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A B S T R A C T

A wide range of environmental impacts have been triggered worldwide by intensive agrarian production
designed to maximize crop yields. The ecological crisis in the Mar Menor, Europe’s largest salt-water lagoon,
is an example of how changes in traditional farming practices have had a significant impact on the lagoon
ecosystem. In this context, integrated photovoltaic systems can potentially alleviate the pressure for land
resources while also contributing to sustainable land use and reducing eutrophication in the lagoon. The
case study is an example of balance between two United Nations Sustainable Development Goals (SDGs): Zero
hunger (SDG 2) and Affordable and Clean Energy (SDG 7) achieved by sharing land occupation and additionally
obtaining an ecosystem restoration, linked to SDGs 6 (Clean Water and Sanitation) and 13 (Climate Action). Based
on official information and literature studies on watering, fertilizing needs, and production, we developed
an approach for combining geographical data with estimates of the environmental benefits of photovoltaic
integrated solutions. The results show that up to 1377 tonnes/year of nitrate fertilizer can be avoided, and
water use can be reduced by up to 27 Hm3/year, depending on the distributed photovoltaic power scenario
selected. Likewise, the installed capacity of ground-mounted, agrivoltaic, greenhouse-mounted, and floating
photovoltaic systems varies from 54 GWp, 16 GWp, 0.4 GWp, and 0.6 GWp, respectively.
1. Introduction

The world is facing the huge challenge of mitigating climate change.
A transition towards lower greenhouse gas emissions (GHG) per output
unit of any production activity is required, thus generating synergies
but also competition between different sectors of the economy. A clear
example of this dual relationship is the energy and food production sys-
tems, which are strongly linked. Currently, agri-food systems consume
approximately 30% of the world’s energy, accounting for one-third of
GHG emissions [1]. It is estimated that food production will need to
increase by 70% to feed a global population of 9 billion by 2050 [2].
However, most available farmland is already farmed and in ways that
reduce productivity by causing soil erosion and water quality issues
through changes in traditional farming practices from dry-land to inten-
sively irrigated. Furthermore, the requirement for higher productivity
mostly leads to increased use of fertilizers, agrochemicals (fungicides,
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herbicides, and insecticides), and water consumption per unit of pro-
duced food. The water–energy–food nexus, already emphasized as a
critical issue for a more sustainable future, is especially evident in an
environment of dry arid, or semi-arid climate where photovoltaic (PV)
technology is used as electricity production means [3]. The competition
for land occupation between food production and PV electricity produc-
tion is becoming a source of conflict in several regions, but a detailed
multi-criteria analysis of the complex relationships of the concurrent
production factors and impacts can open the door to a synergistic
approach with mutual benefits both for the energy and agriculture
sectors. This competition can be illustrated as a conflict between the
United Nations Sustainable Development Goals (SDGs) devoted to Zero
hunger (SDG 2) and Affordable and Clean Energy (SDG 7). Depending
on the global objectives to be fulfilled at a local or regional level,
an optimal solution can be found for each specific case study. The
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challenge of such approach arises from the different parameters that
need to be considered and from the balanced combination of several
methodological tools that are already available: power rating for PV
energy production estimations, agriculture models for crop production
depending on input resources, life cycle assessment (LCA) to evaluate
impacts of both activities, and economic modeling to provide realistic
monetized outputs of the solutions to be implemented. This integrated
multidisciplinary approach is a requirement for a useful modeling of
agrivoltaics (APV) systems, a rapidly developing area of research [4].
The multidisciplinarity of the required approach is also illustrated by
the balance between different SDGs that must be achieved for an
optimal solution; besides those already mentioned above (SDG 2 and
7), this complex problem also is related to Clean Water and Sanitation
(SDG 6), which includes between its tasks protect and restore water-
related ecosystems, including mountains, forests, wetlands, rivers, aquifers
and lakes, tasks that should have been fulfilled by 2020. The restoration
of the ecosystem selected as the study case (a degraded coastal-rural
area, the Mar Menor lagoon) is therefore linked to SDG 6, a goal which
is in apparent conflict with SDG 2, since its degradation is due to the
extensive agricultural exploitation of its watershed.

In this article, we apply a multidisciplinary approach to a case study
where the problematic equilibrium between food production and its
environmental impact (created by industrial agriculture) is affected by
the increasing pressure for using land to install large PV systems in
competition with the traditional use for agriculture. The actual picture
of land use in rural/agricultural areas is projected to be transformed
sustainably by combining agricultural activity with sustainable energy
production by installing photovoltaic systems. Several scenarios have
been proposed in which different photovoltaic systems are designed
and introduced in the agricultural region of the Mar Menor water-
shed (ground-mounted PV systems, greenhouse mounted PV systems,
agrivoltaic systems and floating PV systems); then their environmental
and economic impact is evaluated. Geographical information systems
(GIS) tools have been combined with PV power rating methodology and
agriculture impact assessment. The modeling output provides different
alternatives in which PV technology is introduced in the watershed of
the Mar Menor lagoon. Solar photovoltaic electricity production and
how it may reduce the negative environmental impacts of agricultural
activity are calculated and discussed.

