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HIGHLIGHTS

o Integration of two semitransparent OPV modules in a multi-tunnel greenhouse.

e A holistic model is carried out to assess energy, light, and crop behaviour.

e Two typical greenhouse-based locations are analysed: Almeria and Agadir.

e 66 % coverage is the optimal configuration balancing energy savings and crop growth.

ARTICLE INFO ABSTRACT

Keywords: Agrivoltaics have emerged as a viable solution to resolve conflicts arising from land-use competition between
Flexible photovoltaics large photovoltaic solar installations and conventional agriculture. However, their implementation has not yet
Agr“"?“”}? o fully addressed the issue of social community rejection due to visual impact or making agricultural tasks more
gzgzz}iﬁssmvo taics (OPVs) difficult. For this reason, integrating photovoltaics into existing agricultural infrastructure could offer a prom-

ising solution to mitigate this issue. The present research focuses on the analysis and modelling about the
integration of two types of semitransparent organic photovoltaic (OPV) modules in multi-tunnel greenhouses.
Two different representative locations of high density of greenhouses are selected: Almeria (Spain) and Agadir
(Morocco). A holistic model based on Python/Trnsys/Radiance/TOMGRO is proposed to evaluate the energy,
light, and tomato crop behaviour under various OPV coverage percentages and their positions on the greenhouse
roof. The results demonstrate that higher OPV coverage percentages lead to a reduction in overall energy con-
sumption in both locations. However, when looking at the illumination levels and weight of the tomato crop the
tendency is opposite, resulting in insufficient illumination levels for some periods. This scenario presents a
significant challenge in determining the optimal solution, owing to the difficulty in striking a balance between
two essential goods: energy and food. In response to this, a strategy that slightly favours food production is
adopted, aiming to minimise the impact on crop growth. From this perspective, the optimal solution for both
locations is the use of OPV modules with 66 % coverage. This configuration is projected to satisfy about 50 % of
the heating energy needs, but it may lead to a reduction in tomato yields by around 12 % with respect to a
standard greenhouse.

Semitransparent photovoltaics

the most abundant. Solar photovoltaics (PVs) are the fastest-growing
energy conversion method. However, the relatively low generated
power density of solar PV requires installations to occupy large areas of
land, creating significant land-use competition, particularly in areas
where agricultural activities are prevalent [1]. In the case of agriculture,
the transition to a sustainable model is expected to be more difficult.
Taking into account that projections indicate a population growth of up
to 9.1 billion in 2050 [2], a substantial increase in the demand for basic

1. Introduction

Climate change, the unsustainable consumption of natural resources,
and the degradation of ecosystems are interconnected challenges that
are deeply influenced by both the current energy model and agricultural
practices. The energy sector is undergoing a transition to a renewable
energy-based model, and among all renewable resources, solar energy is
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Nomenclature

a(l) plant action spectrum, dimensionless

A Area, m?

Avind Window area, m?

Cq Discharge coefficient, dimensionless

c Speed of light, m/s

Cyw Wind effect coefficient, dimensionless

Dg(Tg) Function of fruit development rate, dimensionless

DU Distribution uniformity, dimensionless

E(W) AM 1.5 solar spectral irradiance, W/m?/nm

E, Coefficient of effectiveness of the openings, dimensionless

fr(Tg)  Function to modify partitioning to fruit for average daily
temperature, dimensionless

Gcrop  Crop Growth Factor, dimensionless

G Global incident irradiance, W/m?

8 Transpiration conductance, m/s

GRpet Above ground biomass growth rate, g/m?/day

8&(Ty Function to reduce growth due to high daytime
temperature, dimensionless

h Planck’s constant, J-s

I Irradiance, W/m?

Ip Beam irradiance, W/m?

Laigs Diffuse irradiance, W/m?

Kn Maximum spectral efficiency, Im/W

kr Development time from first fruit to first ripe fruit, days

L Amount of energy needed to evaporate water for a leaf, J/g

LAl .y ~Maximum possible leaf area index, m? leaf/m? ground

Myent Air flow rate through the openings, m3/h

Ny Avogadro’s constant, mol !

N Node, dimensionless

Ny Coefficient in expolinear equation, dimensionless

Ngr Begins node position, dimensionless

N, Maximum rate of node appearance, nodes/day

P Power output, W

Prqe(?)  Relative Quantum Efficiency

Qtrans Heat gain of transpiration, W/m?

Teen Cell temperature, °C

Teen,stc  Cell temperature under Standard Test Conditions, °C

TF Thermal Factor, dimensionless

U, Wind speed, m/s

Vinax Maximum increase in vegetative tissue dry weight growth
per node, g/node

V() Human eye photopic response, dimensionless

w Total plant dry weight, g

Wy Total fruit dry weight, g

Wn, Total mature fruit dry weight, g

Wre Relative spectral power distribution, dimensionless

Xair Absolute water vapour concentration of greenhouse air, g/

3

m

Xcrop Absolute water vapour concentration at crop level, g/m?®

ag Maximum partitioning of new growth to fruit,
dimensionless

Hopv OPV efficiency, dimensionless

MTy) Temperature function to reduce the rate of leaf area

expansion, dimensionless

Greek letters

a Absorptance at wavelength A, dimensionless

B Coefficient in the expolinear equation of LA,
dimensionless

y Power temperature coefficient, %/°C

S Maximum leaf area expansion per node, m?/leaf/node

AL Wavelength interval, nm

[ Transition coefficient between vegetative and full fruit
growth, dimensionless

p Reflectance at wavelength A, dimensionless

Pplant Plant density, plants/m2

T Transmittance at wavelength A, dimensionless

X Absolute water vapour concentration, g/m>

@ Radiant flux, W

Abbreviations and acronyms

AOIF Angle of Incidence Factor
AVT Average Visible Transmittance
APT Average Photosynthetic Transmittance
cop Coefficient of Performance
DLI Daily Light Integral

DSSC Dye Sensitised Solar Cell
ETFE Ethylene Tetrafluoroethylene
GHI Global Horizontal Irradiance
HLQ Highest Lower Quartile

LAI Leaf Area Index

NIR Near Infrared

OPV Organic Photovoltaic
PAR Photosynthetically Active Radiation

PCE Power Conversion Efficiency
PPFD Photosynthetic Photon Flux Density
PV Photovoltaic

R2R Roll to Roll
RQE Relative Quantum Efficiency

SPD Spectral Power Distribution

STC Standard Test Conditions

SMARTS Simple Model of the Atmospheric Radiative Transfer of
Sunshine

T™MY Typical Meteorological Year

uv Ultraviolet

goods, including food products, is expected to rise by 70 % in 2050 [3].
Furthermore, the conventional agricultural practices will deal with
various conflicts: having enough land (conflicts with other uses) and
fresh water, and the ecological impacts of the current intensive agri-
cultural model. These conflicts are contributing to destabilising the
Earth system and situating the agriculture as a significant or major
contributor to change the planetary boundaries beyond their “safe and
just limit” into risk zones [4-6]. In this context, a process of trans-
formation towards innovative and “holistic” approaches, such as agro-
ecology, agrivoltaics and climate-smart agriculture is taking place.
These approaches aim at increasing the productivity on existing agri-
cultural land while protecting biodiversity and ecosystem processes.
This principle is referred to as “Sustainable Intensification” [6].

