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Abstract: The Galapagos Islands have been declared a World Heritage site due to their unique
biodiversity, which makes them a living museum and a natural laboratory for humankind. However,
to fulfill the energy needs of its habitants and foreign visitors, the islands have depended on fossil
fuel energies that have produced levels of lead and chemical agents that are affecting the islands’
air quality, flora, and fauna. Therefore, zero-carbon initiatives have been created to protect the
islands, wherein solar and wind power plants have been studied as reliable alternatives. In this way,
Geographical Information Systems based on Multicriteria Decision Methods constitute a methodology
that minimizes the destruction and disturbance of nature in order to assess the best location for
the implementation of these alternative energy sources. Therefore, by exploring the geographical
information along with the Analytical Hierarchical Processes and the Ordered Weighted Average
methods, it was possible to identify the potential for solar power plants of 10 MW on each island;
likewise, for wind power plants, it was found that the islands possess implementation potential that
has been analyzed in the field, showing that the best location is on Baltra Island, but is not limited
to it.

Keywords: wind power; solar power; galapagos; geographical information system; multicriteria
decision methods; renewable energy

1. Introduction

The expansion of the population has led to an increasing demand for energy, whose
annual growth rate is estimated to represent a rate of about 2%, which has a direct impact
on the utilization of fossil fuels. In this way, the consumption of fuels has become an
environmental problem since it is responsible for greenhouse gases whose concentration
has been rising [1]. In this sense, the decarbonization of energy systems has been developed
as an important trend over the past two decades [2], wherein renewable energy sources are
a clean option [3] with which to reduce greenhouse gas emissions [4]. Furthermore, it has
been identified that the second-best continent, with respect to Clean Development Mecha-
nism projects, is South America [5]. Accordingly, different studies have been performed
in Latin America regarding renewable energy projects, such as the research of Icaza et al.,
who projected a capacity of 880 MW of hydro energy, 630 MW of wind power, 720 MW
of solar power, 160 MW of geothermal power, and 50 MW of biomass energy for the year
2050 for the city of Cuenca, Ecuador [6]. In this sense, the different contributions of the
scientific community in Latin America help to reach a sustainable and clean goal in each of
its regions.
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1.1. Renewable Energy in the Galdpagos Islands

The Galapagos Islands have been acknowledged as a World Heritage site by UNESCO
since they constitute the second-largest marine reserve on the planet [7]; therefore, they
are a protected area because of their biodiversity [8] since there are numerous unique
endemic species that allow this island to be considered a living museum [9] and a natural
laboratory [10]. However, the Galapagos hosted 32.000 habitants in 2018 with an average
growth rate of 7% per year [11], while in 2017, it was reported that the islands received
167.011 foreign visitors [12], contributing to one of the fastest-growing economies in the
world [13]. This is a considerable number since the tourism sector represents the third
largest non-oil income source of Ecuador [12], making it an important topic with respect to
preserving the natural conditions of the Islands while at the same time satisfying the needs
of the resident population and the tourists. Thus, to cover the electrical needs of the people
and the Charles Darwin Research Facility, power generators for thermoelectricity have
been used since 1961 [9]; however, studies such as those conducted by Parra et al. have
suggested that the Galapagos Islands have the potential to exceed the energy demand by
nearly eight times its needs using wind and solar energy [14] and the research of Benalcazar
et al. concluded that the optimal energy supply system for the islands might be a hybrid
energy source constituting a photovoltaic, wind, and battery system along with a leveled
cost of energy [15]. Furthermore, the research of Icaza-Alvarez et al. analyzed the proposal
of the decarbonization of the islands with the objective of eliminating the Galapagos’
dependence on fossil fuels that has led to a negative impact on the population, the tourists,
and, especially, the native biodiverse flora and fauna that have presented harmful levels of
lead and chemical agents, making the change to renewable energy sources a requirement
for the islands [7]. Accordingly, the Ecuadorian government has implemented the Zero
Fossil Fuel in Galapagos initiative [16] to preserve this ecological heritage by reducing its
carbon footprint impact; in this context, to become a world-class reference for sustainability
and energy management [17], until 2019, the initiative received an investment of USD
55 million to incorporate renewable energy projects with the objective of producing levels
of Eolic and solar energy of 9.1 MW on the islands of San Cristobal, 15 MW on Santa Cruz,
1.8 MW on Isabela, and 0.17 MW on Floreana by the year 2025 [18]. Furthermore, several
studies on the feasibility of energy planning on the island have been performed, whose
methods use input variables regarding parameters such as wind speed, solar irradiation,
and electricity consumption on the most significant islands, namely Baltra, San Cristobal,
and Santa Cruz [19].