2. Methods

2.1. The Mar Menor case study

The ‘‘Mar Menor’’ coastal lagoon in the Region of Murcia (SE Spain)
is a clear example where in recent decades, intensive irrigated agricul-
ture and urban development have triggered an environmental crisis in
the largest saltwater lagoon in Europe. The land surrounding the lagoon
has undergone significant changes in its agricultural model, changing
from crops adapted to a dry climate to crops linked to the boom of
irrigation since the early 80s driven by the transfer of water from Tajo
River to Segura River by a 292 km canal and the over-exploitation of
subterranean water with wells for a very intensive industrial farming
practice [5]. Climate change is creating an impact by reducing rain
at the head of the transfer and increasing evaporation during water
transport (it is an open canal), which could lead to a reduction of up to
60% in water transfer according to models that project the expected
impact of climate change on the Tajo-Segura transfer by the end of
the century [6]. The economic impacts of contamination and climate
change have created inter-regional political and governance tensions
since more than twenty years ago, and they are getting worse, putting
into question the long-term sustainability of the transfer [7].

The intensive irrigated agriculture in the Mar Menor watershed
over forty years with increasing use of fertilizers and other agrochem-
icals has led to soil and groundwater contamination with nitrates
and phosphates and, ultimately, to the lagoon eutrophication from
2
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nitrates that leak into Mar Menor [8]. Although nitrate income has
been identified as the leading cause of eutrophication of the lagoon,
other contaminant agents have also been found and linked to the
agricultural activity; in particular, insecticides and herbicides, which
are predominant during Summer and Winter respectively [9,10]. Ad-
ditionally, the nitrate concentration in the subterranean aquifer of the
Mar Menor watershed basin has increased from 91 mg/l to 120 mg/l in
the past two years, more than double the maximum limit allowed by
the European Commission (50 mg/l).1 Several studies have explored

ays to reduce the negative environmental impact of these intensive
ndustrial agriculture practices and proposed ways to reduce the use of
hemicals as fertilizers, such as nitrates or phosphates, part of which
ould be spilled into the Mar Menor lagoon. Martin-Gorriz et al. [11]
pplied the LCA methodology to study fruit and vegetable production
n the Region of Murcia and to identify the most promising impact-
itigation actions. They found that replacing mineral fertilizer with
anure would reduce the potential footprint by up to 10% and 21%

or vegetable and woody crops, respectively. Diez et al. [12] studied
he effect of the fertilizers containing nitrates and confirmed that it is
ne of the main factors for lagoon eutrophication; they recommend
he use of other types of fertilizers to avoid nitrate leaching, while
rain yields in the whole crop sequence are not affected. Other authors
ropose modifying agricultural practices without reducing the intensity
f the exploitation of land and water resources [13,14]. Remediation
easures such as local rewilding have also been proposed, particularly

he amplification of the remaining natural wetlands that act as natural
raps for the nitrates before they are leaked to the lagoon, only implying
slight reduction of the cultivated land [15,16].

An alternative option is to integrate photovoltaic systems in agri-
ultural land currently used to produce food. The integration can be
arried out with distributed ground-mounted PV (GM-PV) or with
grivoltaic (APV) systems, both providing different scenarios to balance
rop reduction with electricity generation in such a way that net
conomic income for farmers is increased, thus making distributed GM-
V and APV solutions a powerful tool to decarbonizing food production
hile preserving ecosystems. Small or medium-scale APV facilities have
lready been considered as one of the 14 solutions for the sustainable
evelopment of the Mar Menor [17]. Although utility-scale PV power
lants (> 1 MWp) provide a financially viable solution, the social im-

pact comes into conflict due to the competition for land resources (see
Fig. 1). Small to medium-scale ground-mounted PV plants distributed
throughout the agricultural parcels, in combination with APV systems
that share the land with food production and the use of PV greenhouses
(PVG) and floating PV (FPV) systems on agricultural water reservoirs
(AWRs), provide a combined alternative solution to this conflict.

The modeling developed in this study uses a combination of GIS
techniques, photovoltaic system design and power rating calculations,
and environmental impact modeling for agricultural impacts (focusing
on nitrate-based fertilizers and water consumption for irrigation). The
detailed methodology for each area of study is described below.

2.2. Geographical information systems

GIS has been used to identify and calculate land use for each crop
in the Mar Menor watershed basin (according to the official cadastral
registry) and to simulate the share of land the proposed PV system will
occupy. The GIS software used for the analysis was the open-source
QGIS [19] (version 3.12.3 Bucaresti). The GIS maps allowed a detailed
simulation of agricultural land occupation by PV systems for every
crop in each cultivated plot, identified by geographical coordinates and
cadastral codes. QGIS software also provides a graphical tool to show
results by generating GIS layers with the requested information. The

1 Report to Murcia regional government about ecological state of Mar
enor, 2 February 2023. (https://transparencia.carm.es).

https://transparencia.carm.es/wres/transparencia/doc/Consejo_Gobierno/2023-02-09/punto_16_informe_MarMenor.pdf
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Fig. 1. Environmental sensitivity map for PV plants larger than 10 ha in the study area around the Mar Menor (SE, Spain) [18]. Top right: aerial view and dead fish asphyxiated
due to a lack of oxygen ultimately triggered by the strong eutrophication due to nitrates that leaked into the lagoon.
geographical data source for crop data is the Cadastral database (In-
formation System on Land Occupation in Spain) [20] and the SIGPAC
database (Agricultural Plots Geographical Information System [21]) for
greenhouses; for solar radiation data, the Photovoltaic Geographical
Information System (PVGIS) of the Joint Research Centre (JCR), Euro-
pean Commission has been accessed [22]. Automatic pixel classification
techniques were used to detect the water reservoir’s surface. The wa-
ter surface is obtained from the Normalized Difference Water Index
(NDWI) analysis obtained at a spatial resolution of 20 m and from
Sentinel-2 images. The NDWI calculation is made for those days with
available satellite images and from the reflectance values of the B8 A
and B11 bands. Then the threshold of −0.35 is taken to classify between
water vs. non-water. Finally, all the daily maps for the analysis period
(from 01-01-2018 to 12-31-2021) are added, obtaining the maximum
value for each pixel (thus obtaining a more accurate representation
of the location and dimensions of the bodies of water). To this end,
the most recent (2021) orthophoto from Google Earth Satellite was
implemented in QGIS for the study area analysis. Systematic errors
(biases) between the outputting raster and the existing water reservoir
surface are corrected by sampling a representative number of features
and calculating the mean error between the actual surface and the
remote sensing-based surface.

