remote sensing

Article

Suitability Index for the Placement of Solar Plants Based on
Inequality Measurements and on Satellite Images

Estrella Trincado 1*

check for
updates

Citation: Trincado, E.; Vindel, ].M.
Suitability Index for the Placement of
Solar Plants Based on Inequality
Measurements and on Satellite
Images. Remote Sens. 2024, 16, 1039.
https://doi.org/10.3390/1rs16061039

Academic Editor: Bo-Hui Tang

Received: 2 February 2024
Revised: 5 March 2024
Accepted: 12 March 2024
Published: 15 March 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Jose Maria Vindel 2

Department of Applied Economics, Structure and History, Faculty of Economics and Business,
Campus de Somosaguas, University Complutense of Madrid, 28223 Madrid, Spain

Ministry of Labour and Social Economy, 28046 Madrid, Spain

Correspondence: estrinaz@ccee.ucm.es

Abstract: The selection of a certain location for the placement of a solar facility depends on the
solar resource availability, which is generally assessed though exceedance probabilities. However,
the choice of the specific exceedance probability is arbitrary and the assessment will be different
depending on the choice taken. Furthermore, exceedance probabilities do not reflect seasonal
variability, which affects radiation availability. Therefore, in this work we present a new index,
the suitability index based on Theil (SIT), which allows us to assess with a single value the degree
of suitability of a site for installing a solar plant. Obtained from the Theil index, it considers the
availability of the resource and its seasonal variability, based as it is on the proportion of the given
radiation in each month. As we will see, the new index is clearly more sensitive to the amount of
radiation expressed in terms of the 50th percentile than to the variability, as given by the interquartile
range. This is a quality to be pondered since scarcity of radiation will always be a greater disadvantage
for a solar installation than high variability. The results obtained in the study, grounded in the
application of satellite images, show that the index adequately reflects the radiation characteristics
in the study area. The territory is broken into areas associated with such characteristics through a
cluster analysis, so that geographical and economic elements can be considered when choosing the
final location for a solar installation. Furthermore, the new index may include the effects of energy
storage during the months in which a certain demand is exceeded.

Keywords: suitability index based on Theil (SIT); entropy; direct normal irradiance (DNI); average
value of solar radiation; variability of the solar radiation

1. Introduction

In order to assess the availability of the resource in a solar installation, two elements
need to be considered: the amount of radiation and its variability. Indeed, both aspects
are of great consequence, as some locations have large amounts of the resource, but are
affected by high variability, and others have a scarce, but yearly stable, resource.

Although there are different variability indices available in the literature, such as the
interquartile range, the variation coefficient, or the seasonality index, variability tends to be
expressed by time series evolution (for example, time series of the photovoltaic potential
or of the solar availability [1,2]). Variability is also represented by non-time-dependent
methods, such as the cumulative distribution [3], the PDF or probability density function [4],
and other formulations taken from the standard deviation [5]. Time series may also be
distributed into classes of a scheme to assess temporal variability following some measure
of irradiance variability [6] per cloud condition, which also affects variability. Temporal
autocorrelation and class distribution are combined in [7], which includes a study of the
autocorrelation of temporal series of the per class clear-sky index. This implies the formation
of a categorization, which imposes restrictions on the study. Besides, autocorrelation only
measures the level of correlation between the values of the time series and the values of the
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series moved a certain period, but not the variations in irradiance at different times and,
therefore, the need for storage.

Furthermore, if standard deviations are used for the assessment, the fluctuation of
the worst variations are disregarded. Thus, exceedance probabilities of these variations
may be a better method to assess the availability of the solar resource [8,9]. They express
the probability of exceeding a certain energy value; then, an exceedance probability of 95%
(value P95) implies that the solar plant annual production is exceeded 95% of the time. This
P95 refers to the 5th percentile of the annual production dataset. Then, viability of a solar
installation project depends on the worst irradiance conditions reaching the design site
(the cases in which there is a smaller amount of the solar resource). Three scenarios are
recommended in [10] for evaluating the viability of a project corresponding to different
exceeding probabilities (P50, associated with percentile 50, P90, associated with percentile
10, and P99, associated with percentile 1).

On the other hand, long datasets are required to assess the exceedance probabilities of
the solar resource. In [11] and in [12], at least 10-year datasets are recommended for the
solar irradiation series, which may be based on ground measurements, on satellite data, or
on a combination of both [13-15].

Spatial and historical time series of solar radiation have undoubtedly increased along
the course of time. However, they are still limited, and users find it difficult to obtain long-
term high-quality terrestrial databases. Nowadays, data taken from satellites are considered
a reliable source of information of solar irradiance and resource availability [16-18]. The
methodology to analyze the solar radiation components drawn from satellite images has
evolved from the first scholarship [19-21] to present studies [22-24].

