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ARTICLE INFO ABSTRACT

Handling Editor: P Ferreira Floating photovoltaic systems (FPV) can be a more sustainable alternative for the energy transition than ground-
mounted photovoltaic systems, as they avoid occupying useable land and the power generation is more
distributed. This paper presents the first study that calculates the FPV technical potential at the province/mu-
nicipality level, focusing on water irrigation ponds, which it is a novelty in the literature that usually focuses on
large water infrastructures in a national approach. In the province of Jaén (Spain), more than 3000 ponds
dedicated to agricultural irrigation have been identified and their surface area and location was obtained. The
results, calculated for each pond, reveal that, in a conservative scenario, in which only 25% of their surface area
is covered, a minimum of 490 MWp can be installed, which can provide 251% of the province agricultural
electricity consumption and 27% of the total electricity needs. This analysis has also been performed at the
municipal level, where all possible FPV plants have been aggregated and compared with consumption that would
be covered at this scale. Furthermore, this technology brings additional benefits, as it avoids the occupation of
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12 km? of useable land, 8.8-10° m®/year of water evaporated, while creating more than 7000 jobs.

1. Introduction

Despite the progress made in the penetration of renewable energy
(RE) sources in most parts of the world, it is still not fast enough to
achieve the international climate mitigation targets [1]. Furthermore, in
the energy planning procedures it is becoming paramount to include
aspects beyond the techno-economic ones [2], in order to implement
policies that not only reduce greenhouse gas (GHG) emission, but also
that avoid other environmental problems and social conflicts whilst
generating socio-economic benefits. In this regard, solar photovoltaic
(PV) is one of the most promising RE technologies due to its ubiquity and
sustainability [3]. In fact, solar PV is expected to be the leading RE
technology by 2050 [4] and to create many jobs during a climate
compliant global transition across all energy sectors [5]. However,
concerns about the environmental impacts and land use conflicts of
large-scale ground-mounted PV plants, specifically in Spain [6], are
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causing uncertainty and some opposition in the implementation of this
technology.

As an alternative to these concerns, floating PV (FPV) systems are an
emerging application which has doubled its installed capacity every year
[7]1. In fact, FPV systems are cost-competitive compared to
ground-mounted solar PV farms due the absence of land acquisition
costs. It also provides some additional and unique features, including the
reduction of water evaporation of the irrigation canals [8], reservoirs or
ponds where it is installed, together with a mitigation of algae growth
[9]. In addition, some authors claim a higher efficiency of electricity
generation compared to common PV systems because of the cooling
effects of water and, finally it prevents land-use conflicts [10]. More-
over, FPV projects could mitigate climate change impacts on water body
temperature and stratification [11], imply water-food-energy nexus
synergies [12], and they are gaining social support [13].
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1.1. Literature review

The analysis of FPV applications are an emerging topic in the sci-
entific literature. Fig. 1 shows the articles published throughout the time
which are indexed in the two main scientific databases, i.e. Scopus and
WoS. The search strategy has been set by looking for “floating photo-
voltaic” or “floating PV” in title, abstract and keywords of review and
research articles.

As can be deducted from this figure, 62% of the manuscripts were
published from 2020 onwards (until June 12th, 2022). However, only
18 of the 195 papers are focused on evaluating the FPV technical po-
tential at different territorial scales. This indicates that the technical
potential estimation of the FPV systems is a less discussed topic in this
field.

Table 1 summarised the research articles that evaluate the FPV
technical potential at different territorial scales and water bodies’ types.
It also includes additional reported indicators to the technical potential.

It is highlighted that two thirds of these manuscripts have been
applied at national scale (with regional/state results) and only two
studies were applied at sub-national scale (regional results, both applied
to Brazil). To the authors’ knowledge, up to the date of submission, there
are no applied studies focused on a more local scale (for instance, with
province/municipal results).

Reservoirs for hydropower generation have been the most analyzed
water body (included in 89% of the works) and irrigation ponds
(included in 28% of the studies) have only been evaluated simulta-
neously to other artificial water bodies, but not independently.

Beyond the techno-economic indicators, the additional reported
factors have been focused on GHG emission avoidance and water
evaporation reduction, but these aspects are not included in all articles.
However, to the authors’ knowledge, no manuscript has been published
on job creation related to FPV projects.

1.2. Aim, novelty and contribution of this research work

Considering that the technical potential estimation of FPV systems
has been less discussed in the scientific literature, especially for a
municipal scale and for irrigation ponds independently, the main
objective of this work is the calculation of the FPV potential to be
installed solely on water irrigation ponds located in the province of Jaén
(Andalusia, Spain).

Another side objective of this research is the estimation of the multi-
benefits, beyond the techno-economic ones, that this technology may
also provide. This analysis can be useful for energy planning processes
and the implementation of the PV technology in a more sustainable
manner.

The province of Jaén has been used as case study because it is a
territory with unexploited good solar resource, a pronounced unbalance
between its electricity production and consumption, and a significant

70
60
50
40

30

Number of articles

Fig.

2001

2

200

-

Energy 271 (2023) 127039

agriculture sector based on olive crops that request water irrigation to
maintain its productivity.

The multi-benefits analysis included are the estimation of the avoi-
ded land to be occupied for the same capacity and electricity generation
of the FPV technical potential calculation, and its level of matching the
electricity demand of different sectors at the municipal and province
level.

Furthermore, the avoided annual CO, emissions and the estimation
of annual water evaporation reductions, together with the evaluation of
the potential number of jobs creation in the implementation and oper-
ation stages are also other benefits considered in this study.

Therefore, the novelty of this research can be summarised as follows:

i) It is the first study that calculates the FPV technical potential at
province/municipal level and focused only on water irrigation
ponds.

ii) It is the first work to report on jobs creation from FPV technical
potential

iii) It is the first time that the FPV technical potential is compared
with the electricity demand from different sectors (agriculture,
residential, etc.) at municipal level.

The main contribution of this work to the existing literature is a
replicable approach that calculates the FPV potential at a local level and
estimates multi-benefits beyond the techno-economic ones, which ex-
pands the understanding on how to accelerate the energy transition
needed for achieving the climate goals in a more sustainable manner
that, at the same time, can gain social support.

1.3. Structure of the paper

This paper is structured as follows. Section 2 provides a contextu-
alization of the study case location. Section 3 describes the methodo-
logical approach for calculating the FPV technical potential and its
multi-benefits. The results are presented in Section 4, whereas the dis-
cussion and limitations of this work is detailed in Section 5. Finally, in
Section 6, conclusions and future works are exposed.

2. Contextualization of the study case location

The context of the current study starts with a description of the en-
ergy situation in the province of Jaén, which will serve as a comparison
with the electricity generation capacity of the proposed FPV systems.

Additionally, the reason for the existence of the irrigation ponds in
the province is commented, where in one of them, the first FPV system
existing in the province has been installed. This system was selected as a
reference for this study.