The concept of agrivoltaics, which involves co-locating agriculture
and photovoltaic installations, has emerged as a promising solution
[7,8]. It enables the maximization of crop yields, minimization of water
usage, and production of resilient renewable energy [9]. The scientific
community has increased its efforts to study and experimentally inves-
tigate possible solutions, focusing primarily on short-term forecasts and
identifying a no recognised standard of assessment [10]. There are
different classifications of agrivoltaic systems, normally based on the
position of the solar panels and crops: crops between photovoltaic rows,
crops under photovoltaic panels and the use of photovoltaics in green-
houses [11-13]. The integration of photovoltaic systems within green-
houses is an increasingly recognised solution to mitigate the high energy
consumption required to maintain a stable and controlled indoor
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microclimate. Furthermore, certain photovoltaic technologies can
replace conventional greenhouses covering materials or shading de-
vices. This integration can effectively avoid the problems associated
with visual impact, which may occasionally lead to opposition against
agrivoltaic installations. [14].

Various photovoltaic technologies can be employed for integration
into greenhouses, contingent upon the specific greenhouse type and the
interior lighting requirements. In Southern European countries, plastic
film-covered greenhouses are widely utilised and can be classified based
on various shapes such as tunnel greenhouses, pitched roof greenhouses,
arc-shaped roof greenhouses, and Parral-type greenhouses [15]. The
mechanical characteristics of solar cells become particularly significant
when they are intended to be part of the covering material. It should be
noted that the use of flexible panels is generally limited to the 2nd
generation (thin film) and 3rd generation (emerging PV) solar cells [16].
Regardless of the cladding material utilised, incorporating semi-
transparency is crucial in greenhouse covering. The achievement of
semitransparency in solar modules can be performed through two pri-
mary approaches: the pattern-based technique, using opaque cells, and
the penetration-based technique using semitransparent cells. It is also
noteworthy that semitransparency can be achieved in photovoltaic
systems through optical concentrators.

Initially, the technology incorporated in greenhouses was based on
crystalline silicon photovoltaics. Several studies specifically focused on
investigating the influence of solar panel orientation and the patterns
used to achieve semitransparency [17-23]. The primary issues associ-
ated with this technology revolve around shading, which consequently
leads to a decrease and non-uniform distribution of photons with
wavelengths between 400 and 700 nm, which is referred to as photo-
synthetically active radiation (PAR). The studies based on thin-film
modules are still limited and primarily focused on amorphous silicon
[24,25]. Even though they can achieve semitransparency in the active
layer, amorphous silicon overlaps with the absorption of the PAR
spectrum. To overcome this weakness, research focusing on emerging
systems that allow spectral selection is gaining importance [26]. Notable
among these are wavelength-selective focusing lenses [27-29], which,
despite their innovative approach to spectral management, face chal-
lenges such as high initial costs and ongoing maintenance expenses.
Luminescent solar concentrators [30-32] represent another promising
avenue; however, they have historically grappled with low power con-
version efficiency. Dye-sensitised solar cells (DSSCs) [33,34], still in the
experimental stage and not yet ready for commercialization, offer
unique advantages in terms of spectral selection due to their colour
variation characteristics. OPVs offer numerous potential advantages,
making them particularly intriguing for various applications. These
advantages include flexibility, processability, low material cost, and
independence from scarce resources. A particularly interesting feature of
OPVs is the ability to tune their absorption characteristics by adjusting
the composition of the active layer materials. This adaptability allows
for customization according to specific light transmission requirements.
Recent advancements in OPV cells technology have shown promising
results. Power conversion efficiency has reached more than 19 % in
small area opaque cells [35] and semitransparent cells have reached 10
% efficiency with 50 % visible transparency [36].

In the literature, two distinct lines of research concerning the use of
OPVs in greenhouses can be identified. The first one focuses on materials
science, with the objective of simultaneously improving the electrical
efficiency and transparency of OPV cells. The second research line fo-
cuses on performance evaluation, which involves assessing the effec-
tiveness of OPV modules within actual greenhouse conditions. Such
evaluations are typically conducted using a combination of experi-
mental studies and computational modelling. Considering the objective
of this study, a more detailed review of modelling greenhouse envi-
ronments with the integration of semitransparent OPVs is presented.

Within the first line of research, noteworthy studies include the
comprehensive review by Zhao et al. [37] on semitransparent OPV cells
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for agricultural applications. Their work provides a summary of power
conversion efficiency (PCE) and average visible transmittance (AVT)
associated with current methods and strategies of OPV cells design. In
this way Meitzner et al. [38] presented a comprehensive review of the
most commonly used active layer materials in OPV cells and analysed
their overlap with the absorption spectrum of chloroplasts. Based on
their findings, they concluded that the absorption range of the active
layer of OPV cells are suitably aligned with that of plants. Wang et al.
[39] focused on developing high-performance, spectrally engineered
semitransparent OPV cells specifically designed for greenhouse appli-
cations. The team achieved impressive PCEs of 17.71 % in opaque de-
vices and 13.02 % in semitransparent devices. Additionally, they
demonstrated a high plant growth factor of 26.3 % with the semi-
transparent devices.

The studies related to the experimental evaluation of OPVs in
greenhouses are conducted over specific periods to assess the electrical,
thermal, lighting and crop behaviour under functional semitransparent
OPVs or mock OPV-filters in real greenhouse or controlled chamber
boxes [40-47]. In general, these studies indicate that installing OPVs in
greenhouses not only extends their operational lifetime but also, during
the hottest months, provides shading that creates more suitable climatic
conditions for the growth of crops like tomatoes and lettuce.