On the other hand, the solar Atlas of Ecuador indicates that the highest radiation
point on the Galapagos Islands is located on the island of San Cristobal, with an average
solar incidence of 6.1 kWhsm 2 per day, which is greater than the values obtained in the
continental territory [20]; furthermore, the location of Baltra has a photovoltaic system of
0.067 MWp that produces 136 MWh per year, and the Puerto Ayora photovoltaic power
plant has a system of 1.5 MWp that produces 2.430 MWh per year [21]. Moreovet, in the
case of Eolic energy, it has been established that throughout the year, the average wind
speed measured is 6.36 m#s~! on the Baltra island [22]. Due to the fact that this technology
has become important for the renewable energy sector [23], it was implemented in 2007
in the wind power plant “El Tropezoén” on the island of San Cristobal with a capacity
of 2.4 MW, followed by a second wind power plant located in Baltra with a capacity of
2.25 MW, for which it was reported that both contributed 15.64% of the renewable energy
in 2015 [24]. In this sense, the alternative energy projects produced savings of 2.9 million
diesel gallons in 9 years [24] and avoided the emissions of nearly 7.282.6 tons of CO, per
year [21].

1.2. Geographic Information System (GIS)

Furthermore, it has been established that the production of new renewable energy
is key to the development of mixed, sustainable energy options [25]. Accordingly, wind
and solar power plants must be evaluated; moreover, it is important to consider that the
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implementation of solar power plants requires extensive territory that can not interfere
with the protected natural reserve [13], prioritizing the minimization of disturbance and
destruction [26]. In this way, the Geographic Information System (GIS) platform, along
with existing cartographic layers, is used to find the best sites for the implementation
of renewable energy sources [27] by combining and transforming the geographical data
into useful information, which can be managed to be used in the decision-making process
to identify the most suitable location for renewable energy plants [28]. Even more, the
GIS-based qualitative and quantitative techniques have proved to be useful in prepar-
ing susceptibility maps [29]. In this way, the research of Amjad and Shah used the GIS
methodology for data acquisition and mapping the implementation of solar power plants in
Pakistan, finding high-potential solar locations. Furthermore, the researchers analyzed the
terrain’s ruggedness to reduce the development cost [30]. In this sense, the GIS has proved
to be an excellent tool to assess the technical and economical wind potential in continental
and island applications [31], along with the identification of potential locations for solar
power plants that are economically profitable. In this way, considering that achieving
highly effective results is a costly procedure that considers several factors [32], the GIS
represents a dominant tool for storing, using and assessing solar energy spatial data [33].
In this way, previous researchers that used GIS determined, that in the Ecuadorian terri-
tory, the best suitable options for solar energy plants can be found in Loja, Pichincha and
Galapagos [34], showing that the data obtained by GIS allow sustainable mapping that
combines the potentially unrelated data in a meaningful way [35].

1.3. Multiple Criteria Decision Making (MCDM) Methods

On the other hand, the decision-making is not enough to analyze the many aspects
required for the implementation of renewable energy projects. In this sense, the multi-
criteria decision method is a well-known tool to compare alternatives and make the best
decision [5] since it is described as an operational evaluation support approach that has
been proven to be useful in the solution of complex problems that consider uncertainty;,
conflicting objectives, different types of data and diverse perspectives [36]. In this way,
MCDM methods have been applied in the assessment of renewable energy alternatives
globally, nationally, regionally, or particularly such as in single residential buildings [37]. In
the same way, for photovoltaic solar plants, MCDM methods have solved the site problem
by considering criteria such as electrical and communication infrastructure without leaving
behind the environmental and economic feasibility [38]. In this way, the investigations
have used different methods to establish the location of solar power plants, such as AHP,
TOPSIS, ELECTRE and VIKOR, where the results produced precise solutions [39]. Fur-
thermore, regarding the data that can be obtained from GIS and taking into consideration
the limitations of these criteria to select an implementation site, the MCDM methods can
be used to make a decision considering the subjective and conflicting criteria [40] using
technical, environmental, topography, economic and social aspects data [41]. In this sense,
the Analytical Hierarchy Process (AHP) has been proven to be useful in the determination
of photovoltaic farms in southern Morocco since it is a mathematical tool used to analyze
complicated decision that requires a pairwise comparison of the criteria [42]. On the other
hand, the Ordered Weighted Average (OWA) is based on the principles of the relative
significance of weighted criteria and other criteria, meaning that it assesses each criterion
in every location and the importance of every criterion for its location [43]. In this way, the
research of the author Li used the OWA operator to integrate 26 indexes extracted from the
GIS database in wind farm applications [44]. Moreover, the OWA method has been used
along with the AHP method, where the derived weights have been used to evaluate the
degree of satisfaction to rank the alternatives [45]. Al-Yahyai et al. used these methods to
report that the locations of Dhofar and Wusta in Oman are suitable for the implementation
of wind farms, showing a proportional degree of optimism for the application [45].
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1.4. GIS with MCDM Methodology

