the minimum value, and 1000 is
the maximum value. The variables, evaluation criteria, and consulted sources are given
in Table A3.

2.3.3. Multicriteria Analysis—Weight Allocation

After calculating the variables and standardizing the criteria to match the values of the
proposed scale (in raster format), the multi-criteria evaluation phase was carried out [54]. A
panel of eight professionals, including experts in construction, architecture, quantity survey-
ing, environmental science, forestry, agronomy, and agricultural engineering, participated
in this study. These experts completed an initial survey, where they performed pairwise
evaluations of each criterion that would define the suitability, impact, and risk models. The
assignment of weights to the selected criteria was done using the Analytical Hierarchy
Process (AHP) developed by Saaty. This method is a flexible discrete multi-criteria decision
analysis system. The result of the pairwise comparisons is a square matrix A = (aij), which
is positive and reciprocal (aij * aji = 1), where the elements aij represent the estimated ratios
(wi/wj) between the priorities of the compared elements. The weights for each variable
were calculated using the following formula (1):

Wij =Y aij/ Y aij 1)

=1 j=1i=1

The consistency of each matrix must be checked. In AHP, the decision-maker, or person
introducing the judgments, is said to be consistent if the matrix of paired comparisons is
consistent, that is, if it verifies that aij * ajk = aik, ¥ i, j, k. To evaluate the consistency of the
decision maker, the so-called consistency ratio (CR) is calculated, a non-statistical index in
its initial proposal that is given as the quotient between the consistency index (CI) and the
random consistency index (RCI), that is,

. . Consistency index (CI)
t t R) = 2
Consistency ratio (CR) Random Consistency Index (RCI) @)

where (A—n) .
. . —n n ..
Consistency index (CI) = PR S prp ) i#j(ez] -1) 3)
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where eij = aij * wj/wi and n is the number of variables. The values of the random consistency
index (RCI) can be obtained according to the following formula:

198 % (n—2))

Rer = 4)

n

In practice, the matrix is consistent if CR < 1; in the event that the consistency ratio
exceeds this threshold, it is recommended to review the judgments, correcting the one
that deviates the most from the ratio given by the corresponding relative priorities, i.e.,
comparing aij with wi/wj. After reviewing the judgments, the matrices were consistent, and
therefore, it was possible to validate the assigned weights.

2.3.4. Modeling and Integration for Planning

The information from the suitability, impact, and risk models was combined through
linear weighted addition using the values provided by the experts. A distinction was made
between “ecosystem carrying capacity” and “territorial carrying capacity,” where natural
risks were incorporated into the latter two concepts [55]. The following Equation (5) was
used to calculate the ecosystem carrying capacity:

Ecosystem carrying capacity = o * suitability + 3 * impact ®)

Here, “o” represents the average value assigned by the experts to the suitability of the

territory for construction on rural land, while “3” is the average value given to the impact

when assessing the carrying capacity of the ecosystems. For the territorial carrying capacity,
the proposed model is as follows:

Carrying capacity of the territory = y * suitability + ¢ * impact—0 * risk (6)

In this model, “y” is the average value assigned by the experts to the suitability of
the territory for construction on rural land, “¢” represents the average value given to the
impact, and “0” is the average value resulting from the integration of the risk variables.

2.3.5. Integration of Carrying Capacities with Climate Change Criteria

For the analysis, a total of 9 elements to be grouped were taken into account (Table A4).
The table categorizes various models related to climate change, capacity to receive, and
population dynamics. It includes nine models, each identified by a number and grouped by
their focus. Models 1 to 6 are climate change models, distinguished by different Represen-
tative Concentration Pathways (RCP 4.5 and RCP 8.5) and time frames (near, medium, and
distant future). Models 7 and 8 pertain to capacity to receive, specifically ecosystem carry-
ing capacity and territorial reception capacity. Model 9 addresses population dynamics,
focusing on the percentage point change in population from 2019 to 2035. The table groups
these elements for a carrying capacity optimization model and climate models, considering
three future periods: near (2010-2040), medium (2041-2070), and far (2071-2100), along
with the population trend for wind farm installation.

3. Results
3.1. Variables and Criteria

Detailed data on various criteria and variables are essential for evaluating the suit-
ability of the province of La Corufia for potential wind farm locations (Figure 3). Table A5
presents attributes such as wind resource utilization, soil-bearing capacity, slope, proximity
to energy infrastructure, and roads. For instance, 87% of the area has an average wind speed
of 6-8 m/s at 100 m altitude, suitable for wind energy production, while 56% of the region
offers high soil-bearing capacity beneficial for the structural stability of wind turbines.
Furthermore, the table outlines the potential environmental impacts, including proximity
to habitats of priority species and birdlife areas and the agrological capacity of the soil. For
example, 36.4% of the area contains humid Atlantic heaths, which are priority conservation
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habitats, showing the sensitivity of local ecosystems to wind farm development. Risks such
as seismicity, floods, mass movements, forest fires, and the transport of dangerous goods
are also quantified. Particularly, 66% of the area is classified at high risk for forest fires,
highlighting significant safety considerations for wind farm implementation.