2020 S———
2022 ——————

2016 —

2017  —

2018 —
2019 —

2003
2004
2005
2006
2007
2008

1. Number of FPV scientific articles indexed in SCOPUS and WoS databases.
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Table 1

Research articles that evaluate FPV technical potential at different territorial scales.
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Reference Scale Natural water Artificial water body Additional reported indicators
body (lakes) R R L. R .. .
Reservoir (power Reservoir (water Irrigation Industrial CO;, emission Evaporation
generation) supply) pond pond reduction reduction
Perez et al. [14] National X X X
Farfan and Breyer Global X X
[15]
Tina et al. [16] Global X X X X X
Kim et al. [3] National X X X X
Chateau et al. [17] National X
Spencer et al. [18] National X X X X
Campos et al. [19] Sub- X X
national
Zubair et al. [20] National X X X
Stiubiener et al. National X
[21]
Micheli [22] National X X X
Muhammad et al. National X X X X
[23]
Quaranta et al. [24] Continental X
Gonzalez et al. [25] Continental X X
Sulaeman et al. National X
[26]
Ravichandran et al. National X X X
[27]
Moraes et al. [28] Sub- X X X
national
Lépez et al. [29] National X X X X
Campos et al. [10] National X X X X

2.1. Energy situation in the province of Jaén

The province of Jaén is located in the South of Spain and belongs to
the region of Andalusia. It occupies an area of 13,496 km? and it is
divided into 97 municipalities. This province is characterized for being
an eminently agricultural region, where the olive grove is the main crop.

The final electricity consumption in Andalusia amounted to 2912.0
ktoe in 2020. For that year, in the province of Jaén, consumption was
229.3 ktoe, representing 7.86% of the Andalusian total [30].

Disaggregating this consumption according to the different economic
sectors, the highest electricity consumption in Jaén was achieved by the
residential sector with 93.1 ktoe (41%), followed by the industrial sector
with 55.9 ktoe (21.02%) and the services sector with 55.1 ktoe (21%).
On the other hand, the primary sector and transportation were the ac-
tivities that consumed the least electricity, with 24.8 ktoe (10.5%) and
0.5 ktoe respectively [30]. Table 2 shows the consumption information
by sector.

In Jaén, in recent years, there has been a decrease in the final pro-
vincial electricity consumption, from 274.2 ktoe in 2005, to 229.3 ktoe
recorded in 2020 [30]. The commitment to energy efficiency and the
greater share of renewable energies in the consumption and generation
structure of the province explain this trend. However, if the consump-
tion data are compared with the total gross electricity production in
Jaén, which for 2020 was 1723.8 GWh (148.15 ktoe), a negative elec-
tricity balance between production and consumption of 81.1 ktoe is

Table 2
Electricity consumption by sectors in 2020 in Andalusia and Jaén.
ANDALUSIA JAEN PROVINCE
(GWh) (GWh)
AGRICULTURE 1517.23 289.76
INDUSTRY 8391.19 669.46
BUSINESS — SERVICES 6081.36 361.42
RESIDENTIAL 13,198.92 1079.72
ADMINISTRATION-PUBLIC 3718.21 262.55
SERVICES
OTHER 337.40 21.83
TOTAL 33,244.31 2684.73

observed. It could be stated that Jaén is energetically dependent on the
neighboring provinces.

Considering the distributed nature of photovoltaic technology, as
well as the dispersion of irrigation ponds in the province where the
floating potential study will be carried out, this consumption has been
disaggregated to each of the 97 municipalities in the province. Fig. 2
shows the map of the province of Jaén where the total consumption of
each municipality is shown, highlighting the relevance that the elec-
tricity consumption of the agricultural sector for each municipality has
in the total consumption of each location.

Regarding the electricity generation, in 2021 Jaén had 598.46 MW of
installed capacity in its territory, of which 422.96 MW belongs to
renewable electricity generation facilities, which accounted for 4.73%
of the Andalusian total, and whose gross electricity production was
605.2 GWh [31] (Table 3). Throughout its territory there is a wind farm
with an installed capacity of 15.2 MW, three biomass power plants (16
MW, 15 MW and 6 MW respectively) and more than 50 solar PV plants
with individual power generally below 10 MW, and up to the date (June
2022) the largest being 11.8 MW. Despite this installed capacity, the
renewable electricity generated in Jaén only accounts for 28.9% of the
total final energy consumption of the province, estimated for 2021 at
229.3 ktoe [31]. In addition, there are no fossil fuel or pumped hydro-
electric generation facilities in the province, so the electricity generation
system is based entirely on RE systems and cogeneration plants [31].
Most of the electrical consumption of Jaén has to be imported from the
surrounding provinces.

2.2. Irrigation ponds in the province of Jaén

The main driver of agricultural modernization processes has been the
intensive use of available resources [32]. In Andalusia, the conditioning
factors of the Mediterranean climate, characterized by irregular and
scarce rainfall and high transpiration, make water a limited resource
that is disputed between domestic use and the expansion of irrigation,
which in the specific case of this province has experienced in recent
decades [33].

Since the second half of the 20th century, continuous political in-
terventions were implemented in the province of Jaén aimed at the
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Fig. 2. Total and agricultural electricity consumption by municipality in the province of Jaén.

Table 3
Installed capacity and renewable electricity generation in the province of Jaén
by 2021.

BIOMASS  HYDRAULIC  SOLAR WIND  TOTAL
PV
Power Installed 37.0 212.2 157.44 15.18 422.96
Mw)
Electricity 239.2 178.0 161.8 26.3 605.2

Generated (GWh)

expansion of the irrigated area, materialized in the construction of an
extensive network of reservoirs along the Guadalquivir River and its
main branches [34]. However, after Spain’s entry into the European
Union and the linking of agricultural aid to the Common Agricultural
Policy (CAP), a framework of productivity and intensification driven by
these policies is generated in Jaén [34]. In this new context, the existing
hydraulic infrastructures for irrigation turned insufficient, giving rise to

Fig. 3. Example of a typical water irrigation pond existing in Jaén.

a proliferation of water ponds in private farms, similar to the one shown
in Fig. 3, that aim to optimize the use of water for irrigation and guar-
antee the water supply to their crops in summer or drought seasons [32].

In Andalusia, the largest ponds are located in the agricultural areas of
the Guadalquivir valley, among which the province of Jaén stands out,
together with Cérdoba and Seville, which is explained by the large ex-
tensions of the properties together with the shared use of some ponds by
several owners [32].

Fig. 4 shows the area that these ponds occupy for each of the mu-
nicipalities existing in the province. This value will be very useful for the
FPV potential calculation to be installed in each location.

3. Methodology

In order to achieve the objectives proposed in this research, that is,
the identification of the technical power and energy potential of floating
PV systems in a certain region, together with the quantification of
additional benefits (social, economic or environmental), the following
methodology is proposed, which, it is graphically represented in Fig. 5.