In terms of modelling greenhouse environments with the integration
of semitransparent OPVs. Okada et al. [48] presented a simulation
model to assess the lettuce crop yield (based on Both et al. [49]) electric
energy production in a greenhouse equipped with OPV films (PCE = 3.3
% and AVT = 30 %). Their results showed that a 49 % roof coverage with
OPVs could fulfil the energy requirements of the evaluated greenhouse.
Ravishankar et al. [50] studied the benefits of integrating two types of
OPVs, differing only in their active layer (PCE ~ 10 % and AVT ~ 36 %).
They developed a comprehensive energy balance model in Matlab to
model the net energy demand of greenhouses. The results revealed that
these integrated systems can achieve an annual surplus of energy,
particularly in warm and moderate climates. Waller et al. [51] presented
a practical methodology based on Rinocheros/Grasshopper and PVlib-
python library to estimate the incident solar irradiance on curved sur-
faces. They assessed the performance of semitransparent roll-to-roll
(R2R) printed OPV arrays installed on a high tunnel greenhouse with
a gothic-arch roof profile. Dipta et al. [52] analysed the potential of
semitransparent OPVs (PCE = 9.4 % and AVT = 24.6 %) through light
simulation using Honeybey/Radiance and studied tomato crop growth
based on the TOMGRO model. Their findings indicated a significant 46
% increase in the dry ground weight of tomato crops grown under
semitransparent OPVs compared to those grown under conventional
silicon solar cells. Ravishankar et al. [53] conducted an analysis of 64
different OPV active layers with varying roof coverage in 25 distinct
climates using a dynamic energy model implemented in Matlab. In
addition to solar power generation, the model integrates a comprehen-
sive assessment of greenhouse environmental factors, such as tempera-
ture, humidity, and lighting, along with a functional plant growth model
of tomato (TOMGRO) and lettuce based on Goudriaan [54]. Their study
demonstrated that OPV-integrated greenhouses can achieve net-zero
energy consumption in 11 different climates when cultivating lettuce
and in 10 climates when cultivating tomatoes. Moreno et al. [55] pre-
sented a study involving electric, thermal, and lighting models based on
the Python/Trnsys/Radiance environment to analyse the effects of
covering the greenhouse roof with semitransparent OPVs (PCE = 2.8 %
and AVT = 10.18 %) in Barcelona and Paris. Their findings revealed that
when 50 % and 25 % of the greenhouse roof is covered by OPVs in
Barcelona and Paris, respectively, illumination levels reach optimum
values for tomato and lettuce growth. Furthermore, the study demon-
strates that integrated OPV systems can partially cover the electricity
demand of the greenhouse, covering 14 % to 63 % of the demand with
25 % to 100 % OPV coverage, respectively. In contrast, for Paris, these
percentages vary from 6 % with 25 % OPV coverage to 25.3 % with 100
% OPV coverage.
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In light of the above, there are notably few studies that take a holistic
approach, addressing both the coverage percentage and positioning of
semitransparent OPVs in greenhouses, while also considering climatic
conditions, light availability, energy generation, and crop behaviour.
Although OPV technology is still maturing and presents certain chal-
lenges, such as relatively shorter lifespans, higher costs, and lower ef-
ficiencies (which are already the focus of extensive materials science
research), the present study aims to explore the potential of employing
semitransparent OPVs in agricultural greenhouses, focusing more on
practical application rather than technological or material innovations.
Comprehensive modelling of energy and illumination performance, as
well as tomato crop growth, is conducted seeking to support informed
and proper market development and to address the existing research
gaps.

These performances are analysed for different configurations based
on the percentage of coverage on the roof and their position of two types
of OPV modules with different transmittance profiles. The simulations
are conducted in two different locations, Almeria (Spain) and Agadir
(Morocco), both of which are typical regions characterised by a high
density of greenhouses. Regarding the structure of this article, the
manuscript is divided into 5 sections. In section 1, the topic is intro-
duced. Section 2 delves into the theory of the luminous response of
plants. Section 3 examines the characteristics of the ethylene tetra-
fluoroethylene (ETFE) and OPV modules. Section 4 presents the
modelling methodology. Once the model is introduced, the main results
are discussed in Section 5 and the main conclusions of the study are
stated in Section 6.

2. Light response of plants

The energy of the sun is an essential source that drives the metabolic
processes and facilitates photosynthesis in plants. The solar spectrum
received on the earth surface, as shown in Fig. 1a (expressed in irradi-
ance units and quantum units), is primarily comprised of distinct
wavelength regions with approximately 5 % ultraviolet (UV) radiation
(250-400 nm), 45 % of PAR region (400-700 nm, this spectral region
closely aligns with the visible spectrum), and ~50 % of near infrared
(NIR) radiation (700-2500 nm). The UV light directly affects plants and
microorganisms, altering species-specific interactions between them
[56] and stimulates the production of secondary metabolites [57]. In the
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NIR region of the spectrum very little energy is absorbed by vegetation
and reflection increases greatly. This high reflectance in the NIR pre-
vents plants from overheating. On the other hand, it is absorbed mainly
by the greenhouse floor soil, installations, and construction elements of
the greenhouse. Then, it is released again to the greenhouse air as
convection heat that increases the greenhouse air temperature [58].
PAR is regarded as the most important wavelength range for plant
growth and development, directly influencing the photosynthesis pro-
cess and stomatal behaviour.

During photosynthesis, molecules of glucose (along with other
sugars) are synthesised from the energy of light, water, and carbon di-
oxide, resulting in the release of oxygen as a by-product. This entire
process relies on the absorption of light by various pigments, including
chlorophylls and carotenoids, which are concentrated in specialised
structures called chloroplasts. The process of light absorption by
photosynthetic pigments is achieved through electronic excitation.
When a photon of light interacts with a pigment molecule, it elevates an
electron within the pigment to a higher energy state. Different pigments
possess specific energy levels corresponding to different wavelengths of
light. Consequently, pigments exhibit distinct absorption spectra
(Fig. 1b), selectively absorbing light of particular wavelengths. For
instance, Chlorophyll a (Chl a) displays absorbance peaks at 430 and
663 nm, while Chlorophyll b (Chl b) shows peaks at 453 and 642 nm.
Carotenoids such as lutein, B-carotene, and zeaxanthin are additional
pigments that absorb solar radiation within the 450-570 nm range. Most
of the activation wavelengths are found in the blue part of the spectrum
(400 to 500 nm) or in the red part (600 to 700 nm) and far-red (700 to
800 nm). Green light (500-600 nm) is absorbed to a lesser extent by
these pigments; however, due to this lower absorptance, it can penetrate
more deeply and excites chlorophyll deeper in the leaves [59].

The quantum yield serves as a metric for evaluating the efficiency
with which pigments convert absorbed photons into chemical energy
during photosynthesis. In 1972, McCree [60] conducted a comprehen-
sive study on the wavelength efficiency of photosynthesis and estab-
lished the Relative Quantum Efficiency (RQE) curve, representing the
average photosynthetic response (see Fig. 1b). McCree’s measurements
have significantly contributed to the conceptualization of PAR. Within
the spectral range from 400 to 700 nm, McCree demonstrated that light
in the red region (600 to 700 nm) yielded the highest quantum efficiency
for CO, assimilation in plants. Light in the green region (500-600 nm)
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Fig. 1. a) Solar spectrum AM 1.5, a comparison of irradiance and photon flux b) Normalised absorption spectra of chlorophyll a, chlorophyll b, carotenoids and the

relative quantum yield c) Daily light integral (DLI).
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generally resulted in a slightly higher quantum yield compared to the
blue region (400-500 nm). The lower efficiency in the blue region is
attributed to internal conversion within the chlorophyll molecule,
where the extra energy in blue photons, compared to red ones, is lost in
the form of heat.

The quantity (irradiance levels), the light quality (light spectra) and
duration of light (photoperiod) are the three parameters that influence
plant growth. The commonly employed unit to measure the quantity of
photons in the PAR region is the photosynthetic photon flux density
(PPFD), expressed in units of pmol m 2 s~. The integral of the solar
spectrum (AM1.5) in the PAR region corresponds to a photon flux of
2114. 30 pmol m~2 s~ 1. The PPFD is an instantaneous measurement, but
in the agricultural community, it is common to use the cumulative
amount of light a plant receives in a day, defined as the Daily Light
Integral (DLI). As depicted in Fig. 1c, this value is determined by sum-
ming the PPFD over the daylight hours of a day (photoperiod).

3. Materials

Ethylene tetrafluoroethylene (ETFE), with a thickness of 250 pm, has
been considered for the transparent covering of the greenhouse. ETFE is
a fluorinated polymer that has gained popularity in greenhouse and
building applications due to its optical properties, durability and the
relatively low amount of waste generated during its use [61].

