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Abstract. The dependence on fossil fuels to generate
electricity in Ecuador must be reduced to mitigate economic and
environmental issues. Therefore, new alternatives are sought for
energy generation and promote energy security. An alternative to
feed the electrical demand is to introduce solar thermal
technologies for power production. The objective of this research
is to decipher adequate locations for power production through
the placement of parabolic trough collectors (PTC). Appropriate
sites will be identified in concordance with different
requirements, through a multicriteria technique. Three potential
places in the province of Azuay will be analyzed, and they will
be characterized by their climate, geographical area, proximity to
a power substation and water resources availability. The best
location between the option was obtained, then multicriteria
techniques were useful in solving problems in energy planning in
the province of Azuay. These techniques allow sustainability
according to existing resources in the area.

Key words. Collectors, PTC, Solar Energy, AHP,
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1. Introduction

Since the 1960s and 1970s, environmental pollution and
atmosphere affectation have intensified due to the
increasing use of fossil fuels, partially for power
generation plants. This has caused an increase in the
emission of CO» and other greenhouse gases, which is why
other power production alternatives with no combustion
process are being sought, and from renewable sources [1],
[2]. Since the 1970s, the use of solar thermal energy has
been considered one of the main alternative energy
options. Although the production of electricity can be
obtained from different solar options, recently more
interest has been paid to photovoltaic systems [3].
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In recent research photovoltaic technology has been one
of the most studied technologies and currently its high
degree of maturity stands out, however, it is not the only
option to produce electrical power from solar resources.
There are also technologies such as the solar tower, linear
Fresnel, parabolic dishes and parabolic trough collectors
(PTC) that is also available and should be analysed. In
particular, the PTCs have aroused an interest that has
allowed the realization of ambitious projects [4]. By
2010, renewable energy was around 42 GW of electricity
generation capacity, of which 1 GW corresponded to
solar thermal energy. Then for the year 2019 it amounted
to 586 GW of renewables, of these 6 GW was from solar
thermal technologies [5].

PTCs are a clean and mature technology with a long
history, and it is currently ready for large-scale
implementation [5]. Since the year 1980, PTC technology
has been installed commercially with an approximate
yield of 62%. The performance varies according to the
climatological and geographical characteristics of each
location. Since then, it has experienced significant cost
reduction and performance improvements. Currently, the
countries that operate this type of power plant are Spain
(the main promoter of solar thermal technology), the
United States, Morocco, Algeria, Egypt, Australia, South
Africa, India, Mexico and Chile [6], [7]. Nevertheless, as
all technologies, it implies some affections to the
environment, and land occupancy, and other externalities

[2].

In Ecuador, solar radiation at noon reaches the earth with
an almost perpendicular angle of incidence. By having
low seasonality, the solar resource is stable throughout
the year [8]. Even though there are high levels of
cloudiness in most of the country, there are some places
close to the Pacific Ocean and in the south and northern
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part of the country over the Andean Mountain range where
there are reduced cloudiness levels. The annual global
solar irradiation (GHI) over Ecuador is approximately
1660 kWh/m? per year, varying from 3.35 kWh/m? per day
to 4.33 kWh/m2 per day [8], being the areas with high
altitudes the ones with the highest radiation levels [9].

The city of Cuenca, capital of the province of Azuay, is
geographically located in the southern part of Ecuador.
Using the Bristow & Campbell methodology, it was
estimated that the daily radiation available is 4.26 kWh/m?
or approximately 1560 kWh/m? per year [10]. For the
implementation of PTCs, irradiation must be 1700 kWh/
m? per year or 5.65 kWh/m? per day [11]. However, it is
necessary to analyse the local requirements to promote the
use of these technologies and the possible sites where they
could be installed.

2. Theoretical framework

A solar thermal power generation system is defined as a
set of processes necessary to convert solar energy into
mechanical energy, which will then be converted in
electrical power [4], [8]. In the economic context, due to
technological progress, mass production, economy of scale
and operational improvements, solar thermal power plants
are in a position to compete with conventional fuel thermal
power plants [4], [8].

A. Types of useful technologies in solar thermal power
generation

The generation of solar thermal power is available in a set
of different technologies that characterize to carry out solar
concentration forms in order to reach enough temperatures
that allow the production of mechanical forces, mainly
through steam production. In electricity generation through
solar thermal, there are different configurations of
collectors and heat concentrations that are classified
according to the required temperature range: low, medium
and high temperatures [12].