The study area is defined under the Decree Law to protect the
Mar Menor (Ley 3/2020, de 27 de julio). The protected area occupies
127,000 ha, of which 107,106 ha are agricultural areas, and the rest,
20.1 ha, mainly are urban areas or other infrastructures.

The calculations with data of each plot carried out with QGIS
consider annual average data. For instance, it is assumed that one plot
grows the same crop typology throughout one year, consuming the
same average water and nitrates amount within one year.

2.3. PV configurations and power rating

The PV potential is obtained for four different configurations, i.e.,
GM-PV, APV, PVG and FPV. PVGIS solar radiation database and system
performance model are used to assess annual energy generation [22].

At the module level, silicon-based PV technology is used as a
reference. PV wafers M0 (156 mm × 156 mm) form a 72-cell reference
3

module prototype (6 rows and 12 columns) with an average dimension
of 1.00 m × 1.95 m and power conversion efficiency at standard test
conditions of 20% [23]. Hence, the nominal peak power per module is
350 Wp.

At the system level, the system configuration is fixed with an
optimal tilt angle (𝛽) for the study-case latitude of 35◦ and south
(equator-facing) orientation (𝛼).

2.3.1. Ground-mounted PV
The design and land use energy intensity vary depending on the con-

figuration. Thus, in GM-PV systems, the density of modules installed in
a unit of area is defined by the row-to-row distance (commonly known
as pitch), which is optimal for electricity production. The indicator
connected to the array density within a land unit is the ground coverage
ratio (GCR), defined as the array length divided by the row-to-row
distance. Typical GCR values range from 0.3 to 0.6 in utility-scale PV
power plants [24]. A typical GM-PV system’s row spacing in this region
is twice the width of the PV module, meaning a GCR of 0.5; hence the
installed PV capacity per land unit is calculated as 0.1 kWp/m2.

The yearly PV production was estimated using Eq. (1):

𝐸𝑝 = 𝐴 ⋅ 𝑟𝐴 ⋅𝐻(𝛼,𝛽) ⋅ 𝑦 ⋅ 𝑃𝑅 (1)

where,
Ep: Annual electricity production (kWh/year)
A: Parcel area (m2)
rA: Ratio of parcel area devoted to PV
H: Annual average value of in-plane irradiation (kWh/m2)
y: Installed PV capacity per land unit (kWp/m2)
PR: Performance Ratio of the system
Each parcel will devote a specific percentage of its land to PV pro-

duction in this scenario. This percentage represents a linear reduction
in crop yield, fertilizer, water, and pesticide use. Hence, stakeholders
may decide on the main goal by adjusting value-choice parameters
according to the desired trade-off between the reduction of environ-
mental impacts and agricultural activities. Based on an approach where
agricultural activity is prioritized, rA of 15% for PV land use in each
parcel is in line with different national regulatory developments in
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Fig. 2. The shadow length projection is defined by (i) the PV system design, which includes the length of the array (L), tilt angle (𝛽), and clear height (h), and (ii) the Sun
elevation angle (𝛼). Incident irradiance at ground level is calculated in different reference points (p(i)). If the point is shaded, in-plane irradiance is the sum of diffuse and reflected
components.
agrivoltaics like Italy [25], Germany [26], France [27], or Japan [28].
Currently, Spain lacks a legal framework or standards for agrivoltaic
systems. This ratio has been selected for the analysis in Section 3.
Annual in-plane irradiance in each parcel has been obtained from the
PVGIS database, as detailed in Section 2.2, and the estimated system
losses have been considered 14% (PR = 0.86).

2.3.2. Agrivoltaics
This approach elevates the structure to be compatible with farming

practices. The critical point is to reduce solar radiation until the light
saturation point is reached. Therefore, the shade generated by the
PV arrays will be the indicator that ensures compatibility between
photovoltaics and photosynthesis.

The designed system’s density (as expressed by the GCR) is adjusted
to crop light requirements to ensure the minimum impact on agricul-
tural yield. Therefore, the impact of shadow created by the PV system
will be quantified by analyzing its shadow projection at ground level.
This projection is defined by the three-dimensional pattern of the PV
system (density and mounting height [29]) and the Sun elevation angle.
Different reference points at ground level are then analyzed so that if
the shadow is detected, the irradiation assigned is the sum of diffuse
and reflected solar components. Since this study assumes equatorial-
facing PV orientation, solar azimuth is not considered, and the shadow
on the ground surface can be represented by one axis, as shown in
Fig. 2.

Although border effects cannot be considered with this approach,
the results allow for a comparative analysis with complete Sun refer-
ence conditions. The impact of the agrivoltaic system on crop yield
is then simplified to the crop’s light requirements without considering
potential effects such as soil moisture retention or micro-climatic condi-
tions. Therefore, depending on the plant species, this study’s agrivoltaic
crop impact indicator is the accumulated daily availability of the
photo-synthetically active radiation (PAR), expressed as the daily light
integral (DLI, mol/m2 d). This parameter integrates the photosynthetic
photon flux density (PPFD), i.e., the instantaneous availability of PAR
(400–700 nm), in a day.

