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ARTICLE INFO ABSTRACT
Keywords: Floating photovoltaic energy is an emerging solution to the need for decarbonization of the current society. It is
Floating photovoltaic currently in the early stages of implementation, so there are not many previous experiences to standardize

Multi-criteria decision analysis
Intelligent optimization
Optimal location

Geographic information system
Renewable energy

decision-making and the most relevant operating parameters such as, the tilt angle of a fast as in conventional
photovoltaics. In addition, the lack of specific design tools and production calculations for floating solar is a
barrier to the correct understanding of the real advantages of floating solar versus conventional solar. From the
point of view of the investment, the stakeholders do not have a complete analysis of the profitability of their
investment. From a technical, environmental and legislative point of view, there is not enough information
available to establish standards and criteria for the design and selection of the most suitable water bodies at local,
regional or state level. This research aims to fill this gap by proposing a specific framework based on geographic
information systems (GIS), multi-criteria analysis (MCDA) and intelligent optimization (Genetic Algorithm). The
objective is to select within a set of water bodies those where the investment is most beneficial from a holistic
perspective considering technical, economic, social, environmental, and legislative criteria. Once the optimal
location is obtained, the framework obtains the tilt angles that minimize the Levelized Cost of Energy (LCOE) by
means of intelligent optimization techniques that evaluate the characteristics of each water body, such as
location or available surface. The tilt angle obtained in this research achieves LCOE improvements of between
2.1% and 8.4% with respect to the tilt angle obtained by conventional methods applied to ground photovoltaics.
Spain has been chosen as a case study as it is a region with a high solar potential and an even distribution of
water bodies in which there is still no legislative framework in force.

renewable energy market [5]. Different applications with different
1. Introduction characteristics can be distinguished: rooftop mounting [6] or ground-PV
[71, and with different scales: standalone application [8], energy com-
munities (EC) [9] or solar farm [10]. Due to multiple applications and
cost reductions in recent years, PV installed capacity has grown expo-
nentially [11]. It can be stated that PV is a mature technology in which
there is a great experience of years in this field and, although it is still
being researched and developed, the technology is more than tested and
proven to know that it is a competitive alternative in different applica-
tions. Nevertheless, it has a series of limitations that may hinder the
development of the technology: i) it occupies large areas of land and
conflicts with other sectors that are also critical for sustainable devel-
opment, such as agriculture or livestock farming [12]; ii) it presents
considerable efficiency losses due to high cell operating temperature and
fouling of the modules, forcing the introduction of cooling [13] and

The current European energy landscape is at the beginning of a
profound restructuring. On the one hand, it has to cope with a decar-
bonization of the sector to mitigate the effects of climate change [1] and
the end of fossil fuel reserves [2], so that conventional energy sources
increasingly have to be replaced by renewable energy sources. On the
other hand, the Russia-Ukraine war has brought to light a problem that
has been latent since the end of the Cold War, namely the division of the
planet into two great social masses, the West and the East [3]. In this
context, it is imperative to transform the electricity system towards a
more independent, resilient and cleaner system than the current one, in
order to reduce dependence on third parties [4]. With this goal in mind,
solar photovoltaics (PV) is one of the most promising technologies in the

* Corresponding author.
E-mail addresses: nestor.velaz@usal.es (N. Velaz-Acera), gustavol976@usal.es (G. Hernandez-Herraez), jorge_lopez@usal.es (J. Lopez-Rebollo), jgonzalezayala@
usal.es (J. Gonzdlez-Ayala), pudbug@pudbug.com (D.J. Yanez- Villareal), sulaguela@usal.es (S. Lagiiela).

https://doi.org/10.1016/j.enconman.2024.119028

Received 10 May 2024; Received in revised form 2 September 2024; Accepted 3 September 2024

Available online 11 September 2024

0196-8904/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-
nc/4.0/).


mailto:nestor.velaz@usal.es
mailto:gustavo1976@usal.es
mailto:jorge_lopez@usal.es
mailto:jgonzalezayala@usal.es
mailto:jgonzalezayala@usal.es
mailto:pudbuq@pudbuq.com
mailto:sulaguela@usal.es
www.sciencedirect.com/science/journal/01968904
https://www.elsevier.com/locate/enconman
https://doi.org/10.1016/j.enconman.2024.119028
https://doi.org/10.1016/j.enconman.2024.119028
https://doi.org/10.1016/j.enconman.2024.119028
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enconman.2024.119028&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

N. Velaz-Acera et al.

Energy Conversion and Management 321 (2024) 119028

Nomenclature

Al Artificial Intelligence

CFD Computational Fluid Dynamics

EC Energy Communities

FPV Floating Photovoltaic

GA Genetic Algorithm

GIS Geographic Information System

MPPT Maximum Power Point Tracking

MADA  Multi-Attribute Decision Analysis

MAUT  Multi-Attribute Utility Theory

MCDA  Multi-Criteria Decision Analysis

MOO Multiple-Objective Optimization

PV Photovoltaic

STC Standard Temperature Condition

TRL Technological Readiness Level

UTM Universal Transverse Mercator

Formulae

Tamb Ambient temperature, °C

Eyear Annual energy, kWh

oM Annual operating and maintenance cost, €/kW/year

K Boltzmann constant, J/k

CF Capacity Factor, %

a Cell short circuit current temperature coefficient of Isc,
%/°C

8; Declination angle, °

DR Degradation rate, %/year

d Discount rate, %

do Distance between module end point and next module
initial point, mm

d; Distance between module initial and next module initial
point, mm

q Elementary charge of the electron, C

E; Forbidden band width, eV

H Height, mm

A Ideality factor of diode, —

Ipy Ilumination current, A

Io Initial investment, €/kW

G; Irradiance of the cell at time t = i, W/m?
¢ Latitude, °

L Length, mm

LCOE Levelized Cost of Energy, €/MWh

T Lifetime, year

Salowed  Maximum allowable surface area, ha
Py Maximum power at STC, W

Inp Maximum power current, A

Vip Maximum power voltage, V

N Number of solar panels, unit

Voc Open circuit voltage at STC, V

Vv Output voltage of the module, V

S Panel Surface, m>

M Panel Weight, kg

nd Position in relation to a calendar year., —
Psrc Power at STC, W

Gsrc Reference irradiance, W/m?

Tstc Reference temperature, °C

Is Saturation current, A

I Saturation current of the diode, A
Isc Short-circuit current at STC, A

h Solar height, °

T; Temperature of the cell at time t =i, °C
B Tilt angle, °

N, Total parallel cells, unit

N; Total series cells, unit

Vw Wind velocity, m/s

w With, mm

t Year considered, —

cleaning systems, which increase operating costs [14].

For these reasons, the use of water bodies to install Floating Solar
Panels (FPV) has recently been considered. In this way, no land would be
occupied, so this could continue to be used, for example, in the primary
sector. The use of water bodies has other advantages, such as improved
energy production compared to solar systems on land, due to the
evaporative cooling effect of the water [15] and to the increase in pro-
duction due to higher water reflectivity [16]. Not only does it have
advantages for production, but also for the environment as it reduces
deforestation, bird deaths and others [17]. On the other hand, it could
have a negative impact on the region’s ecosystems [18].

FPV-related projects can be found at different Technology Readiness
Levels (TRL) and to a lesser extent in commercial applications [19]. Most
of these studies are framed in mainland waters such as reservoirs, hy-
droelectric, dams, small lakes man-made and others, but few applica-
tions are exploring the sea as it is a very aggressive environment [20].
Despite the growth of the sector in recent years, it is still necessary to
solve many barriers that allow to know the real potential of the tech-
nology, highlighting the advantages and disadvantages that allow the
Decision Maker to make the right decision and governments to establish
the standards in an appropriate way. On the other hand, for FPV to
develop commercially, profitability must be competitive with other
production technologies. From an economic point of view, it is not yet
fully competitive. Levelized Cost of Energy (LCOE) of FPV varies in the
range of 35-65 €/MWh [21], 33-97 €/MWh [19], or 100-120 €/MWh
[22], according to the reference consulted. This is considered to be due
to the low maturity and low implementation of the technology. The

LCOE of PV is around 34 €/MWh, wind power is around 38 €/MWh, and
conventional technologies such as coal are around 71 €/MWh or nuclear
76 €/MWh [23]. Therefore, it can be deduced that it is competitive with
conventional production technologies, but not yet competitive with
mature renewable technologies such as PV or wind. Therefore, much
more research on the cost-effectiveness of FPV is needed to provide more
evidence at different locations and with different parameters to confirm
this trend. One of the barriers detected in the commercial application of
this technology is the absence of FPV specific software tools to obtain
production or profitability [19]. The state of the art reviewed shows that
the tendency is to introduce manual variations in some parameters in
specific software for PV such as PVSyst [19].

The main objective of this paper is to fill this gap. For this purpose, a
holistic framework capable of detecting in a specific territory defined by
the user, those water bodies with the highest potential for FPV appli-
cation, considering different criteria, is proposed. The result of this
multi-criteria analysis is very useful for Decision Makers and for the
process of generating government standards. Once the ordered list of
water bodies is obtained from highest to lowest potential, the user can
select the desired number of water bodies. The selected water bodies will
be subjected to an optimization process based on Artificial Intelligence
(AI) in which the optimal tilt angle that maximizes the profitability of
the FPV installed in each water body will be obtained. In this way, a
completely new, specific framework is created, which is very useful for
designers, companies, and governments.

The paper is organized as follows. Section 2 provides a critical
analysis of the current state of the art regarding the main techniques
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evaluated in the research and establishes the main contributions of the
article. Section 3 presents the definition of the problem, explaining the
data used, the methodology followed in the research, as well as the
mathematical model employed. Section 4 compiles the results of the
different simulations performed and their implications. Finally, section
5 summarizes the main conclusion of the research.