Two R2R-printed OPV modules produced by ASCA [62] have been
chosen for this study. These OPV modules are semi-transparent and
flexible. In this study, these two types of OPV modules are referred to as
OPV1 and OPV2. Although OPV modules are less mature and have
shorter lifetimes than silicon PV, their flexibility, light weight, and
tuneable transparency position them a potential candidate to be inte-
grated in greenhouses. Moreover, based on environmental aspects OPVs
are more ecofriendly than standard solar cells [63].

3.1. Optical properties of ETFE and OPV

The spectral transmittance (z) and reflectance (p) of the ETFE foils
and the OPV modules have been determined over a range from 0.35 to
0.9 pm with an Ocean Optics USB 4000 spectrophotometer (Ocean
Optics Inc., USA) equipped with an integrating sphere. This spectral
range encompasses the PAR region. Using Kirchhoff’s law, the absorp-
tance (@) can be derived from these experimental measurements as
follows:

T(A)+p(A)+arh) =1 @

The main parameter derived from the spectral measurements to
indicate transmittance in literature is the Average Visible Transmittance
(AVT), as defined in Eq. (2). AVT represents the weighted transmission
spectrum against the photopic response of the human eyes V(A). How-
ever, an index that directly reflects the effect on crop growth is more
reasonable. For this purpose, Emmott et al. [64] proposed the crop
growth factor (Gcrop), as defined in Eq. (3). Here, T(1) is the trans-
mittance spectra of the OPVs and ETFE, E(4) is the AM 1.5 solar spectral
irradiance, and a(4) represents the plant action spectrum, which is ob-
tained from the averaged action spectrum of 27 herbaceous plants [65].
Gcrop factor represents the relation between the rate of photosynthesis
under a semitransparent covering material to that under a clear sky.
Stallknecht et al. [66] introduced an analogous metric, the Average
Photosynthetic Transmittance (APT), as defined in Eq. (4), where the
transmission spectrum is weighted by the RQE instead of a(1), denoted
as Prqr(4), as measured by McCree [60]. Both factors, Gcrop and APT,
provide preliminary evaluations of how the light transmitted through
semitransparent covering materials affects photosynthetic efficiency.
However, it is important to note that these indicators are based on plant
responses from old studies, and other interacting factors could signifi-
cantly alter the effect of light quality on photosynthetic efficiency in
long-term studies [67].
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GCROP =

APT — J T(A)-E(4)-Prqz(4)-dA @
JE(2)-Prqg(2)-d2

In addition to the previously mentioned parameters, experimental
measurements can also yield colorimetric indicators, which are crucial
for quantifying the colour appearance of OPVs and their impact on
colour perception. Fig. 2b illustrates the CIE 1931 colour space diagram,
showcasing the colour coordinates and the correlated colour tempera-
ture (CCT) of the light transmitted by both OPVs and ETFE. OPV1 ex-
hibits a pale greyish tint with coordinates (0.321, 0.332), and its
transmitted light closely matches the CIE standard illuminant D65
(0.312, 0.329), as well as the ETFE film (0.314, 0.331). The OPV2 dis-
plays a pale reddish tint, corresponding to coordinates (0.393, 0.330).
The CCT values for the light transmitted by OPV1 and OPV2 are 6014 K
and 3213 K, respectively. Detailed information regarding the optical
characteristics of ETFE and the OPVs is provided in Table 1.

3.2. Electrical properties

Under Standard Test Conditions (STC), the efficiency values are 3.5
% for OPV1 and 3.0 % for OPV2. The power temperature coefficient (y)
is +0.04 % °C~! for OPV1 and + 0.05 % °C~! for OPV2. As can be seen,
the power coefficients are positive, which is unusual for standard PV
technologies but is a specific characteristic of OPV [68,69].

3.3. Thermal properties

The thermal properties of the greenhouse envelope have been
determined based on the thermal transmittance values of ETFE, calcu-
lated in accordance with the procedure described in UNE-EN 673 [12].
The thermal conductivity, specific heat capacity and density of the ETFE
components (20 °C), these values have been taken from the manufac-
turer: 0.24 Wm ™! K1, 1172 J kg ™! K~ and 1700 kg m ™3, respectively.
Based on our previous study [70], the thermal transmittance of OPV is
assumed to be the same as that of ETFE.

4. Methodology

In this study, electric, thermal, lighting (illuminance) and crop
growth models have been developed and analysed for the ETFE-OPV
multi-tunnel greenhouse coverage The 3D model of the multi-tunnel
greenhouse has been developed using the Trnsys-Sketchup plugin
[71]. After creating the greenhouse model, the specifications of all
materials, including those of translucent materials adapted from spectral
measurements by Optics and Window programs [72] have been intro-
duced through the Trnbuild interface. Additionally, all thermal loads in
Trnbuild have been set, taking into account the evapotranspiration
calculated by an external Python block. Daysim/Radiance [73] have
been used to assess the lighting aspects. PVlib [74] has been used to
perform simulations of the OPVs, considering irradiance, electric prop-
erties and temperature as inputs. The results obtained from the lighting
simulation have been converted into quantum units through a Python
script, which has been used as input in the tomato growth model
(TOMGRO) [75]. Weather conditions have been obtained from Meteo-
norm [76]. An overview of the modelling procedure is illustrated in
Fig. 3. The methodology presented in this work could similarly be
adapted to other greenhouse types, PV technologies, climate conditions,
and greenhouse shapes, provided that suitable 3D modelling of green-
house structures and a detailed characterization of materials are
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Fig. 2. a) Spectral normal transmittance of the ETFE foil (250 pm-thick) and the two OPV modules, alongside the normalised AM1.5G solar radiation spectrum. b)
CIE 1931 colour space diagram showing colour coordinates of the transmitted light.

Table 1
ETFE and OPV optical characteristics.
AVT G APT CCT
OPV1 17.79 15.94 16.49 6014
OPV2 21.8 22.14 22.94 3213
ETFE 90.21 90.93 91.17 6380
conducted.

4.1. The greenhouse description

The present study involves a multi-tunnel greenhouse measuring 24
x 24 m. The greenhouse consists of three tunnels with enclosure made of
stretched ETFE and a curved cover. Each tunnel chapel is 8 m wide,

featuring eaves at a height of 4 m and a crest height of 6 m. The
greenhouse is oriented in a north-south direction, with an average roof
slope of 28.3 degrees, following the dimensions and orientation outlined
in [77]. The roof curvature has been defined using three symmetric
planes with slopes of 10°, 30°, and 45° to achieve the desired curvature
(See Fig. 4).

The greenhouse structure is based on aluminium profiles that pro-
vide the shape, with ETFE films enclosing both the walls and the roof. In
the reference case, only ETFE layers have been used for covering both
the walls and the roof. The study investigates different OPVs coverage
percentages, specifically 33 %, 66 %, and 100 %. These percentages
have been chosen to represent a broad operational range for the OPV
greenhouse system, corresponding to low, medium, and upper-limit
coverage scenarios. These percentages have been applied to all
possible symmetric combinations of 6-section discretised semi-circle-
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4‘ i I |
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Fig. 3. Roadmap of this study and corresponding tools.
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Fig. 4. The dimensions of each tunnel (left). The slopes of the symmetry planes that define the roof curvature (centre). A multi-tunnel greenhouse simulation

model (right).

like roof surfaces. In total, eight configurations of the multi-tunnel
greenhouse have been studied for each OPV technology (OPV1 and
OPV2), including the reference case. Each configuration has been
examined in the multi-tunnel setup consisting of three identical tunnels
of each configuration. The studied configurations are plotted in Fig. 5
and are identified using the nomenclature introduced in Table 2.

