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HIGHLIGHTS

e The potential integration of photovoltaics into olive groves is assessed.

e Representative locations in top olive producers Mediterranean countries are selected.

e Suitable PV transparency levels between 57% and 71% are found.

o The average generation with the proposed APV configuration is approximately 65 kWh/year per m? of ground.
o These agrivoltaics systems could lead to the creation of >560,000 jobs.

ARTICLE INFO ABSTRACT

Keywords: Agrivoltaics systems have emerged as an approach to alleviate competition for land use between food and energy
Photovoltaic production. Conducting a thorough analysis of the impact that shading from PV modules can have on crops is
Agrivoltaics

crucial for the correct design of the system, as excessive shading can lead to important crop yield reductions. This
paper focuses on integrating agrivoltaics systems within super-intensive olive groves in the Mediterranean re-
gion. A dual model is used to calculate the suitable transparency of PV modules, representing the area not
occupied by PV cells. This model customizes the results based on the site’s meteorological parameters and the
photosynthetic light-response curve of the olive cultivar. The results indicate that transparency levels vary be-
tween 0.57 and 0.71, with the lowest values observed in locations with higher solar radiation, such as Egypt and
Tunisia. Using these transparency values and typical 20%-efficiency monocrystalline silicon modules, the annual
average energy generation per m? in the selected locations is 65.9 kWh. Another finding reveals that optimizing
the model by considering only the months corresponding to the olive growth cycle can reduce the required
transparency, thereby increasing the installed PV capacity by up to 3.5%. Furthermore, the potential deployment
of these systems is evaluated in terms of installed PV capacity, energy generation, CO, emissions and job cre-
ation. The calculations show that installing agrivoltaics systems into 1% of the total olive surface area in the
Mediterranean region would: (i) result in a 2.5% increase in the global PV capacity, (ii) generate 1.8% of the
current electricity demand in the selected Mediterranean countries, (iii) avoid the emissions of 4 Mt. (CO3) per
year, and (iv) create around 560,000 jobs.
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Potential evaluation

(SDG No. 13) has promoted a massive deployment of solar energy
worldwide [2]. The firm commitment towards this kind of renewable
energy can be accounted for two main reasons: (i) its low cost compared
to other renewable technologies and (ii) energy production can be
achieved in a massive scale through large solar farms. This latter fact
involves the occupation of wide land surfaces, which, in some cases, has

1. Introduction

The urgent need to reduce the energy dependence on fossil fuels to
meet the Sustainable Development Goals (SDGs) [1] related to afford-
able and clean energy generation (SDG No. 7) and climate change action

* Corresponding author.
E-mail addresses: afsolas@ujaen.es (A. Fernandez-Solas), amocana@ujaen.es (A.M. Ferndndez-Ocafa), facruz@ujaen.es (F. Almonacid), eduardo.fernandez@
ujaen.es (E.F. Fernandez).

https://doi.org/10.1016/j.apenergy.2023.121988

Received 31 March 2023; Received in revised form 25 July 2023; Accepted 17 September 2023

Available online 29 September 2023

0306-2619/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-
nc/4.0/).


mailto:afsolas@ujaen.es
mailto:amocana@ujaen.es
mailto:facruz@ujaen.es
mailto:eduardo.fernandez@ujaen.es
mailto:eduardo.fernandez@ujaen.es
www.sciencedirect.com/science/journal/03062619
https://www.elsevier.com/locate/apenergy
https://doi.org/10.1016/j.apenergy.2023.121988
https://doi.org/10.1016/j.apenergy.2023.121988
https://doi.org/10.1016/j.apenergy.2023.121988
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

A. Ferndndez-Solas et al.

Applied Energy 352 (2023) 121988

Nomenclature

Symbols

A Area of the module, m?

AOIF Angle of incidence factor, unitless

c Speed of light constant, m/s

C&l Jobs linked to construction and installation of PV systems,
unitless

E Spectral irradiance, W/(m?-nm)

EF; Employment factor, jobs/MWp

Fo Minimal fluorescence in dark-adapted conditions, a.u.

Fo’ Minimal fluorescence in light-adapted conditions, a.u.

Fmn Maximal fluorescence in dark-adapted conditions, a.u.

. Maximal fluorescence in light-adapted conditions, a.u.

G Global irradiance, W/m?

GCR Ground coverage ratio, unitless

h Planck’s constant, eV-s

Lsat Light saturation point, pmol /(m?s)

kcoz CO,, emission coefficient, kg/kWh

kpy APV penetration constant, unitless

Na Avogadro’s constant, mol !

Oo&M Jobs linked to operation and maintenance of PV systems,
unitless

P/A Power per unit area, W/m?

PAR Photosynthetically active radiation, pmol /(m?s)

PPFD Photosynthetic photon flux density, pmol /(m?s)

PVCCR Photovoltaic cell coverage ratio, unitless

PVF Photovoltaic active factor, unitless

PSN Net photosynthesis rate, mol CO,/m?

REM Regional employment multiplier, unitless

SF Spectral factor of PV modules, unitless

TF Thermal factor, unitless

TRF Transmittance factor, unitless

Greek letters

n Efficiency, unitless

A Wavelength, nm

T Spectral transmittance, unitless
Abbreviations

APV Agrivoltaics
CO, Carbon dioxide

FAO Food and Agriculture Organization

GHG Greenhouse gases

m-Si Monocrystalline Silicon

MENA  Middle East and North Africa

OECD  Organization for Economic Cooperation and Development

POA Plane of Array

PSSI Photosystem II, also known as water-plastoquinone
oxidoreductase

PV Photovoltaic

PVGIS  Photovoltaic Geographical Information System

SDGs Sustainable Development Goals
SPECTRL2 Bird Simple Spectral Model
TMY Typical Meteorological Year

Subscripts

active  Part of the module with photovoltaic cells

c country

DH Direct horizontal irradiance

DiffH Diffuse horizontal irradiance

glass Part of the module with transparent glass material
m Maximum chlorophyll fluorescence

plant Irradiance on the crops

POA Irradiance on the plane of photovoltaic array

STC Standard test conditions

caused social acceptance issues [3-5], being the land-use conflict be-
tween agricultural activities and energy generation one of the main
concerns. A feasible approach to tackle this issue is the dual use of land
for both crop cultivation and energy production. This solution is called
Agrivoltaics if the energy generation is achieved through photovoltaic
(PV) installations. The potential of this approach was highlighted by
Adeh et al. [6], as they indicated that the conversion of <1% of the
croplands into agrivoltaics systems can completely offset the global
energy demand.