Differences by group in the judgements given to Differences by group in the judgements given to
the skills block for the formation of models the risks block for the formation of models

A5 — RIES ' —
Al — RIE4
A3 — RIE3
A — RIE) ' —
Al RIE1

m[mpact, Risk and Climate Change Area = Constructive Area ®m [mpact, Risk and Climate Change Area ® Constructive Area

Differences by group in the judgements given to Differences by group in the judgements given to
the impact block for the formation of models the climate change block for the formation of
models
14
CCs

[ -
13 CC4 T ——————
. ] Cc3

cC2

1
I1 CCl1 1 —

mImpact, Risk and Climate Change Area = Constructive Area ® Impact, Risk and Climate Change Area = Constructive Area

Figure 3. Presents four bar charts compare judgments across different groups for the formation
of models in four distinct blocks: skills, risks, impact, and climate change. Each chart contrasts
the average scores given by two areas: the Impact, Risk, and Climate Change Area (green bars)
and the Constructive Area (yellow bars). The first chart examines the skills block, where group Al
stands out with the highest score from the Impact, Risk, and Climate Change Area, significantly
surpassing the Constructive Area’s score. Other groups, such as A2, A3, A4, and A5, show a more
balanced assessment between the two areas, with slight variances, but no other group exhibits a stark
difference like Al. In the risks block, there is a noticeable divergence in the judgments between the
groups. RIE1 receives the highest score from the Impact, Risk, and Climate Change Area, while the
Constructive Area gives RIE4 the highest score. The other groups (RIE2, RIE3, and RIE5) display
varied judgments, with RIE3 and RIE4 showing relatively higher scores from the Constructive Area
compared to the Impact, Risk, and Climate Change Area, indicating a more favorable assessment of
risks by the Constructive Area. The impact block chart reveals that group 12 receives the highest score
from the Impact, Risk, and Climate Change Area, which is significantly higher than the score given
by the Constructive Area. Other groups, such as I1, I3, and 14, show closer scores between the two
areas, but I3 and I4 receive marginally higher scores from the Constructive Area, suggesting a slight
preference in their impact assessment. In the climate change block, CC5 is rated significantly higher
by the Impact, Risk, and Climate Change Area compared to the Constructive Area. Groups CC1, CC2,
CC3, and CC4 show more varied results, with CC4 receiving a higher score from the Constructive
Area and CC3 showing a balanced assessment from both areas.

3.2. Planning for Territorial Management Categories

The following coefficients were applied to the formulas:
Impact model:

(Criterion Proximity to National Habitat Inventory Annex I of Directive 92/43/EEC
(HCI) * 0.231)

(Criterion Proximity to Avifauna Priority Areas * 0.336)

(Criterion Agrological Soil Capacity * 0.243)
(Criterion Forest Influence Zone * 0.192).

Risk model:
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(Criterion Seismicity * 0.215)

(Criterion Floods * 0.165)

(Criterion Potential for Mass Movements * 0.197)
(Criterion Forest Fires * 0.262)

(Criterion Transport of Dangerous Goods * 0.161).

Climate Change model:

(Heat Wave Criterion * 0.165)
(Cold Wave Criterion * 0.195)
(Strong Winds Criterion * 0.223)
(Drought Criterion * 0.174)
(Extreme Storms Criterion * 0.243).

The carrying capacity of the ecosystems, calculated by integrating the suitability and
impact models, is given by the expression:

(0.463 * SUITABILITY MODEL) + (0.537 * IMPACT MODEL).

The territorial carrying capacity, integrating the suitability, impact, and risk models, is
expressed by:

(0.3 * M. SUITABILITY) + (0.381 * M. IMPACT) — (0.319 * M. RISK).

The maximum value for the territorial carrying capacity in La Coruiia is close to 150
on the scale, although most of the area values fall between 50 and 200, with 44% of the
territory having values above 200. Here, it can be concluded that the acceptability values
for the implementation of wind farms are reduced when the risk factor is added. Figure 4
shows the territorial capacity model obtained. High-carrying capacity areas suitable for
construction are mainly found in regions such as A Coruiia, Ferrol, and parts of Betanzos
and Eume. In contrast, regions like Terra De Soneira, Xallas, Fisterra, and parts of Muros
and Nola have low carrying capacity. Intermediate areas with moderate carrying capacity,
such as Santiago, Melide, and Arzua, provide a balance between development potential
and environmental preservation.
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Figure 4. Carrying capacity of the ecosystems of the province of La Coruia for construction.

The six maps illustrate the projected climate change impacts on construction in
La Corufia under two climate projection models, CPR 4.5 and CPR 8.5, across three time
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periods: Far Future, Medium Future, and Near Future (Figure 5). The “CPR 4.5-Far Future”
map shows moderate impacts spread across the province, with higher values in the western
and central areas, particularly around cities like Ferrol and Lugo. The impact levels are rep-
resented by varying red colors, with darker areas indicating more significant impacts. As
can be seen in the “CPR 4.5-Medium Future” map, the overall intensity of impacts decreases
slightly, but the distribution remains similar. Regions such as Ferrol, Lugo, and the areas
surrounding Santiago de Compostela still demonstrate notable levels of climate impact on
construction. The “CPR 4.5-Near Future” map shows the least intense impacts among the
three CPR 4.5 scenarios, with lighter colors of red suggesting that immediate climate effects
are less severe. However, there are still pockets of moderate impact, especially in the central
part of the province. Under the more extreme CPR 8.5 scenario, the maps illustrate a more
severe set of impacts on construction. The “CPR 8.5-Far Future” map shows high-intensity
impacts concentrated in the southwestern and central regions, including areas around
Santiago de Compostela and A Coruiia. The darker red areas indicate that these regions
will face significant challenges due to climate change. The “CPR 8.5-Medium Future” map
suggests the intensity of impacts decreases compared to the Far Future map but remains
more severe than in the CPR 4.5 scenarios. The southwestern and central areas, including
the surroundings of Ferrol and Lugo, continue to show considerable impacts. Finally, the
“CPR 8.5-Near Future” map, although less severe than the other CPR 8.5 scenarios, still
highlights significant climate-related challenges in certain regions of La Corufa. The darker
red areas are more visible than in the CPR 4.5 scenarios, indicating that even in the near
term, regions like the central part of the province and around Santiago de Compostela may
experience substantial climate impacts on construction.