The first step is to define the type and characteristics of the water
infrastructure for the installation of these FPV systems. In this manu-
script, to avoid any conflict with the aquatic biodiversity, only artificial
water infrastructures are analyzed. Furthermore, unlike similar studies
carried out in Spain [29], this research has excluded dams and reser-
voirs. It has only focused on water accumulation volumes oriented to
agricultural irrigation activities, since the installation of FPV systems in
these locations does not conflict with other uses (recreational, fishing) or
with water quality problems that can be found in large reservoirs.
Moreover, in the specific case of Spain, irrigation ponds are not affected
by the percentage limit of surface coverage that may impose the future
national legislation (currently in the public consultation phase), which
establishes different coverage limits up to 20% of the water surface)
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Fig. 4. Water Irrigation Pond area identified for each municipality in Jaén.

depending on the trophic state of the reservoir [35].

Furthermore, an additional screening filter is applied, as other (non-
water) liquid accumulation infrastructures, which are common in agri-
cultural and livestock activities, were also excluded. For example, ponds
dedicated to the toxic liquid waste resulting from pressing the olives for
oil production, as well as ponds dedicated to livestock manure, have
been ignored.

The next step in the methodology consist of identifying, within a
specific region, those water infrastructures that meet the previous re-
quirements. For this purpose, their location coordinates are obtained, as
well as the water surface occupied by these ponds (in the most favour-
able case, that is, when they are full). Specifically for the region
analyzed (the province of Jaén), all the water infrastructures dedicated
to olive tree cultivation have been identified. The cartographic data
provided by the Multiterritorial Information System [36] were used for
this task.

The third step consists of processing the list of registered water in-
frastructures in order to discard mainly those reservoirs that do not meet
the requirements of the first step. Subsequently, based on their location
coordinates, these infrastructures have been grouped according to the
municipalities to which they belong. Subsequently, the global central
point (centroid) of all the ponds in a given municipality is calculated, to
be used as reference coordinates for the meteorological data. The geo-
spatial processing software ArcMap was used for this task.

The fourth step in the methodology, prior to the calculation of the
photovoltaic energy, consists of selecting the meteorological data from
these reference centroids. It is recommended that the data correspond to
the typical meteorological year (TMY), which consists of recording
several meteorological measurements at hourly intervals over a period
of several years to build a picture of the local climate, thus reducing the
uncertainty that could be caused by using weather data from a specific
year. Among the available meteorological data sources, the PVGIS tool

(version 5.2), which provides (open access) solar radiation databases,
was considered. In this research, the PVGIS-SARAH2 database was used,
whose data are satellite-based and covers a time period from 2005 to
2020, was considered [37].

The simulation of the electrical performance also known as final
energy yield, that is, the energy generated per unit of installed PV power
(Yr, kWh/kWp) that a floating PV system would have at the identified
centroid locations, is the fifth step of this methodology. In this study, the
characteristics and configuration of the FPV demo system already
installed in Jaen (see Fig. 6) were taken as reference, therefore a tilt
angle of 5° was selected for the simulation.

In addition, it is useful to estimate the equivalent agricultural area
needed to produce the same energy as the floating system, but installing
the PV plant on the ground instead. Therefore, the electrical perfor-
mance of a PV installation with an optimised inclination for each of the
calculated centroids was also simulated. The tilt angle of these systems
matches the latitude of the centroid locations.

This procedure was performed with the dedicated photovoltaic
simulation software System Advisor Model (SAM) developed by the
NREL research centre [18]. In a first approximation, the global losses of
the PV system set by default by the software were chosen, because
although some authors mention possible energy gains due to the cooling
effect of the water, these conclusions are not yet sufficiently corrobo-
rated and in some cases, depending on the type of floater used, these
energy improvements are not so high [38]. Furthermore, the possible
energy boost could also be counteracted by the effect of dirt, especially
from bird drops, as the isolation of the location of these irrigation ponds
is often more prone to the accumulation of this type of dirt.

Subsequently (step 6), the energy generated per unit area of water or
land (Ea, kWh/m?) of both the floating PV and the optimally tilted
system at the centroid location was estimated. For this calculation, the
PV power per unit area (Kpva, kWp/m?) of a standard FPV and of a
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Fig. 5. Graphical representation of the methodology.

Fig. 6. First FPV plant installed in the province of Jaen by Desarrollos Tec-
noldgicos Intelec S.L.

ground-based system is provided.

Therefore, considering the annual energy yield (Yr) simulated for
each system, the energy per unit area can then be calculated according
to the following formula:

Ex(kWh | m*) = Kpva (kWp / m*)-Yr(kWh | kWp) €Y}

To estimate the constant Kpvy value, the peak PV power and the
water surface covered by the floating PV system already installed in Jaén
(see Fig. 6) has been used. This FPV plant has a peak power of 52.7 kWp
and it occupies a water surface of 401 m?, therefore, the Kpvp value used
in this study is 0.131 kWp/m?.

On the other hand, the constant Kpva value to be considered for

ground-mounted PV plants was obtained from data of real installations
available in the repertoire of the Andalusian Statistic and Cartographic
Institute (Instituto de Estadistica y Cartografia de Andalucia): Spatial
Reference Data of Andalusia (Datos Espaciales de Referencia de Anda-
lucia), provided by the Regional Andalusian Government [39].
Considering the individual surface of all the existing solar photovoltaic
plants (fixed ground-mounted) located in the province of Jaén, and their
corresponding peak power value, an average Kpva value of 0.388
MWp/ha was considered. Similarly to the FPV systems, the energy per
unit area of the ground-mounted PV plants can then be calculated ac-
cording to equation (1).

For each of the identified and filtered irrigation ponds, three analysis
scenarios were proposed in relation to the water surface (Sy, m?) than
can be covered by the floating. Starting with the most optimistic case, it
has been considered that 100% of the water pond area is covered by this
type of FPV systems which, although not realistic, is indicative of the
maximum eligible power to be installed. Subsequently, scenarios with a
water coverage percentage (Cw, %) of 50% and 25% were also consid-
ered. The decision to set the latter value corresponds to the surface area
available at the minimum level of the pond under study (Figs. 3 and 6),
that is, in the absence of water. In this demonstration installation, the
floats are designed to rest on the bottom of the pond without damaging
its waterproofing layer.

Considering these water surface occupancy scenarios, the surface of
each pond and the photovoltaic power per unit of surface (Kpvya), the
next step in the methodology was to obtain the photovoltaic power
potential (Pgpy, kWp) and the annual energy production (Eppy, kWh) of
each of the 3177 ponds registered in Jaén (see equations (2) and (3)).

Cw(%)

Prpy (kWp) = Kpvs (kWp [ m”) 'W'SW (m?) 2)
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Cw (%)
100

Eppy(kWh) =E, (kWh / m?*) - -Sw(m*) = Ppy (kWp)-Yr (kWh | kWp)

3

According to the methodology, there is no minimum FPV power
system that could be installed potentially. This approach may distort the
results obtained, since there could be numerous very small irrigation
ponds that could not be implemented in practice due to a lack of tech-
nical or economic feasibility. For this reason, a filter has been applied
that introduces a minimum photovoltaic power to be installed in the
localized ponds. This filter has been set firstly at 10 kW and in a second
approximation at 50 kW, to resemble the size of the plant taken as a
reference (Fig. 6).