Although the predominant greenhouse type in the analysed areas is
the Parral-type greenhouse, this study focuses on multi-tunnel green-
houses, which offer greater potential for improving crop cultivation due
to their better adaptation to advanced technology, allowing for more
precise climate control and efficient light distribution leading to maxi-
mise the crop cycles per year [78,79]. Regarding heating systems, these
are commonly implemented as a climate control strategy to prevent
temperatures from dropping below critical levels (usually between 10
and 14 °C). Below this threshold plants may suffer damage and experi-
ence reduced productivity. While the vast majority of greenhouses in
southern Europe remain unheated, these systems are increasingly
employed in more sophisticated commercial settings [80].

4.2. Selected locations

The OPV multi-tunnel greenhouse has been evaluated in Almeria
(Spain, Latitude: 36.83°, Longitude: —2.45°) and Agadir (Morocco,
Latitude: 30.42°, Longitude: —9.59°). These regions manifest climatic
conditions that are advantageous for greenhouse cultivation, as they are
classified within the warm arid and cold arid zones, respectively, ac-
cording to the Koppen-Geiger climate classification system [81].
Furthermore, in these selected locations (arid regions), preventing solar
heat load from entering the greenhouse is a common and effective
cooling method. This is typically achieved by using porous materials
such as cloths and plastic nets, or by applying white lime to the outer
surface of the greenhouse [82].

A combination of a typical meteorological year (TMY) and SMARTS
[83] is utilised to generate spectral hourly radiation data. In order to
incorporate the effects of cloudy days, the SMARTS spectral global
horizontal irradiance values (Espyarrs(4)) are adjusted by scaling them to
align with the broadband global horizontal irradiance (GHI) ones

Table 2
ID configurations.

D Percentage of coverage by OPV  Angle of roof faces covered by OPV
10PV10 33% 10°

10PV30 33 % 30°

10PV45 33 % 45°

20PV30.45 66 % 30° and 45°

20PV1030 66 % 10 and 30°

20PV10.45 66 % 10 and 45°

30PV 100 % 10°, 30° and 45°
REF 0% -

obtained from TMY data. This adjustment process follows the Eq. (5),
suggested by Fernandez et al. [84].

GHI

) B gt o5

) 6))
Fig. 6 shows the monthly cumulative global horizontal irradiance
and the mean ambient temperatures. The annual cumulative GHI in
Almeria is 1843.81 kWh m™2 and the annual average temperature is
18.93 °C while in Agadir, the annual cumulative GHI is 1849.34 kWh
m~2 with an annual average temperature is 19.09 °C. Regarding the
mean daylight illuminance on the horizontal plane (shown in Fig. 7),
Almeria receives 32.22 mol m~2 d~!, and Agadir 32.33 mol m~2d~.

4.3. Greenhouse thermal model description

In order to obtain the greenhouse thermal behaviour, the ‘type56b’
with the TRNBuild tool of Trnsys is used. This widely used tool enables
the evaluation of conventional buildings by considering various primary
thermal loads in the energy balance. These loads encompass solar
radiative gains, radiative losses, heat transfer through the greenhouse
envelope, and heat transfer with the soil. It is important to note that the
specific characteristics of the greenhouse significantly influence the
magnitude of heat gains and losses. For this study, particular attention is
given to the heat gains and losses attributed to ventilation and transpi-
ration. Notably, internal sources such as human occupancy, lighting,

10° 33% OPV
10PV10

30°33% OPV
10PV30

45° 33% OPV

10PV45 20PV30_45

30°-45° 66% OPV  10°-30° 66% OPV 10-45° 66% OPV

100% OPV 0% OPV

20PV10_30 20PV10_45 30PV REF

Fig. 5. The nomenclature of the multi-tunnel studied configurations based on the percentage of coverage and the position of the OPV.
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Fig. 7. Mean DLI at horizontal plane for Almeria and Agadir.

and equipment are not accounted for in the analysis.

Crop transpiration is considered by implementing the model
described by Van Bevern [85] based on Penman-Monteith equation for
transpiration [86]. The heat gain of transpiration is calculated as
follows:

Qurans = ge'L' (){crop _)(air) (Wmiz) (6)
where, ycrop is the absolute water vapour concentration at crop level,
while y,i; the absolute water vapour concentration of greenhouse air (g
m™3). The variable L represents the amount of energy needed to evap-
orate water for a leaf (J/g) and g, represents the transpiration conduc-
tance. The comprehensive model for calculating these parameters can be
found in [85].

Heat gains resulting from ventilation take into account both natural

ventilation and infiltration. Natural ventilation is achieved through
combined side walls and roof vents. The side walls ventilation elements
are positioned around the longitudinal walls of the greenhouse, while
the roof vent operates as a flap window (the variation in roof vents
inclination has not been considered for the incident irradiance calcula-
tions). The total ventilation area in the greenhouse corresponds to 10 %
of the total floor area. The opening and closing of these vents are
controlled based on climatic conditions, specifically when the interior
temperature of the greenhouse exceeds 26 °C and surpasses the ambient
temperature. The flow rate through the openings is determined using an
equation provided by Kittas et al. [87]:

A,
Myeny = ‘;md Cd‘ V C"w'Uo

)
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where Ayinq is the window area, Cg is the discharge coefficient, Cy, is the
wind effect coefficient and U, is the wind speed. In the literature, it is
common to use the coefficient of effectiveness of the openings, E,, which
is defined as E, = C4 /Cy, to characterise the effect of wind on venti-
lation. For our research, a coefficient of effectiveness of 0.050, as ob-
tained from [88], is utilised.

Although the incorporation of heating systems is not common in
these locations, when multi-tunnel greenhouses are used, the associated
technology increases their implementation [79], allowing for the com-
bination of both long and short cultivation cycles [89]. In this study, the
heating demand has been calculated based on a design temperature of
20 °C during the day and 16 °C at night throughout the heating season,
which extends from October 15th to March 30th, according to the
optimal values suggested by the FAO [90]. CO5 enrichment has not been
included, and the CO5 concentration has been set at 350 ppm.

The values mentioned in the previous paragraphs are summarised in
Table 3.

4.4. Model of natural light availability

The useful natural light reaching the floor of the greenhouse is
modelled by the software tools Radiance 3.0 and Daysim, which are
included in Trnsys 18. Daysim uses the Radiance combined with a
daylight coefficient approach. It incorporates all-weather sky luminance
models [91,92] and generates illuminance distributions. The primary
purpose of these software tools is to calculate natural lighting or daylight
in photometric units (lux). However, for photosynthesis, the light in-
tensity received by plants is expressed in quantum light units (umol m 2
s~ 1). To convert the photometric units (illuminance) into quantum light
units, two steps are required. First, the photometric units must be con-
verted into radiometric units using Eq. (8). Subsequently, Eq. (9) should
be used to convert the radiometric units into quantum light units [93].

o) / i = — ®
K 3 V(2)-Wya(2)-A2
400

It should be noted that A refers to wavelengths between 400 and 700
nm, ¢(A) is the radiant flux, K, is the maximum spectral efficiency (K,
= 683 Im/W), W;e|()) stands for the relative spectral power distribution
(SPD) of AM1.5G transmitted through semitransparent material (shown
in Fig. 8), V(A) is the human eye photopic response and A\ is the
wavelength interval.