There is no question that variability in solar resource is an economic problem that
reduces the planning horizon [25] and increases the storage needs [26-29]. In fact, there is a
wide range of economic indices that assess the solar projects’ viability due to the production
rate discontinuity. For instance, the ratio inventory—sales estimates the cost of uncertainty,
that is, the final storage price of the solar resource [30]. Other indices are based on the
standard of self-sufficiency, such as the self-consumption ratio (SCR) or the self-sufficiency
rate (SSR). Further indices consider a proportion of the energy-consumer demand that
is met locally, or the time needed to recover the initial investment of the project, as the
simple payback time (SPBT) [31]. Also, we have the levelized storage cost (LCOS), which
includes the total energy drawn from storage considering the cost of charging cost [32], or
the levelized cost of energy (LCOE), which comprises costs that occur during the useful life
of the project. In this sense, both the life-cycle assessment and the cash-flow analysis can be
used [33]

However, in the studies which assess the convenience of settling solar installations,
there is no synthetic index that combines the two basic elements needed for assessing
the availability of the resource (the amount of radiation and its variability). Financial
analysis can furnish us with this index. First, none of the existing indices include the
danger of not storing energy, the real opportunity cost and, therefore, the genuine value
of energy. Besides, in finances, the return-risk binomial is assessed. In the financial field,
the availability is the return expectation, and the variability is the risk (or variation) of
that return. Investors could accept some level of risk, expecting to obtain higher returns.
The choice of the investor will depend on their attitude towards risk. More risk should be
counterbalanced with more than proportional returns just to keep a risk-averse investor
indifferent [34]. This return—risk binomial then introduces new possible choices, given that
some locations have a large amount of the resource, but with high variability and, on the
other hand, there are locations where there is scarce resource despite being rather stable
throughout the year.

This work aims at proposing this new index, which evaluates the degree of goodness
of a location to place a solar plant based on the quantity and the solar resource variability.
To achieve this, a well-known index, widely used to estimate inequality of income, the
Theil index, will be adapted to solar resource inequality. This index is based on the entropy
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coefficient of the income distribution of a given population, subtracting from the maximum
entropy the entropy corresponding to the income distribution of the given population.
Furthermore, a cluster analysis based on the proposed index is carried out, so that regions
in which the behavior of the index is similar are described. The new index will facilitate the
possible choice of locations of solar plants. Finally, the values of the new suitability index,
considering the possibility of storing energy in months in which there is surplus radiation
for a given demand, are determined. The work uses the direct normal irradiance (DNI). It
stands for a concentrated solar power (CSP) technology, although the methodology could
also be applied for a photovoltaic (PV) technology to the global horizontal irradiance (GHI).

The structure of the article is as follows: firstly, in the material and methods section,
the datasets used to carry out the study are described, and a brief physical description
of the Iberian Peninsula is given. The methods normally used to assess the investment
risk associated with the resource availability are also indicated (exceedance probabilities,
interquartile range, or the average—variance binomial). Subsequently, the adaptations made
to the Theil index to implement the new index proposed are pointed out, providing an
instrument which estimates the availability of the solar resource at each point in the study
area. Likewise, the methodologies used in the cluster analysis, which is carried out based on
the previously implemented index, are drawn. Finally, an explanation of how the radiation
curve has been modified throughout the year at each point in the area, considering the
possibility of storing radiation in months with a surplus of the resource, is offered. Then,
the results drawn by applying the proposed methodologies in the study area are discussed.
In the last section, some conclusions of the work are drawn.

2. Material and Methods
2.1. Data

The monthly average values of DNI from 1 January 1983 to 31 December 2015, taken
from EUMETSAT’s Satellite Application Facility on Climate Monitoring (CM-SAF) [35]
have been applied to an area between —9.9°E and 3.9°E in longitude and 45.45°N and
34°N in latitude (the study region corresponds, therefore, to the Iberian Peninsula), with
a resolution of 0.05° x 0.05°. According to the information provided by CM-SAF [36],
the validation results of this product, as compared to the data from the measurements of
baseline surface radiation network (BSRN) (1794 analyzed months), cast a slight bias of
—0.9 W/m?, the standard deviation is 21.9 W/m?2, and the mean absolute difference is
16.4 W/m?. Details regarding the algorithm used for the generation of this product can
be accessed in [37]. It is to be noted that, in May 2023, the latest edition of this data record
(SARAH-3) was published, with slightly better validation results and a temporal coverage
from 1983 to now.