The GIS-Based approach has been frequently implemented with the utilization of
multicriteria decision methods, such as the AHP, to identify the potential locations for the
application of renewable energy power plants [46], considering criteria such as techno-
economics, social-environmental [47], biodiversity conservation and production safety [48],
allowing the validation of the mapping performed by GIS [49]. On the other hand, GIS
technology has been used with the OWA technique to analyze potential natural hazards
since it is considered one of the best MCDM methods [50]. In this way, the capability
of the OWA method to apply different operators has shown progress in solving real-
world environmental problems [51]. Hence, the integration between the GIS-MCDM
has been developed as a highly useful tool that can deal with extensive areas and rich
geographical information available [52]. Furthermore, using the GIS-MCDM in unison is
taking advantage of its complementary nature [40] to successfully select the best locations
to establish wind and solar power plants. Furthermore, recent research has made some
developments in addressing the applicability of GIS-MCDM in offshore site assessment.
The GIS-MCDM using the AHP method has successfully provided maps for offshore wind
energy regarding the lack of a general approach [53]. In this way, research with GIS-MCDM
for the implementation of wind farms in continental Ecuador has shown a great correlation
between multicriteria decision methods and the corresponding results of the best site
selection [54]. In this sense, these parameters consisted of wind speed, air, topological
relief or slope, distances to the substations, the road network, urban areas, transmission
lines and environmental aspects such as vegetation coverage, leading to the result that
the location with the best performance index to implement a wind power plant has an
area greater than 617,5 km? located on the Andean region [54]. On the other hand, the
investigation performed by Zambrano-Asanza et al. used the GIS-MCDM technique to
assess the optimal site for the implementation of photovoltaic power plants in Ecuador;
the criteria that were considered using the information obtained by GIS included land
and cover, distances to power lines, main roads, urban areas, solar irradiation, average
temperature and the orographic aspect of the slope. These selections showed the best
locations to build photovoltaic power plants and helped to contribute to the diversification
of renewable energy sources in the country [3]. Even more, the investigations undertaken to
assess the implementation of wind and solar power plants using GIS-MCDM with scientific
bases had provided solutions to complex decision-making problems, where the results
should increase the interest of stakeholders to invest in the transformation to renewable
energy power plants [55]. In this sense, the present research has the objective of using
the Geographical Information System to assess the best location for the expansion and
implementation of wind and photovoltaic power plants in the Galapagos Islands using
MCDM methods, such as the AHP method, to weigh the criteria, and the OWA method, to
assess the criteria.

2. Materials and Methods

Considering that 96.7% of the land surface of the Galapagos Islands is considered a
protected area, the present research used computational resources along with mathematical
techniques to assess the best options to implement renewable energy power plants, consid-
ering that this proposal will allow reducing the utilization of fossil fuels to provide energy
to the touristic areas, research facilities and urban zones. In this way, the investigation was
carried out using a methodology based on spatial techniques for multicriteria evaluation
(MCE) within geographic information systems, where the analyses were performed on
raster layers at a spatial resolution of 200 x 200 m (both in x and y).

2.1. Geographical Information System and Study Areas

The present research has considered cartographic information collected from several
relevant official sources in the prioritization of wind and solar power generation locations,
such as an average speed that may vary from nearly 4 m x s~ to 7 m x s~1, and for the
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solar resources, the zone presents average daily radiation of 5.70 kWh * m~2 * day [19].
The criteria that positively or negatively influence the level of priority for the locations
were called factors, and the restrictions refer to the layers of information that limit the
construction of the energy plants, either due to political-environmental issues or natural
risk [54]. In this way, Table 1 summarizes the information layers selected for the evaluation
of both wind and solar power plants, considering the previous research performed in the
continental territory.

Table 1. Criteria selection.

Information Layer Institution Year Type of Criterion
Wind speed Ministry of Electricity and Renewable Energies 2013 Factor
Zones with wind speed lower than 5ms~!  Ministry of Electricity and Renewable Energies 2013 Restriction
Global solar radiation National Renewable Energy Laboratory (NREL) 2016 Factor
Elevation digital model Ministry of electricity and renewable energies 2013 Factor
Substations Agency of Regulation and Electricity Control 2016 Factor
Road network Galapagos National Park 2015 Factor
Urban zones Galapagos National Park 2013 Factor/Restriction
Lagoons Galapagos National Park 2013 Restriction
Volcanic Hazards Galapagos National Park 2013 Restriction
Mangrove swamp Galapagos National Park 2013 Restriction

The localization of the best-suited areas for the implementation of renewable energy
power plants required the utilization of GIS at different stages, allowing the transformation
of the geographical data into useful information for decision-making [4,28]. In this sense,
the different data models of vector and raster can be used. The vector model represents the
geographical objects as vector features, and they are considered suitable for representing
boundaries [28]. On the other hand, the raster model uses a representation by pixel
grids that stores the information of every cell, considering it an alternative location [4,28].
Furthermore, the multicriteria evaluation requires that the input data be in raster format;
for this reason, converting the files from a vector to a raster format (rasterization) is a
necessary step before the analysis [56]. In this way, to transform a vector map made of
points, lines or polygons to a raster format, it is necessary to establish a grid of a known
extension whose precision is defined by the size of its cells (pixel). In this case, the pixel
size is 200 x 200 m, and the extension covers the entire Archipelago.

