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a b s t r a c t

In regions where the land available is scarce it is of special interest to deploy agrivoltaic systems. The
combined use of greenhouses to produce food and energy at the same time increases farmers’ income,
converting farming into a more attractive sector. The farming sector could benefit from agrivoltaic,
since farmers could profit from a double source of incoming: vegetables and energy. The aim of this
research is to establish how relevant agrivoltaic can be in terms of energy production at regional
scale. For this purpose, a methodology is developed to: (i) identify greenhouses using cartographic
information systems, (ii) estimate how much of these areas could be covered by solar photovoltaic
panels without decreasing the crops production, thus, estimating the optimal photovoltaic cover ratio
for different type of crops under different solar conditions by developing a novel set of equations
and (iii) evaluate the corresponding photovoltaic power and production. This methodology has been
applied to one regional practical case, the Canary Islands, and the results are surprising in terms of
the potentiality of agrivoltaic, which could cover rates as high as 30% of the annual regional electricity
demand depending on, among others, the transmittance value of the greenhouse material and the
adequate determination of the cover ratio.

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

Spain, aligned with the European Union, has set the objective
f decarbonising the economy by 2050. The Government of the
anary Islands, eager to accelerate this process, has set the ob-
ective of covering 100% of the 2040 internal energy demand by
enewable energies. This means moving towards a model entirely
ased on renewable energy to supply the electricity demand as
ell as the transport and heat demands. Thus, the Canary Islands
ust fully explore and exploit its great potential in renewable
nergies, particularly solar and wind energy. Currently, renewable
nergies account only for 20% of its electricity consumption and
or 6% of its total primary energy demand, being the transport
ector the sector with the highest energy consumption (Instituto
anario de Estadística, 2022).
One of the main constraints of developed/insular regions is

heir limited territory, so the deployment of renewable energies
ust be implemented, as far as possible, without using additional

and. In a similar vein, land scarcity also poses agriculture chal-
enges, and the food sovereignty is very often low in outermost
egions and archipelagos, like the Canary Islands, where it is most
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ttps://doi.org/10.1016/j.egyr.2023.04.374
352-4847/© 2023 The Authors. Published by Elsevier Ltd. This is an open access a
c-nd/4.0/).
needed due to the distance and food transportation challenges.
These territorial constraints are common in regions with a high
population density, being in general especially pressing on is-
lands. Hence the need to evaluate the photovoltaic (PV) potential
on greenhouses, which can contribute to solve both problems at
the same time, food and energy production.

The concept of agrivoltaic is not new (Willockx et al., 2022;
Cuce et al., 2016; Dinesh and Pearce, 2016; Fatnassi et al., 2015;
Yano et al., 2010; Cossu et al., 2014, 2020). Some experiences have
already been developed, which should help to define the optimal
PV cover ratio, which is one of the key parameters to establish the
potential of photovoltaic greenhouses (PVGs) (Touil et al., 2021;
Jiang et al., 2022; Weselek et al., 2021). PV greenhouse makes
it possible to combine food and energy production on the same
land by integrating the PV systems on the greenhouse roof. One
of their main advantages is the diversification of the farmers’
income (Cossu et al., 2020). Nonetheless, agrivoltaic systems have
raised some concerns regarding the agricultural sustainability in
terms of crop development, due to the shading effect caused by
PV panels (Cossu et al., 2020). Despite the advantages of PV green-
houses, some were built to maximise the PV energy production
and incomes, regardless of the crop light requirements (Fatnassi
et al., 2015; Cossu et al., 2014). In some European countries,
such as Italy or France, regulations limited the installation of
PV systems on agricultural land (Fatnassi et al., 2015; Delfanti
rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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et al., 2016; Colantoni et al., 2015). Under these circumstances,
PV greenhouses were considered a solution to bypass those laws
(Castellano, 2014; Marucci et al., 2018).

Proper development of PV greenhouses must be based on the
ptimal trade-off between energy and crop production, aiming to
aximise the greenhouse crop productivity, based on the actual

ight requirements. On the other hand, the shading of the PV
anels on the greenhouse area may positively affect yield, growth
nd development of the plants (Cuce et al., 2016; Dinesh and
earce, 2016; Yano et al., 2010) and lead to the reduction of the
ater evaporation (Ali Abaker Omer et al., 2022).
This research shows how relevant agrivoltaic could be, espe-

ially in regions where land is scarce and, thus, a highly valuable
esource. The combined use of greenhouses to produce food
nd energy at the same time increases farmers’ income, diver-
ifies their economy, converting farming in a more attractive
ector. This is especially important in regions where farming
as decreased over the last decades, favouring e.g., the tourism
ector in opposition to the primary sector, and compromising
ood sovereignty in isolated regions, such as the Canary Islands.
here is a slow movement back to the farming sector in iso-
ated regions, especially after the COVID pandemic. This tendency
ould be accelerated by agrivoltaic, since farmers could profit
rom a double source of incoming: vegetables and energy. The
conomic feasibility of agrivoltaic has been already analysed for
ome cases (Agostini et al., 2021; Giri and Mohanty, 2022).
This research focuses on evaluating the PV potential on green-

ouses at regional/island/local scale. To our best knowledge, this
s the first time that such research has been developed. There are
ome articles that evaluate the potential of agrivoltaic at national
cale (Dinesh and Pearce, 2016; Cossu et al., 2020; Fernández
t al., 2022; Gonocruz et al., 2021; Coşgun, 2021; Trommsdorff
t al., 2021; Malu et al., 2017) and others that review current de-
elopments in the area (Spaargaren, 2001; Gorjian et al., 2021; Lu
t al., 2022; Mamun et al., 2022). Nonetheless, the methodology
pplied at national scale is not comparable to the one devel-
ped in this research at regional scale, where the site-specific
equirements must be taken into account. In this research, a novel
ethodology has been developed to determine site-specific opti-
al PV cover ratios depending on the solar radiation conditions
nd the crop types. In addition, novel approach using geograph-
cal information systems were used to identify the greenhouses
reas.