CPR 4.5. Far Future

I | CPR 4.5. Medium Future | | CPR 4.5. Near Future | AL

High: 703

Low: 64

Figure 5. Model of climate change for construction in the province of La Coruiia.

3.3. Cluster Analysis

Common patterns have been identified in each of the five resulting homogeneous
groups, as shown in Table A6, with maximum values observed in all five groups. The
cluster analysis reveals significant patterns across five distinct homogeneous groups, each
characterized by unique maximum values for various climate change models, ecosystem
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carrying capacity models, territorial reception capacity models, and population variation
projections from 2019 to 2035. Group I, for instance, displays lower values in the near future
climate models under RCP 4.5 (120) and RCP 8.5 (225) scenarios but exhibits a notable
increase in distant future projections, particularly under the RCP 8.5 model (463). The
ecosystem carrying capacity in Group I is negative (—17), indicating a potential decline in
the capacity to support ecological systems. Additionally, the territorial reception capacity
model for this group shows a significant negative value (—109), suggesting challenges
in accommodating population changes. Similar trends are observed in Group II, where
distant future climate projections under the RCP 8.5 model peak at 518, and the ecosystem
carrying capacity model reaches a maximum of 185, indicating better ecological support
compared to Group 1. However, territorial reception capacity is slightly positive in Group
II (49), indicating a relatively better adaptation capacity for population changes.

Groups 111, IV, and V demonstrate varying dynamics. Group III shows moderate
values across climate models, with the highest value for the distant future under RCP
8.5 at 394, while the ecosystem carrying capacity peaks at 154. The territorial reception
capacity in Group III is modestly positive (16), indicating a balance in accommodating
population changes. Group IV demonstrates the highest values in the RCP 4.5 medium
future (382) and distant future under RCP 8.5 (628), with a substantial ecosystem carrying
capacity (126) and near-neutral territorial reception capacity (1), suggesting it can manage
future ecological and demographic changes relatively well. Lastly, Group V points out
balanced values across climate projections, with the highest distant future projection under
RCP 8.5 at 504 and a moderate ecosystem carrying capacity of 94. The territorial reception
capacity, however, is slightly negative (—28), indicating potential challenges in future
population accommodation.

3.4. Territorial Model by Management Categories

According to the zoning criteria defined in the previous section and the information
obtained during the territorial diagnosis phase, 21% of the surface area has been excluded
due to the presence of existing wind turbines. This exclusion, representing the synergic or
cumulative effect of other wind energy infrastructures, suggests that territorial capacity
values could have been higher if not for this restriction. This variable will be an indicator
of the degree of implementation of these infrastructures over time, which complements
the model. On the other hand, this exclusion percentage rises by 5% when considering
regulatory or legal areas, such as protected zones within the Natura 2000 Network, and by
4% for areas of cultural interest. Additionally, the distance to population centers, defined
as areas with stable human occupation, is considered a restrictive factor in Galicia. A
minimum distance of 500 m is imposed from urban or potentially developable land, which
significantly increases the total excluded area. However, the main issue highlighted in this
study is that the available population entity maps for the province of La Corufa include
17% of the 7486 entities with no registered inhabitants as of 2023, while 62% show records of
fewer than 50 inhabitants per entity, which reflects significant depopulation in rural areas.
While this indicator is not the focus of the paper, it could be an important factor for future
research. Consequently, the distance to population centers requires further investigation.
In the most restrictive exclusion scenario, considering the full value of this variable, the
total excluded area reaches 273.41 km?, representing 66% of the total excluded area within
the province.

The territorial model by management categories highlights significant changes across
different regions for wind energy development. Figure 6 illustrates the spatial allocation
of acceptable and unacceptable areas for the implementation of wind farms. The first
map (top left) shows extensive conservation areas in red, particularly in the northern and
central regions, indicating high levels of protection and unsuitability for wind development,
while southern and coastal areas exhibit fewer restrictions. The second map (top right)
marks central and eastern regions in yellow as optimal expansion areas for wind energy
production, contrasting with the limited expansion zones in the northern and western areas.
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The third map (bottom left) identifies central and northern regions as priority production
areas in green, suitable for energy production due to higher consumption forecasts, whereas
southern and eastern regions are less prioritized. Finally, the fourth map (bottom right)
illustrates central and northern areas as production zones in orange, with buffering effects
against climate change, and also highlights central and southern regions in purple as
recovery areas with development restrictions due to unique characteristics or high-risk
factors. Overall, the central and northern regions experience the most significant changes,
reflecting a mix of conservation, expansion, and production priorities, while southern and
western regions show fewer changes, indicating lower suitability or restrictions for wind
energy development.