Furthermore, among the rasterization processes, the type of variable to be transformed
was also considered since each one has different behaviors. In this sense, on certain
occasions, a raster model derived from the original information is required, while in others,
the vector forms are simply converted to raster [56]. The rasterization processes of the
values applied to the different coverages are shown in Table 2 for the information referring
to the wind and solar power plants.

Table 2. Processes applied to wind farm information layers.

Information Layer

Rasterization—-Wind Farm Rasterization—Solar Plant

Wind speed: 80 m

Zones with wind speed lower than 5 ms™

Global solar radiation -

Non-transformation -
Transformation to binary raster -

Coverage was downloaded from the
NREL, which has a resolution of
5km x 5 km and for this analysis, the
product was re-scaled to 200 m x 200 m,
this product matches its pixel dimensions
with the other coverages considered in
the analysis. This process is also part of
the standardization of criteria.

1
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Table 2. Cont.

Information Layer

Rasterization—-Wind Farm Rasterization—Solar Plant

Elevation digital model Slope calculations

Substation localization point

Volcanic Hazards
Mangrove swamp

Road network
Urban zones
Urban zones

Lagoons

Euclidean distance calculation to substation
Euclidean distance calculation to the main road
Euclidean distance calculation to urban zones
Transformation to binary raster
Transformation to binary raster
Transformation to binary raster
Transformation to binary raster

Evaluation scale
BN oW B WD O N o ©

10

200

2.2. Standardization

The standardization process consists of a re-scaling of the values of a raster using a
statistical function specified according to predefined standardization criteria [54], where
the scale (rating) is a range of integer values between 1 and 100. In this way, the lowest
value is the least representative; hence is the least important. Likewise, the highest value
is the most representative. In this research, the logistic function is displayed in Figure 1,
where the growth is represented in Figure 1a and the decrease in Figure 1b, and the data
that were used to re-scale the values of the variables concerned the wind speed, global
solar radiation, slopes, distance to substations, distance to the road network and distance to
urban areas, taking into account the limitations expressed in Table 3. These variables have
been considered as the most relevant, keeping in mind the review research of Shao et al.,
who showed the technical criteria used in the location selection of solar and wind power
plants; the cited work mentions that most of the published papers consider these criteria
and that the effective selection of criteria can effectively prevent poor performance [57].

|
[
(=)

Minimum:
—-50
— 0

50

7 Minimum:
—-50
— 0
50

Evaluation scale
- nN w =y w o ~ -] w

300 400 500 600 0 100 200 300 400 500 600

Input values Input values

(a) (b)
Figure 1. Logistic functions.

Furthermore, Figures 2 and 3 show the layers resulting from the preparation of in-
formation for the wind and solar power plants, respectively. All the layers that were
considered as factors present values between 1 and 100. In this way, the layers considered
to be restrictions were added in a single binary layer that presents values of 0 (Restricted)
and 1 (Allowed).
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Table 3. Functions applied to re-scaled variables.

Variable Type of Logical Function
Wind speed Logistic growth: The higher the wind speed, the higher the rating
Global solar radiation Logistic growth: The higher the global solar radiation, the higher the rating
Slope Logistic decrease: The lower the slope, the higher the rating
Substation distance Logistic decrease: The closer to a substation, the higher the rating
Road network distance Logistical decrease: The closer to the road network, the higher the rating
Urban zone distance Logistical growth: The farther away from urban areas, the higher the rating.
91000 900[‘0'0 91°00°0 900[00
) A \ B

1°0'0"S
1
]
1°00"S
1
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91000 90°00°0 91°00°0 90°00"0
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» » “ -
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Figure 2. Layer preparation for MCDM on wind farms. (A) wind speed (B) Terrain slope (C) Distance
to urban areas. (D) substations distance. (E) Distance to the road network. (F) restricted/empty areas.
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Figure 3. Layer preparation for MCDM on solar plants. (A) Global solar radiation. (B) Terrain
slope (C) Distance to urban areas. (D) substations distance. (E) Distance to the road network.
(F) restricted /empty areas.
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2.3. Multicriteria Evaluation

Multicriteria decision methods have been used by researchers to study sustainabil-
ity issues regarding the energy sectors over the last three decades, showing a significant
increasing trend over the last few years [58]. In this sense, several researchers have used
techniques such as the AHP and the OWA, which were used in the present work. However,
it is important to mention that even though the information and variables of the study for
the wind and the solar power plants have been declared together, the following methodol-
ogy was applied in the same way for both scenarios but individually for the wind and the
solar power plant.

2.4. Analytic Hierarchy Process Method

The selection of the most suitable areas to implement renewable energy technologies,
such as wind and photovoltaic power plants, comes with a complex problem that has been
studied before and solved by the utilization of multicriteria decision methods [59]. In this
way, the research of Alami Merrouni et al. solved this problem by using the Analytical
Hierarchy Process, which is a mathematical approach that reduces complex decisions to a
pairwise comparison [59], making it useful to assess the weight of every variable as follows.