Agrivoltaics systems (APV) consist of the combination of a PV
generator and an agricultural field. This kind of systems was referenced
for the first time in the literature four decades ago [7], but it was not
until the last few years, coinciding with the highest growth of PV ca-
pacity, when the interest in this approach started to raise. Fig. 1 shows
both the evolution of the cumulative installed global PV capacity and the
number of studies addressing APV. In the last two years, >200 research
publications on the topic were published in Scopus indexed journals. In
addition to the increase of land productivity achieved by APV, re-
searchers are also making efforts to find synergies between agriculture
and PV installations. The self-consumption of the generated PV energy
for irrigation, lighting or heating of greenhouses [8], a more efficient use
of water [9,10], and the control of both soil temperature and the light
radiation that reaches the crops [11,12] are among the benefits of APV
for crop cultivation. In addition, the micro-climate conditions generated
by the crops underneath the PV installation can contribute to a reduction
in the PV module temperature [13-15], and, thus, improving the PV
performance. The positive impact of these synergies is expected to be
more relevant in arid regions where the crop yield may rise due to the
water savings [16]. Also, the reduction of the stress produced in the
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Fig. 1. Evolution of the number of publications related with Agrivoltaics (bar
plot: left y-axis) and growth of the global installed PV capacity (line plot: right
y-axis) since 2011. The publications data have been obtained by searching in
February 2023 for publications on Scopus [17] that contain the following terms
in the title, abstract or keywords: “agrivoltaic” OR “agrivoltaics” OR “agri-
photovoltaics” OR “agrovoltaics” OR “PV-greenhouse”. Sources of the PV ca-
pacity data: [18,19].
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plants by an excessive radiation can be attenuated by APV [12].

One of the main important aspects regarding APV is the selection of
suitable crops. The principal factor that defines this choice is the toler-
ance to shade of plants. This is commonly evaluated through
photosynthesis-light curves representing the net photosynthesis rate
response to photosynthetically active radiation (PAR). From these
curves, the saturation irradiance or light saturation point (Iga), which
indicates the light intensity at which the net photosynthesis rate reaches
its maximum [20], can be obtained. When the incident irradiance ex-
ceeds this point, the plant begin to suffer photoinhibition, i.e. their
photosynthetic apparatus inhibit the absorption of greater amounts of
light to avoid being damaged. This fact frequently occurs in the Medi-
terranean basin, where in summer, extremely high irradiance and tem-
perature values, which can negatively impact olive groves, are often
reached. Therefore, analyzing this information in conjunction with the
type of APV system represents a challenge of great interest in modern
agriculture. As established by Gorjian et al. [21], APV systems can be
classified into two main categories: (i) open APV, and (ii) closed APV.
Closed APV essentially refer to PV greenhouses, i.e. greenhouses in
which PV modules have been integrated into the roof or walls. Open
APV can be divided, according to the PV configuration, in two types: (i)
interspace APV, which refer to APV with crop cultivation between the
rows of PV modules, and (ii) overhead APV, these are systems in which
the crops are grown underneath the PV modules. Cossu et al. [8] eval-
uated the suitability of different crops for their cultivation in different
types of European PV greenhouses. The Japanese “solar sharing” asso-
ciation [22] summarized the most important crops in Japan by consid-
ering their light saturation point and their light requirements to provide
guidelines for APV design. Another important factor that should be
taken into account when assessing the suitability of crops for APV is the
sensitivity of these to extreme weather events, such as hail, heavy
rainfalls or extreme temperatures. In this way, fruits and berries, which
have been demonstrated to be particularly sensitive to tough conditions,
can be suitable for APV from an agricultural viewpoint, as a likely yield
reduction due to the shading can be counterbalanced with the protection
of PV modules that act as shelter [23]. In the case of olive groves, the
shade produced by the PV modules could be especially advantageous
due to the increase in the frequency of occurrence of droughts and
extreme temperatures in areas with a Mediterranean climate in the last
decades [24].

Nowadays, and in addition to the evaluation of new approaches on
PV greenhouses, which have a non-negligible potential, as evaluated by
Fernandez et al. [25], the focus should also be put on the integration of
PV in already existing land surfaces of orchards or groves. A wide range
of studies that addressed the results of open APV systems with different
crop types, such as alfalfa [26], broccoli [27], corn [28], wheat [29,30],
cucumber [30], lettuce [29,31] or wine grapes [32] are available in the
literature. Also, the potential of APV in vineyards has been analyzed:
Malu et al. [33] studied the possible energy generation through APV in
grape farms in India, which can meet the energy demand of 15 million
people, and Padilla et al. [34] evaluated the integration of PV into
previously built vineyards structures in a Spanish region.