_ A¢(4)
" Ng-hc

PPFD(J) ©)

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

The sum (taking into account the bandwidth of 400-700 nm) can be
used as a conversion factor that relates lux (lumen m~2) and PPFD (pmol
m 2 s‘l):

1 700

N > hp(2)-Ad (10)

400

PPFD =

Table 4 includes the conversion factors calculated for the standard

Table 3

Greenhouse model assumptions.
Description Value Units

Greenhouse Setpoint heating (day) 20 °C

Setpoint heating (night) 16 °C
Setpoint ventilation 26 °C
CO2 concentration 350 ppm
Transpiration Qtrans Wm2

Ventilation Myent m® s~
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AML.5 spectra and for this spectrum modified by the ETFE and OPV
optical properties. It should be noted, as included in Fig. 1, that the DLI
is calculated as the integral of the PPFD values over the photoperiod.

To determine the spatial distribution of PPFD within the canopy, a
squared grid of virtual PAR (quantum) sensors has been used to dis-
cretise the space. For this specific study, a grid interval of 0.4 m has been
chosen, resulting in a total of 3360 grid elements. The positions of these
virtual sensors are represented in Fig. 9. To ensure that the influence of
border areas is not affecting the results, the lighting study focused solely
on the central region (the central tunnel, with length between 6 m and
16 m).

The uniformity of the light distribution inside the greenhouse is a
very important issue because it affects the crop production and quality.
To assess the uniformity of the light inside the greenhouse the distri-
bution uniformity (DU) indicator proposed by [94] is assessed. This
metric is defined as the ratio of the average of the lowest quartile (Hyq)
to the overall average of the data (H), expressed as a percentage. A
higher DU value indicates a more uniform light distribution, which is
beneficial for optimising crop growth conditions.

DU (%) = —2.100 (11)

|

4.5. Model of electrical production of OPV

The photovoltaic model encompasses a systematic approach aimed
at determining the power output (P) of the OPVs configurations. This
procedure follows a standard equation, denoted as Eq. (12), which takes
into account various factors affecting the performance of OPV modules.

P = nopy-TF- Y Ai-G;-AOIF; 12)

i=face

Where i represents each face with the same orientation and incli-
nation, A is the area, G is the global incident irradiance, AOIF is the
angle-of-incidence factor that corrects the PV power when the sunrays
do not fall perpendicularly on the module surface, nopy represents the
OPV efficiency under Standard Test Conditions (STC), and TF is the
thermal factor that performs the temperature correction calculated as:

TF = 1 +y(Tear — Tearsrc) a3

where Tee is the cell temperature and Teep,stc is the cell temperature
under STC (Tcen,stc = 25 °C). The T is estimated from the indoor air
temperature of the greenhouse.

To accurately determine the incident solar irradiance G; and the
AOIF; of the different facets of the OPV modules, the pvlib-python li-
brary has been implemented. Pvlib-python is an open-source library
written in Python that offers a comprehensive set of functions and
classes for simulating the performance of photovoltaic systems. The
methodology employed in this process is illustrated in Fig. 10.

The solar position (zenith and azimuth) for the 15-min time step used
in Trnsys has been calculated using the “get_solarposition” function from
the “solarposition.py” module. The angle of incidence has been
computed for each face utilising the “irradiance.aoi” function. Addi-
tionally, the various irradiance components (direct, diffuse, reflected,
and global) have been determined by employing the “get_total irra-
diance” function from the “irradiance.py” module. By considering the
incident irradiance of each surface and applying the incident angle
modifier calculated by the “iam” function, the AOIF (Angle of Incidence
Factor) is computed as follows:

Iy-F(AOI) + Ly
G

AOIF = 14

where Ig is the direct irrandiance and Iy is the diffuse irradiance.
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Fig. 8. Relative spectral power distribution of AM1.5G solar radiation and AM1.5G solar radiation transmitted through ETFE, OPV 1 and OPV 2.

on some environmental parameters measured inside the greenhouse: air
temperature, solar radiation and CO, concentration. This first version
(1991) is complex with tremendous amounts of state variables and
associated model parameters (69 state variables). In 1999, Jones et al.
AM 1.5G 18.87 [95] proposed a relatively simple model for tomato growth which
AM 1.5G through ETFE 18.85 apparently presents a behaviour similar to the complex TOMGRO
AM 1.5G through OPV1 21.31 model, but with the great advantage of having only five state variables
AM 1.5G through OPV2 24.82 .
(1) node number for the main stem (N) (node); (2) Leaf Area Index (LAI)

(mfeaf Mgipund); (3) total plant dry weight (W) (8dry weight Mgiound); (4)
total fruit dry weight (W) (8dry weigh mgr%und); and (5) mature fruit dry
weight (Wp,) (8dry weight mé%und)

/ This version also included the new functions proposed by Vallejos
I I I et al. (1997) for the estimation of the effects of high temperatures on
fruit growth and leaf area development. The reduced Tomgro model has
been evaluated with data from several experiments and even data
collected in a commercial greenhouse and the results obtained shows
that the model can describe with precision the growth and production of
tomato in different locations and years.

For the present work the reduced model of TOMGRO is replicated
with PYTHON for solving the five state variables (dN/dt, d(LAI)/dt,
dWg/dt, dW/dt, dWy/dt). That is defined by first order ordinary equa-
tions. ‘(% = f(u,p), where the u vector contains the indoor conditions of
the greenhouse (temperature, PPFD and CO2) and the vector p the pa-
rameters and biological constants. In this work, plants are assumed to be
well fertilised and watered. The main governing equations for calcu-
lating each state variable are presented below, for constant values and
how they have been derived is available in Jones et al. (1999).

The rate of node development (dN/dt) has been modelled as:

Table 4
Conversion factor of klux to PPFD.