2. Current developments and contributions

The section provides a literature review related to the technology
under investigation. A systematic review from the most general to the
most specific concept has been approached in order to highlight the
novelty of the research. The last five years (2019-2023) of the three
main fields have been considered: Geographic System Information
(GIS), Multi Criteria Decision Analysis (MCDA) and optimization stan-
dards. The database used was SCOPUS, using TITLE+ABS+KEY as
search fields. The search criteria used are shown in Fig. 1. The searches
obtained 1123 hits (avoiding duplicity screening). Only research indexes
as “Article”, “Conference Paper”, “Review” and “Book Chapter” and
English language have been considered as relevant. It can be note that
there is a relatively little research to FPV (around 2 %, 24 publications)
on the topic considered in current research. It can be noted the
increasing evolution in the number of publications in the fields within
the scope of the current research. This reinforces the novelty and the
interest of the scientific community in these fields.

Fig. 1 shows a small number of studies applying MCDA techniques in
floating solar. This can be justified by the fact that FPV is in its early
stages of development. There is an increasing trend in the number of
publications in this field, not only in FPV but also in PV. This is
considered to be due to the need of decarbonization of the economy and
the increasing competition between projects and technologies, which

Photovoltaic
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forces to be much more accurate in the selection of the location to ensure
the profitability of the investment [24]. On the other hand, FPV systems
are still not very cost competitive compared to conventional systems and
to other generation technologies [25]. Therefore, it is necessary to
evaluate each investment from different points of view, such as envi-
ronmental [26] or social [27] in order to assess the benefits of a project
from a holistic perspective. In this sense, the application of MCDA can be
very useful in FPV for new project developers and authorities, as it al-
lows them to identify those water bodies from which they will obtain the
best return on their investment, taking into account their target market.
For example, if the installation is focused on the sale of energy in
wholesale markets, criteria such as distance to transmission networks
must be taken into account [28]. If a local impact is to be generated with
FPV, criteria such as employability or social acceptance must be
considered [29]. On the other hand, the trend observed in the state of
the art is to apply the same techniques and tools that have been applied
in PV [30]. Nevertheless, it is not as commonly considered as cooling
effect of the water itself [31] or the higher production due to less dust
presence [32]. However, much more research is needed in this field that
includes criteria related to new business models such as EC and that will
help authorities and project developers to maximize the efficiency of
their decisions by taking into account as much information as possible in
an automated way.

In this sense, the development in recent years of artificial intelligence
(AI) can help in some respects. Al requires increasing data acquisition
and integration from different sources and at different resolutions. Fig. 1
shows an increasing trend in the use of GIS in PV and very few publi-
cations applying GIS to FPV. GIS offers great potential for data inte-
gration in a structured way to enable accurate decision making by
applying MCDA [33]. The availability of a large set of geolocated
structured data enables solutions to be obtained for specific parameters,

Floating solar PV
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such as the optimal tilt that maximizes the annual PV profitability. by
applying Al-based techniques as intelligent optimization algorithms.
Fig. 1. shows the absence of previous research combining these Al-based
techniques and GIS and MCDA in both FPV and PV. In PV, there is
research in which Al is applied to obtain concrete sizing parameters for a
specific plant, such as plant layout [34] or tilt angles [35]. Recent
studies show the great impact of climate zone [36] and tilt angle on the
Levelized Cost of Energy (LCOE) of the FPV [25]. Nevertheless, there is
no previous research exploring the capabilities of the joint application of
these new developments, let alone establishing a methodology with the
ability to do so semi-automatically in a case study in which there is a
distribution of potential locations (water bodies) scattered with different
environmental parameters (climatic, social, economic, and legislative).

2.1. Literature review

2.1.1. Multicriteria decision methods application photovoltaic panel based
on GIS

MCDA began to be applied in the energy sector in the 1980 s. Until
that time, the only criterion considered was economic, but with the new
advances in renewable energies, the environmental benefits of the
different alternatives considered could not be fully evaluated. MCDAs
are very useful for examining different attributes that conflict with each
other. MCDA can be classified according to Seppala, J. et al. [37] into
Multi-Attribute Decision Analysis (MADA) and Multiple-Objective
Optimization (MOO). Both differ in the number of alternatives consid-
ered. In the MADA case the alternatives evaluated are a finite number
and, whereas MOO, an infinite number of alternatives are evaluated.
MOQOs are outside the scope of this research and therefore the literature
review will be conducted on MADAs. MADAs can be classified into
different methods: Elementary methods, Multi-attribute Utility theory
methods (MAUT), Outranking methods and others methods [37].

The elementary methods do not perform a relative evaluation be-
tween criteria to obtain the final solution. This means that it is not
necessary to weigh the relative importance between the criteria, since
the selection rule is an absolute method. They are based on the concept
of evaluating the most restrictive criterion and using it as the solution to
the problem. It is considered that since there is no comparison between
the different criteria, no references have been found in the state of the
art.

MAUTs are the most common methods in the PV, FPV, and renew-
able energy literature. They are based on the assumption that the De-
cision Maker has sufficient experience and knowledge to define different
preferences among the attributes. In this case, a normalization of the
different attributes is performed to have a single scale for comparison.
How the standardization is performed and how the comparison is made
is what distinguishes the different methods. The final result is the
assignment of a value to each alternative, which allows us to order them
and obtain the best solution. Among the different methods, the following
stand out: the Technique for Order Preferences by Similarity to Ideal
Solution (TOPSIS) [38], Weighted Sum Model (WSM) [39], The COm-
plex PRoportional ASsessment (COPRAS) [40], VIekriterijumsko KOm-
promisno Rangiranje (VIKOR) [41], and Stepwise Weight Assessment
Ratio Analysis (SWARA) [42]. Di Grazia, S. and Tina, G. M [33] applied
the TOPSIS method for optimal FPV selection establishing Croatia as a
case study. Cao, Q. et al. [43] applied SWARA together with Full Con-
sistency Method (FUCOM) [44] for FPV application in China. Furtado, P.
A and Herrero Sola, A. V [45] employed the COPRAS method for the
location of new PV plants in southern Brazil. Chiarini, E et al. [46]
conducted a study on Concentrated Solar Power (CSP) in Brazil in which
they applied the Vikor method to determine the areas with the highest
potential.

On the other hand, the Outranking method relies on the Decision
Maker having sufficient experience and knowledge to define a strict
hierarchy, indifference, or weak preference. The comparison between
alternatives is done in pairs, establishing a dominance relationship
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between pairs of alternatives. This allows for determining which alter-
native is better through various methods. Within this group, the
following stand out: Elimination et Choix Traduisant la REalite (ELEC-
TRE) [47], and Preference Ranking Organization METhod for Enriche-
ment of Evaluations (PROMETEE) [48]. The studies carried out by
Ridha, H, M. et al. [49], in which they use the modified PROMETHEE-II
method to find the optimal configuration of hybrid renewable systems,
can be highlighted. Rehman, A. U [50] uses PROMETHEE visuals for the
selection of cooling systems in photovoltaic panels. Some studies using
the ELECTRE can also be highlighted. Mokarram, M. et al. [51] use
ELECTRE to optimally locate solar farms. Cavallaro, F. [52] applies
ELECTRE-III for a comparison between thin-film photovoltaic produc-
tion processes.

Finally, within the Other methods category, one can find popular
methods such as Analytical Hierarchy Process (AHP) [53], which has
hybrid characteristics between MAUT and Outranking methods. There
are also combinations of methods in the literature seeking to explore the
advantages of different types to obtain a more accurate solution. This is
the case of AHP-TOPSIS [54], Fuzzy-Z-AHP [55], and SAW-TOPSIS-GRA
[56]. Nevertheless, it can be deduced from the state of the art that the
amount of research referred to FPV is scarce, and it has been carried out
recently, so more research is required to develop the technology.

In terms of GIS, different platforms are used. Pouran, H. et al. [57]
use open source software such as Quantum GIS (QGIS) [58] to carry out
an analysis of the different water bodies in Vietnam for agricultural
application. Silalahi, D.F. and Blakers, A. [59] employ QGIS to work
with wave height in an offshore floating solar application. In contrast,
other studies such as those conducted by Lee and Lee [60] or Nebey, A.
H. et al. [61] use fee-software such as ArcGIS [62]. A comparison of GIS
applied to PV and FPV has not been found in the state-of-the-art.
Nevertheless, it is considered that the GIS software used is relevant,
due to the different tools they have implemented. A Javascript-based
Web-GIS platform can provide many customization advantages by
adjusting to the different types of potential users. The Web platforms
offered by most of the specific software have a series of previously
established tools and may not be able to fully adapt to the needs of
floating solar. For this reason, the multi-source and multi-resolution
data integration research has been carried out in a Web-GIS.

2.1.2. Optimization intelligent techniques photovoltaic panel potential
evaluation

Optimization is an important part of the design and evaluation
process of a new PV. It is more important when the technology is in the
early stages of implementation, such as the case of FPV, for which no
previous experience is available to help in making decisions on different
design parameters, such as tilt angle. Tilt angle is one of the most
important parameters to increase the amount of energy produced by the
solar installation [63]. Accurately obtaining the optimum tilt angle for
each location is crucial to maximize the energy captured and to increase
the profitability of the system [64]. In PV many authors have established
analytical correlations based on experimentation to determine the tilt
angle. Some correlations are very simple, involving only latitude [65],
and others are more complex, involving a larger number of parameters,
such as latitude, month, or day of the year. [66]. After years of experi-
ence in PV there are web tools that directly provide the optimal tilt angle
that optimizes not only the maximum energy captured, but also the
profitability of the plant in an accurate way such as PVGIS [67].
Nevertheless, these types of correlations are not considered to be
applicable to FPV as the environment is very different. For example,
water cools the panels, increasing productivity [68]. This is why other
optimization methods are required to obtain this angle. To the authors’
knowledge, there is no tool dedicated exclusively to FPV modelling [69].
The trend in the state of the art is to use software for ground PV
modelling, such as PVSyst [70] or Hybrid Optimization Model for
Multiple Energy Resources (HOMER) [71], and introduce some modi-
fications manually to obtain the plant performance [19]. For this reason,
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the need for further research in this field is considered fundamental to
understand the feasibility of FPV in a comprehensive manner.