The result of this methodology enables us to compare the potential
floating photovoltaic electrical generation with the electricity con-
sumption by sectors in the province of Jaén (Table 2). Besides the pro-
vincial approach, this comparison has also been applied at the municipal
level where irrigation ponds exist (94 out of 97), therefore the per-
centage of municipal electricity consumption which could be provided
by FPV systems located in these municipalities was also calculated.

Complementary analysis were carried out to assess the impact of the
results on additional benefits.

Firstly, the area for olive crops that is prevented from being occupied
by ground-mounted photovoltaic plants was studied. For this purpose,
two analysis strategies were proposed. On the one hand, the surface area
that a fixed ground-mounted plant would need to occupy (with its op-
timum inclination) to achieve the same power as the floating systems
obtained is considered. The other scenario consists of determining the
area that the ground-mounted systems would need to produce the same
amount of energy as that generated by the floating installations.

Subsequently, additional positive side effects were calculated. In this
manuscript, these benefits focused on the job creation rates, CO2 emis-
sions avoidance and the reduction of water evaporation due to the
surface covered by the PV modules and floaters.

The estimation of the number of direct jobs created in the con-
struction and installation (C&I) and in the operation and maintenance
(O&M) phases is based on previous research. The following employment
factors were used: 13 jobs/MWp and 0.7 jobs/MWp for C&I and O&M,
respectively [5].

Regarding CO, emissions reduction, it was considered between
0.364 and 0.826 ktCO2/GWh, which is the range of CO5 emission factor
that depends on the specific fossil fuel-based electricity generation
technology [40].

Finally, to estimate the reduction of the water evaporation, as a
consequence of covering the irrigation pond with FPV systems, a factor
based on the annual values reported by Santafé et al. [41] was used: 16,
667 m°/MWp.

3.1. Methodology limitations and uncertainties

The largest uncertainty in the PV energy estimations comes from the
solar radiation data. Satellite-based meteorological data have been used
in this study. Although local meteorological measurements might pre-
sumably be preferable, data covering the spread of the numerous ponds
identified in this study are not available, so the error that can be made
using environmental data for ponds located far from these weather
stations may be larger than using satellite data.

Some authors report a typical normalized root mean square errors for
satellite-based irradiation of between 2 and 6% for yearly irradiation
values [42]. However, other studies mention that data sets generated
from long time series perform better than data generated from station
measurements [43], so the results of this research may be even
improved.

The annual radiation variability is also another uncertainty of this
study that may limit the results. Some authors estimate a 3.9% inter-
annual climate variability [44]. In this regards, as mentioned in the
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methodology, the use of TMY reduces the uncertainty when compared to
weather data for a specific year.

Another uncertainty source comes from the simulation of the energy
generated. There are published reports applied to the SAM software that
indicate a bias error of +3% when compare to measured data [45,46].
Nevertheless, in this manuscript the losses were set as the software’s
default, but according to some authors, the energy yield improvement of
FPV systems due to the cooling effect of the water could be between 5
and 10% [47], therefore, the above uncertainty may be easily overcome.

One of the limitations in the simulation comes from the ponds
morphology and the water level variations. When the ponds are much
lower than their capacity, but the system was designed to cover 100% of
the water surface, although the FPV system is prepared to lay down on
the pond’s walls, mismatch losses may appear among the PV arrays.
Furthermore, if the FPVs do not cover the entire water surface, when the
pond is empty, the walls can cast shadow on the FPV generator, there-
fore, energy losses are produced. This limitation should be approach in
future works.

4. Results

According to the sort of water infrastructures filter imposed in the
methodology section, 3177 water irrigation ponds have been identified
only in the province of Jaén for the installation of floating PV systems,
with a total surface of 16 km?.

For each irrigation pond located, the potential FPV power to be
installed has been calculated according to the coverage scenarios
described previously, and subsequently, the energy generated has been
obtained. In addition, the land to avoid occupying, which can be useful
for other purposes, has also been calculated.

4.1. Floating photovoltaic power potential and energy production

In order to avoid a distortion in the results shown in Table 4, a
minimum power threshold for the FPV plant was considered.

In the idealistic case, where 100% of the water surface is covered and
no minimum power is required for the implementation of an individual
FPV system, 2.1 GWp could potentially be installed in this region only
using existing irrigation ponds. On the other hand, the most conserva-
tive scenario corresponds to the use of only 25% of the total available
area in each irrigation pond, and photovoltaic systems with peak power
greater than 50 kWp. In this scenario, up to 490 MWp could be installed,
which, assuming a PV generator/inverter ratio of 1.2, would mean 408
MW of nominal (inverter) power. This figure represents 2.6 times the
current photovoltaic capacity existing in the province of Jaén, and
approximately matches the renewable energy capacity installed in the
province until 2020.

The most technically feasible and realistic scenario corresponds to
FPV systems above 50 kWp and up to 50% of the water surface area of
each pond covered. In this case, FPV systems totalling one GWp could be
potentially installed, which represents 5.4 times the existing PV capacity
in the province.

These results depends not only on the percentage of water surface
covered, but also on the size of the FPV system. Fig. 7 shows the dis-
tribution of FPV power system size as a function of percentage of surface
covered. The homogeneity in the distribution of systems shifts towards
lower power systems, as this area is reduced. In any case, most of the

Table 4
Peak Power Floating PV potential in the province of Jaen at irrigation ponds.

FPV POWER (MWp) 100% Surface 50% Surface 25% Surface

no power 2113.99 1057.00 528.50
FPV threshold

FPV > 10 kWp 2113.93 1056.03 525.90

FPV > 50 kWp 2097.09 1025.34 490.51
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Fig. 7. FPV power size distribution.

installations lay within a power range below 200 kWp, which reinforces
the idea of distributed energy source that this solution also pursues. It is
highlighted the identification of a 16 MWp plant in the 25% surface area
scenario, which could reach 65 MWp if 100% of the reservoir’s surface
were covered.

If the previous figures for floating photovoltaic power shown in
Table 4 are translated into electricity generation potential, the results of
Table 5 are obtained.

In the best-case scenario, that is, no minimum power threshold and
100% of the water surface covered, up to 3142 GWh could be generated
annually. In the most conservative opposite scenario (Cy = 25% and
FPV systems larger than 50 kWp), 729 GWh could be obtained, which is
1.2 times the electricity generated in 2020 in the province of Jaén ac-
counting for all renewable systems already installed.

4.2. Floating energy potential versus electricity consumption

In order to assert the significance of the data obtained, it is inter-
esting to compare these energy results with the electricity consumption
of the province, and to apply this analysis by consumption sectors.

Table 6 shows a comparison of the electricity consumption of the
most representative sectors of the province. In the 3 scenarios of surface
coverage of the ponds, only FPV systems with power greater than 50
kWp have been selected.

In the most favourable case, that is, using 100% of the available
surface area of each pond, the total electricity consumption of the
province of Jaén would be covered only with the power to be installed
with floating PV systems (>50 kWp) and the consumption of the most
significant sectors would be largely exceeded. On the other hand, in the
most conservative scenario (25% of surface coverage), it would mean
that only with the FPV power to be installed in these locations, 251%
and 108% of the existing electricity consumption in the agricultural and
industrial sector respectively would be achieved, whereas it could
contribute up to 67% of residential consumption. In global terms, just by

Table 5
Electricity generation (MWh) of the potential FPV systems identified.