In Figure 1, the physical map of the Iberian Peninsula is displayed. As for the orogra-
phy, the Iberian Peninsula has some major mountain ranges. The Pyrenees is the neck of
land between Spain and France. The Pyrenees continue west to the Cantabrian Mountains,
running for 480 km. The Iberian System or Sistema Ibérico is a massif of rugged and high
mountains in the east of the centrally placed tableland; it consists of the main basin of the
Iberian Peninsula between the Mediterranean Sea and the Atlantic Ocean. The Central Sys-
tem mountains or Sistema Central is in the middle of the Iberian Peninsula. The mountain
range of Sierra Morena has a low average height between 800 and 1000 m. The mountain
range of the Baetic System spans 600 km in the south of the Iberian Peninsula from the
Bay of Cadiz to the Valencia region. In the Iberian Peninsula, there are also plateaus such
as the Meseta Central or Central Plateau, which is a vast elevated region in the interior
surrounded by mountainous massifs, which divides the Meseta from the rest of the Penin-
sula. Two important valleys must be highlighted: (a) the Guadalquivir River basin, which
flows from east to west and drains into the Gulf of Cadiz, in the south of the peninsula;
and (b) the Ebro River basin, which spans 930 km from Cantabria in northern Spain to the
east-southeast. At its mouth, it forms a delta and flows into the Mediterranean Sea.
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Figure 1. Physical map of the Iberian Peninsula. Source: Nations Online Project. https://www.
nationsonline.org/oneworld /map/Iberian-Peninsula-topographic-map.htm (accessed on 2 February
2024).

2.2. Methods Applied
2.2.1. Exceedance Probabilities and Interquartile Range

Firstly, the 90% exceedance probabilities of solar radiation associated with the 10th
and 50th percentiles are, respectively, estimated. In this sense, in the study area, the average
radiation for each point and each month (monthly values corresponding to 33 years of the
data of DNI gathered) is calculated, and with these values, the corresponding percentiles in
each point of the study area are determined.

Next, in order to estimate the seasonal variability within the study area, the interquar-
tile range is estimated in each of these points. This range is defined as the difference
between the 75th and 25th percentiles, so it gives an idea of the variation presented by the
central values of the variable.

2.2.2. The Average and the Variance

In financial analysis, assets have a theoretical return free of risk (including the risk of
inflation). This is a minimum return that investors will demand for accepting the delay of
consumption while they are tied up by the investment. Usually, individuals will welcome
some level of risk with the compensation of an expectation of drawing higher returns
in the future. However, the investor attitude towards risk will affect their choice, and
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in economic theory this attitude is usually formalized by the utility function, a graph
that relates the satisfaction degree that the individual associates with the possession of a
commodity or a return with the quantity of that commodity or return. Each individual has
a different risk aversion in each moment and place; it is a subjective feeling that may even
be unconscious to him. This psychological principle may be reduced to the law of large
numbers, but it introduces a broad element of arbitrariness; some will even say a “radical
uncertainty” [38]. Theoretically, the expected utility of some project is a function of the
return and the variance [39,40]. However, the final choice of best location to install a solar
project depends on utility functions.

In the radiation resource, the expectation of return of an investment and the risk
of radiation unavailability must be ascertained. The calculation of this mean—variance
binomial has the advantage of not requiring an entire probability distribution, only the
two moments mean—variance. Besides, radiation is a physical phenomenon, although,
as previously explained, the decision maker can also take into account in this case their
attitude towards risk.

2.2.3. Suitability Index Based on Theil

The objective of this work is twofold. On the one hand, a single index, based on
satellite images, which serves us to assess the solar radiation availability both in terms of
quantity and variability in the study area, is proposed. This index will serve as an estimator
of the degree of suitability for installing a solar installation of each point, as far as the
availability of solar radiation is concerned. On the other hand, given that the selection of
a certain point of the area may not be easy, conditioned as it is by geographical and/or
economic reasons, a cluster analysis is carried out. This cluster analysis provides us with
different regions in which the behavior of the index is similar. Thus, large areas suitable
for the installation of solar plants are determined. In addition to establishing suitable
regions based on solar resource availability, the cluster analysis will allow us to assess the
goodness of the proposed index, comparing the regions drawn with the climatic regions in
the study area.

Regarding the first objective, the proposed index will be built from the Theil index,
which is normally used to measure the inequality of the income earned by a population.
This index is calculated by subtracting the entropy corresponding to the income distribution
of the given population from the maximum entropy of the population.

The entropy coefficient of the income distribution of a given population is defined
by [41] as:

H(y) = _ZuN:1 yulogyu (1)

where the number of individuals is N and y,, is the participation of individual u in the total
income of the population.

This coefficient is a measure of inequality that varies between 0 and log N, two extreme
cases that correspond to perfect inequality and perfect equality, respectively. There are
other inequality indices, such as the Gini index, which assesses the statistical dispersion
and the inequality among the different values of a distribution of frequencies [42]. But the
generalized entropy class of coefficients, such as the Theil index, may be additively decom-
posed between and within any arbitrarily categorized subgroups of the population [43-45].
In [46], inequality is decomposed by subgroups that share certain characteristics such as
date of birth, household dimensions, locality, occupation of the family members, or level of
education. This decomposition capacity is very useful for our needs, as we will divide the
territory into areas where the value of the index is similar.

The entropy coefficient is transformed, according to [47], into a measure of inequality
by subtracting its value from its own maximum value.