In this process, the comparison and hierarchical evaluation between variables is
performed using an “Origin-Destination” matrix. In this sense, the importance of the
variables is rated by comparing them to other variables using the values defined on the
scale of importance expressed by Saaty, as shown in Table 4.

Table 4. Saaty importance scale.

Importance Definition
1 Equally important
3 Moderate importance
5 Strongly more important
7 Very strong more important
9 Extremely more important
2,4,6,8 Intermediate values

In this way [60], the weighting made considering the subjective analysis of experts in
the field is displayed in Table 5, taking the same considerations for the wind and the solar
power plants, where the variables were coded as follows:

A: Wind speed/Global solar radiation.

B: Terrain slope.

C: Distance to urban areas.

D: substations distance.

E: Distance to the road network.

Table 5. The subjective weighting of variables.

Variables A B D E
A 1 1 0.33 0.25 0.5
B 1 1 1 0.25 0.5
C 3 1 1 1 1
D 4 4 1 1 2
E 2 2 1 0.5 1
Summation 11 9 4.33 3 5

Furthermore, after obtaining the subjective weights of the criteria and considering
the inconsistency of the judgments of the evaluator, the method develops a consistency
analysis that takes the assessment matrix (matrix M) and multiplies it by the weight matrix
results (matrix W), where every value obtained in the resulting matrix R is divided by
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every weight and summed to obtain the maximum eigenvalue (Amax) of the comparison, as
displayed in Equation (1) [61,62]

R .
Amax:5\i+5\é+--~v\]]j (1)
Likewise, the consistency index (CI) is calculated with Equation (2), where n cor-
responds to the number of alternatives, then the random index (RI) for 5 alternatives
corresponds to the value of 1.12, which is obtained from the table expressed by Saaty,
the developer of the method in 1980 [61]. Lastly, the consistency ratio (CR) is calculated
with Equation (3), where the result should not exceed a value of 0.1 (10%) to ensure the

consistency of the evaluation and a correct assessment [63].

Apax — 1
]=—— 2
C p— ()

CI

R=—
C R 3)

2.5. Ordered Weight Average Method (OWA)

The integrated GIS-based method allows us to perform a risk analysis by using the
OWA approach, which has been used previously in the selection of the best locations for the
implementation of renewable energy solutions [64]. Hence, the OWA method was applied
to calculate the multicriteria map for wind and photovoltaic energy to prioritize locations
for electricity generation in the Galapagos Islands, following the procedure detailed in the
work of Mokarram et al. [65]. In this work, Equation (4) is used to apply the OWA method.

) n i
OWA (Z%) = Y wiV/*  vie 12,1 )
i=1

where Z/¥ is the tensor for the multicriteria raster, w; are the weights for the factors analyzed

in Table 6 and satisfies Equation (5), n = 5, Vl] ¥ are the factors standardized with values

between 1 and 100 and j and k are the rows and columns of each raster analyzed.

Z w; = 1 (5)
i=1
Table 6. Photovoltaic capacity reference.
Installation Area (m?) Capacity (kW)
94 5
189 10
372 20
910 50
1803 100
29,000 1500

2.6. Selection of the Best Location

The MCDM assigns an integer value between 1 and 100 to each pixel. In the case of the
Islands, there are no locations that meet 100% of the criteria evaluated. The allocation for
the study area was given on a scale of 14% to 88% of compliance with the criteria evaluated
for the wind power plants and a scale of 33% to 89% for the solar power plants. This
assignment allows us to have a more flexible choice of category ranges with some precision,
meaning that the best results are obtained with the least possible risk. In this way, all pixels
classified in the range of 85% to 88% by the MCDM were considered suitable locations.



Energies 2023, 16, 29

11 0f 23

Furthermore, from these pixels, the surfaces that have at least three adjacent pixels and that
are outside the restricted areas were selected.

2.7. Development of Implementation

The photovoltaic capacity depends on the usable area where the panels can be installed.
Based on the document of the Government of Chile prepared by the GIZ, “Guide for the
initial evaluation of buildings for the installation of photovoltaic systems”, the method-
ologies for the proper functioning of low-generation photovoltaic systems are proposed,
and the reference is taken from the application of photovoltaic panels in the city of Puerto
Montt [66]. On the other hand, the information on the Galapagos wind power plants is
based on a linear extrapolation carried out to determine the capacity (MW) that can be
installed in an area of 200 x 200 square meters. The base information used to build the
linear regression is presented in Table 6.