The medium and high-temperature technologies are briefly
described below:

1) Sun tower. It is a circular structure of heliostats
(large mirrors that move in two axes, installed at
an elevation angle), which reflect direct normal
radiation into a receiver focus located at the top of
a tower [4], [8].

2) Linear Fresnel. It is a linear arrangement of flat
mirrors that reflect the DNI in the receiver located
in a focus central heat set [4], [8].

3) Parabolic Disks. This technology is based on a
single parabolic reflector that is similar to a
satellite parabolic dish in which a set of mirrors
directed irradiation towards a focal point
arranged. The solar energy capture method of this
system is based on reflecting the sun's rays
towards a receiver [5].

4) Parabolic Cylinder. This solar thermal power
generation system is composed of parabolic
collectors (reflector and receiver), HTF heat
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transfer fluid (synthetic oil, water/steam mixture
or molten salts is generally used), a thermal
energy storage in which molten salts, steam
turbine-generator, steam condensation system
and control system are currently used [4], [8].

B.  Alternative for the generation of electrical energy in
the province of Azuay from thermo-solar
technologies

The types of useful technologies in solar generation
exposed in literal B, are high-scale industrial facilities.
The same ones that by heating the fluid with solar
radiation and its use in a conventional thermodynamic
cycle, generate the necessary impulse to move an
alternator and thus generate electrical energy [13]. In
concentrator solar thermal power plants, it is necessary to
integrate a considerable amount of solar irradiation to
obtain temperatures above 300°C to 1000°C in the
receiver to reach adequate performance in the
thermodynamic cycle.

There are two methods for generating electricity by solar
thermal energy: high and low solar concentration [13]].
PTCs are currently the most widely used technology with
>95% of CSP installations [14]. The physical location of
a solar thermal power plant with PTC technology is
defined by its geographical and climatic characteristics,
availability of road infrastructure, electricity, or others
that influence the design.

PTC technology has matured in the field of electricity
generation worldwide and has been embraced by
pioneering countries in renewable energy. Therefore, it is
an alternative to electricity production in Ecuador, which
is a country rich in renewable resources such as hydro
and solar, two sources that complement each other
strategically, since when there are drought periods, there
is higher irradiation availability. The province of Azuay,
by introducing ST technologies, would achieve a
reduction in dependence on fossil fuels and, in turn, have
a more friendly environment.

C. Efficiency and costs of parabolic trough power
plants.

According to parameters such as concentration ratio,
solar intensity and working fluid flow, the working fluid
temperature can reach over 400°C. As the solar energy is
concentrated 70 to 100 times in the system, the operating
temperature reaches between 350 to 550 °C. The solar-
electricity efficiency is 15% [15].

For solar thermal power plants with PTC technology, it is
more interesting to generate electricity through a
thermodynamic process, with the integration of a
combined cycle. This can minimize the costs of electrical
energy produced by the PTC arrangement. The
integration of combined cycles is known under the
acronym ISCCS (Integrated Solar Combined System),
although the solar fraction is reduced in this case to the
order of 15% [16]. The costs for an ISCCS oscillate
between 0.12 and 0.17 USD/ kWh. This variation will
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depend on the solar fraction obtained [16]. The current
levelized cost of energy (LCOE) for large-scale solar is
0.182 USD/kWh according to the IRENA (International
Renewable Energy Agency) report [17].

D. Multicriteria Methods

Multi-criteria Decision-Making (MCDM) methods are a
useful tool for considering qualitative and quantitative
factors in decision problems. In these methods, from the
perspective of energy planning, they make it possible to
choose between defined alternatives and evaluate the
selection of the most appropriate options under certain
criteria [18].

The objective of multicriteria methods is to determine
evaluation criteria and subcriteria. They can vary
according to the subject and depend on the theoretical
background, types of questions, and required results. There
are universal methods that are used in various applications
and methods that have been developed for specific topics
[19].

For the selection of the methodology, it is necessary to
analyze which of the MCDM could meet the needs of the
proposed problem. A finite set of criteria must be
established to allow each of the alternatives to be
evaluated so that in this way the importance of each
criterion would be reflected [20]. Multicriteria evaluation
methods are used for the selection of optimal sites for
carrying out a certain activity [19]. The method must
guarantee the reliability of the final result of the alternative
that best suits the requirements of the problem [20]. The
MCDM of multicriteria analysis most used with energy
planning and study are: AHP, ELECTRE, and
PROMETHEE [19].