FPV ENERGY (MWh) 100% Surface 50% Surface 25% Surface

no power 3142401.5 1571200.8 785600.4
FPV threshold

FPV > 10 kW 3142318.0 1569760.0 781717.4

FPV > 50 kW 3117198.9 1524140.9 729174.6

Table 6
Electricity consumption coverage (%) with floating PV systems in the most
representative sectors of the province of Jaén.

Electricity consumption 100% 50% 25%

coverage (%) Surface Surface Surface
FPV > 50 Agricultural 1075.77 525.99 251.64
kWp Industrial 465.63 227.67 108.92
Residential 288.70 141.16 67.53
TOTAL 116.11 56.77 27.16

using floating PV systems under the power and Cy assumptions, it would
be possible to generate 27% of the province’s total electricity
consumption.

Much more favourable figures are obtained if the minimum power
threshold is set at FPV systems above 10 kWp. In this case, approxi-
mately one third of the total consumption would be covered (Cy = 25%)
and up to 58% if the water surface to be occupy is 50%.

Due to the geographical dispersion of the ponds used for the iden-
tification of the floating PV potential, a more in-depth analysis has been
carried out. The electricity consumed by each municipality has been
compared to the potential PV generation that could be produced using
only the existing irrigation ponds in those geographic districts.

Figs. 8 and 9 show the FPV generation grouped according to each
municipality level, with the following assumptions: minimum FPV
power threshold of 10 kWp and Cy = 25%. In these figures, the FPV
generation data have been compared with the total electricity con-
sumption coverage percentage in Jaén (Fig. 8) and the corresponding
consumption coverage ratio focused exclusively on the agricultural
sector (Fig. 9).

4.3. Photovoltaic land positive solution

Complementary to the generation-consumption analysis, one of the
objectives of this type of floating installations is to avoid occupying land
that could be used for other purposes.

For this reason, this analysis was extended to determine the area of
land not necessary to occupy. This land is mostly dedicated to olive
cultivation, which is the predominant crop in the province of Jaén. This
calculation, as explained in the methodology, was based on the com-
parison with a fixed photovoltaic system, in which a tilt angle corre-
sponding to the latitude of each pond’s location.

The results have been obtained according to two approaches. On the
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Fig. 8. Geographical distribution of the FPV generation and total electricity consumption coverage in Jaén.

one hand, the area of land that a fixed system should occupy to cover the
same potential power of floating systems has been calculated (see
Table 7). On the other hand, Table 8 shows the results which analyze the
amount of land area required to generate the same electricity as the
floating PV systems in the previous section. In this second approach,
since the tilt equals to the latitude optimizes the PV generation, less
power (thus less area) is needed in ground-mounted PV systems to
generate the same energy than FPV.

4.4. Side benefits

Delving into more benefits that these FPV systems may produce if
installed in such irrigation ponds, special emphasis should be placed on
avoided CO4 emissions, the job creation capacity and in this particular
case, the possible reduction of water evaporation. Table 9 summarises
these results for the different coverage scenarios and assuming that there
is no minimum power threshold for the systems to be installed.

It is outstanding that annually a minimum of approximately 9 hm? (i.
e. 10° m3) of water can be saved in the most conservative scenario (Cy
= 25%). However, if 100% of the irrigation ponds surface is covered, 35
hm? could be saved annually, which represents 1.5% of the total water
capacity of the large reservoirs existing in the province.

Another benefit of the massive FPV installation is related to job
creation. Approximately 7000 jobs can be created in the most conser-
vative scenario between the construction and Operation stages, whereas
up to 29,000 jobs could be created in the most favourable situation.

5. Discussion and limitations of the study

In a global context where the installation of FPV systems is a growing
trend, the results of this study show that their implementation on irri-
gation ponds is an interesting alternative and that regions such as Jaén,

in Spain, is an ideal place for its implementation, because it has 3177
irrigation ponds, and additional water structures are being planned in
the short-term future.

It is highlighted that up to one third of the electricity generation
needs of the province could be provided by FPV systems that only covers
25% of the available surface area of these ponds. This figure, together
with the 605 GWh currently generated by renewable energy systems in
the province, would mean reaching 50% electricity coverage without
the need to occupy additional useable land. In the case of this study, a
minimum 12 km? of land, which would have been necessary if PV sys-
tems were installed on the ground, could be saved.

This is not the only possible benefit of FPV in the region. Beside the
positive CO5 emissions avoided, in a region with cyclical droughts and
low rainfall rates, avoiding evaporation of stored water for irrigation is a
great added value. In the case of Spain, Bengoechea et al. [48] estimated
that evaporation losses in agricultural water reservoirs can reach up to
17% and Santafé et al. [49] calculated a water loss reduction of 25%
after the installation of a FPV system on a water irrigation pond.

Finally, the creation of jobs is an important asset, moreover in a
region with high unemployment rates. In the most conservative sce-
nario, 6800 jobs could be created during the construction of such sys-
tems and 370 could be permanently be kept for O&M tasks.

Despite the very favourable results obtained in this analysis, there
are some limitations in this research that should be addressed in future
work.

The limited scientific knowledge of the real performance of floating
PV systems is the first limitation of this study. The influence of the
temperature in the operating conditions of similar systems have not been
sufficiently stated [47]. This influence may not only affect the energy
results of this type of system, but also the fact that the simulation models
used to calculate the energy production are not yet sufficiently adapted
[501, as it could be the case of the SAM software. An analysis over time
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Fig. 9. Geographical distribution of the FPV generation and Agriculture sector electricity consumption coverage in Jaén.

Table 7
Land requirements (km?) for the installation of ground-mounted PV systems
accounting for the same FPV peak power.

Avoided land occupancy (km?) 100% Surface 50% Surface 25% Surface
no FPV 54.48 27.24 13.62
power threshold
FPV > 10kWp 54.48 27.22 13.55
FPV > 50kWp 54.05 26.43 12.64
Table 8

Land requirements (km?) for the installation of ground-mounted PV systems
accounting for the same FPV energy generation.

Avoided land occupancy (km?) 100% Surface 50% Surface 25% Surface

no FPV 48.92 24.46 12.23
power threshold
FPV > 10kWp 48.92 24.46 12.23
FPV > 50kWp 48.53 24.27 12.13
Table 9
Multi benefits of the massive installation of FPV systems on irrigation ponds.
Coverage Avoided Evaporation Jobs Jobs
(Cw) emissions reduction (106 creation in creation in
Scenario (MtCO/year) m®/year) C&l O&M
100% 1.14-2.60 35.23 27,482 1480
50% 0.57-1.30 17.62 13,741 740
25% 0.29-0.65 8.81 6870 370
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of the system used as a reference in this article can help to reduce the
uncertainty of the results obtained.