Most of the publications related to FPV performance found in the
state of the art are focused on techno-economic studies that include
certain environmental aspects. They establish the optimal tilt angles
based on economic criteria, such as LCOE discrete intervals. Lopez, M.
et al. [31] compared the LCOE in three different water bodies in Spain,
for an occupied FPV surface of 10 %. They performed the calculations for
a tilt angle between 0 and 40° in discrete 10° intervals. The result they
obtained was that the minimum LCOE was around 10°. Nevertheless,
with the established methodology, they did not obtain a solution with a
higher resolution. The final tilt angle result could be affected by the
percentage of water surface covered or by the climatology and it could
be different depending on the location and climatology of the selected
water bodies. The methodology established by the authors has a low
degree of automation and therefore requires more human-computer
interaction when applied to a larger number of reservoirs. Redén
Santafé, M et al. [72] applied a similar methodology in which they ob-
tained that the optimum angle was also around 10°. Nevertheless, they
went a step further by validating the results with a pilot plant of about
20 kWp.

Once the state of the art has been analyzed, it is observed that there is
no application of optimization techniques that allow to obtain in a semi-
automatic, robust, and simultaneous way the optimal tilt angle in
different water bodies taking into account the climatology and the
maximum available surface for its use for FPV. In this sense, the state of
the art of PV has been reviewed [73], finding that intelligent optimi-
zation techniques could be very useful to establish standards to help
designers and governments in the tilt angle decision making process.
Yang, J. and Yang, J [74] define it as “Intelligence optimization algorithms
are a large class of probabilistic optimization algorithms, which solve varieties
of complex optimization problems by mimicking the physical or biological
phenomena, including Simulated Annealing, Genetic Algorithms, Ant Colony
Optimization, and Particle Swarm Optimization and so on”. Based on this
definition, the systematic review shown in Fig. 1 was carried out, but no
results were found that applied these techniques in FPV, highlighting the
novelty of the research proposed. Most of the studies consulted employ
this technique to obtain the optimal production technology mix in
hybrid sustainable generation applications [75] where one of the tech-
nologies considered is PV. Nevertheless, there are a few publications
that apply this type of algorithms in the design and sizing of the solar
collection system itself. Khan, A, Y et al. [34] employed Genetic Algo-
rithms (GA) in conjunction with Computational Fluid Dynamics (CFD)
to obtain tilt angle based layouts to reduce the effect of wind on the
panels. Jain, D. and Lalwani, M. [76] used GA to obtain the optimal tilt
angle by varying the time periods over a year. Ismail, M.S. et al. [77]
employed GA to model and design hybrid renewable energy system. In
this case study, one of the decision variables was the tilt angle. Yassir, A.
et al. [78] employ genetic algorithms for tilt-angle optimization using an
Indonesian region as a case study.

From the state of the art, it can be concluded that intelligent opti-
mization techniques have the potential to be applied to FPV. Never-
theless, more research is needed to do it in an integrated way with a
semi-automatic and robust tool, combining the advantages provided
by GIS.

2.2. Research gap and contributions

After review of the state of the art has been reviewed, no previous
research that combine FPV, GIS MCDA and intelligent optimization has
been found. Thus, the research proposed here contributes to the current
state of the art by holistically investigating the potential for FPV pro-
duction, optimal site selection, and tilt angle optimization using GIS
techniques reinforced with MCDA for a double purpose: (1) automate
the determination of the optimal FPV installation design, especially
regarding the determination of the optimal tilt-angle; (2) automate the
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selection of optimal locations for FPV installations, considering both
regulations in force and social-economic criteria. In addition, the
following specific contributions are made:

e Semi-automatic selection based on MCDA-GIS of water bodies with

the highest potential for FPV application. Spain has been selected as

a case study, but the methodology can be applicable in any other

region, including energy communities for industrial, residential, or

agricultural use.

Inclusion of energy communities (EC) as possible recipients of the

energy, either for industrial or agricultural use. The potential of EC

for the use of FPV relies on the possibility of sharing the initial in-

vestment, consequently reducing the rate of return.

e A novel distance criterion has been included to assess the possibility

of applying FPV in the regulatory framework for ECs.

Analysis of the proposed Spanish standards regarding the water

bodies included in the legislation, and whether the selection made is

the most optimal.

e Novel automatic determination of the tilt angle by means of an
intelligent optimization based on GA taking into account the water-
cooling effect, applying GIS.

3. Material and methods

The proposed methodology aims to obtain a framework (Fig. 2) to
evaluate the optimal allocation and evaluation standards for FPV based
on GIS, MCDA, and intelligent optimization. The methodology is pre-
sented through its application in Spain, selected as case study, and is
organized according to the following steps:

I. Multi-source and multi-resolution data integration (Section
3.1). Problem definition, consisting of the GIS integration of the
different water bodies, power lines, and solar potential and the
selection of a photovoltaic panel as a basis for study.

II. FPV potential evaluation (Section 3.2). Evaluation of the gen-
eration potential of floating solar energy, including in the model
the cooling effect of water and the distance needed between
panels to avoid shading.

III. Multicriteria Decision Analysis (Section 3.3) Identification of
the water bodies with the highest potential to be optimized. Two
MCDAs, such as COPRAS and WASPAS have been compared.

IV. Tilt angle intelligent optimization based in metaheuristic al-
gorithms, such as genetic algorithm, applied to selected water
bodies (Section 3.4).

V. Results and discussion (Section 4). Comparative analysis be-
tween the potential established by the Draft Royal Decree in
Spain [79] and all the water bodies considered, and comparative
analysis of the optimized production potential.

The following sections describe in detail the methodology followed
in this research.

3.1. Problem definition

3.1.1. Case study description

The objective of the proposed research is to carry out an energy,
economic, and environmental analysis of the implementation of an FPV
in a specific territory, such as Spain. The Iberian Peninsula is located in
the southwest Europe, and it consists of Spain, Portugal, Andorra, and
Gibraltar. Spain is composed of 17 administrative regions, 15 of which
are located in the Iberian Peninsula, and two archipelagos, one located
in the southwest in the Atlantic Ocean (Canary Islands) and the other in
the east, in the Mediterranean Sea (Balearic Islands). Fig. 3 shows the
geographical distribution of the peninsular water bodies in Spain, the
distribution of the power grid and the climatic zones. A distinction has
been made between the water bodies contemplated in the draft Spanish
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Fig. 3. Surface of mainland water bodies, electricity grid and climate zones in Spain.

Adapted from [79-81]

legislation (blue color) [79] and the total existing water bodies (red
color) [80]. The first visual conclusion that can be drawn is that the
Draft Royal Decree is very conservative with respect to the use of water
bodies. In addition to the number of reservoirs, the distribution is un-
even, since in the northern zone the Draft barely contemplates any water
bodies to be used for FPV. The criteria for selecting the water bodies
included in the Draft are unknown. In this research, whether the selec-
tion of the water bodies included in the draft is optimal, according to the
MCDA, will be evaluated.

On the other hand, Fig. 3 shows that Spain has a large solar energy
potential and an extensive distribution network that establishes Spain as
a good candidate as a pilot region for the implementation of FPV, which
would allow the extraction of conclusions to its application in other
regions. In turn, considering all the water bodies, a uniform distribution
is observed throughout the territory. This fact invites us to think about
the possibility of integrating FPV in EC in rural environments. The
objective would be double. On the one hand, agriculture is a major water
consumer and is usually distributed in regions close to water bodies, so it
would be a great opportunity to consider the FPV and thus share the
investment among more users, reducing the impact on each of them. On
the other hand, when introduced within an EC, the use of the electricity
grid would be lower, reducing the investment needed to increase the
transmission capacity, which in Spain in particular is saturated [82].
This would also increase the resilience and efficiency of the system.

Table 1 shows the energy consumption, installed capacity of solar
PV, and installed capacity of wind power by administrative regions in

Spain. The administrative regions in Spain are very different in size,
consumption and installed renewable capacity, as well as in the distri-
bution of water bodies. Thus, the impact of the introduction of FPV in
each administrative region is very different. For example, the “Comu-
nidad de Madrid” is one of the administrative regions with the highest
consumption, around 10 % of the total. Nevertheless, the PV installed
capacity is less than 0.3 % and it has no wind power installed capacity.
On the other hand, Extremadura has one of the lowest consumption in
the country, around 2 %, and already has a solar installed capacity of
almost 25 % of the country’s total, due to its climate.

3.1.2. Multi-source and multi-resolution data integration

The integration of multi-source and multi-resolution data is per-
formed in a Web-GIS platform designed through the combination of
Javascript and Python. The objective is to take advantage of the ease of
interaction, visualization and dissemination of results offered by a Web
platform, and the of computational power offered by Python, especially
in intelligent optimization algorithms, such as GA. Priority has been
given to the use of geo-referenced public databases to ensure data
accessibility and open libraries to guarantee the universality of methods
and results. The databases used to compile the data are shown in Table 2.

The multi-source and multi-resolution architecture allows for a
scalable and easily adaptable structure to different territories. In order to
adapt the framework to other territories, it is only necessary to replace
the water bodies layer. In the specific case of Spain, FPV has not been
legislated yet. The only regulation that exists is a draft of a Royal Decree
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Table 1
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Energy consumption, installed capacity of on-ground photovoltaic, installed capacity of wind power, surface area, water bodies density and number of water bodies by

administrative region in Spain. .