From the description of the classification methods, the
AHP method is an ideal candidate to model the decision
problem of the optimal zones for electricity production. In
addition, the Fuzzy method was used. Using these methods
can help decision-makers select or rank the best options
according to multi-criteria evaluations, in addition to the
often-conflicting criteria [21].

The AHP method is a powerful and flexible technique, it
allows an active and rational participation in the decision-
making process. The Analytical Hierarchy Process (AHP)
model employs four main criteria, technical, economic,
social and environmental aspects [19]. This method has
some characteristics within which it is worth noting that
the decision problem being worked on is modelled using a
hierarchy whose upper vertex is the main objective of the
problem, the goal to be achieved, and at the base are the
possible alternatives to evaluate [22].

3. Methodology

A description of the methodological process for the
selection of the optimal place for implementing for PTCs
will be detailed, the conceptual chart is indicated in Fig.1
This section presents the process of the AHP multicriteria
method in detail.
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Fig. 1. Methodology conceptual map

A. Methodology description

The Ecuadorian solar map allows the analysis of the
global average insolation levels in the Ecuadorian
territory. This data helps to identify adequate places with
sufficient solar energy, in concordance with appropriate
solar potential for solar thermal development. Three
potential sites were defined for planting the plants in the
study area (Azuay Province). The application of the AHP
multicriteria selection method, has been worked through
the traditional model application since it allows
structuring a problem with a hierarchical scheme. This
scheme has different levels that cover the main objective
or goal, the criteria/subcriteria and the alternatives, it
quantifies the subjective judgments issued by the
decision-making group. In other words, in this case, the
respondents must know about the subject in order to
make a decision quickly, in relation to the criteria/sub-
criteria and the alternatives involved. Below in Table I
the parameters of each zone will be detailed.

Table 1. — The parameters of each place

Place* P1 P2 P3
Area (m?) 25871 16201 27684
Altitude 930 2314 2226
(m.a.s.l.)

Average

temperature 20.9 14.1 14.2
(°C)

Direct

radiation per | 1449 g 857.4 876.8
year

(kWh/m2)

I;érgi}(l)ZSt Dec. to Nov. to Nov. to
Cloudiness Apr. Apr. Apr.
Distance to 12.53 1.01 1.24
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% 1) Design of the hierarchical model. At this stage,
Place Pl P P3 the design of the hierarchical model for
substation decision-making is the most important, due to
(km) the fact that this method consists of structuring
Distance the hierarchy of the problem visually. In this
populated 73 05 0.2 stage, we proceed to break down the problem
area ' ’ ’ presented and its main components into parts.
(km) The steps to obtain the structure of the
Water hierarchical model are: (i) definition of the
source 15 30 50 objective, (ii) identification of criteria, (iii)
distance identification of  sub-criteria and  (iv)
(m) identification of alternatives, as indicated in
Coordinates -3.340,- -2.841, - -2.858, - Figure 3 [23].

79.342 78.883 78.802
*Pl. Sulupall Objetive Criteria Subcriterion Alternatives
(Santa Isabel); P2: Guanguarcucho (Cuenca); Rond Network

P3: Ganalcay (Gualaceo) E E

Eleical Nowwork
Figure 2 shows the location of each of the sites surveyed. For Pracuation E—
Location of analyzed sites ALl e — (Sulupali)

3 CCP for the

v @
electricity

Land Cost

Cuenca

Gu by
Social Acceptance (Guanguarcucho)

O

‘ Social

Employment of
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Auvailability Of A

Water Source
Environmental

Visual Impact

W

Fig. 3 Hierarchical model

2) Calculation of the criteria weights vector. Prior
to vector computation, priorities must be
defined, i.e. the relative “priority” given to each
element is determined by pairwise comparison
of the contribution of each element to the level
above it (if criteria are being analyzed, then
detecting these contribute to the objective if the
alternatives are analyzed, how much satisfies
this or that criterion), to determine the Priority
Table it was based on the relative importance
index according to the scale proposed by Saaty:
as presented below in Table II:

Table II. - Saaty scale
Importance Definition
Both criteria or elements are of equal
1 importance
Weak or moderate importance of one
3 over the other
Essential or strong importance of one
5 criterion over the other
Demonstrated importance of one
7 criterion over another
Absolute importance of one criterion
9 over another
Intermediate values between two
adjacent judgments, which are used
when an average term between two of
the previous intensities is necessary.