T =1logN — H(y) (2)
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The Theil index shown in Equation (2), with convenient adaptations, can be used to
define an index which allows us to assess with a single value the degree of suitability of the
points of a certain area for the election of the placement of a solar plant. Indeed, to estimate
the Theil coefficient at each point of the study area, we proceed as follows. (a) From the
average monthly data taken for different years from CM SAF, monthly averages for all
those years are obtained in each of the points of the study area. (b) At each point in the area,
the entropy of the radiation distribution provided by the twelve values previously obtained
is calculated using Equation (1). However, in order to achieve the abovementioned goal,
this formulation is adapted to be able to assess the entropy at each point of the area. Thus,
the inequality at the given point is no longer estimated by considering the participation of
each individual (in this case, each month) in the total radiation collected over that point but
by considering the participation of each month in the maximum total radiation collected in
the entire study area. (c) The Theil coefficient, which measures inequality, and therefore
variability, is estimated from Equation (2), where specific entropy is subtracted from the
maximum entropy of the population. This maximum entropy corresponds to the logarithm
of the size of the population given (the entropy of the distribution, previously calculated).
In this case, the maximum DNI collected in the entire study area is also taken as the
maximum entropy. With these adaptations, the Theil index will consider all the monthly
radiation values existing in the study area, which will allow the values obtained for the
different points to be comparable. On the other hand, the maximum value of the entire area
taken as a reference allows us to assess the amount of radiation received. This turns the
index not only into a measure of variability, but also of the degree of radiation received.

Therefore, in Equation (2), logN must be replaced with the maximum total radiation
received in the entire study area, N being the 12 months of the year, which are the individ-
uals considered at each point. The y, of H (y) is the participation of the u-th month in the
maximum total radiation received throughout the study area. With these adaptations, the
suitability index based on Theil (SIT) may be defined as:

SIT = maxDNI - Y\ ylog v 3)

2.2.4. Clustering Analysis

Once the index that allows us to estimate the degree of suitability of a location to
install a solar plant is defined, a cluster analysis from the previously obtained index is
carried out. For this analysis, the k-means procedure will be used, and to determine the
best clusters number to be included, two methods will be applied: the Davies method and
the silhouette method.

The k-means technique [48] consists of an algorithm for organizing data into clusters
that minimizes the addition of the squared distances between each element in the cluster
and its centroid. This k-means algorithm is applied in the following way: (a) some starting
clusters are created randomly and their centroids determined; (b) the distance between
these centroids and the data is calculated; (c) each value is allocated to the cluster that has
the closest centroid; (d) these new data are used to obtain new centroids; and (e) finally, the
method will be iterated until there is a convergence of the sum of the distances between the
centroids of the cluster and the data.

Different methods to obtain the optimal clusters number could be applied. In this
work, the Davies and silhouette methods are applied.

e  The Davies method
The Davis-Bouldin index, defined in [49], determines the optimal clusters number by

calculating the distances inside the clusters and between clusters. It is defined as:

o; + Y

d (C irC ])

1 N
DB= <), max 4)

1
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where the clusters number is N, ¢, is the centroid of the cluster, o, is the mean distance of
all elements x in the distance of the cluster to the centroid c,, and d (c,-, c]-) is the separation
between the centroids.

Clustering algorithms aim to create groups with short distances within the cluster
itself and large distances between different clusters. Thus, these algorithms will imply a
small value of the Davies—Bouldin index.

The term m;lx d?jaj ) is the representation of the worst value for cluster i. Then, the

J#i irC
optimum case is the one which yields the smallest value for the Davies-Bouldin index.

e  The Silhouette method

Suggested by [50], it measures the consistency within clusters. A cluster plot is drawn
with a silhouette that has a width value of s(i), i = 1,2,..., n, which evidences the quality
of the display of objects into clusters. Each individual object within the cluster is symbolized
by i. For each individual, i, the value s(i) is estimated from:

b —ai)
) = (@@, b() ©)

where a(i) represents the mean dissimilarity of the individual i as compared to all other data
in the same cluster and b(i) is the smallest mean dissimilarity of i to any other neighboring
cluster, of which i is not a part.

The value of s(i) ranges from [—1, 1]. If s(i) ~ +1, the object i is considered correctly
labelled in the group, due to the inequality a(i) << b(i). Conversely, when s(i) ~ —1, the
object is mismatched as a(i) >> b(i). Lastly, when s(i) ~ 0, i is an intermediate point of
two groups between two different groups, as happens when a (i) = b(i).

The definition of the mean silhouette width, ASW, is:

1 .
ASW = ﬁﬂ;l s(i) (6)
This analysis appraises the cluster structure quality, so the natural clusters number in

a dataset may be resolved through silhouette plots and averages.