However, and despite the above mentioned, the integration of PV
into arboriculture has not been deeply evaluated, with the particular
exception of apples cultivation. There are some experimental APV in-
stallations with apple orchards already commissioned [35,36]. In this
paper, the potential of APV in already existing olive groves in the
Mediterranean area is assessed. The research on this topic can be clearly
justified by the large land surface occupied by this perennial, evergreen
woody crop with around ten million hectares in the area [37]. So far,
there are no operating APV installations in olive groves. Nevertheless,
some recent studies suggested the likely feasibility of these systems.
Osorio-Aravena et al. [38] identified suitable sites for the implementa-
tion of PV plants in the province of Jaén, Spain and discovered that 80%
of those sites were placed in olive groves. They mentioned the possibility
of evaluating the application of APV with olive trees to increase the PV
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potential. In [39], APV systems, which would allow farmers to enhance
the productivity of their land, were proposed to reduce the social op-
position to large PV plants in Jaén. To date, the study presented by
Ciocia et al. [40] is the only one that has addressed the modeling of an
APV system within an olive grove. The authors proposed a suitable APV
configuration for super-intensive olive cultivation, providing rough es-
timates for both PV energy generation and olive yield. Furthermore,
there are indications of increasing interest in the adoption of APV sys-
tems within olive groves, as evidenced by planned projects. For instance,
a German company expressed intentions to construct three PV plants,
totaling 244 MW in capacity, within olive groves located in southern
Italy [41]. These proposed systems would feature rows of PV modules
interspersed with rows of olive trees, showcasing the growing mo-
mentum of APV within the olive farming industry.

This study evaluates the potential integration of PV systems into
existing olive groves in the Mediterranean region. The kind of APV
system that has been considered is known as “overhead”, which, as it
was above mentioned, lies in the mounting of PV modules above the
crops. This type of APV is suitable for fruit trees. Also, this technology
contributes to reducing the soil evaporation [42], which directly
translates into a decrease in the water demand. This synergistic effect is
expected to cause relevant benefits for olives farmers due to the savings
that the lower use of water compared to traditional groves implies, with
the consequent saving of energy and the mitigation of stress symptoms
in plants due to high temperatures and/or droughts. By following the
same methodology described in [25], the most suitable level of trans-
parency of the PV modules for some of the most representative olive
cultivars is calculated for the top olive producing Mediterranean coun-
tries. In this study, we examine glass PV modules composed of multiple
PV cells interspersed within them. Transparency, in this context, refers
to the proportionate area of the module that is unoccupied by PV cells.
This value is then multiplied by the optical transmittance of the glass to
calculate the overall transparency of the module.

Taking the above in mind, some indicators related to aspects, such as
the PV capacity, the energy generation, the reduction in greenhouse
emissions and the job creation, are calculated to reveal the potential of
APV systems in olive groves.

The paper is structured as follows: Section 2 presents the method-
ology and the criteria that have been considered to conduct the study,
Section 3 analyzes the levels of transparency that PV modules should
have to minimize the impact of shading on the olive trees, Section 4
shows the potential of overhead APV systems in olive groves in the
Mediterranean area; finally, Section 5 recapitulates the main conclu-
sions of the work.

2. Materials and methods

This section describes the methodology used in this work and pre-
sents the different inputs of the experimental model that have been
employed to calculate the suitable transparency values. Fig. 2 shows a
flowchart with the main steps and outputs of the study. The study pre-
sents four principal stages: (i) the selection of representative locations,
(ii) the experimental characterization of the light response of olive trees,
(iii) the application of the dual APV model to obtain the transparency for
each location, and (iv) the evaluation of different indicators to highlight
the potential of PV systems integration within olive farming. All the
stages are explained in detail in the following subsections.

2.1. Identification of representative locations

The choice of the different locations has been made by following a
two-stage process. First, a search of the top olive oil producing countries
in the most recent 5-year interval with available data (2017-2021) was
conducted. This led to the finding that the top-10 is completely occupied
by countries located in the Mediterranean region according to the in-
formation published by the Food and Agriculture Organization of the
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Fig. 2. Methodology and flowchart of the study.

United Nations (FAO) [43]. The second stage consisted in the selection
of representative sites in each country. The olive farming does not tend
to be uniformly distributed across the surface of the distinct countries, as
in each one, there are usually regions where both the climate and the soil
properties fit better to olive farming. The main environmental factors
that impact the olive growth are the temperature and the precipitation.
The ideal conditions for olive tree cultivation are characterized by warm
to hot, dry summers and mild wet winters, which are typical of the
Mediterranean climate [44]. Extreme temperatures (> 40 °C in summer
and < — 8 °C in winter) negatively affect the crop yield, and especially,
the occurrence of frost linked to the coldest ones during periods of more
than one week can be lethal to olive trees [45]. The second climatic
factor is precipitation despite the fact that nowadays ~90% of the olive
groves in Mediterranean countries are periodically irrigated through
pipes [46]. However, precipitations are strongly linked to the soil
properties, which also play a key role in the development of olive trees.
In spite of the ability of these trees to be adapted to low-fertile and poor
soils, deep ones with a moderate water holding capacity represent the
best option for their appropriate growth [47].

Bearing the above in mind, in the second stage, the characteristic
olive cultivation sites in each country have been selected by using the

Table 1

data from the maps published by Caudullo et al. [48] and the informa-
tion gathered from both governmental websites and specialized agri-
cultural webpages. Table 1 summarizes the locations evaluated in this
work. The coordinates of the sites are used to download meteorological
data (solar irradiance and temperature) from PVGIS [49].

2.2. Characterization of olive varieties

The characteristics of three different cultivars of the Olea europea L.
(Picual, Manzanilla and Chemlali) have been employed in this study.
These cultivars are samples certified by the World Olive Germplasm
Bank of Cérdoba (Spain) and were selected according to two main
criteria: (i) they are predominant varieties in some of the selected lo-
cations, and (ii) there are significant differences in their light-response
curves between them. Below, we indicate some of the main properties
of the evaluated cultivars. Picual produces >50% of the Spanish olive oil
[59]. In addition, it has excellent organoleptic characteristics and it is
one of the most profitable olive varieties with an intermediate seed
vigor. In a conventional olive grove, olive trees of this variety can reach
heights up to 5 m. However, they can adapt to super-intensive cultiva-
tion if regular pruning is conducted. Manzanilla de Sevilla is the most

Selected countries and locations with the total olive groves area and the GPS coordinates used in the simulations. The annual average temperature and the annual
horizontal global radiation values calculated from TMY data, which were downloaded from PVGIS, are also shown.

Country Area (ha) Location GPS coordinates (latitude; Annual average temperature (°C) Annual horizontal global radiation (kWh/ Reference
longitude) m?)