This manuscript has been approached from an annual perspective,
which it is another limitation. The effect of the seasonal fluctuations in
the photovoltaic generation and its comparison on the seasonal con-
sumption should be also analyzed.

In addition to the annual analysis, this article refers to the gross
potential of floating photovoltaic installations, but a more exhaustive
analysis, based on GIS techniques, should be undertaken to obtain the
net installation potential [51]. The experience with the installation of
the pilot system, where there was some reluctance on the part of the
irrigation community, suggests that aspects such as social acceptance
should be taken into account, as shown by recent research carried out in
the region [52].

Finally, it should not be forgotten that any study of technical feasi-
bility and identification of the potential of any technology must be
accompanied by an analysis of the economic component. There are
studies that analyze in a general approach the potential of this type of
systems at the European level [53] or more specifically in the case of
reservoirs in Spain [22], but more realistic data would be obtained if this
study descends to a more regional approach.

6. Conclusions

Renewable energy generation systems are the solution to promote a
sustainable ecological transition. However, their implementation is not
without controversy, since it involves displacing the use of land that is
dedicated to agriculture or livestock farming. In the context of the high
installation rates currently existing in the photovoltaic sector, there is
also an increase in the number of voices against these type of systems as
the implementation of large photovoltaic plants conflicts with the
traditional use of the land.
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In accordance with the results of studies such as the one presented in
this article, it is evident that there are alternatives to the installation of
PV plants on the ground, such as floating systems, since they avoid the
occupation of land that could be used for agriculture.

There are numerous studies considering this type of floating systems,
but only at large areas of water, such as reservoirs, which although they
are an ideal location, their installation may conflict with the trophic
state of the water and other uses (recreational, fishing, etc.), as well as
continues to promote large centralized photovoltaic systems.

This is indeed another source of conflict with the promotion of large
photovoltaic parks, because it maintains the classic energy model of
creating large power generation plants, far from urban population
centres, with the corresponding transmission losses.

The installation of floating photovoltaic systems in irrigation ponds a
priori avoids these limitations, since these water surfaces have no other
use than to store water and have a more distributed character, as re-
flected in the manuscript results. This characteristic allows a generation
closer to the consumption points, because they either can serve to power
the water pumps that are normally used in this type of installations for
irrigation of adjacent areas, or are relatively close to towns and villages
which may consume the energy generated.

Once the FPV potential has been identified, both in terms of photo-
voltaic power and electricity, it is considered necessary to continue, this
study in future manuscripts from an economic perspective, since
although a priori these types of systems may have a higher installation
cost, they do not use land, with the consequent economic savings.

Therefore, in a scenario where farmers are facing a significant in-
crease in electricity prices, the alternative of a renewable energy source
that is able to compete with electricity supply prices is a very interesting
option. Even more so when the fact of promoting these type of in-
stallations implies a positive energy land solution, meaning that it is not
necessary to occupy land that is agriculturally profitable, thus repre-
senting an economic added value.

Besides improving the characterization of these type of systems,
future works should also focus on analysing the hourly generation
fluctuation of this type of system. This analysis will enable to assess if all
the floating photovoltaic generation potential is coupled to the con-
sumption profiles, whether global or sectoral, of the locations where
they are installed, since this can significantly influence the business
model of this type of project.

Finally, and due to the agricultural particularities of Andalusia, this
study could be extended to the rest of the Andalusian provinces by
applying the proposed methodology.

Credit author statement

Emilio Munoz-Cerdén: Conceptualization, Methodology, Formal
analysis, Project Administration, Writing — original draft preparation,
Juan Carlos Osorio-Aravena: Methodology, Formal analysis, Writing
-original draft preparation, Francisco Javier Rodriguez-Segura:
Methodology, Data curation, Visualization, Writing — original draft
preparation, Marina Frolova: Formal analysis, Project Administration,
Writing — Reviewing and Editing, Antonio Ruano-Quesada: Resources,
Funding Acquisition.

Funding

This work has been possible thanks to the joint result of two research
projects. On the one hand, the scope of the research carried out within
the project “Adaptation to sustainable energy transition in Europe:
Environmental, socio-economic and cultural aspects (ADAPTAS)”
(Ministry of Economy, Industry and Competitiveness and State Research
Agency of Spain, and European Regional Development Fund, CSO2017-
86975-R) has made it possible to identify floating solar technology as an
alternative for this energy transition.

On the other hand, the R&D contract that the University of Jaen has

11

Energy 271 (2023) 127039

with the company Desarrollos Tecnoldgicos INTELEC S.L. titled “Anal-
ysis of the operation of a Floating Solar Photovoltaic Installation” been
of special relevance in the data obtained in the research.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

The authors do not have permission to share data.

Acknowledgement

This study was supported by the Spanish Ministry of Education and
Vocational Training (FPU18/01549). This study is part of a PhD thesis
conducted in the Doctoral Program in City, territory and sustainable
planning of the University of Granada, Spain.

The co-author J.C.Osorio thanks the Vice-Rectorate of Research of
the University of Jaén for the “Accién 4" scholarship: “Ayudas pre-
doctorales para la Formacion de Personal Investigador”.

References

[1] Renewables REN21. Global status report. 2021, ; 2021. https://doi.org/978-3-
948393-03-8.

Osorio-Aravena JC, Frolova M, Terrados-Cepeda J, Munoz-Cer6n E. Spatial energy
planning: a review. Energies 2020;13:5379. https://doi.org/10.3390/en13205379.
Kim S-M, Oh M, Park H-D. Analysis and prioritization of the floating photovoltaic
system potential for reservoirs in korea. Appl Sci 2019;9:395. https://doi.org/
10.3390/app9030395.

Bogdanov D, Ram M, Aghahosseini A, Gulagi A, Oyewo AS, Child M, et al. Low-cost
renewable electricity as the key driver of the global energy transition towards
sustainability. Energy 2021;227:120467. https://doi.org/10.1016/j.
energy.2021.120467.

Ram M, Osorio-Aravena JC, Aghahosseini A, Bogdanov D, Breyer C. Job creation
during a climate compliant global energy transition across the power, heat,
transport, and desalination sectors by 2050. Energy 2022;238:121690. https://doi.
0rg/10.1016/j.energy.2021.121690.

Serrano D, Margalida A, Pérez-Garcia JM, Juste J, Traba J, Valera F, et al.
Renewables in Spain threaten biodiversity. Science 2020;370(80):1282-3. https://
doi.org/10.1126/science.abf6509.

Cazzaniga R, Rosa-Clot M. The booming of floating PV. Sol Energy 2021;219:3-10.
https://doi.org/10.1016/j.solener.2020.09.057.

Alhejji A, Kuriqi A, Jurasz J, Abo-Elyousr FK. Energy harvesting and water saving
in arid regions via solar PV accommodation in irrigation canals. Energies 2021;14:
2620. https://doi.org/10.3390/en14092620.

Ferrer-Gisbert C, Ferran-Gozalvez JJ, Red6n-Santafé M, Ferrer-Gisbert P, Sanchez-
Romero FJ, Torregrosa-Soler JB. A new photovoltaic floating cover system for
water reservoirs. Renew Energy 2013;60:63-70. https://doi.org/10.1016/j.
renene.2013.04.007.