2.2.5. Storage

Another aim of this study is to assess the suitability of a location to satisfy a certain
constant monthly energy demand expressed in terms of solar radiation. This is conducted
by considering the odds of storing the excess energy during the months in which there is
a radiation surplus. Then, the evolution of radiation at each point of the study territory
is estimated, making use of the storage capacity, and considering these new values of the
solar resource, the entropy, and the corresponding Theil index, with the already mentioned
adaptations. In order to estimate this new evolution of the resource throughout the year
at each point analyzed, the surpluses of radiation in each month are discarded. Then,
radiation is made equal to the demand in the given months and, so, the total surplus is
equally distributed between the months with radiation deficit.

3. Results
3.1. Exceedance Probabilities and Interquartile Range

As mentioned above, exceedance probabilities are widely used to estimate the suit-
ability of a given place for the installation of a solar plant. Therefore, first, the 90% and
50% exceedance probabilities have been calculated for the data taken at each point in
the study area (Figure 2). Given a direct relationship between solar radiation received
and energy produced, radiation data are directly used. Let us remember that the 90%
exceedance probability is linked to the value that is exceeded 90% of the time, that is, to
the 10th percentile; similarly, the exceedance probability of 50% is associated with the 50th
percentile. According to Figure 2a, the values associated with a probability of exceedance
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of 90% are higher in mountain areas (Pyrenees, Central System, Iberian Mountain Range,
and Baetic System) and in the Iberian Peninsula southeast. Usually (90% of the time), high
radiation values are exceeded in these areas. Therefore, considering only the availability of
the solar resource, these would be the more favorable places for the installation of solar
plants. On the contrary, in the north of the peninsula, if we frequently must exceed certain
radiation values, these values must be much lower. Therefore, considering exclusively the
availability of the resource, these would be the least suitable places for the location of a
solar installation.

4N ] W/m2
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260
40 N

Latitude (°)
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38°N 240

230

10 wW 8 W 6 W 4 W 2w 0 2 E 4 E
Longitude (°)
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Figure 2. Radiation percentiles associated with the exceedance probabilities of: (a) 90%; (b) 50%.

Figure 2b, which depicts the 50th percentile, associated with the exceedance probability
of 50%, presents certain differences from Figure 2a. In fact, in the case of the 50th percentile,
the southeast of the peninsula is no longer a particularly suitable area, and one of the least
suitable areas appears to be, along with the north of the peninsula, the entire Mediterranean
coast and the Ebro basin, which connects both areas of the northeast peninsula. The area
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of the eastern peninsula and the Guadalquivir valley (southwest of Spain) also appears
unsuitable, although to a lesser extent than the previous regions. Consequently, taking one
or the other exceedance probability leads to different results and, then, to great arbitrariness
when selecting the best places for locating solar installations. This arbitrariness will be
avoided using the suitability index proposed in this work. On the other hand, the use of
exceedance probabilities does not explain the seasonal variability of radiation as only a
value in the form of a percentile is provided, indicative of the available amount. However,
the new proposed index takes this variability into account since it is prepared from the
shares of each month in the total radiation.

The next step suggested in the material and methods section was the representation of
the interquartile range corresponding to each point in the study area (Figure 3). The figure
shows that the range presents a latitudinal behavior (the further we go to the north, the
greater the variation) although with a very pronounced inclination due to the cascading
entry of Atlantic fronts, especially in the northwest area of the peninsula.

- |lw/m?

1130

1120

110

100

8 W 6 W 4 W 2w 0 2 E 4 E

Longitude (°)
Figure 3. Interquartile range.

3.2. Average and Variance

Figure 4 represents the average of the DNI (in W/m?) versus its variance throughout
the study territory. Places that have high averages and low variances are the best places
for the installation of solar plants; however, Figure 4 shows that, for a low variance, which
is preferable for the risk-averse investor, all of the average spectrum is available. Then,
the binominal average—variance is not a good method to ascertain the best points for the
installation of solar plants as there are places with a high average and a low variance
and with a low average and a high variance, not being comparable. Actually, there are
several options equally preferable. These options may be depicted in indifference curves.
Indifference curves for the user of PV solar plants—the points of the average—variance
binomial that are indifferent for them—consist of positive slope curves where the return—
risk binomials of solar radiation would be similarly preferable for a risk-averse investor. The
arbitrage between consumers may decide between those different options. Furthermore,
when different uses of energy are at different distances, and there are transport costs, the
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opportunity cost—the different possible usages of the installation regions—affects the final
option [51,52] and a Von Thiinen model [53] could be used.

380
370
360
. 350
o~
£
E 340
Q
& 330
T
—
2 30
<C
310 1 1 1 1 1 1 1 J

1800 2300 2800 3300 3800 4300 4800 5300 5800

Variance (W2/m?)

Figure 4. Average versus variance of the DNI (in W/m?) throughout the study territory.