Spain 2,750,000" Jaén 37.77; —3.79 16.3 1883 [50]

Italy 1,157,000b Apulia 41.00; 16.00 14.9 1574 [51]
Tunisia 1,800,000¢ Sfax 34.74; 10.76 20.5 1941 [52]
Morocco  1,104,000¢ Meknes 33.89; —5.55 18.1 1980 [53]
Tiirkiye 889,000¢ Izmir 38.42; 27.14 17.6 1869 [54]
Algeria 440,000¢ Setif 35.82; 5.51 14.0 1873 [55]

Egypt 101,000° Al Jizah 30.01; 31.21 22.3 2220 [56]
Greece 819,000d Peloponnese 37.36; 22.35 14.0 1688 [571
Portugal 380,000d Alentejo 38.57; —7.90 16.3 1830 [58]

@ Ministerio de Agricultura, Pesca y Alimentacién. Gobierno de Espana. https://www.mapa.gob.es/es/agricultura/temas/producciones-agricolas/aceite-oliva-y-ac

eituna-mesa/aceite.aspx.
b Istat Statistics. https://www.istat.it/it/agricoltura?dati.

¢ Ministere de 1’ Agriculture, des ressources hydrauliques et de la péche. https://www.onh.com.tn/.

4 FAOstat. https://www.fao.org/faostat/en/#data/QCL.
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important table olive variety. It is widely cultivated both in Spain [59]
and in other countries (Argentina, Australia, south-west of United States
(Manzanillo Olive), Israel and Portugal). It is a low-vigor variety that
easily adapts to super-intensive cultivation, as it can reach a maximum
height of 3.5 m if no pruning is performed. Chemlali Sfax cultivar is the
most abundant variety in Tunisia [60]. It has been chosen for its great
ability to adapt to drought. It is a tree of great vigor and it can reach a
large size, with a typical height of 8 m if not pruned.

Next, we explain the methodology that we employed to characterize
the three different olive cultivars. First, one-year-old plants were grown
in a culture chamber, irrigated ad libitum and kept at constant ambient
conditions (40% of relative humidity, 21 °C of temperature).
Throughout the experiments, they were consistently exposed to a fixed
daily photoperiod, which consisted of 16 h of light and 8 h of darkness.
Six specimens of each cultivar were used to measure the photosynthetic
curves. The measurements were conducted five times to ensure the
repeatability of the results.

The photoresponse curves of the leaves were measured using a LI-Cor
6800 photosynthetic analyzer. Firstly, before making the measurements,
the plants were adapted to the darkness during the previous day. Then,
saturated pulsed light (3000pmol m™2 s~!, 300ms duration) was
applied to determine the minimal (Fy) and maximal chlorophyll fluo-
rescence (Fp) of plants when all photosystem II (PSII) reaction centers
were open and closed after dark acclimation, respectively. Next, when
the plants were light-adapted, the minimal (Fy’) and the maximal fluo-
rescence (Fp’) were determined in those conditions. Subsequently, by
using these data, photosynthetic-light curves were measured. During the
measurements, the following parameters were set and controlled in the
analyzer: COy concentration of 400 ppm, relative humidity of 40%,
ambient temperature of 21 °C, flow of 500 mmol s~} fan speed of
10,000 rpm and color spectrum of the light (R90 B10). The light in-
tensity gradient of the photoresponse curves was: [0, 50, 100, 150, 250,
500, 1000, 1500, and 2000] pmol m 2 s~ ! with minimum and maximum
wait times of 60 s and 180 s, respectively, between the different
photosynthetic photon flux density (PPFD) values. The choice of this
gradient allows an accurate modeling of the relationship between the
PPFD and the net photosynthesis rate (PSN) in pmol (CO2)/m?s. This
relation is obtained by following the same method explained in [25], in
which the experimental measured data were fitted to a fourth-order
degree polynomial. Fig. 3 shows the photosynthetic light-response
curves of the three olive varieties evaluated in this work.
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Fig. 3. Photosynthetic light-response curves of the three olive cultivars under
study. The different markers (circle - Picual, square — Manzanilla, and diamond
— Chemlali) represent the experimental measurements and the lines represent
the fit of the data with a fourth-order degree polynomial.
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2.3. APV configuration

In this subsection, we introduce a practical setup for an APV system
in the context of olive cultivation. Recent reports have highlighted the
growing significance of super-intensive olive farming, particularly in the
Iberian peninsula [61-63]. Therefore, our study suggests a PV system
design suitable for such olive groves, which are characterized by a high
density planting pattern (>1600 olive trees/ha) [64]. Additionally, in
this cultivation method, the size of the olive trees is controlled by regular
pruning, maintaining them at typical dimensions of 2 m in height and
0.8 m in width. It should be noted that both Manzanilla and Picual are
olive cultivars that readily lend themselves to the super-intensive
farming method. Also, in this approach, the trees are typically planted
with a spacing of 1.5 x 3.5 m as depicted in Fig. 4.

The illustrated PV system layout is also presented in Fig. 4. The
modules are strategically placed on an elevated canopy, situated 4 m
above the ground, and oriented towards the south with a tilt angle of 30°
in landscape configuration. To prevent shading between the modules,
they are installed with a row spacing of 1.7 m. This distance has been
calculated by considering the dimensions of the modules and by using
the equations indicated by Swaid et al. [65]. This particular design al-
lows the harvesting machine, which can have a maximum height of 3.5
m height, to pass over the olive trees. The tilt angle of the modules can
contribute to mitigate the energy losses caused by soiling [66]. Based on
the provided layout, the ground coverage ratio (GCR), which represents
the ratio of the PV modules area to the total ground area, is 0.5. It should
also be noted that the same configuration is applied across all the sites,
ensuring that the GCR remains consistent regardless of the location.

2.4. Dual APV model

This study aims to calculate the suitable level of transparency that PV
modules placed above olive trees should have to avoid a risky decrease
of the total CO; assimilated during the photosynthesis, and, thus, pre-
venting a likely reduction in the olive yield. In this subsection, the as-
sumptions and approximations that have been considered, the
methodology, and the criterion that has been followed to solve the
problem are detailed.