Conversion factor (klux to PPFD)

grid size (0.4 m x 0.4 m)

20+

Length (m)

dN
T Niw:fu(T) (15)

: : where Ny, is the maximum rate of node appearance rate and fy(T) is a
0 function that reduces vegetative development under non-optimal
0 5 10 15 20 temperatures. . -
. The equation for the time changes in LAI in the reduced model can be
Width (m)

computed as:

Fig. 9. Dimension of the study area and the location of measuring sensors. d(LAT)

exp[f(N —N;)| dN
1+ exp[f(N—Np)] dt

8-4(Ty)

dt =P plant (1 6)
4.6. Crop model
d(LAI)
TOMGRO, developed by Jones et al. in 1991 [75], is a model used to dt
forecast the growth and development of tomato under greenhouse based

= 0,when LAI > LAl a0

where pplan is plant density (number of plants m~2 ground), 5 is a

10
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INPUTS

SOLAR IRRADIANCE DATA
Global horizontal
Direct horizontal

Direct normal

3

LOCATION INFORMATION

Time of measurement
Latitude, Longitude

pvlib
.solarposition.
get_solarposition()

Zenith
Azimuth

GREENHOUSE INFORMATION
Size, shape, Surface tilt,

Applied Energy 382 (2025) 125285

Surface azimuth

OUTPUTS
@
pvlib Incident
irradiance. irradiance
get_total_irradiance() each face
SELLL AOIF
pvlib Angle incidence
Jirradiance. aoi factor

F(AQI)

Incidence
Angle Modifier

Fig. 10. Flowchart methodology to calculate the solar irradiance incident on each face of the greenhouse roof.

maximum leaf area expansion per node (mi.af node™), A(Ty is tem-
perature function to reduce the rate of leaf area expansion, § and N}, are
coefficients in expolinear equation and LAl is the maximum possible
leaf area index (mfa¢ mgr%,und).

The above ground biomass accumulation is computed as:

daw . (dWg dN dN
g~ mn <T + (Vimax —Pl)'P'E » GRyet —P1 -P'E>

a7
where GR; is above ground biomass growth rate, p; is loss leaf dry
weight per node after LAl is reached and Vjqy is the maximum in-
crease in vegetative tissue dry weight growth per node.

Partitioning of aboveground growth to fruit each day begins at node
position Ngr and increases asymptotically to a maximum partitioning
using the equation:

O = GRuctr fo(Ta) (1~ exp( 0N~ Nig) ) :8(Ta)
if (N> Nps +kr) (18)

where ap is the maximum partitioning of new growth to fruit, fz(Ty) is a
function to modify partitioning to fruit for average daily temperature, 6
is the transition coefficient between vegetative and full fruit growth,
8(Ty) is function to reduce growth due to high daytime temperature and
kr development time from first fruit to first ripe fruit.

To move fruit from green to mature stages is calculated as:

dw, )
TtM = Dp(Ty)-(Wp — W) if (N > Npp + kg)

(19)
where Dg(Ty) is a function of fruit development rate.

The Node development (N) and leaf area index (LAI) are solved
hourly. Their values at the end of each day are used to compute the
weights (W, Wy, Wp,).

5. Results and discussion

In this section, the obtained results are presented in three categories:
energy balance within the greenhouse, light transmission and distribu-
tion, and crop production and performance.

5.1. Thermal behaviour and electricity production

Thermal demand and electrical generation are analysed to under-
stand how the semitransparent OPVs integrated in the greenhouse are
performing and affecting the interior space conditions. Fig. 11 shows the
thermal demand of the reference multi-tunnel greenhouse (without
OPVs). As shown in the figure, heating is required from October to April,

11

with lower demands in spring and autumn compared to the winter
months. The annual heating demand is 45,775 kWh in Almeria and
34,177 kWh in Agadir, representing an annual energy demand per floor
area surface of 79.47 kWh m~2 and 59.33 kWh m™2, respectively.
Different authors have evaluated the heating demand in greenhouses,
obtaining values that depend on the control temperature, ventilation,
and the treatment of the greenhouse cover. Prieto et al. [96] evaluated
the thermal demand of a greenhouse for tomato production situated in
Almeria with indoor air temperature for heating season was set at 12 °C,
resulting in a heating demand of 25.37 kWh m~2. Lopez et al. [97]
analysed various strategies for night air heating on the earliness and
yield of greenhouse-grown snap beans in Almeria-type greenhouse.
They set the interior night temperature at 14 °C and 12 °C, resulting in a
heating demands of 67.5 kWh m~2 and 32.4 kWh m~2, respectively.
Choab et al. [98], investigated the thermal behaviour and the heating/
cooling energy needs of a greenhouse for tomato production in Agadir.
They considered heating set-point temperatures of 21 °C during the day
and 18 °C at night, obtaining a heating demand ranging from 25 kWh
m~2 to 35 kWh m~2, depending on the cover used. Considering that in
the present study, the set-point temperature is defined as 16 °C during
the night and 20 °C during the day, our results are in line with those of
previous studies.

Different scenarios have been examined: The reference configuration
uses only ETFE as covering, and other configurations involve covering
with two different OPV technologies (for details, see Section 4). Fig. 12
clearly illustrates the impact of the coverage percentage, revealing that
an increase in the coverage leads to higher heating demands due to
lower solar gains. The positioning of the OPVs according to the different
configurations studied and the OPV technology used does not signifi-
cantly influence the outcome. In Almeria, an increase in the heating
demand of 3.1 %, 5.8 %, and 10.6 % has been observed for coverage
percentages of 33 %, 66 %, and 100 %, respectively. In Agadir, the in-
crease is approximately 3.7 %, 6.8 %, and 12.4 % for these same
coverage percentages.

In terms of PV output, logically, higher coverage percentages result
in greater production. The performance is similar in both locations, but
the OPV1 modules achieve higher production due to a better perfor-
mance ratio. Specifically, OPV1 produces approximately 16 % more
compared to OPV2. Production is also influenced by the position of the
modules on the greenhouse roof, with higher output observed when the
OPV modules are placed on flatter facets. For the same coverage per-
centage, the production from OPV modules positioned at a 10° incli-
nation is 7 % higher than those at 30°, and 17 % higher than those at 45°.
For instance, when applying a coverage of 66 % to the greenhouse, the
electricity production for the configuration 20PV10_30 is 4.54 % higher
than that for 20PV10_45, and 8.49 % higher than for 20PV30_45.
Fig. 12 illustrates the overall energy demand (determined by subtracting
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Fig. 12. Annual heating demand (Almeria; Agadir), considering different configurations.

the annual energy produced by the OPV cells (if installed) to the annual
heating demand). Even with a heating system that has a coefficient of
performance (COP), which is the ratio of heat delivered out of the energy
consumed, of 1. OPV1 can cover up to 36 %, 67 %, and 94 % of the
thermal demand with the coverage percentages of 33 %, 66 %, and 100
% in Agadir, and 26 %, 49 %, and 70 % in Almeria, respectively. With
OPV2, due to reduced electricity production, the thermal demand
covered by electricity production amounts to 31 %, 58 %, and 80 % in
Agadir, and 22 %, 42 %, and 58 % in Almeria.

5.2. Light level and distribution

The hourly results of illumination at crop level obtained from
Radiance-Daysim have been seasonally analysed through boxplots (see

12

Fig. 13). This approach enabled a visual depiction of the distribution of
DLI values within the control zone of the greenhouse. This approach
enabled us to observe both the mean value and the variance in light
levels across the study area.