3.3. Suitability Index Based on Theil (SIT)

In accordance with expression (1) and the adaptations already discussed in the text,
estimations of the new proposed suitability index (SIT) have been obtained for each point in
the study area (Figure 5). As already indicated, values shown on the map are comparable,
so that in the points where the index is lower, based solely on the criteria of availability of
the solar resource (quantity and variability), the installation of a solar plant is more suitable.

»
ou
z

Latitude (°)

38°N

10°wW 8'w 6w 4w 2'w 0 2'E 4'E
Longitude (°)

Figure 5. Map of the suitability index based on Theil (SIT).

According to Figure 5, the most suitable places coincide with the mountainous areas
of the peninsula. In these areas, the radiation received is very high, as drawn from the
average value shown in Figure 2b, though the variation throughout the year, reflected in
terms of the interquartile range (Figure 3), depends on the area in which the mountainous
area is located. However, these areas are not suitable for the installation of solar plants
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for geographical reasons. Next, the most suitable areas are those of the central fringe of
the peninsula, dominated by a Mediterranean climate in its continental variant. In this
climate, with hot summers and cold winters, radiation is high throughout the year, given
that the mountain chains that isolate the central regions block the fronts arriving from the
Atlantic. Therefore, this entire area may also be suitable for the installation of plants from a
geographical point of view.

After the central peninsular area, the most suitable area for the installation of CPS
plants is the Guadalquivir basin and the southern half of Portugal. There, the winds from
the Atlantic bring cloud cover that limits the amount of radiation, as shown in Figure 2b,
although variability throughout the year is not very pronounced (Figure 3). Finally, the least
suitable area for the installation of solar plants is the entire northern part of the peninsula, as
well as the Mediterranean coast and the Ebro basin. In the north of the peninsula, where, in
contrast, variability is very high, the continuous entry of fronts throughout the year brings
great cloudiness and, consequently, very low radiation values. The eastern coast of the
peninsula, where variability is much lesser, has a Mediterranean climate, characterized in
terms of precipitation by rainy winters and dry summers, along with variable precipitation
in autumn and spring. This cloudiness explains the scarce suitability of the area, as seen in
Figure 2b. Finally, the Ebro basin, where, according to Figure 3, variability changes along
the basin, is located between two important mountain ranges (the Pyrenees to the northeast
and the Iberian mountain range to the southwest). Then, it is also an unsuitable area for
the installation of solar plants. Indeed, although it is an area with little rainfall, its location
entails the presence of abundant fog that makes it unsuitable for the installation of solar
plants. According to the above considerations, the SIT seems to be quite correlated with the
mean value of radiation, represented in Figure 2b, whose similarity to Figure 5 is evident.
This is to be expected, given that the suitability index based on Theil is calculated in an
integrative manner, not giving greater weight to any radiation, so that the result should
tend towards an average value. The fact that the correlation between the SIT and variability
(Figure 3) is not so significant is a good quality of the index, since it seems more desirable
that the average amount of radiation is high than that the variability is small. In any case,
as against average radiation, the SIT is also affected by seasonality. In fact, in the extreme
southwest of the peninsula, Figure 2b shows a similar behavior in much of the region
(values close to 335 W/m?). However, according to Figure 3, this area exhibits different
variabilities, expressed from the interquartile range. There, the variability increases from
east to west, and this translates into an increasing suitability index (it is less suitable in that
direction). The difference of sensitivity of the suitability index based on Theil with regard to
the average radiation and variability will be discussed in more detail in Section 4.2, which
provides a more detailed study of a group of selected sites.

4. Discussion
4.1. Clusters from the SIT

As previously indicated, two systems of determination of an optimal cluster number
will be tested: the Davies method and the silhouette method. Applying Equation (2), the
Davis-Bouldin index has been calculated for different numbers of clusters (n) (Figure 6a).
Similarly, from Equation (3) the ASW has been obtained for this number of clusters
(Figure 6b). The variable used to carry out this study is the Theil index previously obtained.

According to Figure 6a, the best number of clusters is 9, which is the number of clusters
for which a lower DB is obtained. However, following the silhouette method, the optimal
number is 2, the number of clusters for which the highest ASW value is obtained. Given
the disparity between both methods, an intermediate value (4 clusters) has been taken as
optimal, which is also in accordance with the above explanation. Indeed, the four areas of
suitability mentioned correspond to four areas where the behavior of the DNI is different,
which allows the territory to be appropriately divided, as clearly observed in Figure 7, in
which each cluster is determined by each different colour.
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Figure 6. Optimal number of clusters: (a) Davis—-Bouldin method; (b) silhouette method.

As indicated above, the variable used to divide the territory has been the SIT, so that
within the various areas obtained, the behavior of this index is similar. This proves the
adequacy of the index when it comes to characterizing the suitability of each of the points
in the study area in terms of availability of the solar resource. Indeed, although the variant
of the Theil index used in this article was calculated for each point in the space, the afore-
mentioned capacity of the index to decompose into subgroups with common characteristics
means that the inequality in the entire territory (different resource availability in the entire
study area) can be decomposed into different regions with similar characteristics in terms
of inequality (resource availability).
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Figure 7. Division of the territory into clusters with similar behavior to the SIT.