2.4.1. PV module transparency

In the dual APV model presented here, the semi-transparent PV
modules consist of a combination of transparent and active areas, as it is
shown in Fig. 5. This leads to the definition of two different indexes,
presented for the first time in [25]. The photovoltaic active factor (PVF)
represents the relationship between the PV active area and the total area
of a module. It can be calculated by using Eq. (1):

Aam’ve Aacz[ve

PVF = = @
Amm[ Auz:rive + A glass

Also, to calculate the transmittance of a semi-transparent PV module
for a certain wavelength (A) with the configuration shown in Fig. 5a, an
indicator, named transmittance factor (TRF) is defined. This considers
both the transmittance of the transparent area, which is typically glass,
and the transmittance of the active part. The TRF can be obtained
through the following equation:

TRF () = Tgiuss (1) ® (1 — PVF) + Tyeiive (4) © PVF 2)

In this work, opaque m-Si PV cells are considered, so the trans-
mittance of the active part is 0. Also, as the photosynthesis occurs within
the wavelength range 400-700 nm [67], and in this region, the trans-
mittance of a PV glass remains almost constant (see Fig. 5b), the global
transparency of a semi-transparent PV module for APV purposes can be
calculated by using Eq. (3):

TRF = Ty ® (1 — PVF) 3)
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Fig. 4. APV system configuration. Fixed-tilt PV modules are positioned facing due south and installed above a super-intensive olive grove. The olive grove features a
high planting density with a distance of 3.5 m between rows of trees and 1.5 m between individual trees.
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Fig. 5. a) Schematic of a semi-transparent PV module, and b) transmittance
profile of a typical PV glass.

The glass transmittance (zgq) used in this study is 0.90, which is in
line with the transmittance profile of a low-iron glass sample shown in
Fig. 5b, and which was also measured in a global PV soiling research
[68].

2.4.2. Model inputs and main equations

The model uses as inputs hourly meteorological data, PV specifica-
tions and the photosynthetic light-response curves of the different olive
varieties. Typical meteorological year (TMY) data are downloaded from
PVGIS, which provides datasets with 1-h resolution, for each of the
selected locations. The meteorological parameters of interest for the
model are the different broadband horizontal irradiance components,
the direct normal irradiance and the air temperature. Then, the plane-of-
array irradiance (Gpoa) is calculated by using the get total irradiance
function in the pvlib library for Python 3.7 [69]. For the sake of
simplicity, for all the sites, the same azimuth (180° - South) and tilt angle
(30°) values have been introduced as inputs. Another inputs of the
function that should be mentioned are: the use of the isotropic sky
diffuse model [70] to calculate the POA sky diffuse irradiance and the
albedo coefficient, which has been set to 0.309, using as reference the
leaf reflectance of olive varieties presented in [71]. The output of this
function, which is the POA irradiance, is then used to calculate the PV
power generation.

In addition, the spectral irradiance components (Gpoa, direct hori-
zontal and diffuse horizontal) are also modeled with 1-h resolution for
the different sites by using the Bird Simple Spectral Model (SPECTRL2)
[72] implemented in the spectrum.spectrl2 function in the pvlib library
for Python 3.7. This model returns solar spectra under clear-sky condi-
tions, so, then the outputs should be scaled to match the broadband
components obtained from the TMY. The same procedure as in [25] has
been followed to do this. The use of the spectral irradiance is accounted
for the need to accurately calculate the photosynthetically active radi-
ation (PAR), which represents the solar radiation within the wavelength
range 400-700 nm, as it was abovementioned.

Once the broadband Gppa and the spectral irradiance components
have been obtained, the next step of the model is the calculation of the
power per unit area of PV modules (P/A) in W/m? by using Eq. (4):

Py = Groa ® 1y 51c ® PVF « AOIF o SF o TF )
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where 7py s7¢ is the PV cell efficiency under Standard Test Conditions
(STC) (1000 W/mz, AM1.5G spectrum and Tc = 25 °C), and AOIF, SF
and TF are the angle-of-incidence factor, the spectral factor and the
thermal factor, respectively. These three factors are utilized to correct
the power when the conditions differ from the STC. A #py g7 value of
0.20 has been used in this study, as this is a typical efficiency value of
commercially available crystalline silicon modules. A detailed expla-
nation of the correction factors can be found in [25]. The PV energy per
unit area in kWh/m? generated over a specific time interval can be
calculated by integrating the time series results provided by Eq. (4). This
value is also one of the two main outputs of the dual APV model.

The other main output of the model is the total amount of COy
assimilated by the crop during the photosynthesis over a time interval.
This is achieved through a four-step process. First, the spectral irradi-
ance that falls on the olive tree is calculated by using Eq. (5). It is
assumed that there is a uniform light distribution on the tree leaves [25].

Eptans(2) = [Epr(2) @ AOIF + Epgry(A) | @ TRF(2) (5)

where Epy and Epjsy are the direct horizontal and the diffuse horizontal
spectral irradiance, respectively.

Then, the PAR, in pmol /(m?%s), is obtained by using the following
expression:

00 Epl(mt(/l) ° ﬂ

PAR =
40 Naehec

di (6)

where N, is the Avogadro’s constant, h is the Planck’s constant and c is
the speed of light constant.

Next, and due to the particular spectral distribution of the instrument
used to measure the light-response curve of the leaves, which does not
match the actual irradiance that falls on the trees, a mismatch spectral
factor is required to correct the PAR radiation. This mismatch factor
considers both the spectral irradiance of the instrument and the actual
one, and the quantum yield of the crops. Additional information about
the computation of this mismatch factor can be read in [25]. Last, by
using the fourth-order degree polynomial mentioned in Section 2.2, the
PSN is obtained. The CO, uptake during a specific time interval can be
calculated by integrating the PSN over time.

The criteria, which have been used in this study to estimate the
transparency that PV modules placed above different olive tree cultivars
should have, are detailed in Section 3.