Energy Installed Capacity on-ground Installed capacity wind power  Surface Water bodies Number of
consumption photovoltaic [GW] [GW] area density water
[TWh] [10% km?] [%] ** bodies
[-1**
®e o o O
Andalucia 38.77 4.21 3.61 87.60 0.142 0.636 23 117
Aragon 10.21 1.90 5.04 47.73 0.118 0366 14 44
Principado de 8.83 0.00 0.70 10.61 0 0.138 0 12
Asturias
Cantabria 3.62 0.00 0.04 5.326 0.807 0.066 1 4
Castilla- La Mancha 11.71 4.11 4.78 79.41 0.079 0.488 14 5
Castilla y Leon 13.38 1.45 6.62 94.22 0.013 0382 5 67
Cataluna 44.89 0.30 1.38 32.21 0.050 0.204 3 98
Comunidad de 27.52 0.06 0.00 8.025 0.105 0546 4 95
Madrid
Comunidad 27.06 0.43 1.24 23.27 0.067 0.332 7 17
Valenciana
Extremadura 4.85 5.35 0.04 41.68 0.615 0.833 29 39
Galicia 13.76 0.02 3.89 29.69 0.003 0538 1 52
Islas Baleares 6.04 0.23 0.00 5.018 0 0.024 0 14
La Rioja 1.60 0.10 0.45 5.041 0 0106 0 5
Region de Murcia 9.05 1.41 0.26 11.31 0.046 0.076 4 10
Navarra 5.04 0.17 1.36 10.39 0.072 0.097 1 20
Pais Vasco 15.21 0.05 0.16 7.23 0 0384 0 7
Total 250.47 19.99 30.15 498.77 2.12 5.22 106 606

** FPV Royal Decree Water Bodies and Mainland water bodies.
Adapted from [79,80,83]

Table 2
Multi-source and multi-resolution data characteristics.
Dataset Source Resolution
format
Mainland water bodies Geojson [80] Multi-Polygon
FPV Draft Royal Decree  DataFrame [75,79]  Numeric Value (converted
water bodies to Multi-Polygon)
Temperature DataFrame [84] Numeric Value
Solar Irradiance DataFrame [84] Numeric Value
Wind velocity DataFrame [84] Numeric Value
Electricity grid Geojson [85] Line string
Water level variation Array [86] Numeric Value

[79] which establishes the public water bodies that can be used for FPV
(106 water bodies) and the percentage of their total surface that can be
covered depending on the trophic degree of each water body (Meso-
trophic (5 %), Eutrophic (15 %), Hypereutrophic (20 %)). In this
research, due to the absence of regulatory restrictions, it has been
decided to consider all the public reservoirs recognized by the Ministry
of Ecological Transition and the Demographic Challenge (MITECO) [80]
(712 water bodies). Therefore, an integration of both databases has been
carried out. The draft Royal Decree database has been manually created
by georeferencing each water body using Google Earth software [75]. In
the case of water bodies that are not mentioned in the Draft Royal De-
cree, it has been decided to assign a maximum surface cover with panels
of 10 % selected because is a recurrent value in the literature [31]. The
data structure is a multi-polygon defined by the contour of each water
body discretized into segments of different lengths defined by the Uni-
versal Transverse Mercator (UTM) coordinates of their ends. Regarding
environmental and solar irradiance data, the Python library PVLIB [87]
is used, which allows the extraction of annual irradiance (“G(h)”),
temperature (“T2m”) and wind (“W10s”) data with a temporal dis-
cretization of one hour. The coordinates for obtaining the environmental
and solar irradiance data correspond to the centroid of the water body.
The power transmission grid has been obtained from the system oper-
ator “Red Eléctrica de Espana” (REE-Spanish Electricity Network),
defined by multi-lines, where each line is referenced by its UTM

coordinates at the ends [85]. Lastly, the average variation of the water
reservoir of the water bodies has been obtained from the meteorological
services agency Spanish Meteorological Agency (AEMET) [86]. The
variation value of the average level of the last 10 years assigned to each
water body corresponds to the average value of the region in which it is
located.

The Web-GIS platform has been generated through Javascript using
open access libraries: Openlayers [88] has been used for the processing
and integration of multi-source data through an interactive map
generated by OpenStreetmap [89]. The visualization of results is done
through canvasjs [90]. As for the calculations performed with Python,
only mathematical and data structure libraries, such as numpy [91],
pandas [92] and DEAP framework tools [93] have been used to program
the genetic algorithm.

3.2. FPV potential evaluation

3.2.1. Photovoltaic panel specification

The FPV potential evaluated in this research corresponds to large
water bodies, such as lakes, swamps, reservoirs, and some large river
mouths. In these types of water bodies, the most common FPV structure
is the rigid one, in which rigid panels are installed on rigid floats
generally made of plastic material [94]. This is because the level fluc-
tuations are not as pronounced as they could be in water bodies with
more fluctuating levels, such as irrigation ponds. Therefore, these small
fluctuations and possible surges due to the magnitude of the water
masses are absorbed by the anchorages between floats [95]. Among
photovoltaic technologies, the most widespread is monocrystalline sili-
con [96]. The model selected as the basis of calculation for this study is
the JAM78S10 455MR model, whose technical specifications are shown
in Table 3.

3.2.2. Photovoltaic panel mathematical model

The single diode equivalent circuit model [98] has been used to
obtain the power generated by each PV system. This model allows the I-
V and P-V curves of the panel to be obtained accurately, introducing the
effect of cell reduction with the cooling of the reservoir water and the
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Table 3
Technical specifications for PV module JAM78S10 455MR [97].

Parameter Variable  Value

Manufacturer - JA Solar

Model - JAM78S10
455MR

Type - Si
Monocrystalline

Dimensions [mm] LxWxH 2180 x 996 x 40

Surface [m?] S 2.17

Weight [kg] M 24.6

Maximum power at STC [W] Py 455

Maximum power voltage [V] Vip 45.83

Maximum power current [A] Inp 9.93

Open circuit voltage at STC [V] Voc 53.87

Short-circuit current at STC [A] Isc 10.56

Total series cells N; 156

Total parallel cells N, 1

Ideality factor of diode A 1.3

Cell short circuit current temperature coefficient a 0.044

of Isc [%/°C]
Reference temperature [°C] Tste 25
Reference Irradiance [W/m?] Gsrc 1000

variation of the irradiance in hourly time intervals. The mathematical
model of the I-V curve is compiled in Eq (1).

I=Npelpy—Npelse [exp (1%) -1 } .

Where Np is the number of cells in parallel of the module, Ipy is the
illumination current calculated according to Eq. (2), Is is the saturation
current calculated according to Eq. (3), q is the elementary charge of the
electron (g = 1.602¢107!°C) [99], V is the output voltage of the
module, N; is the number of cells in series, K is the Boltzmann constant
(K =1.3805 ¢ 10723J) [100], A is the ideality factor of the diode and T;
is the temperature of the cell at time t = i considered.

Ipy = [Isc + a(T; — Tsrc)] % (2).

Where I is the short-circuit current of the panel, a is cell short
circuit current temperature coefficient of Isc, Tstc and Gsrc are reference
temperature and solar irradiance and G; is the irradiance on the panel at
the instant ¢ = i for a given inclination and orientation

3
oo fa] sn( (o

Where I; is the saturation current of the diode at temperature is
obtained according to Eq. (4), T; is obtained according to Eq. (5) y Eg is
the forbidden band width that depends on the material (Eys;) = 1.1eV)
[101].

I

Irs = (4)
oV

Where V, is open-circuit voltage.
Finally, the power is calculated as the product of the voltage and the
current according to Eq. (5).

P=IeV = (NPoIprNpoIso [exp(%) 71} ) o V(5).

The cell operating temperature T; has to be corrected taking into
consideration the cooling effect of the water. A model proposed by
Kamayu et al. [102] has been used which relates empirically, through
Eq. (6) ambient temperature (T, ), solar irradiance (G;) and wind ve-
locity (V) of the specific location.

T; = 2.048 + 0.9458 @ Ty + 0.0215 o G; —1.2376 @ Viy(6).

The number of panels to install is directly determined by the allowed
percentage of water surface. Nevertheless, the shading between panels,
which is influenced by the slope and location of the water body, must be
taken into account. Fig. 4 shows the shadow model used to calculate the
number of total panels. The criterion established is to ensure that no
shading occurs at any time of the year (Eq. (7) and Eq. (8)).

d2 _ L'sinﬁ(7).

tanh
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Fig. 4. Shading angle diagram.

dy =dy + (L e cosp)(8).

Where L is the length of the panel, g is the tilt angle, h is the minimum
solar altitude over the whole year, d, and d; are the objective distance.

The hourly solar height h; depends on the day and time of the year.
The calculation of shadows is done at solar midday for which Eq. (9) is
used.

h; = (90 —arcos(send; e seng + coss; e cos ¢) )(9).

where §; is the declination angle calculated according to Eq. (10),
which is a function of the day of the year and ¢ is the latitude of the
considered water body.

8 = 23.45 e sin (360 . %ﬁ) (10).

Therefore, h will be the minimum height of all the days of a complete
year according to Eq. (11) and nd position in relation to a calendar year.

h = min(h;)(11).

Therefore, knowing the surface occupied by each panel and having
the maximum coverable surface allowed, the maximum number of
panels can be obtained so that no shadows are produced between them
according to Eq. (12).

N =Sl (12).

Where Sgowed is the maximum allowable surface area which is a
function of the legislation for each water body, d; is the distance be-
tween panels calculated according to Eq. (8) and W is the width of the
panel. Finally, the annual energy is obtained from the aggregation of the
maximum powers in each period of time considered according to Eq.
(13).