. Methodology

The main objective of this research is to evaluate the available
urface on greenhouses for the exploitation of photovoltaic solar
nergy, at the regional, island and municipality level.
The methodology used in this research step by step is de-

cribed below.

– Step 1. Estimation of solar radiation.
– Step 2. Methodology to estimate the greenhouses’ surface.
– Step 3. Analysis of the types of cultivation under green-

houses and their minimum light requirements.
– Step 4. Methodology for the determination of the usable

area for photovoltaic solar installations on greenhouses de-
pending on the cultivation type. Calculation of the PV cover
ratio (PVR).

– Step 5. Methodology to calculate the photovoltaic power
that could be installed on greenhouses.

– Step 6. Methodology to calculate the annual and hourly
photovoltaic production.

– Step 7. Estimation of the percentage of the annual insular
demand that can be supplied with photovoltaic energy.
5421
2.1. Estimation of solar radiation

2.1.1. Methodology
Global solar radiation can be measured using pyranometers.

Pyranometer data can be used to develop solar irradiation maps
by interpolation/extrapolation of these data. Nonetheless, errors
may arise since these pyranometers are neither close nor uni-
formly distributed. Solar radiation can also be obtained using
satellite images. Usually, the broad resolution of these images, in
magnitudes of kilometres, and their variability in terms of cloud
cover and microclimatic variables, can lead to high uncertainties.

Thus, the methodology selected for this research uses satellite
data, as described below, together with the collection of solar
data from available meteorological stations to, finally, calibrate
the selected database with pyranometer measurements. The fun-
damentals of this methodology has been extensively described in
Julieta et al. (2022).

2.1.2. Solar irradiation data
The satellite databases consulted showed a broad resolution

of, at least, 1 × 1 km2, except for the Solar Radiation Map of the
Canary Islands, whose resolution is 50 × 50 m2.

This solar map combines the GRASS software tool with spline
interpolation techniques and digital terrain elevation maps, cor-
related with horizontal global radiation data from 97 meteorolog-
ical stations located in the Canary Islands, resulting in maps with
a resolution of 50 × 50 m2 (Monedero et al., 2007). This solar
map is the database selected for this research.

2.1.3. Collection of solar radiation data from pyranometers
63 pyranometers (from the State Meteorological Agency

(AEMET), the Ministry of Agriculture and Fisheries, Food and
Environment and private companies/promoters) were used to
check the data from the selected solar map. The total area of the
Canary Islands is 7493 km2. Thus, an average of 1 pyranometer
per 119 km2 was used to check the solar radiation map data.
The pyranometer data were also used to generate the hourly PV
production data. Each island was sectorised into different zones
according to their climate and one radiation series was estimated
using the corresponding pyranometer data.

2.1.4. Calibration of the selected solar map using solar measure-
ments

To calibrate the radiation map of the Canary Islands, this map
was correlated with the annual averages of the pyranometer data.
The differences were not consistent (sometimes downwards and
others upwards) but, in most cases, they were not significant, ex-
cept in the case of the island of Tenerife, where the data from the
Solar Map consistently provided lower values than those provided
by the pyranometers. Thus, this research has used the Solar Map
data as solar radiation source for all islands except for Tenerife.
For the island of Tenerife, the Solar Map data were weighted
upwards using the deviation means calculated by comparing the
Solar Map data and the meteorological stations.

2.2. Estimation of the greenhouse areas

The estimation of the area covered by greenhouses has been
carried out using the Element Capture Method. The greenhouses’
surfaces have been identified by using photo-interpretation
techniques and cartographic elements and the Canary Islands
Cultivation Map (Portal de Datos Abiertos del Sistema de Infor-
mación Territorial de Canarias, 2019), published by the Regional
Ministry of Agriculture, Livestock, Fishery and Water, and were
generated using photo-interpretation techniques and field work.
Fig. 1 shows an example of one greenhouse identified using this
method.
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Fig. 1. Example of the element ‘‘greenhouse’’. 1:400.

.3. Analysis of the types of cultivation in greenhouses and their
inimum light requirements

Photosynthetically Active Radiation (PAR) is the type of radi-
tion that favours the process of photosynthesis in plants. Radi-
tion greater than 700 nm does not favour photosynthesis, but
t generates heat accumulation in greenhouses. The PAR repre-
ents between 45–50% of the total solar radiation received, and
t represents the highest quality radiation for the growth and
evelopment of crops.
The light requirements of the crops are usually expressed as

aily Light Integral (DLI), that is the average light sum of the PAR
eceived during one day (Faust, 2002; Torres and Lopez, 2002).

A first classification of the cultivation types can be done as
unction of their light requirements: high light demanding crops
such as tomato, cucumber, sweet pepper) with an optimal daily
ight integral (DLI) higher than 30 mol/m2 d; medium light crops
such as asparagus) with an optimal DLI between 10 and 20
ol/m2 d and low light crops (as some floricultural crops) with
n optimal DLI between 5 and 10 mol/m2 d (Spaargaren, 2001).

Table 1 summarises the daily light requirements of different types
of crops, classified as high, medium and low light demanding
crops, as well as the optimal DLI and the minimum DLI required
for each type of crop.
Calculation of the light requirements of different types of crops

The average outside daily PAR radiation sum (SP) has to be
calculated in the same unit of the DLI data. When the DLI data
are available as mol m−2 d−1 Eq. (1) can be used to calculate the
SP.

Sp = I0 · f · 0.0036 · a
(

mol
m2 d

)
(1)

where:

I0 = annual average daily irradiation on the horizontal plane
(Wh m−2 d−1)
f = 0.48 (fraction of the PAR radiation to the total radiation)
0.0036 Converts Wh m−2 to MJ m−2

a = 4.57 (coefficient converting the PAR radiation from
MJ m−2 to mol m−2)

In case that the DLI data are available as MJ/m2 d, the average
outside daily PAR radiation can be calculated as per Eq. (2).