Padilha Campos Lopes M, Nogueira T, Santos AJL, Castelo Branco D, Pouran H.
Technical potential of floating photovoltaic systems on artificial water bodies in
Brazil. Renew Energy 2022;181:1023-33. https://doi.org/10.1016/J.
RENENE.2021.09.104.

Exley G, Armstrong A, Page T, Jones ID. Floating photovoltaics could mitigate
climate change impacts on water body temperature and stratification. Sol Energy
2021;219:24-33. https://doi.org/10.1016/j.solener.2021.01.076.

Zhou Y, Chang F-J, Chang L-C, Lee W-D, Huang A, Xu C-Y, et al. An advanced
complementary scheme of floating photovoltaic and hydropower generation
flourishing water-food-energy nexus synergies. Appl Energy 2020;275:115389.
https://doi.org/10.1016/j.apenergy.2020.115389.

Bax V, van de Lageweg WI, van den Berg B, Hoosemans R, Terpstra T. Will it float?
Exploring the social feasibility of floating solar energy infrastructure in The
Netherlands. Energy Res Social Sci 2022;89:102569. https://doi.org/10.1016/j.
erss.2022.102569.

Perez M, Perez R, Ferguson CR, Schlemmer J. Deploying effectively dispatchable
PV on reservoirs: comparing floating PV to other renewable technologies. Sol
Energy 2018;174:837-47. https://doi.org/10.1016/j.solener.2018.08.088.

Farfan J, Breyer C. Combining floating solar photovoltaic power plants and
hydropower reservoirs: a virtual battery of great global potential. Energy Proc
2018;155:403-11. https://doi.org/10.1016/j.egypro.2018.11.038.

Tina G, Cazzaniga R, Rosa-Clot M, Rosa-Clot P. Geographic and technical floating
photovoltaic potential. Therm Sci 2018;22:831-41. https://doi.org/10.2298/
TSCI170929017T.

[2]

[3]

[4]

[5]

(6]

71

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]


http://refhub.elsevier.com/S0360-5442(23)00433-4/sref1
http://refhub.elsevier.com/S0360-5442(23)00433-4/sref1
https://doi.org/10.3390/en13205379
https://doi.org/10.3390/app9030395
https://doi.org/10.3390/app9030395
https://doi.org/10.1016/j.energy.2021.120467
https://doi.org/10.1016/j.energy.2021.120467
https://doi.org/10.1016/j.energy.2021.121690
https://doi.org/10.1016/j.energy.2021.121690
https://doi.org/10.1126/science.abf6509
https://doi.org/10.1126/science.abf6509
https://doi.org/10.1016/j.solener.2020.09.057
https://doi.org/10.3390/en14092620
https://doi.org/10.1016/j.renene.2013.04.007
https://doi.org/10.1016/j.renene.2013.04.007
https://doi.org/10.1016/J.RENENE.2021.09.104
https://doi.org/10.1016/J.RENENE.2021.09.104
https://doi.org/10.1016/j.solener.2021.01.076
https://doi.org/10.1016/j.apenergy.2020.115389
https://doi.org/10.1016/j.erss.2022.102569
https://doi.org/10.1016/j.erss.2022.102569
https://doi.org/10.1016/j.solener.2018.08.088
https://doi.org/10.1016/j.egypro.2018.11.038
https://doi.org/10.2298/TSCI170929017T
https://doi.org/10.2298/TSCI170929017T

E. Munoz-Ceron et al.

[17] Chateau P-A, Wunderlich RF, Wang T-W, Lai H-T, Chen C-C, Chang F-J.
Mathematical modeling suggests high potential for the deployment of floating
photovoltaic on fish ponds. Sci Total Environ 2019;687:654-66. https://doi.org/
10.1016/j.scitotenv.2019.05.420.

Spencer RS, Macknick J, Aznar A, Warren A, Reese MO. Floating photovoltaic
systems: assessing the technical potential of photovoltaic systems on man-made
water bodies in the continental United States. Environ Sci Technol 2019;53:
1680-9. https://doi.org/10.1021/ACS.EST.8B04735.

Padilha Campos Lopes M, de Andrade Neto S, Alves Castelo Branco D, Vasconcelos
de Freitas MA, da Silva Fidelis N. Water-energy nexus: floating photovoltaic
systems promoting water security and energy generation in the semiarid region of
Brazil. J Clean Prod 2020;273:122010. https://doi.org/10.1016/j.
jclepro.2020.122010.

Zubair M, Bilal Awan A, Ghuffar S, Butt AD, Farhan M. Analysis and selection
criteria of lakes and dams of Pakistan for floating photovoltaic capabilities. J Sol
Energy Eng 2020;142. https://doi.org/10.1115/1.4045352.

Stiubiener U, Carneiro da Silva T, Trigoso FBM, Benedito R da S, Teixeira JC. PV
power generation on hydro dam’s reservoirs in Brazil: a way to improve
operational flexibility. Renew Energy 2020;150:765-76. https://doi.org/10.1016/
j.renene.2020.01.003.

Micheli L. Energy and economic assessment of floating photovoltaics in Spanish
reservoirs: cost competitiveness and the role of temperature. Sol Energy 2021;227:
625-34. https://doi.org/10.1016/j.solener.2021.08.058.

Muhammad A, Muhammad U, Abid Z. Potential of floating photovoltaic
technology in Pakistan. Sustain Energy Technol Assessments 2021;43:100976.
https://doi.org/10.1016/j.seta.2020.100976.

Quaranta E, Aggidis G, Boes RM, Comoglio C, De Michele C, Ritesh Patro E, et al.
Assessing the energy potential of modernizing the European hydropower fleet.
Energy Convers Manag 2021;246:114655. https://doi.org/10.1016/j.
enconman.2021.114655.

Gonzalez Sanchez R, Kougias I, Moner-Girona M, Fahl F, Jager-Waldau A.
Assessment of floating solar photovoltaics potential in existing hydropower
reservoirs in Africa. Renew Energy 2021;169:687-99. https://doi.org/10.1016/j.
renene.2021.01.041.

Sulaeman S, Brown E, Quispe-Abad R, Miiller N. Floating PV system as an
alternative pathway to the amazon dam underproduction. Renew Sustain Energy
Rev 2021;135:110082. https://doi.org/10.1016/].rser.2020.110082.
Ravichandran N, Ravichandran N, Panneerselvam B. Floating photovoltaic system
for Indian artificial reservoirs—an effective approach to reduce evaporation and
carbon emission. Int J Environ Sci Technol 2021. https://doi.org/10.1007/s13762-
021-03686-4.

Moraes CA, Valadao GF, Renato NS, Botelho DF, Oliveira ACL de, Aleman CC, et al.
Floating photovoltaic plants as an electricity supply option in the Tocantins-
Araguaia basin. Renew Energy 2022;193:264-77. https://doi.org/10.1016/j.
renene.2022.04.142.,

Lépez M, Soto F, Hernandez ZA. Assessment of the potential of floating solar
photovoltaic panels in bodies of water in mainland Spain. J Clean Prod 2022;340:
130752. https://doi.org/10.1016/J.JCLEPRO.2022.130752.