LEGEND (GROUP/LAND USE)

* CONSERVATION: Not suitable for wind development.

J/

N

* EXPANSION AREAS: Optimal land that can be enabled
Jfor wind energy production.

J

« PRIORITY PRODUCTION AREAS: Suitable land with )

less bufering effect on variations due to climate change.

+ + Suitable areas due to higher energy consumption
Jforecasts. )
A [ Restricted areas
[ Region
~
* PRODUCTION AREAS: Suitable land with buffering
effect against vairations due to climate change.
J

~

* RECOVERY AREAS: Wind development is restricted due
to its unique characteristics or due to presenting high-
risk-factors.

J

Figure 6. Territorial model by management categories.

Figure 6 shows in the least restrictive exclusion scenario (30% of the total target area),
an acceptable area for the construction of wind farms of 3,734.4 km?, not including the
distance to population centers, restricted in an area of influence of 500 m, considering
that this variable is unapproachable at the regional level and must be considered by the
promoter of this type of infrastructure at the local level, attaching to the construction project,
socioeconomic and environmental studies with specific measurements of noise and shadow
effect for specific commercial wind turbines [56]. In the most restrictive exclusion scenario
(66% of the total target area), which would include the distance to population centers
in an area of influence of 500 m, the acceptable area for the construction of wind farms
would amount to 1,841.5 km?2, 23% of the total area of the province of La Coruifia, while the
unacceptable areas proposed for conservation and restoration would amount to 273.4 km?
and 551.84 km?, respectively.

4. Discussion

A national renewable energy target of up to 50% has been established for each EU
member country. In 2023, Spain surpassed 50% in the share of renewable energies com-
pared to other energy sources, leading among EU countries. The Spanish government aims
to increase wind energy production to 42 GW by 2025 and 62 GW by 2030, considering
both the increase in its share of energy production and the future rise in energy demand,
aggravated by high market volatility, derived, among other things, from the tense geopolit-
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ical circumstances [57]. Along these lines, Council Regulation 2024 /223 of 22 December
2023 establishes a framework to accelerate the deployment of renewable energies to be
transposed by the Spanish Government and Competent Spanish Authorities. Given the
rapid increase in production over a short period, there may be concerns about how the
environmental impact assessment process for wind farms will be managed. It took a long
time to recognize the global effects of solid fuels, and the difficulty in transitioning away
from them suggests that more careful and scientific steps should be taken.

La Coruiia, the study area, is one of the most important locations on Spain’s Atlantic
coast. Its position on the Atlantic coast makes it significant for wind farming due to climatic
factors such as currents, rainfall, and temperature, particularly the strong winds influenced
by the Atlantic depression. Compared to other regions of Spain, the province has a higher
economic income. Furthermore, the area features rich agricultural production and high
biodiversity due to its oceanic climate. As a result, the study region includes areas aimed at
maintaining a balance between energy production and environmental preservation.

The presented study allows for mitigating the impact of the implantation of a wind
farm, contributing to the decision-making on the planning of a territory based on officially
published data applicable to any part of the territory but specific to the study area and in line
with the national and regional regulations in force. The importance of assigning weights to
the criteria proposed by experts by means of a flexible multi-criteria decision system in the
construction and environmental fields has been noted. In this context, the synergy between
GIS and MCDM methodologies provides a robust framework for pinpointing optimal wind
farm locations.

This study analyzes the trends of a series of relevant indices associated with extreme
temperatures, such as heat waves and cold waves (frost) or changes in maximum wind
speed at 10 m and maximum precipitation. The change in atmospheric patterns can also
affect the maximum wind speed. The variation in this variable is relevant, on the one
hand, because of its impact on wind energy generation and, on the other hand, because
of the negative impacts that large wind speeds can have on both human health and their
properties [58].

The capacity values obtained, which could be considered low to moderate on the
scale, are a result of constraints imposed by the normative guidelines of the Wind Sector
Plan [59]. These restrictions have limited areas that might have shown higher capacity
due to the presence of existing wind turbines. It has been calculated that 21% of a total
of 2466.5 km?, approximately 31% of the total restricted area within the study area, is
already occupied by wind turbines. This suggests that the remaining areas may have lower
carrying capacity. The regions with the highest surface area values in both ecosystemic
and territorial capacities would be those of Santiago, Ordes, Bergantifios, and Betanzos.
Finally, it has been observed in the ecosystemic carrying capacity model that part of the
provincial surface is located around 50 and 200 positive points of valuation in the scale
of study (0-1000), and it seems logical to think that when the risk factor is added this
percentage will drop, in fact, by approximately 15%. The largest area in positive values in
territorial capacity would be around 100 evaluation points.

Regarding climate change planning, the five homogeneous groups identified using
statistical techniques show that groups I and V account for most of the negative values,
making these areas more vulnerable to potential risks and less adaptable to climate change.
It has also been determined that groups II, I1I, and IV present acceptable values for the in-
stallation of wind farms, with the highest population concentrations found in these groups.
However, these values are unevenly distributed: group III is concentrated in the center-
north area, while group IV is found in the southern and interior zones. This distribution
may be influenced by climate change, which differentiates between coastal and inland areas,
with the most significant changes expected in the restrictive 8.5 scenario and for the distant
future. A territorial model has been obtained with five management categories according
to the proposed uses: production (priority areas for wind energy generation), production,
expansion, conservation, and recovery. It was found, therefore, that depending on different
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patterns or certain climatic and population trends, the ecosystemic and territorial carrying
capacity data set varies. The increase or decrease in population largely determines the
energy consumption to be assumed by a region, and consequently, the adaptation measure
will imply a prioritization of areas due to the prediction of an increase or decrease in the
region’s energy costs. This study may be useful to promoters of this type of infrastructure
for the preparation of executive summaries at a local scale as stipulated in Law 21/2013
on environmental impact assessment and for the development of strategic plans on a
larger scale.