Hourly solar irradiance data (W/m2) from PVGIS is converted to
PPFD using the quanta-to-energy conversion ratio of 4.56 μmol/s/m2

[30] considering 42.9% of the energy distribution of PAR at the Earth’s
surface [31].
4

Thus, DLI values enable crop classification into categories. Cossu
et al. [32] proposed three categories: high (DLI ⩾ 30 mol/m2 d),
medium (DLI 10–20 mol/m2 d), and low (DLI ⩽ 10 mol/m2 d) light-
demanding crops. This classification criterion is in line with other
studies that also suggest three categories based on the impact of the
agrivoltaics system on yield: shade-loving or benefit crops (+), shade-
tolerant crops (0), and shade-intolerant or susceptible crops (−) [33–
36]. Since there are no shade-loving species present in the study
area [37], and considering annual crop rotation is the most common
agricultural practice (usually among broccoli, melon, and lettuce), the
GCR and clear height are defined for the worst-case scenario, that is for
shade-intolerant species with the target value of DLI ⩾ 25 mol/m2 d,
which include Summer species such as watermelon.

The target DLI levels were simulated in two periods (January to
March and April to July) to cover the two most common cycles accord-
ing to agricultural practices in the study area, ensuring agricultural ac-
tivity in the agrivoltaics scenario. PVGIS hourly data for 2020 [22] was
applied to perform the analysis. The minimum clear height required
in standards and guidelines [25,26] for elevated (stilted) agrivoltaics
systems is 2.1 m, which is incompatible with fruit trees, so a clear
height of 4 meters is considered to improve the connectivity. The simu-
lation results show the relation between the GCR and the percentage of
solar radiation at ground level. The GCRs were calculated considering
the DLI target per crop type and used to define the power capacity
(kWp/m2) with which potential maps are generated.

Another vital factor to bear in mind is the loss of area when some
land cannot be cultivated due to agrivoltaics structure. Based on the
experiences developed in Germany [38] and France [39], the land
loss (LL) considered in this study is topped to 10%, thus leading to
an additional crop reduction that is added to the reduction arising
from reduced light income to the shade-intolerant crops assumed in the
modeling. Hence, the energy production is quantified using the same
expression as in the GM-PV scenario, Eq. (1), but with the installed
capacity per land unit (𝑦) adjusted to the three-dimensional pattern
(GCR and the clear height) defined by the DLI targeted value. In this
case, the entire area of each parcel is considered (𝑟𝐴 = 1).

The benefit of combining energy and agricultural production on the
same land area is quantified using the land equivalent ratio (LER) [38,
39]. LER is defined by Eq. (2).

𝐿𝐸𝑅 =
𝑌𝑐𝑟𝑜𝑝−𝐴𝑃𝑉 +

𝑌𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦−𝐴𝑃𝑉 − 𝐿𝐿 (2)

𝑌𝑐𝑟𝑜𝑝 𝑌𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦−𝐺𝑀−𝑃𝑉
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where,
Ycrop-APV: agricultural yield under the agrivoltaic system

(kg/ha/year)
Ycrop: agricultural yield in a single use of land (kg/ha/year)
Yelectricity-APV: Energy yield of the agrivoltaic system (kWh/year)
Yelectricity-GM-PV: Energy yield under standard ground-mounted PV

system assumption (kWh/year)
LL: Land loss due to agrivoltaics structure (%)
LER values greater than one indicate a more productive land use

than a separated mono-use (agricultural or photovoltaic) for the same
land area. E.g., LER = 1.4 means that 40% more land area is required
to produce the same amount of energy and biomass on separated land
areas.

2.3.3. PV greenhouses
The greenhouses’ roof surfaces were obtained from the SIGPAC

database and using GIS techniques. To ensure agricultural compatibil-
ity, on the basis of light conditions, it is set a cover ratio (the ratio
of the projected area of the PV modules to the ground) of 20%. This
limit results in minimal yield losses and a negligible impact on the
quality of most horticultural species grown in greenhouses [29,32].
Therefore, the annual electricity generation in each parcel is estimated
by the same equation used for ground-mounted PV (Eq. (1)) and using
the area parameter corresponding to the roof coverage of greenhouses
and the tilt of the modules. Due to data source limitations in terms of
shapes and, thus, roof slopes, the most common type of greenhouse
for commercial applications and PV integration with a tilt angle of
25◦facing the equator (South) is assumed [40].

2.3.4. Floating PV
Many farms have small agricultural water reservoirs (AWRs) to deal

with water scarcity and irregular water allotment. These reservoirs
ensure water supply to irrigated areas throughout the year and thus
have a significant impact on agricultural productivity. In this situation,
there is a growing interest in reducing water evaporation. That is
why floating PV systems (FPV) are considered since they can reduce
water evaporation in addition to generating energy. The PV system
configuration, in this case, is designed to be fixed tilted southward at
10◦. From the energy point of view, this geometry slightly penalizes
energy production in favor of supporting wind loads while allowing
enough space for maintenance work. A low tilt angle provides a more
regular module geometry, and the penalty for azimuth variations is
less severe [41]. The energy production is calculated using Eq. (1),
equivalent to the one used in the studies of Gonzalez Sanchez et al. [42]
and Kakoulaki et al. [43], with the area parameters provided by the
area of AWRs and the percentage of coverage by solar modules.