Sp = I0 · f · 0.0036
(

MJ
2

)
(2)
m d
5422
The average daily PAR radiation sum inside a PV Greenhouse
(SPC) depends on the material used as greenhouse roof. The ma-
terials used for greenhouse roofs reflect a fraction of the light
they receive from the sun, which generally ranges from 20 to
30% (Intagri, 2022).

The average daily PAR radiation sum inside a PV Greenhouse
(SPC) is calculated according to Eq. (3).

SPC = SP · τG (3)

where:
τG = transmittance value of the greenhouse roof
According to Marucci et al. (2012) average transmittance val-

ues of the greenhouse roof are around 0.9 although they slightly
vary depending on roof material. Marucci et al. (2012) studied
the transmittance value for different materials such as Glass
(4 mm), LDPE (low-density polyethylene), EVA (Ethylene vinyl
acetate), ETFE (ethylene–tetrafluoroethylene copolymers). Table 2
summarises their transmittance values for solar radiation (SR)
and for photosynthetically active radiation (PAR). Other authors,
such as Cossu et al. (2020) and Intagri (2022), suggested transmit-
tance values for commercial greenhouses between 0.7 and 0.8;
although (Castellano, 2014) considered values up to 0.95 for glass
greenhouses.

2.4. Calculation of the PV cover ratio

The PV cover ratio (PVR) is the ratio of the projected area of
PV panels on the ground and the total greenhouse area (Cossu
et al., 2020). The calculation of the PV cover ratio in the case
of greenhouses is complex due to several reasons: there are not
many previous experiences neither worldwide nor in Europe nor
in Spain, the different types of crops are affected differently by
the shading, on each region/island/location the types of crops
are different and, even if they are the same, the different global
irradiation will lead to different utilisation factors. Thus, two of
the main factors affecting the calculation of the PV cover ratio
are the on-site solar radiation and the type of crop cultivated.

The cumulated global radiation inside PVGs decreases as a
function of the increasing PV cover ratio (PVR). This reduction
was found to be equal to 0.8% for each 1% increase of the PVR, as
the average of the main commercial PVG types in Europe (Cossu
et al., 2018). An acceptable compromise between horticultural
crops and energy production is usually achieved when the PVR is
low (around or lower than 20%), resulting in limited yield losses
and negligible impact on the fruit quality (Ureña-Sánchez et al.,
2012; Pérez-Alonso et al., 2012; Aroca-Delgado et al., 2019). As
the PV cover ratio increases, the PV greenhouses microclimate
changes mainly due to the reduced solar radiation, but also other
parameters varied, such as a decrease of the air temperature and
an increase of humidity when ventilation is not applied (Ezzaeri
et al., 2018). Nonetheless, acceptable percentages of PV cover
ratio heavily depend on the latitude (since the solar radiation is
very different in North or South Europe or even in subtropical
areas (like the Canary Islands) and the type of crop. Plants adopt
species-specific physiological responses to shading that can in-
clude shade tolerance (Gommers et al., 2013). Most crops react
by optimising their photosynthetic rate. However, while shade
tolerant crops can adjust to lower light levels by optimising the
radiation interception efficiency, the shade intolerant crops (such
as tomato or sweet pepper) increase their vegetative growth rate
and concentrate resources on stem and leaf growth instead of
fruits, resulting in lower yields (Smith and Whitelam, 1997).

To estimate the affection of photovoltaic solar installations on
greenhouses, an extensive literature review has been carried out.
Table 3 shows some of the articles that have been considered
most relevant for the purpose of this research as well as key
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Table 1
Light requirements of different crops (Cossu et al., 2020).
Crop type: as High (H)/Medium (M)/Low (L) light demanding DLI (mol/m2 d)

Optimal DLI Good/Enough DLI

Low light demanding
Dracaena
Kalanchoe
Poinsettia

>8
>8
>10

4–8
4–8
6–19

Medium light demanding
Ficus
Asparagus
Spinach
Basil
Strawberry
Chrysanthemum
Rose
Lettuce

>16
>16.7
>17
>17.3
>19
>20
>20
>20

8–16
6.5–16.7
8–17
5.3–17.3
12–19
10–20
10–20
12–20

High light demanding
Cucumber
Sweet pepper
Tomato

>30
>30
>30

12–30
12–30
15–30
Table 2
Transmissivity coefficients of different greenhouse roof materials.
Source: Adapted from Marucci et al. (2012).
Transmissivity coefficients (%) Glass

4 mm
LDPE
0.180 mm

EVA
0.180 mm

ETFE
0.100 mm

τSR 80.4 88.6 89.1 93.1
τPAR 87.5 91.0 89.7 92.4
Table 3
Experiences in PV greenhouses.
Crop type: as High (H)/Medium
(M)/Low (L) light requirements

PV panel type PV cover ratio
(PVR)

Potential yield
reduction (%)

Country Greenhouse
type

Ref.

Lettuce (M) Silicon rigid 20% Greece Cristal Trypanagnostopoulos et al. (2017)
Tomato (H) Silicon Flexible 9,8% Almería Canarian Aroca-Delgado et al. (2019)
Tomato (H) Silicon Flexible 40% Agadir

(Morocco)
Canarian Ezzaeri et al. (2020)

Floricultural crops: Dracaena,
Kalanchoe, Poinsettia (L)

Silicon rigid 60% 0% Italy Cristal Cossu et al. (2020)

Dracaena, Kalanchoe
(L)

Silicon rigid 100% 10% Italy Cristal Cossu et al. (2020)

Poinsettia (L) Silicon rigid 100% 20% Italy Cristal Cossu et al. (2020)
Ficus (M) Silicon rigid 25% 0% Italy Cristal Cossu et al. (2020)
Ficus (M) Silicon rigid 50% 10% Italy Cristal Cossu et al. (2020)
Ficus (M) Silicon rigid 60% 15% Italy Cristal Cossu et al. (2020)
Ficus (M) Silicon rigid 100% 35% Italy Cristal Cossu et al. (2020)
Chrysanthemum, Rose
(M)

Silicon rigid 25% 4%–6% Italy Cristal Cossu et al. (2020)

Chrysanthemum, Rose
(M)

Silicon rigid 50% 20%–30% Italy Cristal Cossu et al. (2020)