Eyear = Y11 Puppe(Gi, Ti) @ At(13)

Where Ppypp(Gi, T;) The maximum power at each time instant is a
function of solar irradiance and temperature T;, which vary the I-V and
P-V curves, so the Newton-Raphson method is applied to obtain the
voltage V that maximizes the power in Eq. (5) by modeling an inverter
with Maximum Power Point Tracking (MPPT) [103].

3.3. Selection of water bodies. Multicriteria decision

This section compiles the methodology followed to carry out the
MCDA. Section 3.3.1 justifies the selected criteria. Section 3.3.2 justifies
the two multi-criteria methods used. Finally, in Section 3.3.3, a sensi-
tivity analysis is performed to establish the relative weights of each
criterion.

3.3.1. Criteria selection
Seven criteria have been considered to evaluate each alternative
from different points of view: technical (Cl), economic (C2),
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environmental (C3), legal (C5), and social (C6). It distinguishes between
two types of criteria, the positive criteria (“+”) which greater value is
more desirable and is associated with a higher suitability score, and the
negative criteria (“-”) which lower value is more desirable and is asso-
ciated with a higher suitability score. Table 4 shows a brief description
of the selected criteria as well as the hierarchy and typology of the sub-
criteria used in the multi-criteria analysis.

3.3.1.1. Technical criteria (C1). The Capacity Factor (CF) (C11) is the
ratio of total annual generation and installed capacity. It is calculated
according to Eq. (14).

CF = <2
ZizlPsycoN-At

where Ey. is the annual year (Eq. (10), Psr¢ is the panel power
referred to STC (Table 3), N is the total number of panels installing over
each water body and At is the increment of time considered, in this case
a full year has been considered with an hourly discretization. Level
annual variation (C12) is the average variation of the water level in the
reservoir over the last 10 years.

¢100(14)

3.3.1.2. Economic criteria (C2). The LCOE (C21) quantifies the average
current cost of power generation of a production technology during its
entire life cycle. The analysis performed is restrictive as it does not
consider subsidies that may reduce the initial investment. The LCOE is
calculated by dividing the total costs (investment + operation and
maintenance) during the lifetime and the energy produced according to
Eq. 15.

I T _om
=1 (1+d)

Where I is the initial investment set at 750 €/kW [25], OM is the
annual operating and maintenance cost set at 15.2 €/kW/year [25], Eyeqr
is the annual energy, DR is the annual degradation rate set at 1.18
%/year [104], d is the discount rate set at 5.1 % [25], t is the year
considered and T is the lifetime set at 25 year [19].

Grid Distance (C22): This distance is evaluated between the water
body and the nearest point of the electricity grid. First, the nearest point
of the grid is selected by projecting a point on a straight line. In this case,

LCOE =

Table 4
Selection, description, and structure of criteria.
Criteria Subcriteria Type  Description Reference
Technical Capacity factor + The ratio of annual [31]
(C1) (C11) total generation and
power install
capacity
Level annual — Average annual [61]
variation (C12) seasonal variation
of water level over
the last 10 years
Economic LCOE (C21) - Quantifies the [31,33]
(C2) average cost to sell
the electricity
generated during
the plant life cycle
Grid Distance - Distance to the [33]
(C22) nearest
transmission
electricity grid
Environmental GHG Emission + GHG emission can [31,33]
(C3) reduction be avoided
(C31)
Legal (C4) Coverage + Percentage of area [31,61]
percentage covered allowed
(C41)
Social (C5) Number of + Number of water -

bodies within the
allowable range for
energy
communities

water bodies
within a 25 km
range (C51)

10
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the projection of each water body is made on all the segments in which
the line string of the electricity grid is defined. Once located, the
orthodromic distance between both points is calculated. The distance to
the grid has a significant impact on the plant’s investment and on the
environmental impact associated with the construction of the connec-
tion section.

3.3.1.3. Environmental (C3). GHG Emission reduction (C31). Measure
of the quantity of emissions avoided by producing energy through FPV.
The magnitude depends on the occupied surface of each water body and
the climatology, which determine the production potential. It is ob-
tained by comparing the emissions associated with the system without
FPV and with FPV. Emissions associated with the energy mix of 0.160
tCO>/MWh in 2022 have been considered [105].

3.3.1.4. Regulatory (C4). The Coverage percentage criterion (C41)
takes into account the maximum surface allowed for the installation of
FPV. This parameter is subject to the regulations of each region, which
will establish the maximum allowed surface in order not to affect the
ecosystem environmentally. In the case study considered, the regula-
tions are under development, allowing coverage percentages between 5
and 20 % depending on the trophic degree of each water body [79].

3.3.1.5. Social (C5). The social criteria included in the study is based
on the number of water bodies within a 25 km range from the point of
consumption (C51). This distance can be configured for each case study,
or according to the needs of the study. In this proposed research and the
case study of Spain, the distance of 25 km is selected because this is the
maximum radius established for the creation of Energy Communities
(EC), which are considered in this study as potential beneficiaries of
FPV, and due to the highest social acceptance of small installations
[106]. For this reason, it was decided to incorporate this criterion to take
into account sets of water bodies susceptible to be jointly exploited
within a EC by being located within a radius of 25 km [107].

3.3.2. Method selection

A comparison between different methods for the selection of criteria
in the specific application of FPV has not been found in the state of the
art. Nevertheless, by reviewing other applications, such as [41,108-111]
there is no consensus in which one method is more valid than another,
the general conclusion is that it must be studied case by case and that the
choice of method is closely linked to the objectives pursued. Within the
two main groups established in the literature review, MAUTSs have been
considered, since there is no previous evidence with which to rank the
criteria to guarantee a correct solution. The objective of the MCDA
carried out is to obtain a set of solutions ordered from most to least
suitable. Therefore, according to the state of the art, the most suitable
are the MAUTs [112]. Two methods have been selected from those used
in the state of the art that were analyzed in Section 2.1.1: COPRAS and
the Weighted Aggregates Sum Product Assessment (WASPAS) [113]
method. WASPAS introduces an improvement over WSM, as it includes
not only a weighting using the sum, but also the product Conclusions
drawn from different studies have been evaluated in the selection pro-
cess. The robustness of COPRAS [114] and the publication date of
WASPAS [113], which is more recent than other methods considered in
the literature such as VIKOR [115] or TOPSIS [116], were evaluated.

The COPRAS method was introduced by Zavadskas and Kaklauskas
[117]. This method can be applied to maximize or minimize criteria in
an assessment where more than one criterion should be considered. The
COPRAS method ranks and evaluates alternative for their importance
and utility degree [118]. The WASPAS method was introduced by
Zavadskas, Turskis, Antucheviciene, and Zakarevicius in 2012 [119]. It
is now being widely accepted as an efficient decision-making tool due to
the mathematical simplicity and capability to provide more accurate
results as compared to WSM and WPM methods [120]. For more specific
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details on the methods considered, please refer to Appendix A.

3.3.3. Sensitivity analysis

The results obtained by an MCDA are subject to the input values
[109]. The selection of certain parameters of the analysis is based on a
review of the literature and the Decision Makers’ own experience. To
mitigate the variability of results depending on the input parameters, it
is common in the literature to perform sensitivity analyses [121]. In this
research only the weights relative to each criterion are the input pa-
rameters. Therefore, different scenarios have been established. Within
the terminology of a sensitivity analysis of an MCDA, the term scenario
is used as a combination of different weights. Eight different scenarios
have been considered following the methodology established by Hsing-
Chen Lee and Ching-Ter Chang [108]. The first of them establishes an
equal distribution of weights and the remaining seven are assigned a
weight double that of the rest of the criteria. Table 5 shows the scenarios
considered. The objective of this analysis is twofold: On the one hand, it
aims to evaluate which is the more robust method of the two chosen;
that is, the one which winning alternatives have low variability. On the
other hand, it is intended to establish the most optimal set of solutions as
those that have undergone the least variation.

3.4. Optimization problem definition

The MCDA analysis allows to select among all the water bodies those
that are the most suitable for the incorporation of FPV within an energy
community. This research proposes a methodology that goes one step
further and once the optimal water bodies are selected, the optimal tilt
angles that minimize the LCOE of the water bodies selected by the De-
cision Maker are calculated. Therefore, the objective function of the
optimization problem is the average LCOE (Eq.15). The decision vari-
able is the tilt angle, which can vary in a range of 0-90°. The constituted
problem is a nonlinear problem, which is dependent on the number of
selected water bodies. For an automation of this optimization process it
has been decided that the GA are the most suitable due to the modeling
of the decision variables in individuals and the robustness in the
convergence. The genes of the individual will be the tilt angle of FPV in a
water body and therefore the individual will vary in length as a function
of the number of water bodies selected.

GA are algorithms widely used to solve optimization problems. GA
are metaheuristic methods based on Darwin’s theory of evolution.
Metaheuristic methods, unlike exact methods, do not guarantee the
optimal solution, but have an advantage over exact methods. In cases
where for example the calculation of derivatives is very complex or even
impossible, it is more useful to use GA [122]. The Mupluslambda algo-
rithm [123] is used in this research. This algorithm consists in that the
individuals A, are created from the ancestors y, through the genetic
operators of the descendants A.

Table 6 collects the aspects that define the GA used. There are no
global hyper-parameters valid for all problems, but they have to be
established for each specific problem. The parameters have been
initially selected on the basis of a literature review [136] and from these,
by means of a sensitivity analysis and the authors’ own experience, they
have been adjusted iteratively until the values shown in Table 6. Further
details of the genetic algorithm and the convergence analysis that allows
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Table 6
Parameters of the Muspluslambda genetic algorithm used.