The irrigation reservoir areas (Ares) are identified by aerial images
digitized as a GIS polygon, as specified in Section 2.2. The typical
geometry of AWRs is characterized by low depth (between 3 and
10 m) and inner slopes of 1/1 or 2/1. The usual practice is to keep
the water level above one-third of the total depth [44]. Therefore,
the PV functional area, defined by the parameter rA, is approximately
75% when using an average depth of 5 m and an inner slope of
2/1, representing most cases. The PV system’s installed capacity per
unit area is 0.1 kWp/m2, as used in the GM-PV scenario. The water
vaporation of this configuration has a cooling effect on the PV systems,
hich could lead to obtaining a higher energy yield than conventional
M-PV configuration. Nevertheless, this effect is not taken into account

n this study. The water savings analysis is based on the evaporation
ates obtained by Bontempo-Scavo et al. [45]. The relation between
he covered water surface and the percentage of water saved by evap-
ration is a characteristic function specific to each type of floating
V system. Polynomial interpolation is used for representative floating
tructures that cover the entire surface underneath the PV modules.
5

2.4. Environmental impact assessment

Once the area to install a PV system has been defined for each
parcel in the watershed basin of Mar Menor, the kilograms of nitrates
used as fertilizer per year that would be avoided when replacing the
specific crop in this parcel with the PV system has been estimated.
The official report from the Ministry of Agriculture of Spain provides
data regarding the number of cycles and use of agrochemicals of the
considered crops, the total hectares and yield of vegetable production
in the specified area, its irrigation needs, and in particular, the nitrate-
based fertilizer used yearly [37,46,47]. Table A1 (in Supplementary
Information) shows the surface of each crop growing in the study area,
the estimated production, the required watering, and the nitrates used
as fertilizers. It also shows the percentage of each subtype for each type
of crop. The data have been used to calculate nitrate use, crop yield,
crop economic benefit, and water use in each parcel for each crop in
all the geographical regions under consideration.

2.4.1. Reduction of nitrates used as fertilizers
Nitrate leaching could be attributed to irrigation schedule and

fertilizer type. The area belonging to a specific type of crop per category
and its nitrate use was estimated from the official reports mentioned
above, which specify the share of the crops for ‘‘Campo de Cartagena’’.
The use of GIS tools has provided accountability of the parcels that
are affecting the Mar Menor watershed basin area of study (‘‘Campo
de Cartagena’’ also extends to the Guadalentin region and beyond,
belonging to other watersheds, areas which have not been considered
in this study and have been discarded in the GIS calculations). Once the
82,320 parcels of the area of study have been identified (size and crop),
the calculations to obtain the tonnes of avoided nitrate used for each
parcel and each crop have been carried out with GIS tools that deliver
detailed and aggregated data sheets and their geographical distribution
in map representations.

2.4.2. Water savings
Ground-mounted and Floating PV scenarios allow water savings. In

the first scenario, savings are derived from crop area reduction, which
leads to reduced irrigation needs, a reduction of land use for crops
of 15% has been considered for all types of crops, thus leading to a
15% reduction of irrigation for all crops equally. The model enables
the selection of different percentages of land reduction depending on
the crop type. In contrast, savings in the second scenario arise from
reducing the evaporation of shallow water in the reservoirs due to the
shading of PV panels. It was estimated that PV panels could cover up
to 75% of the water area, thus reducing up to 92% of the evaporation
in the area covered using floaters as a support structure and a water
evaporation rate of 1800 mm/year [45,48].

2.5. Economic balance

A simple approach has been taken to provide an initial estimate
of the potential economic benefits resulting from the net balance of
reduced revenues from crop production and revenue from selling the
produced electricity. Considering market values for the most recently
available reports from the Ministry of Agriculture in Spain, as indicated
in Table A2 of Supplementary Information, and setting a selling price
for the produced PV electricity at 0.05 euros per kWh, the net economic
balance for the ten main crops considered in the scenario presented
in the results are reported and summarized in Table A2 (ordered
according to land occupation). This balance is a midterm equilibrium
after the costs of the installed PV systems have been recovered (break-
even point around year 7 of construction of the systems for actual
system price and assuming a lump payment on year one); therefore,
neither interest rates for loans nor change in crop markets have been
considered in this simple calculation.
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Table 1
Summary of results for four scenarios of installed PV systems: ground-mounted (GM-PV), agrivoltaics (APV),
mounted on top of greenhouses (PVG) and floating (FPV).

GM-PV APV PVG FPV

Number of PV systems 82,320 82,320 3,617 3,031
PV capacity per land unit (kWp/m2) 0.1 0.05 0.1 0.1
Capacity (GWp) 16.07 53.55 0.42 0.62
Total available area (ha) 107,106 107,106 2,086 823.3
% covered 15 100 20 75
Area covered (ha) 16,065.9 107,106 417.1 617.5
Energy generated (GWh/year) 26,605.5 88,684 691 961
Nitrates use reduction (kg/year) 1,376,749 0 0 0
Water savings (Hm3/year) 26.4 0 0 1.02
3. Results

The methodology implemented to carry out the study is flexible
and allows the building of several scenarios and case studies. The
results presented in this section are an example of four case studies
that have been defined as (i) crop substitution for ground-mounted
PV systems (GM-PV), (ii) agrivoltaics approach (APV), in which PV
systems and crops share occupation of land, (iii) integration of PV on
the greenhouses (PVG) and (iv) floating PV (FPV) on AWRs. They are
four case studies in which the technical modeling and the value choice
parameters have been selected according to the criteria explained in
Section 2.3. The four case studies can be combined to provide a variety
of scenarios that can be built by the end-users according to their de-
mands by varying the value-choice parameters; furthermore, different
parameters could be chosen for different parcels. For example, land
owners who want to model the economic output of PV introduction in
their land or policymakers that want to model environmental impacts
and use of PV penetration as a remediation for the critical condition of
Mar Menor; in this latter case, crops which demand more agrochemicals
could be displaced with higher land occupation with PV while others
with lower impacts could be kept without land occupation by PV. In
order to present specific results that illustrate the capabilities of this
methodology, the results are organized as simple scenarios in which the
case studies are evaluated with the same percentage of land occupation
and the same technical and environmental parameters for all parcels.