Asparagus, Spinach, Basil (M) Silicon rigid 25% 0% Italy Cristal Cossu et al. (2020)
Asparagus, Spinach, Basil (M) Silicon rigid 50% 20% Italy Cristal Cossu et al. (2020)
Strawberry (M) Silicon rigid 25% 2% Italy Cristal Cossu et al. (2020)
Strawberry (M) Silicon rigid 50% 25% Italy Cristal Cossu et al. (2020)
Lettuce (M) Silicon rigid 25% 6% Italy Cristal Cossu et al. (2020)
Lettuce (M) Silicon rigid 50% 22% Italy Cristal Cossu et al. (2020)
Tomato, Cucumber
(H)

Silicon rigid 25% 20% Italy Cristal Cossu et al. (2020)

Tomato, Cucumber (H) Silicon rigid 50% 40% Italy Cristal Cossu et al. (2020)
Sweet pepper (H) Silicon rigid 25% 25% Italy Cristal Cossu et al. (2020)
Sweet pepper (H) Silicon rigid 50% 48% Italy Cristal Cossu et al. (2020)
parameters such as the PV cover ratio (PVR) and the potential
yield reduction compared to a control greenhouse.

Other possibilities of integrating photovoltaic solar energy in
cultivation areas may be the use of open-air cultivation areas
(without greenhouses) where photovoltaic structures could be
installed on the cultivation area, creating partial shading.

It is worth highlighting the experiences with the so-called
Canarian Greenhouses, named after the greenhouses traditionally
installed in the Canary Islands, although they have been ex-
ported to other parts of the world. These experiences include the
5423
installation of PV on Canarian greenhouses used to grow a high
demanding crop such as tomato in Almería where 9.8% of the roof
area was covered with PV panels. Results did not show any yield
reduction in the tomato production due to the shading of the
PV panels (Ureña-Sánchez et al., 2012; Pérez-Alonso et al., 2012;
Aroca-Delgado et al., 2019). Another similar experience took place
in Agadir (Ezzaeri et al., 2020), where the climate is very similar
to the one of the Canary Islands. In the case of Agadir, 40% of
the greenhouse roof was covered with opaque (flexible) PV panels
(Ezzaeri et al., 2020). Also in this case the tomato annual average
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production was not significantly affected. During the winter, the
production worsened a bit compared to the control greenhouse,
while in summer it improved since the temperature dropped a
little with respect to the control greenhouse, being able to stay
within the optimum growth temperature range for tomato (while
in the control greenhouse this range was exceeded). In both cases,
flexible panels were used, since they can be superimposed on the
Canarian greenhouses without the need to modify or reinforce
the structure. Fixed structure greenhouses allow easy integration
of fixed (non-flexible) photovoltaic solar panels. In the Canary Is-
lands, Canarian greenhouses are the predominant type. According
to Cossu et al. (2020) a maximum yield reduction of 25% was
assumed as acceptable for assessing the agricultural sustainability
of PVGs for crop production.

Nonetheless, in his research, in order to do an accurate evalu-
tion of the adequate PV cover ratio (PVR) different aspects must
e taken into account such as the type of crop, the onsite solar
rradiation and the type of greenhouse among others. Eq. (4) is
roposed to estimate the adequate PV cover ratio (PVR) in the
ase of opaque PV panels (considering that no light is able to go
hrough the panels).

PC · (1 − PVR) = DLI (4)

where:

DLI: optimal daily light integral (expressed in mol/m2 d or
in MJ/m2 d or equivalent units)
SPC: yearly average daily PAR radiation sum inside the PV
Greenhouse (expressed in the same units as the DLI)

Thus, the PV cover ratio (PVR) can be estimated according to
Eq. (5).

PVR =
(SPC − DLI)

SPC
(5)

Another factor that influences the PV cover ratio (PVR) is the type
of photovoltaic panel to be installed, which can be opaque (rigid
or flexible), which produces higher shading, or translucent, which
does not produce almost any shading. In the future, photovoltaic
greenhouses may be based on transparent panels, since they
allow the use of all the light and solar radiation at the same
time. These new PV cells are less efficient than traditional ones,
which absorb a greater range of wavelengths, but could enable
energy harvesting on surfaces that could never otherwise be used
to generate power. In October 2020, several investigations set a
new efficiency record for colour-neutral transparent solar cells,
achieving 8.1% efficiency and 43.3% transparency with an organic
design, based on carbon instead of silicon. In comparison to
conventional commercial silicon-based panels, whose efficiency
is around 15% to 22%, the efficiency of transparent solar cells is
still low but they will allow the integration of PV on greenhouses
with almost no affection to the crops growth rate.

Design criteria for the next generation of PVGs may include the
use of semi-transparent (Wang et al., 2021; Gorjian et al., 2022),
bifacial PV panels (Katsikogiannis et al., 2022) or translucent
PV panels such as Dye-Sensitised solar Cells (DSCs) (Katsiko-
giannis et al., 2022), organic PVs (OPVs) and semi-transparent
PVs based on luminescent solar concentrators, where the incident
light is filtered to share the spectrum between plant growth and
electricity generation (Allardyce et al., 2017). Some authors have
also suggested the use of the part of the PV energy production
to power electrical appliances for microclimate control (Fatnassi
et al., 2015; Yano et al., 2014, 2009; Bambara and Athienitis,
2019; Minuto et al., 2009; Emmott et al., 2015; Al-Shamiry et al.,
2007). Some crops require moderate shading during their cycle
and the semi-transparent PV panels can be used to provide it dur-
ing periods of intense irradiation through dynamic PV systems,
5424
Table 4
Transmittance values of semi-transparent PV panels (τSTPV).
Source: Adapted from Bambara and Athienitis (2019).
STPV 10% STPV 20% STPV 30% STPV 40% STPV 50%

0.671 0.597 0.522 0.448 0.373

able to adjust the tilt of the PV modules according to the crop
light needs (Moretti and Marucci, 2019a; Li et al., 2018; Marucci
and Cappuccini, 2016). All these technical solutions are targeted
to optimise the energy and the agricultural production by varying
the shading of the PV panels at canopy level and the impact on the
greenhouse farm in terms of energy consumption (Moretti and
Marucci, 2019b).