On the other hand [66], for the wind energy projects, a field validation was performed.
Where the best-suited areas obtained by the GIS-MCDM were divided into polygons to
be assessed; in this way, the process used satellite imaging, cartographic information of
roads, urban areas distribution and the Eolic atlas of Ecuador [67], which includes the
wind speed and performance factor. Even more, it was considered a potential wind power
electric generator model for a 2 MW generator developed by the IIGE [68]. Furthermore,
the field evaluation of the road status, communication signals, GPS geographical data,
type of vegetation, slopes, ground use, evidence of bird transit and rugosity of the terrain
consisted of a quantitative assessment from 1 (worst) to 10 (best)

3. Results and Discussion

The assessment of the best site for the implementation of wind and solar power
plants on the Galapagos Islands is a worldwide topic of interest since the transformation
to zero-carbon politics allows for preserving the human heritage that this natural loca-
tion represents for tourists, researchers and wildlife. In this sense, the evaluation of the
best locations to implement wind farms and solar panels has been investigated by using
mathematical and informatic means; hence, the results are presented individually for each
renewable alternative.

3.1. AHP Method Results

The Analytic Hierarchical Process was developed by experts that assessed the criteria
for both wind and solar projects. In this sense, regarding Table 5, the method followed
the normalization matrix expressed in Table 7, allowing us to obtain the weight of every
criterion evaluated in Table 8, showing that the most important criteria are the distances
to the substation and urban area. This assessment has been accepted since the subject
considerations of the experts on energy and conservation consider that the interference
between the distances to provide electricity and the natural fields should be as minimum
as possible.

Table 7. AHP normalization matrix.

Normalization
0.091 0.111 0.076 0.083 0.100
0.091 0.111 0.231 0.083 0.100
0.273 0.111 0.231 0.333 0.200
0.364 0.444 0.231 0.333 0.400

0.182 0.222 0.231 0.167 0.200
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Table 8. Criteria weights.

Weights
A: Wind speed/Global solar radiation 0.092
B: Terrain slope 0.123
C: Distance to urban areas 0.230
D: substations distance 0.354
E: Distance to the road network 0.200

On the other hand, the consistency of the assessment has been evaluated in Table 9,
where the maximum eigenvalue is obtained, and the consistency ratio is calculated in
Table 10. In this sense, the value of CR is lower than 0.1, meaning that the judgment of the
experts regarding the priorities of the criteria has an acceptable consistency.

Table 9. Priority matrix.

MxW R/W
0.48 5.20
0.63 5.14
1.18 5.16
1.85 5.21
1.04 5.18
Atmax 5.18

Table 10. Consistency values.

Index Value
CI 0.045
RI 1.12
CR 0.04

3.2. Best Locations for Wind Power Plants Based on MCDM

The multicriteria evaluation according to the OWA method reflects that the locations
with the best classification are located mainly on the islands of Isabela, Santiago, Baltra,
Santa Cruz and San Cristébal. However, Isabela Island is ruled out for having a high risk
of volcanic hazards; Santiago Island is discarded since it does not have a representative
population occupation area, and it is an island with a high degree of endemic species.
In this way, the remaining islands have areas whose MCDM assessment is between 85%
and 88% compliance, which is considered the highest score results from the analysis, as
presented in Figure 4.

In this way, regarding the GIS-Based MCDM for the selection of wind power plant im-
plementation sites, the literature has classified the sensitivity of the selection into five levels,
which are very low, low, middle, high and very high [26,29]. In this sense, the research of
Arca and Keskin Citiroglu used the GIS-AHP method to assess the best locations for the
application of wind power plants in Turkey, resulting in a maximum fraction of 45.22%,
which corresponds to a middle sensitivity [26]. Therefore, the result of the present research
shows that the sensitivity of the AHP-OWA approach has relevant results since it reaches
areas with compliance of 85% to 88%, which can be cataloged as high. In this way, Figure 5
shows the best locations for wind power plants.

The potential areas that can be used for wind power plants are small compared to all
the island’s extensions; however, this result shows the locations that are considered the best,
which are San Cristobal, Santa Cruz and Baltra. In this way, the same issue was presented by
Xu et al., who made the location selection of wind farms in the region of Wafandian-China,
finding that the most favorable areas for the application of Eolic energy plants were 30.2%
of the total candidate grid, but the best suitable grids represent a portion of 3.36% [48].
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Even more, the research of Gavériaux et al. showed that for offshore applications of wind
power plants, the MCDM-GIS approach managed to highlight the most suitable zones
even though they used other criteria [69]. Therefore, it is feasible to assume that these small
areas are the best among all the suitable options, and even more, it has also been proved
that healthy exploitation of the wind power can be reached by using effective decision tools
with suitable assessment location selection [48].
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3.3. Best Locations for Solar Plants Based on MCDM

The preselection of locations was concentrated in the areas whose MCDM assessment
was greater than 85% and did not coincide with the restricted areas but were close to urban
or populated areas. In this way, the characteristics of each area were analyzed on a timely
basis, where Figure 6 shows a map of the multicriteria evaluation without the restricted
areas. In this sense, it is observed that the areas with the highest population concentration
are the ones that are eliminated from the analysis.