A summary of results for the installation of PV systems for the case
studies analyzed as an example of the methodology which combines
GIS tools with PV modeling is presented in Table 1, where the number
of PV systems, installed capacity, delivered energy, and potential re-
duction of nitrates and water are included. Between 16 GWp and 54

Wp of PV capacity can be installed (with land occupation of 15%
ith ground-mounted PV systems or sharing the land in APV systems).
he PV systems are highly distributed in the different parcels (82,320

dentified by GIS cadastral information), thus providing a histogram of
V system size in both cases that are indicated in Fig. 3, where there
s a vast number of small systems with installed capacity below 1 MWp
nd only a few of several MWp; the size distribution of parcels are
ifferent depending on the crop as shown in the histograms presented
n Figure A4, this fact may lead to a slightly different distribution
f PV system size depending on the kind of crop it is replacing. If
he construction of PV systems is accomplished with a distribution
f installed capacity resembling the distribution of parcel sizes, the
roperty and the energy generation will also be highly distributed
etween stakeholders. The results for the different scenarios modeled
ith fixed value-choice parameters, as indicated in the methodology,
re presented in the following subsections.

.1. Open field configurations: ground-mounted photovoltaics and agri-
oltaics

The amount and distribution of land occupied by different crops in
he Mar Menor watershed basin are included in Figure A1 and Table
1 (in the supplementary information) for all parcels and crops of the
6

C

considered study area. For the calculation of photovoltaic electricity
production by substitution of crops with GM-PV systems, an equal
15% percentage of land occupation for all crops has been considered
(the model allows to choose a different percentage for each parcel,
i.e., kind of crop, but for the sake of clarity the same 15% is used as an
example for this first group or results; this percentage aligns with dif-
ferent national regulatory developments which encourage agricultural
activity over PV installations). This substitution reduces agricultural
production, which is substituted by electricity production with the PV
systems in each parcel, as shown in Fig. 4. There is a linear reduction
in the use of agrochemicals and water, as indicated in Table 1 for the
total reduction and disaggregated for the ten main crops in Table A2 (in
the supplementary information), enabling a potential reduction of 1377
tonnes of nitrate use as fertilizer per year. It must be emphasized that
this reduction is achieved with an equal 15% reduction in all crops (of
which, 892 tonnes can be reduced from the ten most extended crops);
tuning the reduction depending on the kind of crop, could further
maximize nitrate reduction for the same aggregated land occupation.
This fertilizer is the leading cause of eutrophication of Mar Menor,
and the reduction of nitrate use during several years will substantially
reduce the amount reaching Mar Menor either by subterranean filtering
from the aquifer or by surface run-off of contaminated waters. A second
beneficial effect of this linear crop reduction is the reduced water
demand, quantified at 26.4 Hm3 (of which 21.37 Hm3 corresponds
to the ten most extended crops). The distribution of these potential
reductions is shown for all of the Mar Menor watersheds in Fig. 5(a)
for nitrates and Fig. 5(b) for water.

If the 15% reduction of land occupation by crops is replaced by the
installation of ground-mounted PV systems, 16.07 GWp PV capacity can
be built in distributed systems in all the parcels. The 15% has been
chosen as a value choice to show a simple scenario, but a different
percentage can be chosen for each crop and each parcel, thus leading
to different results. For the annual irradiance available in the Mar
Menor watershed basin, the installed PV capacity will generate 26.6
TWh/year (considering a global performance ratio of 0.86, including
temperature losses and calculated for an average yearly horizontal ir-
radiation of 1861.9 kWh/m2 and yearly in-plane horizontal irradiation
of 2162.4 kWh/m2 for an optimal slope of 35◦ (data from PVGIS.2)
Furthermore, besides the environmental benefit directly arising from
the use of fewer agrochemicals, there is a potential economic incentive
that can be roughly estimated as 159 million euro (for the ten most
extended crops), which results from the net balance between reduction
of revenue from crops which is more than compensated from revenue
from selling the electricity production (at 0.05 euro per kWh, a low
price that was chosen for this simple approach, see Table A2 in the
annex). This calculation is provided for the first year of PV system
operation; since PV modules have a degradation process that can be
estimated from their parameter T80 = 25 years, the total electricity
production in year 25 of operation will be 21.3 TWh per year.

2 Irradiation data from the Joint Research Centre (JRC) of the European
ommission PVGIS-SARAH2 database, latitude: 37.740, longitude: −0.881.
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Fig. 3. Histogram of the size of GM-PV and APV case studies, the horizontal axis shows three scales: m2 of land parcels and two for installed capacity (kWp for PV ground-mounted,
with 15% of land occupation and for agrivoltaic systems with 100% land share by the PV system and the crop); the vertical lines indicate the point in the histogram at which
the cumulative installed capacity reaches 1 GWp.
Fig. 4. Energy generated (GWh) annually per parcel by all PV system installed in the two open field scenarios. The upper legend shows the scale for the energy generated in
the APV scenario where PV systems are integrated and share the land with the crops in a truly agrivoltaic system. In contrast, the lower legend shows the scale for the energy
generated in the PV-ground mounted with a 15% land coverage scenario, as indicated in the respective labels.
When the agrivoltaic scenario is considered, the use of land is
shared by the PV system and the agricultural activity, thus leading
to a 100% shared land occupation and an installed capacity of 53.55
GW , delivering 88.68 TWh/year of photovoltaic electricity (in year 1
7

p

of operation and 70.95 TWh/year in year 25 of operation). In this case,
no reduction in the use of agrochemicals or water is considered.