Crystalline silicon semi-transparent PV (STPV) modules con-
sist of a frame, clear-glazed and PV cell portions (Bambara
and Athienitis, 2019). The portion of PV-cell within the panel
may vary depending on the selected semi-transparent PV panel,
usually ranging from 10% to 50%. The transmittance of the semi-
transparent PV modules varies depending on the portion of PV-
cell within the panel, among others. The transmittance of the
semi-transparent PV module can be calculated as per Eq. (6).

τSTPV = α · τglazing + (1 − α) · τPV (6)

where:
τSTPV = transmittance of the semi-transparent PV module
α = percentage of clear portion of STPV glazing
τglazing = transmittance of the clear portion of STPV glazing
τPV = transmittance of the PV cell portion of STPV glazing
The transmittance values are set according to (Bambara and

thienitis, 2019):

glazing = 0.746

PV = 0

Table 4 shows the transmittance values of semi-transparent
V panels depending on the portion of PV-cell within the panel,
anging from 50% to 10%.

If semi-transparent or translucent PV panels are used the set
f equations (Eqs. (4) to (5)) are no longer valid. In this case, the
ollowing new set of equations to calculate the optimal PVR are
roposed.

PC · (1 − PVR) + SP · τSTPV · PVR = DLI (7)

here:

DLI: optimal daily light integral (expressed in mol/m2 d or
in MJ/m2 d or equivalent units)
SPC: yearly average daily PAR radiation sum inside the PV
Greenhouse (expressed in the same units as the DLI)
SP: yearly average outside daily PAR radiation sum reaching
the PV Greenhouse roof
τSTPV = transmittance of the semi-transparent PV module

hus, the PV cover ratio (PVR) for semi-transparent PV panels can
e estimated according to Eq. (8).

VR =
(SPC − DLI)

(SPC − SP · τSTPV )
(8)

Regardless of the type of panel used (opaque or semi-
transparent), each crop type on each site will result in a different
PV cover ratio, using either Eq. (5) or Eq. (7). This will result in
individual (and accurate) PV cover ratios for each site and crop
type, which is adequate for local (not broad) studies. When higher
areas are under study, a more general approach can be adopted
where the type of crops can be classified as low, medium and
high light requirement crop while, at the same time, an average
solar radiation can be used for predetermined areas.
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2.5. Methodology to calculate the photovoltaic power

This section describes the methodology used to calculate the
hotovoltaic power that can be installed on the greenhouses.
To find the installable power, the Surface/Power ratio is mul-

iplied by the usable area. The usable area is the result of mul-
iplying the available area by the corresponding PV cover ratio
PVR).

Eq. (9) is used to determine photovoltaic power.

(kW) = PVR · S
(
m2) /

(
S
P

)
(9)

where:
P (kW): Power (kW)
S: Available Surface (m2)
S/P: Surface/Power ratio (m2/kW)
PVR: PV cover ratio
To determine the efficiency and the Surface/Power ratio of

the photovoltaic panel, several catalogues of the latest generation
polycrystalline and monocrystalline silicon photovoltaic panels
were consulted. The calculated Surface/Power ratio was between
4.42 and 4.94. In this study the selected panel was the SunForte
PM096B00 Panel, whose main parameters are: power 330 W,
efficiency 20.3% and Surface/Power ratio 4.94 m2/kW.

Thus, one of the key factors to determine photovoltaic power
is the estimation of the PV cover ratio. The PV cover ratio can
be calculated for each single greenhouse, considering the crop
cultivated and the onsite solar radiation. In order to do so, solar
radiation data must be available for each greenhouse, as it is the
case in this study, since each greenhouse is georeferenced and,
at the same time, the crop type cultivated in each greenhouse
must be known as well as their DLI requirement. This will result
in one PV cover ratio value for nearly each greenhouse, which is,
mathematically, very accurate, but may be difficult to implement
in practical terms. One difficulty to implement this approach is
that all the required data may not be available.

An alternative approach is to make ranges of solar radiation
and classify the crop types cultivated as low, medium and high
light demanding. This method will lead to a set of estimated PV
cover ratio values that can be used at regional level. The number
of PV cover ratio values will depend on how many ranges of solar
radiation are proposed. In this research the solar radiation has
been divided into 3 ranges (high, medium and low irradiation
areas), thus a set of nine different PV cover ratio values will be
applied.

Regardless of which of the proposed methods are used to
determine the PV cover ratio value, once the PV cover ratio is set,
the photovoltaic power is estimated using Eq. (9).

2.6. Methodology to calculate the annual and hourly PV production

This section describes the methodology used to calculate the
annual photovoltaic production that could be installed on the
identified areas. The photovoltaic solar production has been cal-
culated as per Eq. (10).

P =
365 · IGH · ε · PR · S · PVR

106 (10)

here:
P: Production (MWh/a)
IGH: Solar radiation on horizontal surfaces (Wh/m2 d)
ε: Panel efficiency
PR: Performance Ratio
S: Greenhouse area (m2)
PVR: PV cover ratio
Although the increase of the solar radiation on tilted areas

(average tilt around 20% for the Canary Islands) with respect to
5425
the horizontal solar radiation is estimated in ca. 8%; in this study
only horizontal panels have been considered since it is difficult
to build an structure on top of Canarian Greenhouses due to
their light structures. Whereas it is easier to implement them in
glass greenhouses and even easier if the greenhouse roofs are
already designed considering tilted roofs for PV purposes. The
Performance Ratio (PR) considered was 0.8. The PV cover ratios
for each type of greenhouse were estimated as specified in the
previous section. The efficiency of the selected panel, SunForte
PM096B00, is 20.3% as mentioned in the above section.

The hourly PV production has been estimated using different
series of pyranometer data for each island. Each island has been
sectorised in a series of zones with similar solar radiation. One
pyranometer data series of several years has been assigned to
each zone. The monthly PV productions have been calculated
aggregating the hourly PV production data and, finally, the yearly
production data has been calculated aggregating the monthly PV
production data.