2.5. Calculation of indicators of APV potential

To assess the potential of APV systems into olive groves in the
Mediterranean region, different indicators have been calculated in this
work. The first step has been the identification of the surface occupied
by olive trees in the different selected countries. These values are shown
in Table 1. Then, three different levels of penetration of APV into
existing olive groves are proposed: high, medium and low, which
consider that PV systems would be installed in 25%, 10% and 1% of the
olive groves surface, respectively. Below, the distinct indicators are
defined.

2.5.1. Installed PV capacity
The installed PV capacity is calculated by using the following
equation:
. ) Wp 1
PV capacity kWp) =key # PVF; e GCR® Land Surface [m”] #200-_ = e
@)

where kpy is a constant that represents the level of penetration (0.25 for
a high penetration, 0.10 for a medium penetration and 0.01 for a low
penetration), PVF; is the suitable PVF value for each location calculated
according the annual criterion, and GCR is the ground coverage ratio,
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which has a value of 0.5 independently of the location, as commented in
Section 2.3. The value of 200 Wp/m? is accounted for the choice of PV
modules with a 20% efficiency.

2.5.2. Energy generation
The potential annual energy that can be produced by APV systems
into olive groves is obtained by means of the following expression:

kWh kWh
PV energy Lej} =kpy e PVF;# GCR e Land Surface [mz} o Fpy {W}

(8

where Epy is the generated energy per unit area of PV modules, which is
also one of the outputs of the APV model.

2.5.3. Reduction in CO, emissions

According to the current policies towards the decarbonization of the
energy system, the estimation of the avoided emissions of CO due to the
potential implementation of APV systems is essential. This is done by
using Eq. (9).

k, kWh
Reduction in CO, L—g} = PV energy i—} ® keo, {

ear ear

)

kg CO;
KWh

where kcoz represents the CO, emission coefficient, in kg (CO2)/kWh.
This coefficient indicates the average CO» emissions per kWh of energy
supply, and it depends on the energy mix of each country. The coeffi-
cient values have been extracted from the “Greenhouse Gas Emissions
from Energy” report published by the International Energy Agency [73].
It is important to note that the calculations presented in this analysis are
based on the assumption that it is feasible to either consume or store all
of the energy generated.

2.5.4. Job creation

The generation of new employments due to the installation of new
PV systems is one of the aspects that contributes to favoring the social
acceptance of the implementation of this kind of systems in certain areas
[39]. For this reason, it is important to estimate the amount of potential
jobs that would be linked to both the construction and installation, and
the operation and maintenance of PV systems integrated within olive
groves. The number of new jobs can be estimated by using the following
equation:

iobs
Job creation;. = PV capacity [MWp] e EF; B‘;—v‘j © REM. (10)

where EF represents the employment factor and the subindex i indicates
the purpose of the jobs that would be created. The purposes can be the
construction and installation (C&I) or the operation and maintenance
(O&M) of the PV systems. For C&I, the employment factor equals to 13
jobs/MW and for O&M, its value is 0.7 jobs/MW [74]. The regional
employment multiplier (REM) is a parameter that incorporates the
variations in labor-intensive economic activities across different regions
worldwide. The value of REM is normalized for countries belonging to
the Organization for Economic Cooperation and Development (OECD),
as presented by Ram et al. [74]. In general, countries with lower labor
costs tend to employ a larger number of workers to produce the same
unit of output. It should be noted that over time, the REM values are
expected to undergo changes, corresponding to the evolving differences
in labor productivity that accompany regional economic growth. In our
analysis, we consider the specific REM values to the year 2025
mentioned in [74], which are 1 for OECD countries (Spain, Italy, Greece,
Tiirkiye and Portugal) and 1.66 for the countries located in the MENA
region (Morocco, Algeria, Tunisia and Egypt).
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3. Evaluation of the PV transparency

The implementation of APV systems to mitigate land-use conflicts
should consider a wide range of factors. Among these, the assessment of
the shading caused by the PV modules on the crops is one of the most
relevant, as it may negatively affect the photosynthesis process. Herein,
the evaluation of the transparency levels of PV modules is conducted. In
this work, the criterion that has been followed to get these values was
previously employed by Fernandez et al. [25]. They indicated that a
10% decrease in the overall yearly photosynthesis would not signifi-
cantly impact the growth of the crops and, consequently, the final crop
yield. In addition, a variation of the original approach has also been
considered. This latter does not consider the winter months in the cal-
culations, as during the winter and once the fruits have ripened, the tree
reduces its photosynthetic activity and its buds become dormant to
minimize the damage that tissues may experience because of the cold
temperatures. This activity regains its maximum intensity when the tree
detects an increase in temperatures. To find the most suitable PV
transparency, a sensitivity analysis is done by varying the PVF from
0 (all the PV module area is active area) to 1 (there is only glass area)
with a step of 0.05 for each site and olive cultivar under study. Fig. 6
represents the simulation result considering the original criterion for the
location in Spain and the Picual cultivar. The simulated suitable PVF is
0.36, which directly translates into a transparency factor of 0.64.

Fig. 7-left displays the results of the PV transparency for the different
sites and cultivars. The values of the transparency factor vary between
0.57 (Egypt & Manzanilla) and 0.71 (Italy & Chemlali). Also, it can be
appreciated that Chemlali is the analyzed cultivar that requires more
sunlight as higher transparency factors (> 0.65) are obtained. Conse-
quently, this leads to a reduction in the active area available per PV
module. Almost identical results are returned for the other two varieties,
Manzanilla and Picual, with slightly higher transparency values for
Picual in most of the sites. In the right plot of Fig. 7, the average
transparency values for the different countries are represented. A cor-
relation between the total annual radiation and the transparency factor
was found: the higher the solar radiation the lower the PV transparency.
This can be noticed by the analysis of different locations. For example,
the sites in Egypt and Tunisia, which present the greatest solar radiation
with 2390 kWh/m? year and 2140 kWh/m? year, respectively, and the
lowest average transparency factors: 0.60 and 0.63, respectively. At the
other end of the spectrum, the Italian site, with ~1735 kWh/m? year,
needs the highest transparency, with an average of 0.69 for the analyzed
olive varieties.
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Fig. 6. Simulation of the most suitable PV transparency for the site in Spain and
Picual cultivar considering the criterion of the 10% drop in the accumulated
annual PSN.
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Fig. 8 shows the annual PV energy generation per m? of ground that
can be obtained in the different sites without causing a detrimental
impact on the olive production. The results have been calculated by
considering the PVF values estimated before and the PV configuration
detailed in Section 2. We have used the average value of the PVF for the
three different olive cultivars under evaluation. Again and as expected,
there is a relationship between the amount of solar radiation and the
energy generation. The highest value is 83.7 kWh/m? (Egypt) and the
lowest one is 48.9 kWh,/m? (Italy), whereas the average is 65.9 kWh/m?.