Fig. 2 Reference location of the sites analysed in the
province of Azuay

B.  Application of the Multicriteria Selection Method 2,4,6,8
AHP
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3) Calculation of the scoring matrix of the
alternatives. Once the criteria comparison matrix
is filled with the respective ratings, the matrix is
normalized where the value assigned to the sub-
criterion by the respondent is divided by the
TOTAL sum of the values assigned to it.

C. Selection of optimal area

Within this study, 11 surveys were delivered to local
experts in energy and renewable energy, who know about
energy sources and technologies where the study takes
place, we obtained 10 responses. Local acknowledgement
we consider necessary. By using the AHP method, we
proceed to build the necessary matrices, one for each
criterion. In each matrix, the alternatives will be compared
with each other according to the corresponding criteria.
The filling of the matrices, the calculation of the relative
weights and the calculation of the inconsistency ratio is
similar to the previous stage.

4. Results analysis

One of the main drawbacks was the time availability of the
experts to complete the survey, so the expert would
respond between two or three weeks. Another problem is
the allocation of weights, since some surveys did not focus
on the specific area, but in general on the locations
described in Fig. 2 determined with good technical
locations, with solar and space are qiuired.

Another difficulty is the lack of specialists on the subject
and the time it takes for each expert to evaluate the
alternatives and criteria proposed, Then it was restricted to
ten experts, so the desired consistency is not obtained, but
the results would be an important approach.

Multicriteria decision methods (MCDA) have been applied
to problems given by energy planning. In this study, after
carrying out the AHP analysis, it was possible to conclude
that the best option for the implementation of PTC for the
production of electricity is Santa Isabel (Table III). Since
by means of this method it was possible to have the
characterization of the situations in a group way of
multicriteria decisions. It was possible to identify the
relevant factors that influence the process. This
characterization was the basis for analyzing and
classifying the information obtained in the literature
review related to the selection of multicriteria techniques
and finally obtaining the list of criteria proposed in the
investigative work.

Table I1I. Results of the participants (%)

ID* P1 P2 P3
PA 52.7 27.6 19.7
CF 52 32 16
IC 68 24 8
JR 61 26 13
HA 32 35 33
MC 68 24 8
NG 40 22 38
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ID* P1 P2 P3
XS 56.4 21.8 21.8
EB 52.2 30.3 17.5
CF 28.2 25.7 46.1
Total 51.05 26.84 22.11

* Initials of the professionals who participated in the
study

The methodology is applicable to areas where direct
radiation is greater than or equal to the aforementioned
for the correct operation and implementation of the PTC.

4. Conclusion

The general objective of this research work is to identify
the best places for locating of PTC in the province of
Azuay in Ecuador. So multi-criteria techniques were
used, which are methods that help to make a correct
choice between several options. The use of a multi-
criteria approach is due to the complexity of a set of
alternatives when evaluated against a set of criteria.
Therefore, for this, knowledge of all multi-criteria
decision methods is essential. The main contribution of
this research is the application of the AHP methodology
in the energy projection in the province of Azuay as a site
representative location close to the equator at middle
altitude in the Andean mountain range.

Through the investigation, it was possible to determine
that the multicriteria techniques allow for solving
problems in the energy planning of a region. These
techniques allow to promote sustainable alternatives
according to existing resources in the area, in a holistic
way, not only considering technical issues.

The values assigned to the weights in the surveys made to
the experts are reliable since the assignments in the 10
surveys are within the error limit allowed according to
the consistency index applied for the AHP method.

The study shows the evaluation of 8 sub-criteria (Table I)
and 3 alternatives for the placement of PTC in the
province of Azuay. Where it was determined that Santa
Isabel has an area with 51.05%, followed by El Descanso
with 26.84% and in third place Gualaceo with 22.11%,
when reviewing the data obtained by the multicriteria
technique, it is determined that there is greater
acceptance towards Santa Isabel as the most optimal area
for the placement of PTC in the province of Azuay.

It must be borne in mind that the direct radiation of the
area in Santa Isabel is 1049.8 kWh/m? per year and the
minimum direct radiation for this technology is 1700
kWh/m?2. Therefore, for the implementation of this center
in the Santa Isabel area, public subsidies are required.
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