Agencia Andaluza de la Energia. Info-energia. Junta de Andalucia; 2022. accessed
June 14, 2022), http://www.agenciaandaluzadelaenergia.es/info-web/loginC
ontroller.

Agencia Andaluza de la Energfa. Informe de Infraestructuras energéticas. Provincia
de Jaén; 2021.

Penalver P, Le6n D, Casas J, Fuentes-Rodriguez F, Gallego I, Juan M, et al. Las
balsas agricolas en Andalucia: una oportunidad para enlazar desarrollo y
conservacion en climas mediterraneos. Chron Naturae 2015;67:57-67. ISSN-e
2253-6280, N° 5 Pags 57-67 2015.

Paniza Cabrera A, Garcia Martinez P, Sanchez Martinez JD. Anadlisis de la
expansion del olivar en la provincia de Jaén a través de fuentes cartograficas
(1956-2007). An Geogr La Univ Complut 2015;35:119-37. https://doi.org/
10.5209/rev_AGUC.2015.v35.n1.48966.

Araque-Jiménez E, Gallego Simé6n VJ, Sanchez Martinez JD. El Olivar Regado en la
Provincia de Jaén. Invest Geograficas 2002;28:5-32.

Spanish Government. Real Decreto XXX/200X, de XX de XX, por el que se establece
el régimen de instalacion de plantas fotovoltaicas flotantes en el dominio piblico
hidraulico Ministry for the ecological transition and demographic challenge. 2022.
Instituto de Estadistica y Cartografia de Andalucia. Datos Espaciales de Referencia
de Andalucia (DERA) (accessed June 14, 2022), https://www.juntadeandalucia.
es/institutodeestadisticaycartografia/DERA/datos_espaciales.htm; 2022.

Huld T, Miiller R, Gambardella A. A new solar radiation database for estimating PV
performance in Europe and Africa. Sol Energy 2012;86:1803-15. https://doi.org/
10.1016/j.solener.2012.03.006.

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

12

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]
[46]
[47]

[48]

[49]

[50]

[51]

[52]

[53]

Energy 271 (2023) 127039

Dérenkamper M, Wahed A, Kumar A, de Jong M, Kroon J, Reindl T. The cooling
effect of floating PV in two different climate zones: a comparison of field test data
from The Netherlands and Singapore. Sol Energy 2021;214:239-47. https://doi.
0rg/10.1016/j.solener.2020.11.029.

Instituto de Estadistica de Andalucia y Cartografia. Datos Espaciales de Referencia
de Andalucia (DERA). 2014 (accessed June 12, 2022), https://www.juntadeanda
lucia.es/institutodeestadisticaycartografia/DERA/datos_espaciales.htm.

Eggleston HS, Buendia L, Miwa K, Ngara T, Tanabe K. IPCC guidelines for national
greenhouse gas inventories. n.d; 2006.

Santafé MR, Ferrer Gisbert PS, Sanchez Romero FJ, Torregrosa Soler JB, Ferran
Gozalvez JJ, Ferrer Gisbert CM. Implementation of a photovoltaic floating cover
for irrigation reservoirs. J Clean Prod 2014;66:568-70. https://doi.org/10.1016/j.
jclepro.2013.11.006.

Reise C, Miiller B, IEA. Uncertainties in PV system yield predictions and
assessments, vol. 21; 2018.

Huld T, Paietta E, Zangheri P, Pascua IP. Assembling typical meteorological year
data sets for building energy performance using reanalysis and satellite-based data.
Atmosphere 2018;9. https://doi.org/10.3390/atmos9020053.

Thevenard D, Pelland S. Estimating the uncertainty in long-term photovoltaic yield
predictions. Sol Energy 2013;91:432-45. https://doi.org/10.1016/j.
solener.2011.05.006.

Freeman J, Whitmore J, Kaffine L, Blair N, Dobos AP. System advisor model: flat
plate photovoltaic performance modeling validation report. 2013.

Rudié E, Thornton A, Rajendra N, Kerrigan S. System advisor model performance
modeling validation report : analysis of 100 sites. 2014.

Micheli L. The temperature of floating photovoltaics: case studies, models and
recent findings. Sol Energy 2022;242:234-45.

Bengoechea JM, Cobos JP, Parra JP, Segura JGL. Evaluacion de las pérdidas de
agua de riego en el Campo de Dalias. Cérdoba (Spain): Symp. sobre el agua en
Andalucia; 1991.

Redon Santafé M, Torregrosa Soler JB, Sanchez Romero FJ, Ferrer Gisbert PS,
Ferran Gozalvez JJ, Ferrer Gisbert CM. Theoretical and experimental analysis of a
floating photovoltaic cover for water irrigation reservoirs. Energy 2014;67:246-55.
https://doi.org/10.1016/J.ENERGY.2014.01.083.

Manoj Kumar N, Chakraborty S, Kumar Yadav S, Singh J, Chopra SS. Advancing
simulation tools specific to floating solar photovoltaic systems — comparative
analysis of field-measured and simulated energy performance. Sustain Energy
Technol Assessments 2022;52:102168. https://doi.org/10.1016/J.
SETA.2022.102168.

Osorio-Aravena JC, Rodriguez-Segura FJ, Frolova M, Terrados-Cepeda J, Munoz-
Ceré6n E. How much solar PV, wind and biomass energy could be implemented in
short-term? A multi-criteria GIS-based approach applied to the province of Jaén,
Spain. J Clean Prod 2022;366:132920. https://doi.org/10.1016/j.
jclepro.2022.132920.

Rodriguez-Segura FJ, Osorio-Aravena JC, Frolova M, Terrados-Cepeda J, Munoz-
Cerdén E. Social acceptance of renewable energy development in southern Spain:
exploring tendencies, locations, criteria and situations. Energy Pol 2023;173:
113356. https://doi.org/10.1016/j.enpol.2022.113356.

Micheli L, Talavera DL, Marco Tina G, Almonacid F, Fernandez EF. Techno-
economic potential and perspectives of floating photovoltaics in Europe. Sol
Energy 2022;243:203-14. https://doi.org/10.1016/j.solener.2022.07.042.

Index of notations and abbreviations

C&I: construction and installation

CAP:

Common Agricultural Policy

Cw: Water Coverage Percentage (%)

Ej: energy generated per unit area (kWh/m?)

Eppy: Floating photovoltaic annual energy production (kWh)
FPV: Floating photovoltaic systems

GHG: Greenhouse gas

Kpva: PV power per unit area (kWp/mz)

ktoe: Thousand tonnes of oil equivalent (1 ktoe = 11,630 MWh)
O&M: Operation and Maintenance

Pppy: Floating photovoltaic power potential (kWp)

PV: Photovoltaics

RE: Renewable energy

SAM: System Advisor Model

Sw: Water pond surface area (m?)

TMY: Typical meteorological year (TMY)

Yr: Final Energy Yield (kWh/kWp)
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