3. Results

3.1. Agriculture and greenhouses in the Canary Islands

The Canary Islands (Spain) is composed by eight islands lo-
cated off the Western coast of Africa, parallel 28 N. The
Archipelago is considered a touristic region. The service sector,
dominated by tourism, represented 76.4% of the regional GDP
in 2020 and has been increasing its contribution during the
last decades (Confederación Canaria de Empresarios, 2020). The
Islands are highly dependent on external energy sources and
on food importation. The Canary Islands have no conventional
energy sources, but plenty renewable energy sources, mainly
wind and solar energy. Although most of the food is imported
into the islands, nearly 40,000 hectares (ha) are devoted to
agriculture (Instituto Canario de Estadística (ISTAC), 2009), from
which 7284 ha are greenhouses (Ministerio de Agricultura P y
A, 2020), corresponding to the so called Canarian Greenhouse.
Most of the agriculture surface is devoted to exportation products
such as the banana. Progressively, agriculture has lost weight
in the Canarian economy, along with the loss of agriculture
surface, losing more than 20% of the cultivated surfaces in the last
15 years (from 51,600 ha in 2007 to 39,500 ha in 2021). At the
same time, agriculture has lost weight in the economy in terms of
GDP, representing only 1,2% of the Canarian GDP in 2021. Thus,
the Canary Islands cannot be considered an agricultural region
but, nonetheless, it represents an important sector within the
islands’ economy and, even more importantly, in terms of food
sovereignty. Nonetheless, a slow movement back to the farming
sector can be observed, especially after the COVID pandemic.
During 2020 a sharp decline in the GVA of the Islands of 21.4%
in real terms (that is, eliminating the effect of the variation in
prices) took place. This decrease more than doubles the decrease
accounted for by the national GVA, which ended the year with
a drop of 10.8%. Analysing the evolution of the different sectors
that make up the productive activity of the Islands, it should
be noted that except in the case of agriculture, all significantly
reduced their activity in 2020 compared to the previous year.
The primary sector (agriculture, livestock, forestry and fishing),
that holds the least weight of those that make up the productive
sectors of the Archipelago with a representation of 2.1% of the
total regional production, managed to increase the value of its
production by 2.2%. In terms of GVA the primary sector increased
3.2% in comparison to the previous year (Confederación Canaria
de Empresarios, 2020). This tendency could be accelerated by
agrivoltaic, since farmers could profit from a double source of
incoming: vegetables and energy, while increasing, at the same
time, energy and food sovereignty.
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Fig. 2. Greenhouse surfaces in the Canary Islands.
The Cultivation Map (Portal de Datos Abiertos del Sistema
e Información Territorial de Canarias, 2019), published by the
egional Ministry of Agriculture, Livestock, Fishery and Water,
rovides detailed information about the different cultivated crops
n each island. In all islands, except for Fuerteventura, the main
ultivated crop is the banana, accounting for more than 90% of
he cultivated surface in La Gomera, El Hierro and La Palma. In
uerteventura, where there is no banana cultivation, the main
ultivated crop is the tomato. All in all, the greenhouse’s surface
n the Canary Islands is about 7284 hectares (ha) from which
179 ha are being currently cultivated. Fig. 2 shows a summary
f the agriculture surface and the main cultivated crops.
The crops cultivated in the Canary Islands have been classified

s high, medium and low light demanding crops. Most of the
ultivated crops are considered high demanding crops such as
anana, tomato, most of the cultivated vegetables, most of the
ultivated fruits. Thus more than 90% of the greenhouse’s surface
s devoted to high demanding crops, while less than 1% is devoted
o low demanding crops (such as some flowers like strelitzia)
nd, thus, less than 10% is devoted to medium demanding crops,
uch as vegetables gardens (lettuce, spinach, etc.) in addition to
ome fruits such as strawberries. The non-cultivated agriculture
urface, which refers to agricultural fields that are not currently
nder exploitation, accounts for 15% of the agriculture surface. It
as been decided to consider these surfaces as surfaces for high
emanding crops, to be on the conservative side.
Using the method described in Section 2.2, the number of

reenhouses identified in all islands were 12,904. The average
nnual horizontal solar radiation on the identified greenhouses
anged from 5870 to 3578 Wh/m2 d.

.2. PV cover ratio

The PV panel used for this case study is the opaque PV panel,
hus the equation used to calculate the PV cover ratio is Eq. (11):

VR =
(SPC − DLI)

SPC
(11)

here SPC is calculated using Eq. (3):

PC = SP · τG with τG = 0.9

The transmittance value used for the Canarian greenhouse
oof, according to Table 2, could be estimated in 0.9. The value
or a glass greenhouse could be 0.8 or even lower. It is worth
oticing that the PV cover ratio values are highly sensitive to
he transmittance values, so it is key to accurately estimate the
ransmittance value.

Thus the PVR value for each greenhouse depends on the type
of crop cultivated, and its corresponding DLI, and the onsite solar
radiation, and its corresponding SPC. The PVR can then be calcu-
ated using Eq. (5) for each greenhouse, resulting in one different
 p

5426
PVR per greenhouse. Since the area under study is a whole region,
a more general approach that classifies the type of crops and the
solar radiation will be used. The type of crops were classified as
low, medium and high light requirement crops and the average
annual solar radiation was also classified into three ranges. To
classify the solar radiation areas as high, medium and low, the
12,904 greenhouses were split into three groups of the same
number, resulting as follows: the highest solar radiation areas
ranged from 5871 to 5229 Wh/m2 d (average 5500 Wh/m2 d), the
medium solar radiation areas ranged from 5228 to 4557 Wh/m2 d
(average 4950 Wh/m2 d) and low solar radiation areas ranged
from 4556 to 3578 Wh/m2 d (average 4235 Wh/m2 d). Table 5
shows the PV cover ratio for the different types of crops as func-
tion of the average annual solar radiation for plastic greenhouses
(PG) assuming τG = 0.9 and for the sake of comparison values
for glass greenhouses (GG), assuming τG = 0.8 and τG = 0.7 are
also shown.