91°0'0"0 90°0'0"0
1 1

1°0'0"S

b

Pinta N

= A

Marchena Genovesa

+
T
0°0'0

Santiago

J Baltra

Rabida

Fernandina

Pinzén

Santa Cruz
Santa Fé
-1 San Cristébal -;8
Isabela =
. Espafiola
Floreana ‘

Multi-criteria Evaluation

[ ]33-50 [ 70-e0
[ 50-60 [ -85

0 12.525 50 75 1O%m [ s0-70 [ &5 - &

1 1
91°0'0"0 90°0'0"0

Figure 6. Multicriteria Evaluation for photovoltaic energy location.

Furthermore, the multicriteria evaluation according to the OWA method reflects that
the locations with the best classification are located mainly on the islands of Santiago,
Floreana, Baltra, Isabela, Santa Cruz and San Cristdbal, where the first is discarded because
it has a concentration of flora and fauna endemic species, they also have a very low or
non-existent population concentration, meaning that the investment is not justified. On
the other hand, the Floreana, Baltra, Isabela, Santa Cruz and San Cristobal Islands are the
best options for the location of solar power plants. Hence, these Islands have areas whose
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MCDM assessment is between 85% and 89% compliance, considered the highest resulting
scores from the analysis.

In this way, comparing both scenarios, the results show that in the case of the wind
power plants, high compliance between 85% and 88% is available on small portions of
Santa Cruz, San Cristobal, Baltra and a fragment of Santiago. However, in the case of the
solar power plants, great areas are suitable on the same Islands; even more, all the Island
of Baltra, almost every part of Santiago and San Cristobal, nearly half of Floreana and
some big areas in Isabela host high compliance for the application of solar panels, meaning
that the solar potential of the Islands is greater than the wind potential. Furthermore,
the study of Giamalaki and Tsoutsos considered the solar potential of the Mediterranean
zone and evaluated the implementation of photovoltaic panels on the Regional Unit of
Rethymno on the Isle of Crete by GIS-Based and AHP methods, where the results showed
that there are considerable areas with a middle sensitivity and just a few areas with high
sensitivity [47]. In this sense, the results of the study on the Galapagos Islands show that
the potential of implementation of solar plants in this emblematic location is important,
giving the natural opportunity to manage alternative energies. Likewise, Figure 7 shows
the location of the areas with the best rating. Furthermore, the stability of the method
is compared with the research of Tercan et al., that used the GIS method with the AHP
method to weigh linear combination and inverse distance weighting approaches, finding
an extensive percentage area with high and moderate suitability for solar energy plants [70],
showing that the MCDM-GIS method can be trusted for the evaluation of solar energy
plant location selection.
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Figure 7. Suitable locations for photovoltaic projects.
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In this way, even though the islands have an interesting potential to use the radiation
from the sun, the wind potential is not that high. However, not considering Santiago Island
for the aforementioned reasons, San Cristobal Island was shown to be suitable for solar
energy plants along nearly all the territory and a few parts of it for wind power plants. In
the same way, Santa Cruz Island has a very good potential for solar energy power along
with its shores, and a small part (but large compared to San Cristobal Island) can host wind
farm installations. Even more, Santa Cruz Island already has a photovoltaic installation,
which shows it that can be expanded to fulfill the need of the zero-carbon project. Likewise,
dual research of solar—wind power has been performed in Turkey by Koc et al., where the
selection of the best locations by GIS and AHP methods showed that even the areas for solar
potential constitute an area of 524.5 km? and for the wind farms 147.2 km?, the common
areas for both alternatives represent 48.1 km? [49]. In this way, a similar phenomenon
has been found in the present research, where the solar potential is greater than the wind
potential, but still, some areas can manage both alternatives.

3.4. Energetic Capacity for Photovoltaic Power

Based on the reference data from the GIZ and the Puerto Ayora photovoltaic park
in Galapagos, a linear regression was performed to project the installable capacity in an
area of 40,000 m?. In the following Figure 8, the regression shows that the installable
capacity for the study area is 2.1 MW. In this way, based on the extrapolation presented
for five prioritized pixels in each of the Galapagos Islands, they would mean 10.5 (MW)
installable. Therefore, the number of pixels for San Cristobal, Santa Cruz, Balta and
Isabela exceeds 20 pixels in the vicinity of the towns, where the capacity would exceed
the electricity demand of each Island. In the case of Floreana Island, one pixel exceeds its
entire demand for electrical energy, confirming that the GIS-based techniques are useful
in the identification of high irradiance solar locations for solar power plants [30]. In this
sense, solar parks of 10 (MW) are very feasible to build in the vicinity of the populations
of each Island. In this way, the photovoltaic capacity analyzed by GIS-Based and MCDM
has shown important potential all over the region; for example, the research of Rios and
Duarte, which studied a large-scale implementation of photovoltaic power plants in all
the Peruvian territory, showing that the solar potential can reach even 69 times the energy
already implemented in the country [61]. Hence, it is demonstrated that the methods used
can exploit the potential of renewable sources to fulfill and even exceed the needs of the
population, making it feasible to accomplish a zero-carbon policy.
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3.5. Eolic Locations Validation

Regarding the possible locations of implementation for wind power plants on the
Galapagos Islands, the GIS-MCDM evaluation determined that the best-suited locations
considered are the Islands of Baltra, Santa Cruz and San Cristobal. In this sense, taking
into consideration environmental factors, such as the reported deaths of bats and birds due
to the blades of the turbines [23], the possible locations of implementation were reduced,
as shown in Figure 9, where Figure 9a represents the results for Baltra; Santa Cruz and
Figure 9b for San Cristobal.