As it was mentioned before, the calculation of the suitable PV
transparency is also done by removing the data from the winter months
(December, January and February) from the analysis, i.e. only meteo-
rological data from the months when the olive growth cycle occurs are
utilized. This approach aims to maximize the PVF, resulting in a higher
energy generation per unit area, without affecting the olive yield. Fig. 9
represents the increase in PVF when considering only the months
associated with the olive growth cycle. The largest increase, amounting
to 3.5%, is observed for the Italian site. Conversely, the impact on PVF is
minimal (< 0.2%) in Egypt. These results can be explained by the dis-
tribution of solar radiation throughout the year. In regions where the
contribution of radiation during the winter months is relatively low (<
15%), excluding these months from the calculation leads to a more
significant increase in PVF (e.g., Italy, Greece, and Turkey). On the other
hand, in Egypt, where the total accumulated radiation is evenly spread
throughout the year, the increase in PVF is marginal.

4. Assessment of the potential of APV into olive groves

In this section, an in-depth discussion on the potential of APV sys-
tems into olive groves in the Mediterranean region is included. As it was
abovementioned, three different penetration scenarios of this technol-
ogy into olive cultivation are considered. Notwithstanding the forego-
ing, the current status of PV installations, e.g. installed PV capacity, is
also taken into account to analyze the distinct scenarios. The indicators
are calculated using the transparency factors depicted in Fig. 7b, which
have been derived based on the original criterion. This considers a
maximum drop of 10% in the accumulated annual PSN, which includes
the winter months in the calculations.

Fig. 10 shows the PV capacity additions in the different countries
according to the distinct scenarios. As it was mentioned before in Section
2.5, we evaluate three different levels of APV system integration in olive
groves: (a) High penetration, which involves installing PV systems on
25% of the entire olive grove area, (b) Medium penetration, where PV
systems cover 10%, and (c) Low scenario, with PV systems on only 1% of
the olive grove area. These penetration levels can be achieved in the
near to medium term, considering the proposed APV configuration in
Section 2.3. This configuration specifically targets super-intensive olive
cultivation areas, which are increasingly being adopted worldwide.
Experts predict that by 2030, >20% of olive production will be
accomplished using the super-intensive approach [75,76]. In the High
penetration scenario, notable figures such as 243 GWp in Spain or 168
GWp in Tunisia are observed when compared to the current global PV
capacity, which has just exceeded the 1 TWp threshold in May 2022
[77]. Similarly, but in a lower magnitude, the Medium scenario also
provides very high values. These are ~100 GWp in Spain and ~ 70 GWp
Tunisia, and over 10 GWp in the other countries, with the exception of
Egypt (4 GWp). These results highlight the vast potential of APV into
olive groves. In the Low scenario, there are still large values in those
countries with greater land surface occupied by olive trees. For example,
in Spain, the conversion of 27,500 ha (1% of the total olive-growing
area), which are currently dedicated to super-intense olive cultivation,
into APV systems would mean the addition of 9.7 GWp of PV. This would
correspond to a significant 46% increase in the country’s installed PV
capacity [78].

The PV energy generation in the different scenarios along with the
data of electricity demand in each country in 2021 are represented in
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Fig. 7. Left — Annual suitable PV transparency for the different sites and olive varieties. Right — Mean annual suitable PV transparency for the three evaluated olive

varieties. The black lines represent the standard deviation.
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Fig. 8. Annual PV energy generation per unit area according to the suitable PVF in each location (suitable PVF = 1 — Transparency Factor (shown in Fig. 7-Right)).
The horizontal dashed line represents the average value for the set of locations under study.

Fig. 11. In the High scenario, the expected PV generated energy would
allow to satisfy the electricity demand in two countries: Tunisia and
Morocco. In Spain, which is the third country with the greatest demand
(234 TWh in 2021) among the evaluated ones, 164 TWh/year could be
generated. In the Medium scenario, the Tunisian electricity demand
could be still covered just with APV systems into 10% of the olive groves
surface. The Low scenario, which is defined by the conversion of 1% of
the olive-growing area into APV installations, would imply levels of
electricity demand coverage between 0.2% (Egypt) and 30.3%
(Tunisia). Although these results can be seen as low when compared
with the other two scenarios, the values should be put in context. As an
example, in Spain and considering the Low scenario, 6.6 TWh, which
represent a 2.8% of the 2021 electricity demand, would be produced.
However, it is noteworthy that this amount of energy represents a sig-
nificant proportion, specifically 23.3% of the energy generated by grid-
connected PV installations in 2022 [79].

The displayed figures in Figs. 10 and 11 underline the massive po-
tential of APV into olive groves. Hereon, the following indicators related
to the reduction of CO, emissions and job creation are only evaluated
under the hypothesis of the Low scenario. This decision can be justified
by the goals that are nowadays being proposed related to renewable
energy generation at European and national scales. The target proposed
by the European Commission in the REPowerEU Plan related to solar PV
contemplates the addition of 600 GWp of new installations by 2030
[81]. In Spain, the renewable generation is expected to cover 74% of the
total energy production in 2030. To achieve this level, the solar PV ca-
pacity should be ~37 GW by that date [82], indicating the need for 17
GW of new installations. These latest values of PV capacity additions are
in line with the Low scenario, which indicates a total addition of 32.9
GW in the evaluated Mediterranean countries and 9.7 GW in Spain due
to the installation of APV systems over olive groves.