Mupluslambda parameters

Initial population of the algorithm NPOP 1000
Number of selected individuals MU 1000
Number of children in each generation A 1000
Crossover probability CXPB 0.5
Mutation probability MUTPB 0.5
Number of generations of the algorithm NGEN 150
Selection

Individuals selected for the tournament Toursize 3
Crossover

Crossover probability indpb 0.3
Mutation

Mean of normal distribution mu 0
Standard deviation of normal distribution sigma 5
Mutation probability indpb 0.2

the selection of the hyper-parameters that define the GA (Table 6) are
collected in the Appendix B.

4. Results and discussion
4.1. Selection of water bodies. Multicriteria decision

4.1.1. Sensitivity analysis result. Validation results.

To establish the robustness of the results, many researchers perform
sensitivity and validation analyses. Sensitivity analysis examines the
impact of weighting each criterion by exploring a hypothetical scenario
in which all criteria are assigned the same weighting and then
comparing the results. Comparative validation, on the other hand, is
performed by applying other MCDM methods in the process of weight-
ing criteria or evaluating alternatives. Table 7 shows the results of the
sensitivity and comparative analysis performed for the eight scenarios
considered in Section 3.3.3 (Table 5), with the two MCDA selected:
COPRAS and WASPAS. Table 7 shows that COPRAS presents more stable
ranking than WASPAS. This trend is consistent with results from other
research studies [110]. For this reason, provided the results in Table 7,
COPRAS method are selected as more accurate than the WASPAS
method.

4.1.2. Evaluating standards

Fig. 5 shows the complete geolocalized ranking according to the
results provided by COPRAS. There is no area with a higher concen-
tration of reservoirs with a higher degree of suitability, but rather they
are evenly distributed throughout the area under study. This aspect is
considered positive since it allows a greater distribution of resources and
a better use of the existing electric power transmission grid. Neverthe-
less, the water bodies with the greatest potential are distributed in the
southern half of the country. They are characterized by a higher solar
potential and lower water level variation in spite of their higher degree
of drought, since reservoir levels remain more stable seasonally. This is
so for two main reasons. The first reason is due to capacity. In general,
the reservoirs in the south have greater capacity and are framed in a
climate with less rainfall, while those in the north, being smaller and
with greater rainfall, suffer greater fluctuation. The other reason is due

Table 5
Criteria weights under different scenarios.
Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6 Scenario 7 Scenario 8
C11 0.143 0.250 0.125 0.125 0.125 0.125 0.125 0.125
C12 0.143 0.125 0.250 0.125 0.125 0.125 0.125 0.125
C21 0.143 0.125 0.125 0.250 0.125 0.125 0.125 0.125
Cc22 0.143 0.125 0.125 0.125 0.250 0.125 0.125 0.125
C31 0.143 0.125 0.125 0.125 0.125 0.250 0.125 0.125
C41 0.143 0.125 0.125 0.125 0.125 0.125 0.250 0.125
C51 0.143 0.125 0.125 0.125 0.125 0.125 0.125 0.250

11
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Table 7
Sensitivity and comparative analysis results.
Ranking
1 2 3 4 5
Scenario 1
Water Value Water Body Value Water Body Value Water Body Value Water Body Value
Body
COPRAS  Alqueva 0.0082  Alcantara IT 0.0063  La Serena 0.0060  Buendia 0.0054  Alarcon 0.0050
WASPAS  La Serena 0.2502  Alqueva 0.2421 El Grado 0.2303  Santa Ana 0.2224  Nuestra Senora del 0.2221
Agavanzal
Scenario 2
Water Value Water Body Value Water Body Value Water Body Value Water Body Value
Body
COPRAS  Alqueva 0.0073  Alcantara II 0.0057  La Serena 0.0054  Buendia 0.0049  Alarcon 0.0046
WASPAS  La Serena 0.2760  Alqueva 0.2692  Alcantara II 0.2519  Villar del Rey 0.2489  Vega del Jabalon 0.2482
Scenario 3
Water Value Water Body Value Water Body Value Water Body Value Water Body Value
Body
COPRAS  Alqueva 0.0136  Alcantara II 0.0099  La Serena 0.0094  Buendia 0.0083  Alarcon 0.0078
WASPAS  Alqueva 0.2743  La Serena 0.2600  Alcantara II 0.2373  Buendia 0.2210  Alarcén 0.2076
Scenario 4
Water Value Water Body Value Water Body Value Water Body Value Water Body Value
Body
COPRAS  Alqueva 0.0074  Alcantara II 0.0057  La Serena 0.0055  Buendia 0.0049  Alarcon 0.0046
WASPAS  La Serena 0.2761  Alqueva 0.2692  Alcantara II 0.2519  Villar del Rey 0.2489  Vega del Jabalén 0.2482
Scenario 5
Water Value Water Body Value Water Body Value Water Body Value Water Body Value
Body
COPRAS  Alqueva 0.0072  Alcantara II 0.0058  La Serena 0.0053  Buendia 0.0048  Alarcén 0.0046
WASPAS  El Grado 0.2640  Santa Ana 0.2515  Nuestra Senora del 0.2472  La Serena 0.2190  Frieira 0.2143
Agavanzal
Scenario 6
Water Value Water Body Value Water Body Value Water Body Value Water Body Value
Body
COPRAS  Alqueva 0.0073  Alcantara IT 0.0057  La Serena 0.0056  Buendia 0.0049  Alarcon 0.0046
WASPAS  La Serena 0.2813  Villar del Rey 0.2520  Vega del Jabalon 0.2518  Casar de Caceres 0.2486  Montijo 0.2481
Scenario 7
Water Value Water Body Value Water Body Value Water Body Value Water Body Value
Body
COPRAS  Alqueva 0.0073  Alcantara II 0.0056  La Serena 0.0054  Buendia 0.0050  Alarcon 0.0047
WASPAS  La Serena 0.2190  Alqueva 0.2118  El Grado 0.2015  Santa Ana 0.1946  Nuestra Senora del 0.1944
Agavanzal
Scenario 8
Water Value Water Body Value Water Body Value Water Body Value Water Body Value
Body
COPRAS  Alqueva 0.0072  Alcantara II 0.0056  La Serena 0.0053  Buendia 0.0048  Alarcén 0.0044
WASPAS  d’Airoto 0.2419  Superior de 0.2386  Cuenca del Peguera 0.2365  Tort de Peguera- 0.2356  Lac de Rius 0.2342
Rosari Trullé

to the orography. In the northern zone the water bodies are deeper and
less extensive. This means that small variations in volume translate into
large variations in level. On the contrary, in the south they are much
more extensive, so the level variations are much smaller, and that is why
they are more suitable for use in FPV. The total generation potential of
all the masses consulted is 55.8 TWh, which represents 22.3 % of the
country’s annual demand in 2022, which was 250.42 TWh [83]. It can
be deduced that FPV can be a very relevant technology in a territory like
Spain.

Table 8 shows the main energy parameters grouped according to the
MCDA results. It can be seen that installing FPV in eleven water bodies
would represent about 32 % of the total installed power. This shows
that, with the methodology followed, those water bodies where the
impact of the investment is greater are obtained, making it very inter-
esting in the early stages of implementation of the technology in a new
region.

Fig. 6 shows the average LCOE by administrative regions in Spain for
different tilt angles and for the water bodies that are included and not in
the Draft Royal Decree. It can be seen that not all administrative regions
in Spain have water bodies included in the draft Royal Decree. This is the
case of “Principado de Asturias”, “Pais Vasco”, “La Rioja” and “Islas
Baleares”. These administrative regions have a LCOE above the average,
so they are not regions with a high priority for the implementation of
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FPV compared to other regions, such as “Andalucia”, “Extremadura”,
“Castilla La-Mancha” or “Region de Murcia”, which have LCOE below
the country’s average. The region of Madrid stands out, as it does not
have installed renewable energy power, and with the implementation of
FPV it could increase its independence and the overall efficiency of
transport, since it would take advantage of the resources of the area,
reducing transport losses. As a general rule, the water bodies included in
the FPV Draft Royal Decree offer lower average LCOE than those not
included, so that in the first phase of implementation of the technology
the results indicate that it is best to adhere to the proposed legislation.

Fig. 7 shows the LCOE for each climate zone defined in Spain. This
analysis is relevant since the Spanish legislation on solar energy is based
on these climate zones. In addition, the consumption habits vary from
one to another to adapt to the climatic difference. In this case, it is
observed that climate zone III does not include any water body in the
FPV Draft Royal Decree. Comparing between climate zones, it is
observed that considering only the water bodies that are included in the
FPV Draft Royal Decree, the LCOE remains practically constant, which
indicates that the selection of water bodies has been done in a correct
way. On the other hand, considering the water bodies not included in
climatic zone I, a very high LCOE above the whole country is observed,
which suggests that it is not a good investment from a purely economic
point of view to consider these water bodies in the first stages of the