Regarding climate change and the adaptation of wind farms as relevant elements
in power generation [60], wind and solar resources throughout the year are inverse and,
therefore, complement each other (in summer, there is more sun and less wind, and in
winter, the opposite: less sun and more wind). For a good adaptation, the wind farm
should respond well to cold waves and storms, not only because of the support that
hydropower can provide (although relatively because in Galicia, the storage capacity is
usually lower than in the rest of Spain) but also because electricity consumption shoots up
in both heat waves and cold waves. According to the results of the study, it is very likely
that the suitability, impact, and risk criteria will vary because of the modification of climatic
conditions in the medium and long term.

With a view to future developments of the design and implementation of this study,
the variables and planning criteria for the implementation of wind farms in the province of
La Corufia contained in this study could serve as an adaptation measure in itself because it
allows a quick response to events that may occur in certain areas but have not yet occurred
or as a benchmark to measure the progress of a measure and the achievements of the
implementation of wind farms. These criteria are indicators of the achievement of results
to obtain continuous improvement over time. For example, the surface area occupied by
existing wind turbines could be an indicator of the “degree of massification” of this type of
infrastructure within the territory and the surface area balance of this type of energy within
the energy mix. However, for this, national, regional, and local administrations should have
more homogeneous criteria for the planning of this and other types of renewable energies
within the territory. The information contained in this study can serve as a guide for
the development of future environmental documents and strategic environmental impact
assessments, with adaptation to climate change depending on where they are located
and, subjectively, on the perception of the populations in the installation of this type of
infrastructure. Within the environmental component that informs the territorial model,
socioeconomic factors are included. The reduction in surface area associated with these
factors results in an environmental cost for wildlife species, such as raptors and bats [61], as
well as for landscape aspects due to the way the population inhabiting these areas perceives
the landscape. This includes factors such as the agrological capacity of soils and forest
influence zones. Specifically, 69% of the provincial forest area is comprised of plantation
forests, according to the Forest Map of Spain.

Within the perceptual or landscape environment, the combination of optimal ground
covers for the construction of wind farms has been used, according to the suitability for
agricultural use and the wooded cover, in order to avoid altering the production and
specific market structure for the study territory, in addition to the characteristic visual
quality of the landscape. As suggested by [62], in the “Guide to Landscape Integration
Criteria for Wind Farms”, agricultural and forestry uses are considered in order to give the
model a landscape perspective as an element of the identity of the area of study, giving
a vision of economic and social sustainability. The socioeconomic criteria considered in
this study are considered fundamental in the implementation of this type of infrastructure
due to the visual perception of the landscape and culture of the population that inhabits
these areas, unusual factors in this type of evaluation. In addition, architectural and
ethnological elements and assets of cultural interest, such as the Camino de Santiago, have
been integrated, which function as elements to be excluded according to the current Decree
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238/2020 of 29 December, approving the Galician Landscape Guidelines. DOG No. 20, of
2 January 2021.

5. Conclusions

This article examines trends in various significant indices related to extreme temper-
atures, such as heatwaves, cold spells (frosts), and changes in maximum wind speed at
10 m, as well as maximum rainfall. Changes in atmospheric patterns can also affect the
maximum wind speed, which is particularly relevant due to its impact on wind energy
production and the potential safety risks posed by high wind speeds to both people and
property. The inclusion of these average variables, combined with the criteria outlined,
helps to provide a more accurate estimate of uncertainties, especially in the context of high
wind resource exploitation and associated risks.

A territorial model was developed with five planning categories based on proposed uses:
production (priority areas for wind energy generation), production without alterations due to
climate change factors, expansion, conservation, and recovery. In the most restrictive exclusion
scenario (covering 66% of the total target area), which accounts for a 500-m buffer zone around
population centers, the area suitable for wind farm construction would be 1841.5 km? or 23% of
the total area in the province of La Coruiia. Meanwhile, the areas designated for conservation
and restoration would amount to 273.4 km? and 551.84 km?, respectively.

The capacity values obtained, which correspond to low to moderate on the proposed
scale, result from the exclusion of 21% of the total regional area in the territorial model. Given
this, it seems reasonable that the remaining areas may have lower carrying capacity, extending
to 66% in the most restrictive scenario, particularly when considering population entities.

It is also important to protect the population by establishing protective perimeters
around major inhabited areas. This is not only a significant variable but is also linked to
other factors, such as wind turbine noise emissions and the shadow flicker effect, both
of which decrease with distance. These factors should be addressed in localized studies,
with specific measurements taken by wind farm developers for the turbines they intend to
install according to their size and location.