Results indicate that an increase the coverage percentage by the
OPVs leads to a decrease in the mean DLI. It has been observed that
OPV2 allows a higher flow of photons to reach the plant canopy
compared to OPV1, contrary to what is observed in the production of
electrical energy. This fact is due to the higher transmittance of OPV’s,
and the higher the amount of photons passing through the cell the lower
the electricity produced. Additionally, considering the regional clima-
tology, Agadir experiences a greater photon flux during the winter and
autumn than Almeria, while the reverse is true for the spring and sum-
mer periods.
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Going into further detail, observations in both locations demonstrate
that the optimal coverage percentage can vary. This variation depends
on the season and the type of OPV. During winter periods, when the
coverage percentage by OPVs exceeds 33 %, the DLI experiences a sig-
nificant decrease, falling below the recommended ranges for seedling
growth, which are 13-16 mol m 2 d~! [99]. In autumn, spring and
summer this significant decrease in DLI occurs with 100 % coverage by
OPV1. For the other cases, the DLI reaches higher values. When ana-
lysing the DLI in comparison to the reference case (ETFE), a coverage
percentage of 33 % results in a light reduction in the range of 15 % to 25
% for OPV1 and 7 % to 17 % for OPV2. With a coverage percentage of 66
%, the reduction in light falls within the range of 40 % to 54 % for OPV1
and 23 % to 36 % for OPV2. When the coverage percentage reaches 100
% with OPVs, the reduction ranges from 58 % to 77 % for OPV1 and 36
% to 53 % for OPV2 (See more in Supplementary Table 1). It’s worth
noting that the highest reduction is consistently achieved in all cases
when the modules are positioned with a flatter orientation.

Regarding lighting uniformity, it is observed that during the winter
months, all configurations show a larger difference between the mini-
mum and maximum DLI values, which can be attributed to the border
effects of the greenhouse. The light uniformity of the different config-
urations has been confirmed through the distribution of the lighting
uniformity (DU), as shown in Fig. 14. The influence of OPV coverage on
light uniformity shows significant seasonal variation. Configurations
with 33 % and 66 % OPV coverage demonstrate reduced homogeneity,
while full roof coverage with OPV modules generally improves light
distribution, except in winter when the lower sun angle reduces light
penetration through the south vertical walls (see supplementary Fig. 1).
Notably, DU decreases during the summer months as the steeper solar
angle increases the contrast between light and shaded areas within the
greenhouse. This contrast is less pronounced with 100 % OPV coverage,
whereas configurations with lower shading exhibit greater variability in
light distribution.

5.3. Crop yield

The simulated plant weight depicted in Fig. 15 has been calculated
for a large crop cycle spanning 262 days (from the 1st of January to the
19th of September). Based on the analysis of light availability, the
introduction of the OPVs as a greenhouse cover reduces the DLI, thereby
affecting the overall crop weight. When using OPV1 technology, this

OPV1 ALMERIA
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reduction in crop weight is more pronounced, aligning with the previ-
ously indicated reduction in photon flux transmitted to the crop. Similar
trends have been observed in both Almeria and Agadir. With a coverage
percentage of 33 % using OPV1, the reduction in crop weight is
approximately 7 %, while with OPV2, it decreases to 5 %. At a coverage
percentage of 66 %, the reduction in crop weight reaches approximately
19 % for OPV1 and around 12 % for OPV2. Finally, when OPVs cover the
entire greenhouse (100 % coverage), the reductions are more pro-
nounced, with a decrease of 41 % for OPV1 and 23 % for OPV2.

6. Conclusions

The present study evaluates the integration of two semitransparent
OPV modules in a multi-tunnel greenhouse located in two typical re-
gions known for greenhouse-based agriculture: Almeria and Agadir.
Thermal dynamics, electricity generation, lighting conditions, and to-
mato crop behaviour have been modelled for various greenhouse con-
figurations. In terms of energy performance, the findings show that
incorporating OPVs, especially with higher coverage percentages on the
greenhouse roof, results in increased heating demand due to reduced
solar energy entry. However, this is offset by a rise in electricity. How-
ever, this effect is counteracted by an increased electricity production.
Solar fractions of about 25 %, 50 %, and 75 % in Almeria, and 30 %, 65
%, and 90 % in Agadir have been obtained for OPVs coverage percentage
of 33 %, 66 %, and 100 %, respectively, considering a heating system
with a COP of 1.

The greenhouse lighting performance has been analysed by evalu-
ating the mean seasonal DLI. Results indicate that DLI values decrease
below the minimum required levels when increasing the coverage per-
centage with OPV modules. The ideal coverage percentage varies by
season and depends on the type of OPV module used. For instance,
during winter, DLI is significantly reduced when the coverage percent-
age exceeds 33 % for both types of modules. Conversely, in spring and
summer, these modules maintain good levels of illumination, whereas in
autumn, the lower transmittance of OPV1 modules results in poorer
illumination. It is also important to highlight the significance of
considering uniformity indices in the evaluation of lighting perfor-
mance. The results show some differences depending on the configura-
tion, the period of the year, and the study area considered.

The results show a direct correlation between crop weight and
lighting levels in the PAR region. Therefore, a reduction in crop yield has
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Fig. 15. Simulated tomato crop weight vs. days after transplanting (Almeria; Agadir), considering different configurations.
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been observed when integrating OPVs. This reduction is more pro-
nounced with OPV1 technology compared to OPV2 since AVT values are
17.8 % and 21.8 %, respectively. For instance, with a coverage per-
centage of 33 %, using OPV1 modules, crop weight was reduced by 7 %,
whereas OPV2 led to a slightly lesser 5 % reduction. Increasing the
coverage percentage to 66 % caused a more significant decline,
approximately 19 % for OPV1 and 12 % for OPV2. The most substantial
impact has been noted when the greenhouse was fully covered (100 %
coverage percentage) with OPV modules, leading to reduction values in
crop weight of 41 % (OPV1) and 23 % (OPV2).

In conclusion, integrating semitransparent OPVs into greenhouse
structures has implications for heating demand, electricity production,
light levels, and crop yield. The selection of OPV technology, the
coverage percentage, and the positioning of modules are key to
balancing energy production with optimal crop growth in these systems.
The opposite tendency between energy performance and crop produc-
tion scenarios presents a significant challenge in determining the
optimal solution. In response to this, a strategy that slightly favours food
production is adopted to minimise the impact on crop growth. From this
perspective, in both locations the coverage percentage of 33 % by two
technologies presents a reasonable compromise, minimising the reduc-
tion in crop yield while still contributing to the greenhouse needs. Also is
remarkable that the technology OPV2 with the coverage percentage of
66 % could offer a suitable solution maintaining the reduction in crop
yield below the 12 %.

However, based on these results, we are not in a position to defini-
tively determine the optimal solution. This decision requires take into
account the agriculturist’s perspective and the specific characteristics of
each farm to assess whether the reduction in crop yield is adequately
compensated by energy savings and other factors.

This study provides a comprehensive methodology for analysing
greenhouses equipped with semitransparent OPVs, contributing to the
need for more uniform and standardised approaches in the field of
agrivoltaics. This methodology highlights the importance of consistent
modelling tools, boundary conditions, and clearly defined metrics. By
offering these insights, the work supports the ongoing development of
standardised practices, which are essential for enabling more accurate
comparisons and promoting advancements across different agrivoltaic
systems and studies.

We are currently conducting experimental studies to validate and
refine our model further. Although this work lacks direct experimental
validation, we have ensured a relative measure of reliability by consis-
tently comparing our results with a reference case. These upcoming
experimental studies and the application of the present methodology to
several locations with diverse weather conditions, will serve to
strengthen and improve the accuracy and applicability of our conclu-
sions. In addition, future research on cost scenarios for greenhouse-
integrated organic PVs will provide a more complete assessment of its
long-term viability and economic impact.
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