In the agrivoltaics system design, a ground coverage ratio (GCR)
of 0.3 ensures annual light transmission at the ground level of 80%,
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Fig. 5. (a) Nitrate use reduction (tonnes/year) for the PV ground-mounted scenario with 15% of land occupancy by the PV systems. (b) Water use reduction (m3/year) for the
ground-mounted PV scenario with 15% of land occupancy by the PV systems.
which is compatible with characteristic seasonal agricultural cycles in
the study area, as shown in Fig. 6 for Winter and Summer cycles as
explained in the methodological section.

Land occupation or land sharing is highly distributed for ground-
mounted PV and agrivoltaics, respectively, in the considered scenarios.
8

The histogram shown in Fig. 3 indicates the land distribution by parcel
size and the corresponding installed capacity for GM-PV and APV, with
a vast number of small systems (below 100 kWp) and a much lower
number above 1 MWp). The size is represented according to cadastral
identification of parcel size by GIS tools on maps. The agrivoltaics
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Fig. 6. Shadow loss profile simulation with a GCR of 0.3 that allows 80% of light transmission at ground level for two periods: (a) From January to March (when shade-tolerant
crops like lettuce are cultivated), and (b) from April and July (when shade-intolerant crops like watermelon are cultivated). The analysis was performed for different distances
between the PV arrays (1, 3, and 5 m) in order to identify zones that could be significantly penalized for the shadows cast by the fixed PV system.
model considers a low-density coverage of PV modules. A GCR of 0.3
in an elevated 4m-structure allows for 80% of light transmission, which
is not detrimental to crop yields in the study area. Only 10% land loss
is included for agrivoltaic system structures is considered, resulting in
a relative crop yield of 0.9, which is pessimistic, but provides a land
equivalent ratio (LER) of 1.2, still above 1, indicative of the benefits of
the agrivoltaic approach. This LER is considered a minimum that can
be improved if more dense agrivoltaic systems are used, or lower crop
and land loss reductions are achieved.

3.2. PV on greenhouses

A total of 3618 greenhouses that cover a surface of 2086 ha have
been identified as covered by greenhouses in the Mar Menor watershed
basin (see Figure A5). If a PV cover ratio of 0.2 (described in Sec-
tion 2.3.3) is used for greenhouse roofs in the study area, an additional
PV capacity of 0.42 GWp could be installed, producing a total of 691
GWh of electricity per year (in year 1 of operation and 552.7 GWh/year
in year 25 of operation). The histogram in Figure A2 shows that most
systems are smaller than 200 kWp, with a maximum in the histogram
of around 60 kWp. In this case, there is no reduction of fertilizers or
agrochemicals use, and therefore no direct environmental benefit is
9

produced other than solar electricity production. Furthermore, a reduc-
tion of crop production could be expected since shadowing from the PV
modules is not ideally managed as shadowing by the greenhouse; the
final balance of impacts on crop production depends strongly on the
kind of crop and can be either detrimental (reduction of irradiance) or
beneficial (reduction of hydric stress in plants), as has been reported
in [32].

3.3. Floating PV

Using satellite images and GIS tools, a total of 3031 AWRs for
irrigation, totaling a surface of 823 ha, have been identified. The shape
and size vary, as shown in Figure A6, with a size distribution histogram
shown in Figure A3, with all systems smaller than 1 MWp and a
large number below 300 kWp. Floating PV systems, as described in
Section 2.3.4, have been considered to cover a 75% of the surface of
all AWRs with an installed PV capacity of 0.1 kWp/m2, again a value
choice parameter that can be chosen by end-users (setting a different
value for each pond). The results for this specific scenario deliver a
total installed PV capacity of 0.62 GWp that every year can generate
961 GWh of electricity and reduce evaporation, thus saving up to 1.02
Hm3 of water using floaters structures that fully cover the surface
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underneath (in year 25 of operation, the electricity production will be
768.6 GWh/year and water saving roughly the same).

4. Discussion

The main result of the research is the development of a multi-
disciplinary methodology that combines GIS tools with power rating
modeling for PV systems and environmental impact assessment in an
agrarian environment. The method is flexible enough to provide a
variety of results according to parameters that can be technical (PV
system performance from technical sheets), environmental (from public
databases), or value choice by end-users (percentage of land cover
with PV systems in each case study for each crop and parcel). The
model has been applied to the Mar Menor watershed basin in order to
evaluate the impacts of introducing distributed PV systems for different
scenarios. The results show that an important reduction in nitrates can
be achieved for up to 15% of land occupation of PV ground-mounted
systems, with a positive environmental impact that will contribute to
remediating the critical ecological crisis of Mar Menor, with two main
factors contributing to this remediation: reduction of nitrate fertilizers
(up to a total of 1377 tonnes per year for all crops, of which 892
tonnes per year reduction can be achieved for the ten most extended
crops) and a reduction of water demand for irrigation (up to 25.4 Hm3