The regional administrative unit was used as the basic subunit for study variables,
as it is assumed that the areas defined this way share common physical and cultural
characteristics. Since the results of territorial planning can vary considerably depending on
the variables used in the analytical process, this study is based on a preliminary diagnosis of
variables and criteria drawn from an extensive reference bibliography. The study includes
26 variables, focusing on those most commonly agreed upon in existing research, as well
as proposals such as soil agrological capacity and visual quality of the landscape. These
variables provide insight into the potential impact of wind energy on local populations and
feed into the territorial model created using multi-criteria grouping techniques and GIS to
identify optimal wind energy areas.

Soil classes of high quality for agriculture and forestry are often seen by the popula-
tion as an alteration to production and market structures, in addition to influencing the
landscape’s visual quality. The coexistence of agricultural / forestry use and wind energy
production is considered a priority in the study territory, though it is typically overlooked
in similar research. The urban environment and cultural heritage are treated as legal restric-
tions in the regional protection framework. In fact, adaptation measures could prove more
effective if they are integrated into existing local and sectorial policies, which are applicable
across Spain. The variables examined in this study enable the control and mitigation of a
wind farm’s impact, aiding in territorial planning decisions based on substantial evidence
from official data relevant to any part of the territory while adhering to current national
and regional regulations. However, it is acknowledged that not all potential regulatory
variables can be considered at this scale.

The importance of assigning appropriate weights to the criteria proposed by experts
through a flexible multi-criteria decision system within the fields of construction and
environmental planning has been confirmed. This process is part of the methodology in
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this work, for which a dedicated form has been designed, proving to be highly effective
for this purpose. The integration of machine learning (ML) techniques holds potential
for further improvement. However, no independent ML-based approach has yet been
applied in existing studies. Artificial Intelligence could provide a continuous and cyclical
improvement loop, allowing for feedback on the proposed territorial model using the
suggested evaluation criteria.

The main contributions of this study are as follows:

o  The development of a territorial model that incorporates risk mitigation over a broader
time frame, adapting to climate change. This approach considers various scenarios in
territorial planning, whether caused by internal natural processes, changes in exter-
nal factors, or persistent anthropogenic changes to the atmosphere or land use. The
inclusion of this climate change factor aims to reduce the vulnerability of the terri-
tory should the acceleration of extreme atmospheric conditions predicted in publicly
available climate change models become a reality.

e  For evaluating climate evolution trends, the study also considers population trends
based on official data from 2019 to 2035. These results are comparable with short-term
or stabilization climate change scenarios, where temperatures are expected to remain
below a 2 °C increase.

e  The capacity values obtained, which are considered low to moderate on the proposed
scale, are partly due to the exclusion of 21% of the region’s total area in the territorial
model. As a result, it is logical that the remaining areas may have a lower carrying
capacity, extending to 66% in the most restrictive scenario, especially when considering
population entities.

e It was found that different climatic and population trends affect the data on ecosystem
and territorial reception capacity. Changes in population levels significantly influence
regional energy consumption, meaning that adaptation measures will prioritize areas
based on projected shifts in regional energy costs.

e  Socioeconomic criteria are considered crucial in implementing this type of infras-
tructure, particularly due to the population’s visual perception of the landscape and
cultural factors that are not often taken into account in such evaluations.

This study can serve as a valuable reference for the development of strategic plans
for renewable energy acceleration zones. It helps moderate potential damage from their
implementation or take advantage of opportunities linked to climate change, where prior
knowledge guarantees predictability. Additionally, this knowledge can simplify adminis-
trative procedures for granting streamlined authorizations, ensuring equitable access to
energy for the common good. This study is also useful for revising early warning plans in
disaster risk management, ecosystem management, and the creation of local climate change
adaptation plans.
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Appendix A
Table A1l. Data used, format, and scale level.
Data Format Scale Data Format Scale
. . High Fire Risk Areas . .
Provinces Shapefile State (HFRA) Shapefile Regional
Regions Shapefile State Forest Map of Spain Shapefile State
e . Municipal dangerous . .
Municipalities Shapefile State goods transport risk Shapefile Regional
Heat wave
Average wind speed Raster Worldwide (95th pt.ercentlle qf the Raster State
(100 m) maximum daily
temperature)
L. . Cold wave
Digital Terrain Model Raster State (5th percentile of Raster State
(scale 25,000) L
minimum temperature)
Strong winds (average
Lithology Shapefile State speed between 41 and Raster State
70 km/h)
Drought (5th percentile
Power substations Shapefile State of the daily maximum Raster State
temperature)
Extreme storms
Power lines (132 y . (95th percentile of daily
400 kV) Shapefile State maximum Raster State
precipitation)
. . Natura 2000 protected . .
Highways Shapefile State areas netgvork Shapefile ~ Community
Main ar;gascelz;ondary Shapefile State National Parks Shapefile State
Priority Habitats of
Community Interest . . . .
(Annex I to Directive Shapefile Community Natural Parks Shapefile Regional
92/43 /EEC)
Golden eagle critical
areas (unac.ceptable Shapefile Regional Protected wetlands Shapefile Regional
for wind
development)
Um.que trees .Of Shapefile State Natural Monuments Shapefile Regional
special protection
Priority areas for
threatened birds
(Annex I of the Shapefile State Protected landscapes Shapefile Regional
Resolution of 18
October 2021)
Bird protection areas
against high-voltage
power lines (Royal Shapefile State Existing wind farms Shapefile Regional
Decree 1432/2008, of
29 August)
Recovery and
Conservation Plans ) . - .
for Species of flora Shapefile State Population entities Shapefile State
and fauna
Agrological capacity Shapefile Regional Ocean coastline Shapefile State
of the soil
Areas of Significant
Potential Flood Risk Shapefile State Rivers Shapefile State
(ARPSI)
Mum;ls ;;;jlsmlc Shapefile Regional Ethnographic heritage Shapefile State
Nat10i1al Soil Erosion Shapefile State Archae.ologmal Shapefile State
nventory Heritage
Map of average
density per Shapefile State Airports, helipads and Shapefile State
thunderstorm aerodromes
(discharges/ km?2/ year)
Municipal risk map ) Population projection .
Shapefile State csv Regional

for frost

(2019-2035)
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Table A2. Prioritization of the most frequently mentioned variables extracted from the bibliography
consulted (*) A = Suitability, I = Impact, R = Restriction, and RCC = Risk and Climate Change.