In the 2030 Climate target plan proposed in the context of the
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Fig. 10. Installed PV capacity in different countries located in the Mediterranean region based on different scenarios of APV penetration into olive groves. The high,
medium and low scenarios contemplate that the 25%, 10% and 1% of the olive groves surface would be occupied by APV systems.

European Green Deal [83], one of the targets is to cut greenhouse gas
(GHG) emissions by a minimum of 55% by 2030 considering as refer-
ence the emissions in 1990. In this study, the same goal has been
expanded to the different evaluated countries in the Mediterranean re-
gion. Fig. 12 shows the coverage of the target based on the conversion of
1% of the olive groves area into APV installations along the required
amount of CO, reduction to meet it. The best results correspond to
Tunisia and Greece, where 3.9% and 1.6% of the target could be
covered, respectively. In the case of Tunisia, this result is due to a
conjunction of two factors: the large amount of area occupied by olive
groves (1.8 million of ha) and the low amount of CO, emissions that
should be avoided (25.2 Mt./year). In Greece, the high coverage is
mainly justified by the current status of the target, as in 2021, the CO2
emissions were already 33% lower than the ones registered in 1990.
Other countries that would register coverage levels above the 0.5%
threshold are Spain, Morocco and Portugal. On the other hand, in Egypt,
the implementation of APV systems based on the Low scenario would
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only mean a 0.03% coverage of the target. This can be explained by the
relatively low surface of olive groves (~100,000 ha) and the high ab-
solute value of the 55-CO; reduction target, which is the second largest
among the analyzed countries.

Finally, it should be mentioned that the conversion of purely olive
groves into APV systems has the potential to generate significant job
opportunities. These jobs can be classified into two main categories:
construction and installation (C&I) of the PV system, and operation and
maintenance (O&M) tasks.

Fig. 13 provides an overview of the potential job creation resulting
from the conversion of 1% of the olive grove surface into APV systems.
The countries with larger olive-growing areas, such as Spain and
Tunisia, are expected to experience the highest job generation. In terms
of C&I jobs, Tunisia shows the highest potential, with an estimated
creation of 144,664 jobs. On the other hand, Egypt has a comparatively
lower job creation potential in this category, with an estimate of 8628
jobs. When it comes to O&M tasks, Tunisia again leads with an estimated
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in the different countries. The electricity demand data have been sourced from the US energy information administration [80]. (For interpretation of the references to
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requirement of 7790 jobs, followed by Spain with 6792 jobs.

Overall, the conversion of olive groves into APV systems can lead to
the creation of substantial employment opportunities in the Mediterra-
nean region. Across the nine evaluated countries, >560,000 jobs could
be generated, contributing to local economies and addressing unem-

ployment challenges.
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This evaluation highlights the potential benefits of transitioning to
APV systems, not only in terms of renewable energy generation, but also
in terms of stimulating economic growth and creating employment op-
portunities within the olive-growing sector.
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5. Conclusions

This study evaluates the potential of the integration of agrivoltaics
(APV) systems into existing olive groves in the Mediterranean area. The
suitable transparency levels of PV modules placed above three different
olive cultivars (Manzanilla, Picual and Chemlali) have been calculated
for nine representative olive cultivation locations. The potential
assessment of these kind of agrivoltaics system into olive groves has
been conducted by analyzing different indicators, such as the PV ca-
pacity, the energy generation, the avoided CO5 emissions and the job
creation.

The suitable transparency factors that have been obtained using the
annual criterion fluctuate between 0.57 and 0.71. Lower values are
returned for those locations with higher solar irradiation, such as Egypt
and Tunisia. Another finding is that the Chemlali cultivar is the one that
requires more sunlight, as the greatest transparency factors correspond
to this variety in all the locations. It has been also evaluated the impact
of removing the winter months from the procedure according to the
phenological phases of the olive trees, finding that in those locations
where the incident solar radiation in winter is lower, such as the Italian
location where only 13.2% of the total annual radiation falls during the
winter, the appropriate transparency decreases more compared to the
annual and to other sites with a more uniform radiation distribution
throughout the year, such as Egypt or Morocco. This directly translates
into an increase in the PV capacity that can be installed, with values
>3.5% in Italy and <1% in Egypt.

With regard to the potential of APV systems into olive groves, the
findings emphasize that even the integration of these systems into a
modest fraction (1%) of the overall olive-growing area in each country
would yield significant socio-economic advantages. In Spain specif-
ically, the adoption of these systems would result in a nearly 50% surge
in the country’s installed national PV capacity. In Tunisia, the energy
produced by these systems could cover 30.3% of the electricity demand.
Also, these solutions would contribute to the CO2 emissions reduction
targets. In Tunisia and Greece, they would suppose a coverage of the 55-
target >1.5%. Regarding job creation, >560,000 new employments
would be generated in the nine countries of the Mediterranean region. It
is important to note that future research should address several chal-
lenges, such as the effective consumption of the generated energy and

12

the use of storage systems, to ensure the successful implementation of
large-scale APV systems across different countries.

In future studies, more olive varieties should be analyzed to better
customize the transparency factors for each situation. In addition, the
utilized dual model should be improved by considering extra parame-
ters, such as the influence of PV modules on the soil temperature and on
the evotranspiration. Also, the social acceptance related to the instal-
lation of APV systems into olive groves should be carefully addressed to
analyze the feasibility of these projects. Furthermore, and related to the
aforementioned, an extension of this work will include a more exhaus-
tive potential assessment by considering both geographical and legal
constraints. Finally, future works should assess the impact of suppress-
ing ultraviolet (UV) light on olive growth when PV modules are installed
above olive trees, as the glass encapsulant absorbs this specific portion of
the solar spectrum.
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