er year). Furthermore, this solution could be economically beneficial
ince PV technology is mature, investment recovery is obtained for six
ears for irradiation typical of the area, and the losses arising from
rop reduction can be compensated by gains from selling the generated
lectricity at market prices for all crops. A simple economic model
or 15% PV land occupation for the ten main crops delivers a net
enefit of 159 million euros per year once the PV systems have been
mortized (see Supplementary Information, Table A2); the economic
avings arising from the reduced water use is not included in this simple
conomic model, which is also an environmental benefit in a context of
educed precipitation and high impact of climate change (semi-desertic
egion). The required investment for agrivoltaic systems is higher than
or conventional ones. Although amortization may take longer, the
eduction of incomes due to the reduction of crops is lower since only a
arginal decay in crop production is expected for the parameter chosen

or the agrivoltaic system modeling; it must be emphasized that the
conomic calculations are carried out for each aggregated crop type,
nd not for each owner of parcels; there is a medium level of property
oncentration in this area of Spain, which is increasing in the past ten
ears (this socio-economic analysis is out the scope of this article).

Additional environmental benefits arise due to reduction of water
vaporation due to the installation of FPV systems on the AWRs (up to
.02 Hm3), which added to the water saving from reduced irrigation
f 15% land coverage is considered for PV-ground mounted systems,
elivers total water saving for this combined case study of 27.42 Hm3

er year, which is 9.8% of the controversial Tajo-Segura annual water
ransfer average for the past ten years (280.7 Hm3 per year,3 a quantity
hich is expected to be reduced in the coming years due to climate

hange impacts, a fact that will also affect PV electricity produc-
ion [49]). Additionally, if the areas classified as non-recommendable
or PV installation (see Fig. 1) are extended in the future or directly
orbidden for PV system installations, then the percentage of crop
ubstitution for the affected parcels should be reduced.

Although agrivoltaics can provide multiple benefits, such as reduced
rrigation water usage, increased revenue for farmers, and optimal
and use, there is little information on the effects of agrivoltaics on
esticides and fertilizers use in agriculture. In Japan, researchers in-
estigated the impact of nitrogen fertilizer on rice crops. They found
hat, while varying the amount of fertilizer significantly affected grain

3 Histórico del trasvase Tajo-Segura, Confederación Hidrografica del Segura
CHS) Ministerio de Transición Ecológica, Spain. (www.chsegura.es).
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weight, no significant influence between shading and fertilization was
observed [50]. Further research in different locations and crops is
needed to quantify any potential environmental benefit.

Another important consideration is the distribution of income gen-
erated by dual land use. Although this study quantified the energy
potential at the parcel level (directly related to the economic potential),
it does not reflect that the small farmer will benefit economically. These
smallholders are currently trapped in intensive production models.
Agrivoltaics provides opportunities through a distributed model that
can support small farmers in gaining economic independence while
improving local environmental and social sustainability; a simple, eco-
nomical approach has been presented as a complementary result for
the environmental benefits of agrivoltaics in the Mar Menor watershed
basin. These aspects could positively affect public acceptance, which is
a critical component for implementing any proposed solution. In line
with recent survey findings, agrivoltaics are viewed more positively
than conventional approaches. According to the results obtained by
Pascaris et al. [51], more than 80% of respondents would be more
likely to support solar development in their community if it integrated
agricultural production. Nevertheless, defining the type of land use is
crucial in determining each parcel’s potential. In this study, we based
on official cadastral information. However, integrating satellite-based
approaches to identify land use [52] is a future line of development
that will enable it to be extended to different locations independently
of cadastral databases. Furthermore, according to official reports, the
net benefit for crops oscillates vigorously from year to year, especially
for some products, such as artichoke or pepper, which may lead to
important losses (as indicated in Table A2 for the most recent reports
from Ministry of Agriculture for these crops in Murcia region); the
oscillation of the average net benefits per ha is reduced with the
contribution of stabler income arising from selling the produced pho-
tovoltaic electricity, thus providing increased economic security to the
land owners.

5. Conclusions

The combination of environmental and economic benefits arising
from the introduction of distributed photovoltaic systems in an agri-
cultural area acts as a strong incentive for the replacement of agrarian
activity by photovoltaic electricity production that may lead to an
unbalanced displacement of agriculture in favor of very large util-
ity plants. Nevertheless, the introduction of photovoltaic systems at
smaller and more distributed scales, including agrivoltaic systems,
greenhouse-top systems, and floating systems, may provide a good
balance between two apparently conflicting SDGs: Zero Hunger (SDG
2) and Affordable and Clean Energy (SDG 6). However, this balance will
require regulation to avoid dominance by medium and large PV utility
plants in land occupation. In our case study, a maximum of 15% of
land occupation has been chosen for PV ground-mounted systems. In
contrast, in the agrivoltaic approach, the land is shared with crops,
which can be extended to all surfaces, thus preserving food production.
The combination of both approaches will keep a balance between the
penetration of PV systems in a distributed way while keeping at least
85% of land dedicated to crops. An additional contribution to SDGs
is to protect and restore water-related ecosystems, including mountains,
forests, wetlands, rivers, aquifers, and lakes, a task of SDG 7, in this
case, particularized on the Mar Menor coastal lagoon and the related
aquifers. In summary, the combination of technological options for pho-
tovoltaics, such as distributed small to medium-size ground-mounted
PV systems, agrivoltaic systems, and to a lesser extent, greenhouse and
water reservoir PV coverage, is an optimal alternative for a balanced
double-use of land leading to a balanced fulfillment of Sustainable

Development Goals.

https://www.chsegura.es/es/cuenca/infraestructuras/postrasvase-tajo-segura/historicos/
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