No. of Times Scoring

Criteria Mentioned in the ~ According to Pr:‘();r)l ty Type (*)
Bibliography Authors ’
Average wind speed (m/s) 5 193 27.67 A
Terrain slope (%) 6 63 8.98 A
Distance to mains (m) 5 56 7.95 A
Distance to highways and main roads (m) 8 37 5.35 A
Exposure (Degrees) 1 14 2.00 A
Altitude (m) 4 55 7.90 A
Land cover/land use 5 43 6.18 I
Distance to protected natural areas (m) 3 31 4.39 I
Distance to forest (m) 1 3 0.43 I
Distance to urban areas (m) 8 70 9.95 R
Number of wind turbines to be installed 1 25 3.60 R
Area required for the wind farm 1 21 3.00 R
Distance to airports (m) 3 11 1.59 R
Noise 1 8 1.13 R
Distance to rivers (m) 3 6 0.86 R
Shadow flicker 1 6 0.84 R
Distance from protected cultural values (m) 1 4 0.63 R
Distance to wetlands (m) 2 4 0.57 R
Distance to rural areas (m) 1 3 0.43 R
Distance to the coast (m) 1 3 0.36 R
Distance to wells and springs (m) 1 0 0.01 R
Distance to opening aqueducts (m) 1 0 0.01 R
Rainfall (mm) 1 26 3.65 RCC
Temperature (°C) 1 13 1.83 RCC
Distance to fault lines (m) 2 4 0.57 RCC
Seismic acceleration (m/s?) 1 1 0.11 RCC

Table A3. Prioritization of the most frequently mentioned variables extracted from the consulted literature.

Normalized
Criteria/Variables Ranking Values Values (Scale References
100-1000)
. Start-up: <3-4 m/s;
Discarded Cut-off: >25m/s
Wind resource Download <5 100
ilization. Wi Low-Medi 6 250
Al u:hezezglgrr‘ll/glgtd ow-Medium [16-18,63-74]
P Media 7 500
100 m
Medium-High 8 750
High 9-14 1000
%; High 1000
z:i Soil bearing Media 750
A2 capacity (Types Download 500 [35,73]
Lithology) Very low 250
Null 100
Steep >50 250
Very strong 30-50 300
A3 Slope (%) Strong-Moderate 10-30 500 [17'18'7(’51'69'72‘
Soft 5-10 750
Trowel <5 1000
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Table A3. Cont.
Normalized
Criteria/Variables Ranking Values Values (Scale References
100-1000)
<500 1000
Proximity to 132 500-1000 750
to 400 kV [17,18,63,69,72,
Ad substations and 1000-5000 500 75-79]
lines (m) 5000-10,000 250
[}
E >10,000 100
i
2 <500 1000
500-1000 750
Proximity to N [17,18,63,69,71,
A5 roads (m) 1000-5000 500 75-79]
5000-6000 250
>6000 100
0-100 1000
100-400 750
I1 HCI proximity 1500-2500 500 [36,71]
>2500 100
Proximity to >2500 100
s 12 priority birdlife [58,68,80]
g areas 0-2500 1000
5 Agrological A-B
3 capacity of the C-E 250 [45,69,74]
soil F-G 100
0-400 500
Forest Influence
>1500 100
Low 100
RIE1 Seismicity [35,78]
Media 500
Very high 1000
High 750
Medium 500
RIE2 Flooding [35,47]
Under 250
Very low 100
No risk 0
=5
& Very high 1000
High 750
RIE3 Mass movements Media 500 [36]
Low or moderate 250
Physical impossibility 0
ZAR High fire risk zones 1000
RIE4 Forest Fires - — [49]
ZMR Medium fire risk areas 500
High 1000
RIES ClaEransport ofd 8 (50]
gerous goods Under 100
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Table A4. Elements to be grouped for the carrying capacity optimization model and climate models
(*) Near (2010-2040), medium (2041-2070), and far (1971-2100) future and population trends for the
installation of wind farms.

Model

Z
e

Groupings

Climate Change

Capacity to receive

Population dynamics

O O NIONUTk WN

Climate change model. RCP 4.5. Near future. *
Climate change model. RCP 4.5. Medium future. *
Climate change model. RCP 4.5. Distant future. *
Climate change model. RCP 8.5. Near future. *
Climate change model. RCP 8.5. Medium future. *
Climate change model. RCP 8.5. Distant future. *

Ecosystem carrying capacity.
Territorial reception capacity.

Percentage point change population H-2019-2035.

Table A5. Most significant results of the studied variables.