N. Velaz-Acera et al.

Energy Conversion and Management 321 (2024) 119028

~ .
g .. $ o .. ] 4
«*%e T W | A It Tob
) ° gove S 8 ey
‘e - o A . ‘.. ® Pampleg) g
o ° s ot LN ? e
oracse b O S0 PO e >, )
. o 0 RS - > %ﬂ
s - P $ i3 . o i &
A% B - v [ o v * A .
o " e o o % =t va et .0
. “ B % "c Y ¢ ° .
: P . .,']‘..‘. o é
: [ voug L] .
. A o > . A . ; )
e o A “ A o s
o] L . AA
t el e .t .
. o o -« A A .
: < . att v < A .
. > N 2 .
L 4 e .
'. < D T N e .‘ ok
A
» e ae « e g ,
- * A A' A . ® A . 0. > .o .
B A A S
s « “ - '
. . .
R e X o sy
.
.ge v % o'e A . .
A * o3 - .
. Ye'e W, . L % e
*d o ° A ® :
. i R ¢ . L K.e0 22 =
4 o ' "A—' A v . ..A‘ 5 .‘,7, .
A A wth T e o Ae ~ PO § Rank Position
ah it e M L .
L A ~ ‘. o , ® .
A Al Position 1 (1)
. A Sgw . o> a P .
N S 5y ¥.q A Position 2-6 (5)
> Va ° -‘ AT ae > Position 7-11 (5)
W..dh v B ot “ e Position 12-101 (90)
’ VA A\ Position 102-251 (150)
il e @ Position 252-712 (460)
ats
Fig. 5. MCDA results. Water Bodies Rank Position.
Table 8 the optimization process to obtain the tilt angle that minimizes the LCOE
v;at; Bodies MCDA results. Energv parameters of the set. Although only the five most suitable water bodies have been
’ &y P - selected to show these results and to highlight the value of the estab-
Legend  Installed Energy X Average Average lished methodology, it can be applied to all water bodies. Thus, the
Capacity Potential LCOE CF . . . .
[GW] [TWh] [€/MWh] %] met.hodology is apph?abl.e locally or reg101.1ally, depending on the data
— available and the objective of the analysis. Table 9 shows the water
Position 1 1.68 212 45.33 1441 bodies selected as further case study.
The location of the Top-5 water bodies is in the regions of “Extrem-
Position 2-6 6.10 7.87 44.77 14.60 adura” and “Castilla-La Mancha”, belonging to climate zones IV and V
O with the highest generation potential. These regions have the lowest en-
Position 3.78 4.65 46.64 14.03 ergy consumption in Spain (4.85 TWh and 11.71 TWh, respectively) [124]
7-11 (5) and therefore, with the use of the mentioned water bodies, they could
" increase renewable energy generation and practically cover their total
Position 8.89 11.00 57.86 11.89 . . . @
12-101 energy consumption with this technology. It should be noted that only “La
(90) Serena” is mentioned in the draft Royal Decree. The Alqueva reservoir
Position A 8.58 10.62 46.13 14.34 stands out, which despite the result obtained, is not included in the draft of
102-251 the Royal Decree. It is considered that this is due to the fact that only 10 %
(150) of its surface area belongs to Spanish territory and it shares ownership
Position 7.54 8.32 54.57 12.56 . ) o . . .
252712 . with Portugal. For this reason, it is considered that it has not been included
(460) in the draft of the current Royal Decree. The research carried out shows
Overall - 35.71 43.53 53.07 12.88

implementation of the technology. There is also a difference between the
angles: it is observed as a general trend that in climate zones IV and V,
where solar radiation is higher, the angles that optimize the LCOE are
slightly lower than those of climate zones I and II.

4.1.3. Optimal location result. Water bodies selected
Finally, it was decided to select the Top 5 water bodies to undergo
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the importance of this body of water, which must be considered in future
developments of the regulations. It is considered that the location is not a
barrier, since the electricity market in Spain and Portugal is the same, and
the Alqueva reservoir is included in the Spanish databases. The selection
shown in Table 9 is an indication that the water bodies included in the
Draft Royal Decree have not been evaluated from a multi-criteria
perspective. Therefore the inclusion of these water bodies would intro-
duce a substantial improvement to the generation potential of these re-
gions in particular and of the country in general.
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Table 9
Water Bodies Selected.
Water Latitude Longitude Total Superface Coverage Climatic Region Position Draft Royal Decrete
Body [°] [°] [ha] Porcentaje Zone Ranking Included
[%]
Al 38.7410 —7.2252 14,478 10 \Y% Exti d 1 N
AIS;I:Zaara I 39.9711 —6.5445 10,091 10 A% Eit:iﬁ:dﬁ:: 2 Ng
La Serena 38.9280 —5.2330 9595 20 A% Estremadura 3 Yes
Buendia 40.4667 —2.5548 8432 10 v Castilla-La 4 No
Manch:
Alarcén 39.6668 —2.2002 7968 10 v C;sl:icll: La 5 No
Mancha
4.2. Tilt angle optimization result common methods found in the ground-PV literature [81]:
Table 10 shows the optimal tilt angle for each of the five selected case o Method 1 (M1):.4,,, = |4
study water bodies, obtained by the present investigation and the most e Method 2 (M2):.8,, = || —10
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Table 10
Optimal tilt angle obtained by different methods.

Energy Conversion and Management 321 (2024) 119028

Water Body Current research [°] M1 [°]

M2 [°]

M3 [] M4 [] M5 [’] M6 [°]

30.00
30.00
30.00
34.99
35.00

Alqueva
Alcantara II
La Serena
Buendia
Alarcon

38.55
39.97
38.92
40.47
39.67

28.55
29.97
28.92
30.47
29.67

30.30
31.28
30.56
31.62
31.07

37.19
38.18
37.46
38.52
37.97

34.00
34.00
34.00
34.00
34.00

33.00
33.00
33.00
35.00
35.00

e Method 3 (M3):.Bop
e Method 4 (M4):.ﬂopt
e Method 5 (MS):./iOPt
e Method 6 (M6):.5,,

=37 +0.69 e [¢|
=37 +0.69e|p+10]|
=34

= ﬂopt,PVGIS

The result obtained in the current research are obtained through the
application of the last step of the methodology defined in Fig. 2 to the
water bodies shown in Table 9. Traditional methods offer a series of
rapid design methodologies pursuing only energy criteria and based on a
single parameter, such as the latitude of the location. The tilt-angle se-
lection process did not take into account possible effects on energy
production, such as temperature. The proposed optimization method
takes into account different climatic variables, such as temperature,
wind and the cooling effect of the reservoir water within the optimiza-
tion process itself, so that the obtained tilt-angle maximizes profitability.
Fig. 8 shows that the tilt-angle obtained by the present investigation
improves in the different key performance indicators compared to
traditional methodologies.

Fig. 8a) shows the average LCOE for the set of water bodies with the
tilt angles shown in Table 10. The LCOE improvements obtained by the
presented framework are in the range of 2.1 and 8.4 %. Fig. 8b) shows
the total annual energy produced and the improvements obtained range
from 0.65 % to 9.98 %. Fig. 8c) shows the CF with improvements be-
tween 3.53 % and 8.33 %. Finally, Fig. 8d) shows the GHG emissions
avoided within a range of 0.66 % and 10.3 %. It is shown that the de-
cision methods employed in ground-PV are not accurate enough for FPV.
This is because they do not incorporate the differentiating features of
FPV, such as the cooling effect of water. It is therefore demonstrated that
the correlations used in on ground-PV are not directly applicable to FPV
and further research, such as the one carried out, is required to establish
new standards. On the other hand, it should be noted that M2 is the
method that obtains the best results and that for a quick pre-
dimensioning it can be used to obtain, for example, how many panels
fit on a given surface.

5. Conclusions

FPV is recently generating interest due to the advantages it has over
on-ground PV. On the one hand, it offers better performance and higher
production due to the cooling effect of the reservoir water. On the other
hand, it does not compete in land use with other applications, such as
agriculture, so socially it can be very well accepted. Nevertheless, due to
the lack of many previous experiences, it faces a series of challenges in
order to be implemented on a commercial scale. One of these challenges
is the selection of the most suitable water bodies and the selection of
design parameters, such as the tilt angle. The literature has shown that
there is no specific software capable of integrating the differentiating
characteristics of FPV. This research proposes a framework capable of
filling this gap.

The presented framework has three differentiating features. The first
one is that the integration of multi-source and multi-resolution geo-
localized data is performed in a javascript and python-based Web-GIS
environment. This differential aspect allows a great diffusion and
adaptability to different environments and data sources, as well as a
wider scope of the results. The second is the use of integrated geolocated
data for the selection of the most suitable water bodies from a multi-
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a)
LCOE [€¢/MWHh]

Improvement: M1:3.7% M2:3.2% M3:8.2% M4:4.8% M5:2.1% M6: 2.6%

b)

nergy [TWh]

Improvement: M1: 098 %  M2:065%  M3:759%  M4:1020% MS5:4.66% M6:5.10%

<)

Improvement: MI:103% M2:0.66%  M3:7.62%  M4:1027% M5:471% M6:5.14%

Current reseach M1

Improvement: MI:501%  M2:546%  M3:706%  M4:353%  M5:6.14%  M6:833 %

Current reseach M1 M2 M3

Fig. 8. Key performance indicators for different methods. (a) Average LCOE
[€/MWHh], (b) Total annual energy [TWh], (c) Average CF [%], (d) GHG avoi-
ded lifetime [ton].
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criteria perspective: technical, economic, environmental, legislative,
and social. The MCDA used was COPRAS, which has proved to be the
one that offers the most stable results. To demonstrate the applicability
of the framework, Spain was used as a case study, as it is a region with a
homogeneous distribution of water and high solar potential, making it
an ideal place to exploit the full potential of FPV. The case of Spain, as in
many other regions, does not have specific regulations for FPV, so the
conclusions drawn from the analysis are very useful for designers,
project developers and governments. It has been observed that the FPV
Draft Royal Decree is very conservative since it includes a reduced
number of water bodies with respect to the total public use. Also, the
distribution of water bodies is not uniform in all the administrative re-
gions of Spain, since there are certain regions that do not have water
bodies included in the Draft Royal Decree. Nevertheless, it is observed
that the water bodies included in the proposal offer better economic
results, with an average LCOE of about 45 €/MWh, while those that are
not included offer an LCOE higher than 60 €/MWh. For this reason, it is
considered that the proposed standard is a good starting point, but that
as the technology is implemented it is necessary to review and expand it
from a multi-criteria perspective as proposed in this research.