4.2. Analysis of the Selected Points

With the aim of assessing the validity of the index presented in this work, the position
of five points on which we will make a more detailed study has been included in Figure 7
(white dots). The selected points cover the different clusters previously obtained, so that
the analysis includes locations with different index behavior. This different behavior of
suitability is the result of their different behavior in terms of the amount and variability of
the radiation incident on each of them.

Table 1 shows the coordinates and values of the different parameters presented in the
work, as well as the suitability indexes corresponding to the five selected points. To analyze
these index values, Figure 8 displays the monthly evolution of incident radiation at each of
the points analyzed.

Table 1. Features of five selected points covering the different clusters.

Latitude Longitude P10 P50 IOR SIT
43.05°N 6.65°W 251.2 341.0 127.0 0.133
39.8°N 3.75°W 266.0 338.2 99.9 0.123
40.4°N 2°W 2782 350.8 101.8 0.071
43.2°N 2°W 240.1 326.2 116.2 0.199

37.0°N 6°W 262.3 329.3 91.2 0.166
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Figure 8. Monthly evolution of the DNI in the five sites.

The coordinate point (43.05°N, 6.65°W) is located in the northwest of the peninsula.
As we can see in Figure 3, it is an area of high radiation variability, so that it has a much
higher interquartile range than the rest of the selected points. Figure 8 shows that its
monthly evolution is the one with the greatest variability, which has the smallest values
in winter and the highest in summer, and with one of the highest 50th percentiles of the
five-point group (specifically, the second largest). With these characteristics, the suitability
index obtained has the third highest value (0.133), which makes this the third least suitable
location for the location of the solar installation in terms of the availability of the resource.

The second point in the table (39.80°N, 3.75°W), located in the center of the peninsula,
has a much smaller interquartile range than the previous point (Figure 8 also shows the
enormous difference in variability between the two points), though it has a somewhat lower
50th percentile. However, despite the fact that the average radiation received at that point
is slightly lower than that of the coordinates (43.05°N, 6.65°W), the enormous variability in
the north makes the point (39.80°N, 3.75°W) a more suitable place for a solar installation,
so that the value of its suitability index is lower than that of the first point (0.123 vs. 0.133).

As for the third point considered (40.40°N, 2.00°W), located slightly to the north and
east of the previous point and over a mountainous area, the situation is opposite to the
one presented above. In fact, in this case, variability is similar to that of the previous point,
as shown in Figure 8 for the corresponding curves, which run practically parallel over
all the months, and also shown by the corresponding interquartile ranges (101.8 W/m?
and 99.9 W/m?2, respectively). However, the average radiation values are very different
(350.8 W/m? for the latter point versus 338.2 W/m? for the location (39.80°N, 3.75°W)). This
difference, therefore, confers better qualities in terms of the solar resource availability to the
point (40.40°N, 2.00°W) than those corresponding to the previous point, which is reflected
in the difference in suitability index values (0.071 vs. 0.123). On the other hand, according to
the differences in the suitability index caused by differences in variability for the previous
case, and by differences in average radiation, for this case, the suitability index is shown
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to be much more sensitive to changes in the 50th percentile than in variability. This result
seems appropriate, since, as we have already indicated, the scarcity of radiation will always
be a greater inconvenience for the installation of a solar plant than the high variability.

The fourth selected coordinates (43.20°N, 2.00°W) are those of the northernmost area.
It has the lowest average radiation levels, as well as a high variability (its interquartile
range is only surpassed by the first location considered), which makes it the least suitable
place from those selected. This translates into the highest value of the suitability index
(0.199), almost tripling the value of the most suitable point.

The four coordinates analyzed above are located in each of the four regions into which
we had divided the territory based on the SIT. However, a new location (37.00°N, 6.00°W)
is considered, so that the aforementioned greater sensitivity of the index to the average
value as compared to variability is made more evident. So, differences between this point
and (43.20°N, 2.00°W) are contrasted with differences between these two first locations
considered, (43.05°N, 6.65°W) and (39.80°N, 3.75°W). With regards to points (37.00°N,
6.00°W) and (43.20°N, 2.00°W), both sites are located in the same cluster, i.e., in the region
where the least suitable points are placed. The point (37.00°N, 6.00°W), located in the south
of the peninsula, has a low average radiation (329.3 W/m?), a value very close to that of
the northernmost point (326.2 W/m?), but it also has the least variability of the group of
points, as shown in Figure 8, and in its interquartile range value. Indeed, despite this low
variability (compared to the rest of the locations), the low 50th percentile makes it very
unsuitable for the installation of a solar plant, which translates into a high SIT value (0.166).
On the other hand, this index value is slightly lower than the 0.199 corresponding to the
position (43.20°N, 2.00°W), so it is somewhat more suitable than this north point. The
effect of average radiation and variability can be observed in this difference of the SIT. A
difference between both points in the interquartile range—of approximately 25 W /m?—
works in favor of greater suitability of the point (37.00°N, 6.00°W) along with a difference
in the 50th percentile of about 3 W/m?, also favorable to suitability of the point (37.00°N,
6.00°W) with regard to that of (43.20°N, 2.00°W). This yields a better suitability index in
the south location by approximately 30 hundredths.