Criteria/Variables Surface Representation and Typologies
Wind resource utilization. Wind 87. o between 6._8 m/s average s.peed at 100 m
Al d (m/s) at 100 m altitude. Excluding average starting and cutting
spee 54 speeds (less than 3 and greater than 25 m/s).
Soil bearing capacity (Types .
Y A2 . 56% High
g Lithology) &
<% A3 Slope (%) 55% Very steep slopes,1129o//o Steep, 14% Steep, rest
Ad Proximity to en(e;g)y infrastructure 62.7% between 1 and 5 km
A5 Proximity to roads (m) 62.7% > 6 km
A 36.4% occupied by humid Atlantic heaths of
National Habitat Inventory of temperate zones of Erica ciliaris and erica tetralix,
I1 Annex I of Directive 92/43/EEC catalogued as priority species developed on humid
(HCI) proximity soils. By municipalities Sobrado (25%) and Toques
(24%).
The municipalities with the highest priority surface
12 Proximity to priority birdlife areas area for affecting birdlife are Sobrado and Toques,
5 with 25% and 24%, respectively.
[]
oV : 0, o,
g . . . Agrological classes B and C (19% each) and E (22%)
= B3 Agrological capacity of the soil classified with a high-medium impact.
86% of the available area is in the range of 0-400 m
distance. The forest area is represented by
plantation forests (69%) Eucalyptus globulus
14 Forest Influence Zones (FIZ) 4 70, and Pinus pinaster (22.32%); 27.8% of forest,
mainly Quercus robur (12.1%) and Pinus pinaster
(10.3%); gallery forest (2.9%) and coppices.
Low risk due to seismicity, although if we take into
account the vulnerability of the buildings denoted
RIE1 Seismicity by Civil Protection in their Emergency Plans, the
risk will rise to medium in 72.6% of the categorized
surface area.
The same is true for flood risk, where 44% of the
RIE2 Floods provincial surface could be considered a
medium-low risk.
~ 50% medium risk. 3% physical impossibility. By
& counties, Eume has the largest area at very high
RIE3 Mass movements risk, although it does not exceed 1%, while Ordes
has the highest percentage of area at medium risk
(8.24%). In general, the area at medium risk is fairly
distributed among the counties.
RIE4 Forest Fires 66% in high fire I'lSl.< areas, the remaining 34% in
medium risk areas.
RIE5 Transport of dangerous goods 80% low risk.
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Table A5. Cont.

Criteria/Variables

Surface Representation and Typologies

Climate Change

CC1 Heat wave

Higher temperature increases due to extreme events
in the most restrictive scenario (RCP 8.5) are much
more pronounced in the inland, western and
southwestern regions and less pronounced in the
northwestern regions.

CcC2 Cold wave

An increase in minimum temperatures of 2-3 °C
and therefore a decrease in the number of frost days.
More pronounced variations are observed in
inland areas.

CC3 Strong winds

In the RCP 4.5 scenario, no major changes are
expected in the short and medium term, with peaks
around 21 m/s compared to the current period.
However, in the most restrictive scenario, in the
case of not reducing emissions, it is observed in the
medium term that the maximum wind speed could
move to 24-25 m/s in a higher percentage of the
surface, this would imply, with the current design
of the turbines, the cut of their movement, although
the technology in this sector is advancing by leaps
and bounds so this could not be an obstacle in a few
years. By regions, in the inland regions there are
more topographic obstacles for wind circulation,
they show less fluctuations, between 20-23 m/s,
while in those located further west on the coast,
such as Fisterra, Terra de Soneira, and Xallas, they
seem to reach higher gusts, up to 28 m/s. In the
northwestern and southwestern regions, the
maximum gusts reach up to 25 m/s.

CC4 Drought

Changes in temperature and precipitation are
observed, especially for extreme events. As in the
case of heat waves, maximum temperature
increases in the 5th percentile are expected to be
more pronounced in the RCP 8.5 scenario.

CC5 Extreme storms

In the case of the RCP 4.5 scenario, essentially the
same patterns are obtained as in the case of the
RCP 8.5 scenario, but more smoothed (4).
Maximum values of up to 44 mm/day in the
southwestern counties. These levels do not exceed
the threshold values taken as a reference for the
issuance of current warnings or emergency
expected between 120 and 60 mm.

Table A6. Maximum values of climate, demographic, and carrying capacity models by homogeneous
groups obtained by k-means. Source: Own elaboration.

Groupings I II III v A%
Climate change model. RCP 4.5. 120 130 107 148 130
Near future.
Climate char}ge model. RCP 4.5. 284 289 258 382 281
Medium future.
Climate change model. RCP 4.5. 333 354 271 451 358
Distant future.
Climate change model. RCP 8.5. 225 226 199 01 230
Near future.
Climate Char}ge model. RCP 8.5. 317 329 286 388 322
Medium future.
Climate change model. RCP 8.5. 463 518 394 628 504
Distant future.
Ecosystem carrying capacity model. -17 185 154 126 94
Territorial reception capacity model. —109 49 16 1 —28
Model of percentage point variation 09 12 —09 _10 09

in population H-2019-2035.
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Table Aé6. Cont.

Groupings I II 111 v A%
Maximum values of statistical variables by homogeneous groups obtained by k-means.
Groupings I I III v \%
Elements (No.) 1,126,737 1,919,050 2,917,364 1,140,570 2,113,792
Elements (%) 12 21 32 12 23
Standard deviation 148 109 113 147 108
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