In this way, the following field recognition discarded seven polygons from the Island
San Cristobal and one from Santa Cruz since the terrain, vegetation slope and the difficulties
in entering into the areas make them unavailable. On the other hand, five more polygons
from San Cristobal were discarded due to property problems with the habitants. In this
way, Table 11 shows the calcifications that the polygons received on the field examination.

Table 11. Field exploration assessment.

Island Baltra and Santa Cruz San Cristobal
Polygon 1 2 5 6 7 4 5 6 7 11 16
Vegetation 10 10 0 0 10 6 10 10 10 10 8
Terrain 10 10 0 0 8 4 7 7 8 6 7
Wind speed 8 9 5 4 8 8 8 9 8 8 7
Performance factor 8 9 5 4 8 8 8 9 8 7 6
Roads 8 8 10 10 4 0 10 5.5 7 7 10
Ground 10 7 5 5 3 7 0 8 7 9 7
Bird transit 7 8 2 8 5 1 2 8 8 8 8
Communication 10 10 10 10 10 10 10 10 10 10 10
Total 71 71 37 41 56 44 55 66.5 66 65 63

In this way, the field assessment showed that the best polygons to be considered are
1 and 2 on Baltra Island. These areas have proximity to the airport, which has other wind
and photovoltaic projects installed. In this way, the study developed not only confirms that
the old projects recover the most profitable energy resources for the island but also shows
that these can be improved since the airport is the area with the most tourist traffic as the
most energy and fuel consuming area, reinforcing the necessary utilization of alternative
energies, hence Figure 10 shows the recommended distribution.

However, the following best locations for the implementation of wind energy are
polygons 6, 7, 11 and 16 on San Cristobal, making these areas very interesting to also
implement Eolic generators. Furthermore, the field explorations showed natural alterations
in the vegetation due to the wind power on the field, as shown in Figure Al of the
Appendix A; hence, these areas are also recommended for the evaluation of the integration
of wind power plants.

In this way, the results presented in this research show the potential use of renewable
resources for the conservation of natural reserves, where the multicriteria decision methods
have been used to assess the implementation of renewable energy plants since they consider
multiple conflicting goals [57]. Several studies have used this method and showed that
shortcoming implementations can use this kind of research to assess the suitability of the
locations and develop related environmental and energetic policies [71], such as the Zero
Fossil Fuel in Galapagos initiative. Furthermore, considering the evaluation for future
implementation of renewable energies, it extends beyond specific territories and also has
an impact on potentially attractive and affordable energy generation [72].
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4. Conclusions

The information layers used presented sufficient spatial consistency for the analysis
surface in both the wind and the solar power plants analysis. However, this information has
been generated in different periods; therefore, in this research, it was assumed that there
are no substantial changes in other seasons that affect the validity of the vector and raster
models used during this evaluation. Although the final locations were delimited quite
precisely, the results of this analysis could be improved and contrasted using better-quality
input information. Nevertheless, considering the limitations mentioned, the results showed
great concordance with studies that used the same methodologies.

In the case of the solar radiation data obtained from the NREL, there were products
with a 5 km x 5 km resolution, so the product had to be re-scaled to fine-tune the results
and adjust them to the other criteria considered. These data reflect that the solar potential
in the islands ranges between 2 and 6.5 kWh/ m?/ day; these values can be observed in
each pixel of the downloaded product.

The GIS technology has shown to be useful in the identification of relevant data that
allowed the implementation of multicriteria decision methods to make the best selection of
the locations for wind farms and solar plants. In this sense, the multicriteria evaluation
applied in this work provided sufficient results for the delimitation of locations with wind
and solar potential, showing in the results that the best locations can be cataloged, and
even if the best-suited areas are considered to have a high sensitivity between 85%-89%
to the criteria, they are relatively small; there are still the areas considered to have middle
sensitivity, such as the area located on Santiago Island. However, for the solar power plants
assessment, the areas that can be used for renewable energy plants can provide enough
energy to fulfill the needs of the host islands.

The prioritized installable capacity for the islands of Baltra, Santa Cruz, San Cristobal
and Isabela exceeds 30 (MW) in each one, where the prioritization of a maximum of
10.5 (MW) is recommended in the most populated islands so that it does not oversize the
generation. In addition, energy storage systems must be available due to the intermittency
in the generation of this type of power plant.
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Z Multicriteria Raster Tensor
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MCE Multicriteria Evaluation
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