On the other hand, if we now consider these differences between the points (43.05°N,
6.65°W) and (39.80°N, 3.75°W), the results are the following: the difference between
interquartile ranges is approximately 27 W/m? (similar to that of the two previously
analyzed locations), which goes against the suitability of the position (43.05°N, 6.65°W) as
compared to the point (39.80°N, 3.75°W), and the difference between the 50th percentile is
of almost 3 W/m?, which goes in favor of the suitability of that first point. Among these
two positions, the first is more unfavorable to suitability, as we have already seen (0.133
vs. 0.123). Thus, the differences corresponding to the 50th percentiles and the interquartile
ranges in this pair of points are practically identical to those corresponding to the pair of
points (43.20°N, 2.00°W) and (37.00°N, 6.00°W), although, in one case, these differences are
always favorable to the suitability of one of the positions and, in the other, one difference is
favorable to suitability of a point and the other unfavorable. The significant difference in
the interquartile range in support of the greater suitability of the location (39.80°N, 3.75°W)
versus (43.05°N, 6.65°W) only translates into 10 hundredths of improvement in the SIT,
due to the unfavorable effect caused by a small difference of 3 W/ m? in the case of the
50th percentile. Nevertheless, in considering the positions (43.20°N, 2.00°W) and (37.00°N,
6.00°W), there are similar differences in the interquartile range and in the 50th percentile,
but both are in favor of the point (37.00°N, 6.00°W), and translate into an improvement of
the location (37.00°N, 6.00°W) as compared to (43.20°N, 2.00°W). This is in accordance with
a SIT three times greater than that obtained from the point (39.80°N, 3.75°W) as compared
to the point (43.05°N, 6.65°W) (30 hundredths versus 10 hundredths). Therefore, this shows
the large difference in sensitivity between the SIT, the 50th percentile (which represents the
amount of radiation), and the interquartile range (which represents variability).
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4.3. Assessment with Storage

The new proposed index also enables the assessment of the suitability of a location,
considering the chance of storing excess energy in the months in which there is a radiation
surplus. In fact, following the methodology set out in Section 2, the evolution of radiation
at each point throughout the year may be modified and, based on these new evolutions,
the entropy and the corresponding Theil index, with the adaptations already mentioned,
may be calculated.

In this sense, in Figure 9, the new suitability index is represented, considering the
possibility of storage for different energy demands (expressed in terms of radiation). As
in Figure 5, the values of all the points on each map are comparable, the index being
obtained from the same reference value for each of these maps (the maximum value of the
total radiation). Figure 9a corresponds to the case of a demand of 300 W/m?. As shown,
the SIT presents very low values throughout the study area, because, being a fairly low
demand, the possibility of storage allows us to cover this demand in practically the entire
territory throughout the year. As demand increases, this coverage decreases, as shown in
the following maps, especially in the less suitable areas for the location of facilities (north
of the peninsula, the Mediterranean coast, and the Ebro basin). Therefore, as demand
increases, the map becomes more similar to the one represented in Figure 5, that is to say,
for the case in which possibility of storage is not considered.
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Figure 9. SIT for different demands after storage: (a) 300 W/m?2; (b) 350 W/m?; (c) 400 W/m?;
(d) 450 W/m?.

5. Conclusions

This study proposes a new index from the Theil index and shows that its introduction
makes the assessment of the suitability of a location for installing a solar plant less arbitrary,
as both availability and variability of the resource are taken into account. Indeed, a single
value reflects the degree of suitability, removing the uncertainty that results from being able
to choose different exceedance probabilities, besides considering the seasonal variability
of radiation.
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The results obtained show that the suitability index based on Theil (SIT) adequately
reflects the climatic features of the study area. Then, a cluster analysis, taking the given
index as a variable of interest, allows the territory to be appropriately divided into areas
associated with the characteristics of the radiation. This division facilitates the final choice
for the best locations in terms of the quantity and the variability of the resource for the
solar installation. In this sense, the new index is clearly more sensitive to the amount of
radiation, expressed in terms of the 50th percentile, than to the variability made evident
from the interquartile range.

In the final analysis, satellite-based irradiance data turn out to be a powerful tool
for the implementation of the index due to their wide spatial and temporal coverage.
Furthermore, this index may include the effects of excess energy by storing in months when
there is radiation surplus for the given demand.
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