As it can be observed, the PV cover ratio of high light re-
quirement crops are highly sensitive to the values of the annual
solar radiation and also to the transmittance values, decreasing
significantly when the transmittance value or the solar radiation
decreases.

The medium light requirement crops are less sensitive to
those changes and the low light requirement crops even less.
In this last case, for the same transmittance value, the PV cover
ratio decreases only a bit when the solar radiation decreases;
conversely for decreasing transmittance value the PV cover ratio
also decreases but the decrease is not significant.

In the Canary Islands, nearly 90% of the greenhouse cultiva-
tion crops are high light requirement crops, like banana, tomato,
avocado, etc., thus, the PV cover ratio is highly dependent on the
transmittance value and the solar conditions. Since the Canarian
greenhouses are plastic ones, the PV cover ratio considered are
the ones in Table 5. Since the vast majority of the cultivated crops
are high light requirement ones, the suggested PV cover ratio will
range from 23% to 0%, depending on the solar conditions.

3.3. Available area, power and annual electricity production on pho-
tovoltaic greenhouses

Fig. 3 shows the available areas on greenhouses in each island
and Fig. 4, the resulting PV power and the annual PV production
(calculated with the equations set described in the methodology
section) considering transmittance values (τG) of 0.7, 0.8 and 0.9.

As shown in Fig. 4, agrivoltaic energy production is high in all
cases (τG: 0.7 to 0.9) but it is profoundly affected by the transmit-
tance values. Changes in the transmittance values of one decimal
(from 0.8 to 0.9) nearly doubles the installable PV power and,
thus, the energy production. The total power reaches figures as
high as 1607 MW (τG: 0.8) or 2940 (τG: 0.9) and the annual energy

roduction ranges from 2480 GWh/a (τG: 0.8) to 4497 GWh/a (τG:
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Table 5
PV cover ratio values (Plastic greenhouses and glass greenhouses).
PV cover ratio (PVR) High average annual solar

radiation (5500 Wh/m2 d)
Medium average annual
solar radiation
(4950 Wh/m2 d)

Low average annual solar
radiation (4550 Wh/m2 d)

τG 0.9
(PG)

0.8
(GG)

0.7
(GG)

0.9
(PG)

0.8
(GG)

0.7
(GG)

0.9
(PG)

0.8
(GG)

0.7
(GG)

High light
requirement crops
(30 MJ/m2 d)

23% 14% 1% 15% 4% 0% 0% 0% 0%

Medium light
requirement crops
(20 MJ/m2 d)

49% 42% 34% 43% 36% 27% 33% 25% 15%

Low light
requirement crops
(10 MJ/m2 d)

74% 71% 67% 71% 68% 63% 67% 62% 57%
Fig. 3. PV greenhouses areas (ha) in the Canary Islands.
Fig. 4. PV greenhouses power and yearly energy productions.
G
t
g

.9). The variation is even more dramatic when the one decimal
hange is from 0.7 to 0.8. In this case the installable PV power and,
hus, the energy production is 350% higher. Thus, the total power
eaches figures as high as 1607 MW (τG: 0.8) or as low as 451
τ : 0.7) while the annual energy production ranges from 2480
G f

5427
Wh/a (τG: 0.8) to 669 GWh/a (τG: 0.7). These figures speak for
hemselves about the importance of appropriately selecting the
reenhouse material.
At the island level, all islands present a very high potential

or PV greenhouses, except for Lanzarote, due to the fact that the
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Fig. 5. Island’s annual electricity demand (GWh) in 2021.
Fig. 6. Percentage of the electricity demand covered by PV greenhouses.
anzarote’s greenhouse surface is very low in comparison to the
ther islands.

.4. Annual electricity demand supplied by agrivoltaic

Fig. 5 Shows the island’s annual electricity demand in 2021
nd Fig. 6 the energy production of PV greenhouses compared to
he electricity demand considering transmittance values (τG) of
.7, 0.8 and 0.9.
Fig. 6 shows that the percentages of electricity demand that

an be supplied by agrivoltaic vary significantly from island to is-
and and heavily rely on the transmittance values (τG). Differences
n the transmittance values from 0.8 to 0.9 can drastically change
he results, at regional scale (from 31% to 56% PV supply) and,
ven more importantly, at the island level, e.g. in El Hierro island
he PV supply can increase from 18% to 63% only by increasing the
ransmittance values from 0.8 to 0.9. The differences from island
o island are even more important, considering the transmittance
alues of 0.8, agrivoltaic can supply rates as high as 65% of the
otal annual electricity demand as in La Palma or rates as low as
ess than 0.4% as in the case of Lanzarote. In the case of Lanzarote
he coverage rate is so low reflecting the fact that the Lanzarote’s
reenhouse surface is very low in comparison to the other islands.
hese variations are even more dramatic if the transmittance
alues change from 0.8 to 0.7, since the percentages of electricity
emand at regional scale decreases from 31% to 8%, nearly 4 times
maller, meaning a reduction of nearly 400%.
All in all, agrivoltaic can supply rates as high as 31% of the

egional energy demand, considering transmittance values of 0.8,
5428
or even higher than 56% if transmittance values of 0.9 are consid-
ered. Even in the worst case scenario considered (transmittance
values of 0.7) agrivoltaic could supply 8% of the regional electric-
ity demand. These results show the annual average coverage of
the demand considering that storage systems are available and
the surplus of PV production can be stored to be use when the
demand is higher than the production. The hourly analysis, next
section, shows what is the actual coverage if storage systems are
not available.

3.5. Hourly electricity PV production by agrivoltaic. Analysis of
hourly series production data

The hourly PV productions for each island have been calcu-
lated and an analysis of the hourly series production data has
been undertaken. This section will show the detailed analysis for
the island of Gran Canaria.