Finally, it is observed that there is no parameter selection criterion,
such as the tilt angle that, helps designers to make decisions that
maximize the profitability of the installation as it occurs in PV. There-
fore, the third part of the framework includes an intelligent optimization
based on GA, in which the tilt angle that minimizes the LCOE of different
selected water bodies is obtained. The five water bodies with the
highest-ranking scores have been used as a case study, but it is appli-
cable to any other number of water bodies. The result obtained has been
compared with six of the widely accepted criteria in on-ground PV to
establish the tilt angle. The results obtained with the methodology
proposed in this research offer significant improvements in all the key
parameters evaluated. For example, in the case of LCOE the improve-
ments are between 2.1 % and 8.4 %, or in the case of GHG avoided the
improvements are between 0.66 % and 10.3 %.

In short, this research proposes a novel framework applied to FPV
based on MCDA and intelligent optimization techniques, capable of
integrating geolocated data from different sources and resolutions in a
Web-GIS environment. The applicability and potential of the framework
has been demonstrated and validated through the application of a case
study such as Spain. The framework has allowed an analysis of the po-
tential application of FPV in the region, as well as a critical analysis of
the current standards and their comparison with on-ground PV stan-
dards. The extrapolation of PV standards to FPV has been deepened,
showing that it is not enough and that FPV requires specific analysis,
methodologies, and calculation software. The advantage of the proposed
framework is that it easily adapts to new requirements and evaluation
criteria, so that as the technology is implemented and developed. One of

Appendix A. Multicriteria decision method
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the limitations of the framework is that it does not consider the loss of
energy production due to soiling. The effect of soiling production loss in
FPV is not adequately addressed in the literature, so future work should
aim to include this effect when going deeper into the literature. Another
limitation is that the optimization has only one objective, which is to
minimize the LCOE, which is the most common strategy when applying
metaheuristic algorithms in PV. In future research, it is intended to
perform a multi-objective optimization with multi-objective algorithms
such as NSGA-II, to take into account two conflicting parameters, such as
minimizing LCEO and maximizing GHG emission avoided.
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This appendix is included to facilitate the reader’s mathematical understanding of the two Multicriteria Decision methods used in this research.
The methods used here have been programmed in Python directly by the authors, avoiding the use of open repositories, such as [125] and [126], to

ensure a correct understanding and validity of the results obtained.

Both methods have the same input information: The matrix of alternatives and attributes X which is defined by Eq. (A1) and the matrix of weights

for each attribute (w) as defined in Eq. (A2).

X1 o Xy e X
X = Xg o v X o Xin _;i:1’27..._’m;j:1’2_’...7n_
Xmi Xmj v Xn

® = (01,02, , 0y

(A1)

(A2)
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Where n is the number of attribute/criteria and m is the number of alternatives. In this research, n is equal to seven criteria and m is equal to 712 water
bodies.
A.1. COPRAS method

The COPRAS procedure consist of [127]:

e Calculating the normalized decision matrix:

Eq. (A3) is used to normalize matrix X. The COPRAS method normalizes the decision matrix with the sum total of each criterion. This is one of the
differences with respect to the WASPAS method.

xij .
ri———o :1.’2’ e n (AB)
DY 7

e Calculating the weighted normalized decision matrix:

Eq. (A4) is used to obtain the weighted normalized decision matrix.

Tij=rijew—i=12 - mj=12--n (A4)

e Calculating maximizing, S*/, and minimizing, S~¢, indexes:

Eq. (A5) and Eq. (A6) are used to obtain the maximizing and minimizing indexes.

SH=) "F—i=1,2,.m (A5)
j=1
X n
ST=3 Foi=1,2m (A6)
Jj=g+1

Where g is the number of positive attributes and n-g is the number of negative attributes.
e Calculating the relative significance value:
Eq. (A7) represent the relative significance value of each alternative.
XS
Q=84 Hi (A7)
5712211#
¢ Final Ranking alternatives:
Eq. (A8) ranks in descending order from the highest to the least relative significance value of the solution alternative.

A= {Ai\maxQ,} (A8)

A.2. WASPAS method
The WASPAS procedure consist of [119]:
e Calculating the normalized decision matrix:

Eq. (A9) is used to normalize the positives criteria with the maximum value of each attribute of the matrix X, while Eq. (A10) is used to normalize
the negative criteria using the minimum value of each attribute of the X matrix. In this way, the R normalized matrix is obtained.

= =12 mj=1,2,n (A9)
ma ij
rij:m;nxhizl,z,--.,m;j:L2, o n (A10)
ij

e Calculating the additive relative importance:
Eq. (A11) is used to calculate the additive relative importance in the weighted normalized matrix of each alternative.
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n
QU= "rew-j=1,2n (A11)
j=1

e Calculating the multiplicative relative importance:
Eq. (A12) is used to calculate the multiplicative relative importance in the weighted normalized matrix of each alternative.

n
Q¥ =[]r"-ji=1.2.n (A12)
j=1

e Calculating the joint generalized criterion:

Eq. (A13) is used to integrate additive and multiplicative methods:
Q=2eQV+(1-2)eQ?>i=1,2-,miel01] (A13)

Where 1 is a user defined parameter to increase the ranking accuracy.
¢ Final Ranking alternatives:

Eq. (A14) ranks in descending order to from the highest to the least relative significance value of the solution alternatives.

A= {A,- \ main] (A14)

Appendix B. . Genetic algorithm. Convergence analysis

Genetic Algorithms (GA) are meta-heuristic intelligence optimization algorithms that have been widely used for solving complex engineering
problems. GAs are based on the Darwinian theory of biological evolution. The basic idea is to have a set of potential solutions, that is called the
population, which evolves over a number of generations by using genetic operators, such as selection, crossover, and mutation. The potential solutions
encode in a chromosome-like structure the design variables. This structure is called an individual, and each design variable represents a gene. This
research is an optimization of different tilt angle panel in different water body’s locations. Therefore, the coding of the problem will depend on the
number of water bodies selected by the Decision Maker, which can be from one gen, up to the maximum number of water bodies collected in the
dataset.

In this situation, the search for hyper-parameters valid for all the cases considered is pursued. With this objective in mind, in order to ensure correct
convergence and obtain an optimal result, two sensitivity analyses have been carried out. On the one hand, a sensitivity analysis of the crossover and
mutation hyper-parameters, which are the basis of the operation of the GA. On the other hand, a sensitivity analysis of the population size and the
number of generations to ensure sufficient exploitation and exploration. With both analyses, it is considered that the solution obtained is the optimal
for the problem.

B.1. Adjusting hyper-parameters: Genetic operators

Genetic operators are of three types: crossover, mutation, and selection. The crossover operation is a probabilistic operation that allows two
randomly selected individuals to exchange their genetic information to create new individuals. There are different types of crossover operators; in this
case, due to the nature of the problem, the “one-point crossover” has been used, which consists of exchanging the genetic information of the parents
[128]. For the mutation operation, the “Gaussian mutation” has been used. This mutation operator consists of mutating with a probability each of the
genes that make up the individual, adding a certain random amount to each gene [129]. This random quantity is defined with a Gaussian probability
function of fixed mean and standard deviation. Finally, the selection mechanism used is the tournament. The tournament consists of choosing a certain
number of individuals from the last generation of the algorithm and comparing their fitness values, in order to choose, in a minimization problem, the
one with the lowest fitness value [130]. In the research carried out, the tournament size is three. Fig. B1 shows a generic application of these genetic
operators.
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Fig. B1. Diagram of the crossover, mutation and selection models used.

There are not global parameters valid for all problems, but they must be established for each specific problem. The parameters have been initially
selected on the basis of a literature review [131] and from these, by means of a sensitivity analysis and the experimental experience, they have been
adjusted iteratively until the values shown in Table 6 have been reached. With these parameters set, a sensitivity analysis was performed to determine
the probabilities of crossover and mutation occurring. This was done by varying the coefficients CXPB (Crossover Probability) and MUTB (Mutation
Probability). The sum of these coefficients must always be 1 (Eq (B1)).

CXPB+MUTPB =1 (B1)

The algorithm has been run five times, among which the average of the five simulations has been considered as the final value. In order to be able to
analyze the evolution in the variation of the absolute error, the absolute error has been calculated.

Fig. B2 compiles the absolute errors for each CXPB and MUTB combination. As can be seen, the absolute error in general terms decreases until it
reaches 0.3 and 0.7 (CXPB and MUTB respectively), and then increases. Therefore, these values have been selected for all simulations. Despite this, the
influence of these coefficients in this case is minimal since the values of population and number of generations were high (1000 and 150 respectively)
and the algorithm has already converged.

Absolute error [E/MWh]

0.01
0.009
0.008
0.007
0.006
0.005

0.004
0.003
0.002
«/g B 011
0
0.9 08 0.7 0.6 0.5 0.4 | 03 02 | 01 | MUIFB

0.1 02 0.3 | 04 0.3 | 0.6 09 | CXPFB
Fig. B2. Absolute error.

0.7 038

B.2. Adjusting of population size and number of generations

The next step, to ensure convergence, is to verify that population values (NPOP, MU and 1) and the number of generations (NGEN) (shown in
Table 6) are sufficiently large to ensure correct convergence and not to obtain a local minimum. For this purpose, another sensitivity study has been
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carried out, where these two values are varied and the absolute error is analyzed, in a similar way to the previous analysis.

Fig. B3 shows the evolution of the fitness value for different population sizes and number of generations. As can be seen from 150 and 400 (NGEN,
NPOP, respectively), the convergence is clear. Nevertheless, as the calculation time was limited (around 20 min), it was decided to set the values at 150
and 1000 (NGEN and NPOP, respectively) with an approximate calculation time of 30-35 min to better ensure convergence. The values for the number
of offspring in each generation (A) and the number of individuals selected in the offspring (MU) were kept equal to the number of individuals in each
generation, so that the population size remained constant.

Fitness Value (LCOE [€/MWh])
40.1
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40
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