Fig. 7 shows the results of the hourly photovoltaic production,
for the three cases considered: transmittance values (τG) of 0.9,
0.8 and 0.7, in comparison to the hourly electricity demand for
the island of Gran Canaria in the month of February. In the case
of transmittance values (τG) of 0.7, the PV production is always
lower than the demand; for transmittance values (τG) of 0.8, the
PV production is usually lower than the demand but there are also
some hours that show PV surplus; for transmittance values (τG)
of 0.9, there are also many hours that show PV surplus, especially
all hours around midday.

The analysis of the hourly PV production shows its importance
to determine how much electricity could directly be used to sup-
ply the demand (while other restrictions apart from the demand
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Fig. 7. Hourly PV production (transmittance values of 0.9, 0.8 and 0.7) versus electricity demand for the month of February (Gran Canaria).
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level are not being considered under this study), while the surplus
can either be stored or would be curtailed. An analysis of the
hourly annual results shows that:

1. Transmittance values (τG) of 0.7: all the PV electricity pro-
duction can be fed into the grid.

2. Transmittance values (τG) of 0.8: During 1214 h per year
not all PV electricity production can be fed into the grid.
The surplus of PV production accounts for 93,393 MWh per
year (around 7% of its production). In the absence of storage
systems, this means an average reduction of the annual PV
coverage of around 4% (from 42% to 38%).

3. Transmittance values (τG) of 0.9: During 2639 h per year
not all PV electricity production can be fed into the grid.
The surplus of PV production accounts for 785,739 MWh
per year (around 34% of its production). In the absence of
storage systems, this means an average reduction of the
annual PV coverage of around 25% (from 73% to 48%).

hese results speak for the importance of estimating the hourly
roduction and properly analyse the hourly production series
ata.
At the regional level, the hourly analysis demonstrate that

sing greenhouses with transmittance values (τG) of 0.7, all the
V production can be fed into the grid. The situation changes
hen higher transmittance values are used and no storage sys-
em is foreseen. Using transmittance values (τG) of 0.8, the PV
roduction that can be fed into the grid can cover around 27% of
he electricity demand. If the transmittance values (τG) is as high
s 0.9, the PV production that can be fed into the grid can cover
round 41% of the electricity demand.

. Conclusions

This research shows how relevant agrivoltaic could be, espe-
ially in regions where land is scarce and, thus, a highly valuable
esource. The combined use of greenhouses to produce food
nd energy at the same time increases farmers’ income, diver-
ifies their economy, converting farming into a more attractive
ector. This is especially important in regions where farming
as decreased over the last decades, favouring e.g. the tourism
ector in opposition to the primary sector, compromising food
overeignty in isolated regions, such as the Canary Islands. There
s a slow movement back to the farming sector in isolated regions,
5429
specially after the COVID pandemic. This tendency could be ac-
elerated by agrivoltaic, since farmers could profit from a double
ource of incoming: vegetables and energy. The cornerstone of
his symbiosis is the adequate estimation of the photovoltaic
over ratio (PVR), which is the percentage of greenhouse area
overed by PV panels, in a way that it does not reduce the crop
roduction over the year while it optimises the energy produc-
ion. Thus, the PVR value for each greenhouse depends on the type
f crop cultivated (characterised by its light requirement), the
nsite solar radiation and the type of greenhouse (characterised
y its transmittance value). The type of crops have been classified
s low, medium and high light requirement crops and the average
nnual solar radiation has also been classified into three ranges.
esults show that the optimal PVR values range from 0% (for low
verage annual solar radiation sites and high light requirement
rops) to 74% in the best case scenario. Furthermore, results also
how that the PV cover ratio of high light requirement crops are
ighly sensitive to the average annual solar radiation and also to
he transmittance values of the greenhouse materials, decreasing
ignificantly when the transmittance value or the solar radia-
ion decreases. Conversely, medium light requirement crops are
ess sensitive to those changes and low light requirement crops
ven less. In the Canary Islands, nearly 90% of the greenhouse
ultivations are high light requirement crops, thus, the PV cover
atio is highly dependent on the transmittance value and the
olar conditions. For high light requirement crops the PV cover
atio ranges from 23% (high solar radiation sites) to 0% (low solar
adiation sites) considering transmittance values of 0.9; but the
V cover ratio ranges decrease to 14% (high solar radiation sites)
f the transmittance values is 0.8 and even to 1% (high solar
adiation sites) if the transmittance values go down to 0.7. Thus
he importance of the greenhouse roof material is capital.

Accounting for a total greenhouse area of 7284 ha in the
anary Islands, and depending on the transmittance values (τG)
f the greenhouse material, the total power reaches figures as
igh as 1607 MW (τG: 0.8) or 2940 (τG: 0.9) and the annual
nergy production ranges from 2480 GWh/a (τG: 0.8) to 4497
Wh/a (τG: 0.9). Thus, changes in the transmittance values of one
ecimal (from 0.8 to 0.9) nearly doubles the installable PV power
nd, thus, the energy production. The variation is even more
ramatic when the one decimal change is from 0.7 to 0.8. In this
ase the installable PV power and, thus, the energy production
s 350% higher. These figures speak for themselves about the
mportance of appropriately selecting the greenhouse material.
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If storage systems are available, agrivoltaic could supply rates as
high as 31% of the annual regional energy demand, considering
transmittance values of 0.8, or even as high as 56% if transmit-
tance values of 0.9 are considered. In the worst case scenario
considered (transmittance values of 0.7), agrivoltaic could supply
8% of the regional electricity demand.

Moreover, the analysis of the hourly PV production shows its
mportance to determine how much electricity could directly be
sed to supply the demand (while other restrictions apart from
he demand level are not being considered), while the surplus
an either be stored or would be curtailed. At the regional level,
he hourly analysis demonstrate that using greenhouses with
ransmittance values (τG) of 0.7, all the PV production could be
sed to satisfy the demand. Using transmittance values (τG) of
.8, the PV production that could be fed into the grid could cover
round 27% of the electricity demand. If the transmittance values
τG) is as high as 0.9, the PV production that can be fed into the
rid can cover around 41% of the electricity demand. Thus, the
ourly analysis shows the limitations due the demand level.
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